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Weed Physiology Laboratory, Department of Crop, Soil, and Environmental Sciences, University of Arkansas, Fayetteville, AR,
United States

The Echinochloa genus contains two of the world’s top five worst weeds. The persistence
and weediness of Echinochloa spp. are partly due to its seed longevity and variable seed
dormancy. In the USA, specifically in Arkansas, multiple species infest the same field in
many cases. Persistence could vary across species and dormancy affects infestation
level. Studies were conducted to evaluate the seed production potential and dormancy
of Echinochloa species in the State. Ninety-four accessions were characterized in a
common garden in Fayetteville, Arkansas, USA. The species were Echinochloa colona
(L.) Link, E. crus-galli (L.) P. Beauv, E. muricata P. Beauv and E. walteri (Pursh). Only one
accession was identified as E. walteri and was excluded from data analysis. Seeds were
after-ripened for 6 months at room temperature and germinated at 32°C day/23°C night
with 12-h daylength. Germination was monitored for 14 d. The Echinochloa species in
Arkansas were predominantly E. colona (78%). E. colona had the highest seed production
and the lowest seed dormancy among species. Dormancy within each species varied
greatly, especially for E. colona, with a germination capacity (GC) of 41-99%. Only 2.7%
of 73 E. colona accessions were dormant. E. crus-galli had 56-79% GC; 33% of the
accessions were dormant. E. muricata had 2-39% germination, with all accessions
considered dormant. E. colona had the highest fecundity, with 72,973 seeds per plant.
This was 2.3- and 2.6x higher than that of E. crus-galli and E. muricata, respectively. High
seed production and high germination capacity must have contributed to the dominance
of E. colona among other Echinochloa species. E. muricata is expected to persist
longer in the soil seedbank compared to E. colona and E. crus-galli. Seed production,
dormancy and longevity will affect interspecies population dynamics in response to
management tactics.

Keywords: dormancy-breaking treatment, Echinochloa species, E. crus-galli, E. walteri, E. colona, E. muricata,
seedbank, seed dormancy

INTRODUCTION

Echinochloa species are the most problematic weed in rice fields, with E. crus-galli and E. colona
recorded among the ten most common weeds in vegetable farms, rice (Oryza sativa L.), and
upland row crops in Arkansas including cotton (Gossypium hirsutum L.), sugarcane (Saccharum
offcinarum L.), sorghum (Sorghum bicolor L.), peanut (Arachis hypogea L.) and cassava (Manihot
esculenta Crantz) (Holm et al.,, 1991, Dowler, 1995; Ciocarlan, 2000; Norsworthy et al., 2013). These
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species are major global weeds in rice. It is important
agronomically and economically to study the characteristics of
these species under similar growing conditions since weedy
Echinochloa can invade and dominate a crop field after
only one season and cause significant yield losses (Ruiz-
Santaella et al., 2006). Echinochloa species are prolific seed
producers. E. crus-galli can produce up to 1,000,000 seeds plant !
contingent upon environmental conditions. Seed size and weight
vary across species and these traits are somewhat correlated with
seed dormancy (Maun and Barrett, 1986). Studies on dormancy
of Echinochloa species in the United States have been chiefly on E.
crus-galli. Few studies have been conducted on the germination
behavior of E. colona (Chun and Moody, 1987; Lin and Kuo,
1996; Kovach et al., 2010); one study was conducted on E. walteri;
and none on E. muricata. Understanding the abundance and
distribution of E. colona, E. muricata, and E. crus-galli, requires
good comprehension of the dormancy behavior of these species
(Bryson and Reddy, 2012). This knowledge informs long-term
weed management strategies.

Echinochloa species have innate dormancy at seed maturity,
as many plant species are, which is broken when the seed is
separated from the mother plant. Notwithstanding, a proportion
of the seeds will stay dormant for 3-7 months after maturity
(Honek and Martinkova, 1996; ShengGan et al, 2007). In
general, seed dormancy can be broken after prolonged after-
ripening at room temperature (Finch-Savage and Leubner-
Metzger, 2006). Different proportions of seeds of numerous
weedy species do not germinate despite sufficient after-ripening
period, showing some level of secondary dormancy. In the
field, numerous non-dormant seeds are driven into secondary
dormancy by unfavorable conditions. Seed dormancy in the
field can be overcome by modulating soil temperature and light
using synthetic or natural ground cover (Rahn, 1968; Benech-
Arnold et al., 2000; Probert, 2000). Tillage can also encourage
germination of weed seeds and allow for control measures of
emerged seedlings prior to planting the crop.

Most research on seed dormancy focused on treatments or
techniques to break dormancy. Little is known about interspecies
variation in dormancy within the same genus (Finch-Savage
and Leubner-Metzger, 2006). Furthermore, variation in seed
germination behavior among ecotypes of the same species could
be high and could impact the efficacy of weed management
tactics. For example, the weedy relative of rice has a wide range of
dormancy, with 84-100% germination capacity (GC) at 35°C and
a much wider range at lower temperatures (Tseng et al., 2013).
It is common to have more than one species in a field, which
presents a problem in weed management because of variability
in germination behavior (Grundy, 2003; Donohue, 2005; Finch-
Savage and Leubner-Metzger, 2006).

Temperature and light are two major environmental factors
that control seed dormancy. Light requirement for germination
differs across species (Kovach et al, 2010), but E. colona,
E. crus-galli, and E. walteri require light for germination (Maun
and Barrett, 1986; Chauhan and Johnson, 2009; Kovach et al.,
2010) and complete darkness induces secondary dormancy
(Kovach et al., 2010). Thus, Echinochloa seeds buried deep in
the soil profile where the seed can no longer perceive light

will go into deep dormancy, helping build a persistent soil
seedbank. Extreme soil temperature fluctuation is common in
temperate regions, which also promotes secondary dormancy.
Warm temperature in the summer breaks seed dormancy and
allows seed emergence. The effectiveness of cultural practices,
such as stale seedbed, for weed management requires knowledge
of weed emergence patterns, which is a manifestation of
the dormancy status and germination requirements of the
seeds. Information on the inter-species variation in dormancy
and fecundity would be useful for reducing soil seedbank
and enhancing weed control (Vleeshouwers and Kropff, 2000;
Fischer et al,, 2009). Specifically, differences in emergence
patterns, if known, will allow growers to adjust tillage operation
and crop planting ahead of the anticipated early cohort of
the weed. Growers would also know the critical weed-free
period and conduct cultivation and herbicide applications at
the proper time, in anticipation of further weed emergence.
Knowledge of dormancy trait will inform growers or crop
managers about roughly how many cropping seasons it
would take to reduce the soil seedbank to a minimum.
The objective of this study was to evaluate the fecundity
and dormancy characteristics of Echinochloa species occurring
in Arkansas, in the US Mid-south. The goal is to provide
data that could improve the robustness of crop management
decision models and better prediction models on how crop
management practices affect the population dynamics of major
weed species.

MATERIALS AND METHODS

Seed Production Potential

Ninety-four (94) Echinochloa accessions were collected from
rice and soybean fields in Arkansas, USA (Figure 1). Seedlings
were raised in the greenhouse and transplanted at the 4-leaf
stage in a common garden at 1.5 x 1.5m spacing at the Milo
Shult Agricultural Research and Extension Center, Fayetteville,
AR. Transplanting occurred on July 5, 2012 and June 28,
2013. In 2012, the whole field was sprayed with a mixture
of glyphosate (1.12kg ae ha~!) and S-metolachlor (1.79kg ai
ha=!) 7 d before transplanting to control other weeds. The
field was irrigated when needed and kept weed-free by hoeing
other weeds. In 2013, a mixture of pendimethalin (1.0kg ai
ha~!) and S-metolachlor (1.0 kg ai ha=!) was sprayed 7 d after
transplanting. Nitrogen fertilizer (60kg N ha~!) was applied
on the day of transplanting by manually incorporating the
fertilizer around the base of each plant. Insecticide (imidacloprid,
0.22% granule) was applied at 0.20kg ai ha~! to control
wireworms. Each accession had four biological replications.
Mature panicles were harvested by hand and air-dried for
7 d. A subset of 10 panicles per plant were threshed and
cleaned to remove sterile florets. The seeds from these 10
panicles were weighed and the weight of 500 seeds was
recorded. The remaining panicles were also threshed and the
weight of the seeds was recorded. The total number of seeds
plant™! was estimated based on the total seed weight of
the representative panicles harvested, multiplied by the total
panicles plant~!.
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FIGURE 1 | Counties from where Echinochloa samples were collected in Arkansas, USA. Rice-producing states in the US (https://www.nass.usda.gov/

Pre-germination Temperature Treatments
to Break Seed Dormancy of Echinochloa

colona

Three accessions, identified morphologically as E. colona, were
selected randomly out of 94 accessions to represent different
seed sizes. Seeds were stored at room temperature (about 25°C)
in the dark for 180 d. Batches of 50 seeds were counted and
placed in Petri plates lined with filter paper. Seeds were incubated
for 7 d in four conditions: (1) 50°C; (2) 4°C; (3) —20°C;
and 4) ambient temperature (25 °C) with four replications per
condition. At the end of incubation period, the Petri dishes
were arranged, completely randomized, in a tray and were
placed in a growth chamber at 32°C day/23°C night temperature
with 12-h photoperiod. Seed germination was recorded at 7,
14, and 21 d after incubation. At each germination evaluation
period, the germinated seeds were removed from the Petri dish
after counting.

GC (%) was calculated using the formula:

ac total number of seeds germinated 100 1)
= X
total number of viable seeds

Dormancy Evaluation of Echinochloa
Species

Ten (10) representative panicles harvested from each field-
grown plant were air-dried in the greenhouse (36°C) for 7
d, threshed and stored at room temperature (25-28°C) for

180 d in the dark. Ninety-two accessions comprised of 72 E.
colona, 9 E. crus-galli, and 10 E. muricate were used in this
study. The same method for seed germination was used as in
Section Pre-germination Temperature Treatments to Break Seed
Dormancy of Echinochloa colona, except that for this study, the
seeds were stored only at room temperature prior to germination.
The germination condition was similar to the ideal germination
conditions for E. colona at 30°C day/20°C night temperature
cycle (Chauhan and Johnson, 2009). Seed germination was
evaluated at 7 and 14 d of incubation for accessions with high
GC. The observation period was extended to 21 d for large-seeded
accessions (generally E. muricata) with low GC. The GC was
calculated using Equation (1).

Statistical Analysis

Data collected were analyzed using JMP for Windows software
Version 11.0 (SAS, 2011). To determine the effect of temperature
on seed dormancy, an analysis of variance (ANOVA) was
conducted on the GC data. The GC of all accessions studied
in 2012 and 2013 were pooled in the absence of year effect.
Cluster analysis was done on the average GC of each accession
to determine statistically supported grouping of accessions based
on germination.

Cluster Analysis

The accessions were grouped using the cubic clustering criterion
in SAS-JMP (12.1) (Figure 2). The number of statistically distinct
clusters was the point where the cubic clustering criterion
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reached a maximum, beyond which the curve declines with each
additional number of clusters.

RESULTS

Seed Production Potential of Echinochloa

Species in a Common Garden

E. colona produced the highest amount of seed (539 seeds
panicle™!) and E. muricata produced the lowest (259 seeds
panicle™!) (Table1). Accounting for the total number of
panicles, the estimated total seed production per plant was
significantly different among species. E. colona produced the
highest estimated number of seeds (72,973 seeds plant™1),
E. crus-galli had 31,911 seeds plant~!, and E. muricata produced
an estimated 27,589 seeds plant~!. The lone E. walteri accession
produced 25,392 seeds plant™!, which was within the range of
E. muricata seed production.

Dormancy-Breaking Temperature

Treatment for E. colona

In this study, seed storage at different pre-germination
temperatures, from freezing (—20°C) to hot (50°C), did not have
a big effect on GC (Table 2). All pre-germination incubation
temperature treatments resulted in 65-77% germination at
32/23°C day/night temperature with 12-h photoperiod. Seven
days of incubation at 25°C (room temperature) resulted in the
highest GC, which was significantly higher only than the GC at
4°C. Incubation at 4°C for 7 d resulted in 65% germination.

I

FIGURE 2 | Cubic clustering criterion. The point where the cubic clustering
criterion reached a maximum, beyond which the curve declines with each
additional number of clusters.

Species Differences in Seed Dormancy

Among the three species tested, E. colona had the highest
average GC (77%) with a range of 41-99% (Table 3). Of the
74 E. colona accessions tested, 73% had a maximum GC of
80-100% and 47% of accessions had an average GC of at
least 80% (Supplementary Table 1). Therefore, this specie is not
highly dormant. The temperature used was within the optimum
germination temperature for E. colona and E. crus-galli (Chauhan
and Johnson, 2009). E. crus-galli had the second highest average
GC (53%) with a range of 11-79% across accessions. This
was at least twice as high as the GC reported previously for
E. crus-galli (25.7 £ 24.9%) and inferior to var. oryzicola after
270 d of after-ripening (92.9 + 7.3%), germinated at 30°C
with 12h photoperiod (Barrett and Wilson, 1983). While it
is not possible to make direct comparisons to other studies
on different species of Echinochloa, it is useful to list other
germination reports to provide an overview of the germination
behavior of Echinochloa in a wide range of environments. Brod
(1968) reported 79-86% germination of E. crus-galli after 5
mo of storage at room temperature (Brod, 1968). All previous
studies determined that 30°C is the optimum temperature for
germination of E. crus-galli (Kasahara and Kinoshita, 1952;

TABLE 2 | Germination capacity of Echinochloa colona from Arkansas, averaged
across accessions, after storage at various temperatures for 7 d, Altheimer
Laboratory, Milo Shult Agricultural Research and Extension Center, University of
Arkansas, Fayetteville, USA.

Storage temperature® Mean Std Dev Min Max LSDP
%

-20°C 69 12 47 84 9

4°C 65 13 42 82

25°C 77 10 64 90

50°C 72 10 58 91

aThree E. colona accessions were selected randomly from accessions collected in
2010-2011. Seeds were incubated for 7 d. Fifty seeds were then germinated, in three
replications, at 32/23°C light/dark cycle with 12-h photoperiod.

bMeans were compared using Fisher’s least significant difference (LSD) test (a = 0.05).

TABLE 1 | Seed production of Echinochloa species in a common garden, averaged across accessions and years, Milo Shult Agricultural Research and Extension Center,

University of Arkansas, Fayetteville, AR, USA.

Species? Panicles plant™! Total seeds panicle~’ Total seeds plant™’

Mean Min Max Mean Min Max Mean Min Max
E. colona 140 63 258 539 234 1,739 72,973 9,098 217,217
E. crus-galli 56 40 65 345 249 396 31,911 7,186 71,494
E. muricata 63 20 111 259 107 565 27,589 13,189 37,589
E. walteri® 50 510 25,392
LSDP 12 156 25,220

@Data were obtained from 94 accessions with four biological replicates per accession, across 2 years.

PMeans were compared using Fisher’s LSD test (P = 0.05).

CE. walteri was excluded from the analysis because only one accession represented this specie.
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TABLE 3 | Germination capacity of Echinochloa species from Arkansas, USA,
grown in a common garden at the Milo Shult Agricultural Research and Extension
Center, Fayetteville, AR, averaged by species across 2 years (2012 and 2013).

Species? Number of Accessions Germination capacity®
Mean Std Dev Min Max
ou
E. colona 74 77 13 41 99
E. crus-galli 9 53 25 11 79
E. muricata 10 18 23 2 73
LSDe 11

aE. walteri was excluded from this analysis because only one accession was collected.
bPanicles were air-dried in the greenhouse (36°C) for 7 d, threshed and placed in paper
bags, and stored at 25-28°C in the dark for 180 d. Fifty seeds were then germinated, in
three replications, at 32/23°C light/dark cycle with 12-h photoperiod.

¢Means were compared using Fisher’s least significant difference test (« = 0.05).

FIGURE 3 | Castellation plot showing three clusters of Echinochloa species
from Arkansas, USA based on germination capacity. The accessions were
grown in a common garden in Fayetteville, Arkansas. Seeds were after-ripened
for 180 d at 25°C and germinated in a growth chamber at 32°C day/23°C
night temperature with 12-h photoperiod. Cluster 1 = E. colona (red);

Cluster 2 = E. crus-galli (green); cluster 3 = E. muricata (blue).

Arai and Miyahara, 1963,Brod, 1968). In the present study, E.
muricata had the lowest GC (18%) with a range of 2-73% across
accessions (Table 3).

Echinochloa accessions separated into three clusters based on
GC (Figure 3). Cluster 1 was the largest group with 65 accessions
(i. 61 E. colona; ii. 3 E. crus-galli; iii. 1 E. muricata). The average
GC of each accession in this cluster ranged from 66 to 99 %
(Table 4). Cluster 1 was the least dormant group of accessions.
The majority (84%) of the E. colona accessions, 33% of E. crus-
galli, and 10% of E. muricata accessions were in this group. The

TABLE 4 | Germination capacity of Echinochloa species E. colona, E. crus-galli,
and E. muricata from Arkansas, USA, averaged across accessions in a cluster.

Accession No. of accessions? Germination capacity®
grouping
Mean Median Min Max
ou
Cluster 1 65 81 82 66 99
Cluster 2 18 52 55 27 64
Cluster 3 9 9 6 2 21

aFour plants per accession were grown in a common garden at the Milo Shult Agricultural
Research and Extension Center, Fayetteville, Arkansas, USA in 2012 and 2013.

bE. walteri, the fourth species encountered in sampled fields, was not included in the
analysis because only one accession was collected. Echinochloa panicles were air-dried
in the greenhouse (36°C) for 7 d, threshed and placed in paper bags, and stored at 25—
28°C in the dark for 180 d. Fifty seeds were then germinated, in three replications, at
32/23°C light/dark cycle with 12 h of light.

second cluster had 18 accessions (12 E. colona, 4 E. crus-galli
and 2 E. muricata) with an average GC of 52%. A marginally
larger category (44%) of E. crus-galli accessions grouped in this
intermediate cluster relative to Cluster 1. The third cluster had
nine accessions, mainly E. muricata, with only two E. crus-galli
accessions. This cluster consisted of the most dormant accessions,
with an average GC of 9%. Most of the E. muricata (70%) were
among the most dormant accessions.

Intra-Species Variation in Seed Dormancy
Cluster Analysis of E. colona Germination Capacity
As indicated in the previous section, there was a large variation in
the GC of E. colona, while the vast majority of accessions were in
the low dormancy group. When analyzed with other species, the
E. colona accessions were divided into four clusters (Figure 4).
Cluster 1 (blue) had 46 accessions, with GC ranging from 74 to
92% and an average of 83% (Table 5). Cluster 2 (red) consisted
of 20 accessions with a GC range of 51-71% and an average of
63%. Cluster 3 (brown) consisted of four non-dormant accessions
with the highest average GC of 97%. This focused study showed
that the majority (63%) of E. colona accessions had low dormancy
level, with a few non-dormant accessions. This supports the
overall classification of E. colona as the least dormant species in
the previous section. Cluster 4 (green) consisted of the two most
dormant E. colona accessions with a GC of 42%. Compared to
other species, the most dormant E. colona were less dormant than
most E. muricata accessions and the most dormant E. crus-galli
accessions (see Section Species Differences in Seed Dormancy).

Cluster Analysis of E. crus-galli Germination Capacity
The nine E. crus-galli accessions were split into two groups
(Figure 5). Two-thirds of these grouped in cluster 1, with GC
ranging from 56 to 79% and an average of 68% (Table 6). One-
third of the accessions were more dormant, showing an average
GC of 22%, with the maximum GC of only 34%. Overall, the
highest GC of E. crus-galli was 79% and the lowest was 11% when
germinated at 30/20°C with 12-h photoperiod.
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FIGURE 4 | Castellation plot showing four clusters of E. colona from
Arkansas, USA based on germination capacity. The accessions were grown in
a common garden in Fayetteville, Arkansas. Seeds were after-ripened for 180
d at 25°C and germinated in a growth chamber at 32°C day/23°C night
temperature with 12-h photoperiod. Cluster 1 = blue; Cluster 2 = red; cluster
3 = brown, Cluster 4 = green.

TABLE 5 | Germination capacity of Echinochloa colona from Arkansas, USA,
averaged across accessions in a cluster.

Accession No. of accessions? Germination capacity®
grouping
Mean Median Min Max
%

Cluster 1 46 83 82 74 92
Cluster 2 20 63 64 51 71
Cluster 3 4 97 97 95 99
Cluster 4 2 42 42 41 42

aFour plants per accession were grown in a common garden at the Agricultural Research
and Extension Center, Fayetteville, Arkansas, USA in 2012 and 2013.

bE. colona panicles were air-dried in the greenhouse (36°C) for 7 d, threshed and placed
in paper bags, and stored at 25-28°C in the dark for 180 d. Fifty seeds were then
germinated, in three replications, at 32/23°C light/dark cycle with 12 h of light.

Cluster Analysis of Germination Capacity of

E. muricata

The E. muricata accessions separated into two clusters
on the basis of germination (Figure6). Cluster 1 had
seven accessions, with a GC between 2 and 15% and
an average of 6% (Table7). The three accessions in
cluster 2 had lower dormancy, with an average GC of
46%, and the highest germination being 73%. This one
accession in Cluster 2 had the highest GC among E.
muricata accessions. The bulk of E. muricata accessions
were highly dormant. Given that this specie also has
the largest seeds, E. muricata will most likely persist
for the longest time in the soil compared to E. colona
and E. crus-galli.

&0

114

A

8

w982

FIGURE 5 | Castellation plot showing two clusters of E. crus-galli from
Arkansas, USA based on germination capacity. The accessions were grown in
a common garden in Fayetteville, Arkansas. Seeds were after-ripened for 180
d at 25°C and germinated in a growth chamber at 32°C day/23°C night
temperature with 12-h photoperiod. Cluster 1 = green; Cluster 2 = red.

TABLE 6 | Germination capacity of Echinochloa crus-galli in Arkansas, USA,
averaged across accessions in a cluster.

Accession No. of accessions? Germination capacity®
grouping
Mean Median Min Max
ou
Cluster 1 6 68 69 56 79
Cluster 2 3 22 21 ih 34

aFour plants per accession were grown in a common garden at the Agricultural Research
and Extension Center, Fayetteville, Arkansas, USA in 2012 and 2013.

bE crus-galli panicles were air-dried in the greenhouse (36°C) for 7 d, threshed and
placed in paper bags, and stored at 25-28°C in the dark for 180 d. Fifty seeds were
then germinated, in three replications, at 32/23°C light/dark cycle with 12 h of light.

DISCUSSION

Seed Production Potential

Assessment of the relative contribution of seed production to
weed population dynamics, persistence, or weediness of species
entails growing such plants in the same environment at the same
time without competition. For example, weed-weed and weed-
crop associations, the duration of interference, and season of the
year alter weed seed production tremendously (Bagavathiannan
et al., 2012). The seed production potential of E. crus-galli in
the common garden (without competition) ranged from about
7,000 to about 72,000 per plant across 2 years. The main factors
affecting this large variation are high intraspecies diversity in
plant type and climate-related variability across years. The year
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Constellation Plot
8

FIGURE 6 | Castellation plot showing two clusters of E. muricata from
Arkansas, USA based on germination capacity. The accessions were grown in
a common garden in Fayetteville, Arkansas. Seeds were after-ripened for 180
d at 25°C and germinated in a growth chamber at 32°C day/23°C night
temperature with 12-h photoperiod. Cluster 1 = Red; Cluster 2 = green.

effect cannot be overstated. E. crus-galli growing with cotton
full-season, can produce 35,500 seeds plant~! in year 1 and
about half that in year 2 (Bagavathiannan et al, 2012). The
crop effect may not be as large as that of year or climatic
effect. In the same study, E. crus-galli growing with rice full
season produced about 39,000 seeds plant~! in year 1, very
similar to that with cotton. The same principle applies to seed
production of other species. Seed production data from other
regions or locations generated at different times can only be
examined in conjunction with information on associated plant
and environmental factors. A large dataset across space and time
would allow one to detect species-specific behavioral patterns, if
any, and would be highly informative in formulating location-
specific and broadscale management strategies.

Dormancy-Breaking Treatments for

E. colona

Conducting successful research on weedy species requires the
capability to obtain sufficient germination to grow enough plants
for an indoor test, or establish a large enough population for
a field test. This need is most acute in evaluating germination
requirements, germination behavior, seed longevity, plant growth
traits, or response to treatments. Sufficient after-ripening time
is a primary requirement for good germination of Echinochloa
(Chauhan and Johnson, 2009) as it is for the majority of plant
species. Research in the Philippines revealed that optimum GC
occurred after 60 d of after-ripening. Extending the after-ripening

TABLE 7 | Germination capacity of Echinochloa muricata from Arkansas, USA,
averaged across accessions in a cluster.

Accession No. of accessions? Germination capacity®
grouping
Mean Median Min Max
ou
Cluster 1 7 6 5 2 15
Cluster 2 3 46 39 27 73

aFour plants per accession were grown in a common garden at the Agricultural Research
and Extension Center, Fayetteville, Arkansas, USA in 2012 and 2013.

bE. muricata panicles were air-dried in the greenhouse (36°C) for 7 d, threshed and
placed in paper bags, and stored at 25-28°C in the dark for 180 d. Fifty seeds were
then germinated, in three replications, at 32/23°C light/dark cycle with 12 h of light.

duration to 90 d did not increase the germination further
(Chauhan and Johnson, 2009). Given sufficient after-ripening
period, and sufficient moisture in the soil, temperature becomes
the primary determinant for germination. The temperature to
which the seeds are exposed prior to germination, and the
duration of such exposure, largely determine whether the seed
will germinate or stay dormant. Hence, we tested various seed
storage temperatures to break dormancy. We learned that storage
at room temperature is the best condition for E. colona. Research
by Chauhan and Johnson (2009) also showed the same with
incubation at room temperature (25°C) resulting in the highest
germination (76%) of E. colona, which is almost identical to
our findings about E. colona from Arkansas. Exposure to a
wide range of pregermination temperatures has a small effect
on E. colona GC, as long as the seeds are germinated under
optimum conditions at some point. Extended exposure to
extreme temperatures could drive the seeds into deep dormancy,
while fluctuating temperatures could help break dormancy
(Benech-Arnold et al.,, 1990; Martinez-Ghersa et al., 1997) as
this weakens the hard seed coat. Storing dry seed at a constant
temperature promotes secondary dormancy (Martinez-Ghersa
et al, 1997), but soil temperature fluctuates diurnally and
seasonally in the field. When briefly exposed to extremely high
temperature, i.e., 120°C for 5 min, more than 70% of the seeds
germinated; germination decreased at temperatures higher than
this and the seeds were killed at 180°C (Chauhan and Johnson,
2009). That means, at least for E. colona, brief exposure to high
temperatures will not reduce germination. Conditions that break
dormancy can vary across species. Thus, it would be beneficial to
determine such condition for each specie that contributes to the
weed community composition.

Dormancy Across and Within Species

The four Echinochloa species tested vary widely in GC. E. colona
was the least dormant of the species tested. About 16% of
E. colona accessions had an intermediate level of dormancy
(Table 4). The separation of E. colona accessions into four
clusters indicates a significant dormancy level grouping. The
range of GC within E. colona cluster 1 was also especially large,
showing differences among accessions within the cluster. Such
intra-cluster variation may not be statistically significant, but
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in terms of weed management to reduce the soil seed bank, a
33% difference in germination means a substantial difference in
population size and the amount of possible new seed deposits
in cases where the population is not managed effectively. At
the species level, this large variation in seed dormancy entails
long-term weed management goals.

E. crus-galli looks generally like E. colona, but with higher
dormancy. E. crus-galli normally has 5-50% non-dormant seed
that can germinate soon after maturation; the rest will stay
dormant and remain in the soil seedbank for a long time
(Honek and Martinkova, 1996). Only 39% of freshly deposited
E. crus-galli seeds germinate in the field at one time; the rest
germinate at various times thereafter (Kon et al., 2007; Chauhan
and Johnson, 2009). The extended germination period presents
a challenge to farmers in achieving effective season-long weed
control. The E. crus-galli accessions from Arkansas separated into
three germination categories, with almost equal proportions in
Clusters 1 and 2, showing the greatest intra-species variability in
dormancy among the species tested. In that sense, E. crus-galli
may be the most unpredictable in terms of population response to
management tactics. Barrett and Wilson (1983) reported similar
findings. They tested E. crus-galli var. crus-galli accessions that
have been post-ripened for 9 mo and germinated at 30°C with
12-h photoperiod for 14 d. Eleven accessions had GCs between 0
and 25%, four had 26-50%, two had 51-75%, and one had >75%
(Barrett and Wilson, 1983).

E. muricata was the most dormant among the Arkansas
species tested and the most heavily biased toward the opposite
end of the spectrum compared to E. colona. Here it is tempting
to argue that seed size is a contributing factor to seed dormancy
(Barrett and Wilson, 1983). However, this hypothesis needs to be
tested empirically and is best illustrated with different seed sizes
of the same species. It may be comforting to a rice farmer to know
that E. muricata is rarely found in the rice field; rather, it thrives
in ditches and field edges (N. Roma-Burgos, observation during
sample collection). It is expected to persist the longest, based on
its large seed size and deep dormancy.

Of the accessions collected, only one was identified as
E. walteri based on morphological traits (Hussain, 2016). Our
data on this specie is, therefore, not conclusive. Nevertheless,
the GC of E. walteri (49%) was consistent with what Kovach
et al. (2010) and Buhler and Hoffman (1999) reported under
similar germination conditions as the current experiment. They
also reported that E. walteri requires alternating light and
dark germination conditions, and does not germinate in total
darkness. Light is therefore a crucial trigger for E. walteri
germination. This means that E. walteri seed, when buried deep
in the soil profile where the seed can no longer sense light, will
go into deep dormancy. Light requirement, however, is species-
specific; both E. colona and E. crus-galli germinate in darkness,
but light increases germination (Kovach et al., 2010). In earlier
studies, Buhler and Hoffman (1999) reported high dormancy of
Echinochloa species and interspecies variability in GC.

Significance of Findings
Weedy Echinochloa species, specifically E. colona and E. crus-
galli are among the world’s worst weeds and are the primary

weeds in rice production. These two species are the most
common in Arkansas (U.S. Mid-south). Little is known about
what drives species dominance, among which could be seed
production and dormancy. The fact that E. colona produces
the highest seed number (up to about 217,000 plant~!) and
has the lowest dormancy implies that it would be predominant
in any growing season, as was captured in the collection of
samples. The difference in seed dormancy between and within
species of Echinochloa is high, which means that there will
be consistently high level of infestation and a persistent soil
seed bank to maintain species dominance. This data set partly
explains the relative species abundance in the US Mid-south.
Exposure of E. colona seeds to freezing (—20°C) or high (50°C)
temperature does not reduce its germination capacity. This
implies that extreme winters or superhot summers are not
going to reduce infestation levels. In temperate regions, we
could not rely on winter kill to reduce weed population size.
E. muricata is deeply dormant and thrives more in ditches
and field edges rather than in the crop field, but has been
observed to invade rice fields in a few cases. Growers need to
be vigilant in stopping any encroachment because this specie
will have a very large, persistent seedbank that can plague the
crop indefinitely.
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