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Abstract

Goosegrass [Eleusine indica (L.) Gaertn.] is one of the most problematic grassy weeds in the
world. It is considered to be an important weed in summer fallows and crops grown in the
eastern region of Australia. To examine the seed germination ecology of two populations
(Gatton and Ingham) of E. indica and their response to postemergence herbicides in Australian
conditions, experiments were carried out in the laboratory and screenhouse. Seedling survival,
spike production, and plant biomass of both E. indica populations declined markedly with the
application of postemergence herbicides such as butroxydim, clethodim, glufosinate, haloxyfop,
and propaquizafop, whereas the application of paraquat failed to control the Ingham
population. A dose–response study verified the presence of paraquat resistance in the Ingham
population. In this regard, it was observed that the paraquat doses required to achieve a 50%
reduction in survival and plant biomass were 27 and 21 times greater in the Ingham population
compared to the Gatton population, respectively. Higher alternating temperatures (35/25 and
30/20 C) resulted in greater germination of both populations than lower alternating
temperatures (20/10 and 25/15 C). At 20/10 C, the Ingham population failed to germinate;
however, about 15% germination in the Gatton population was observed. At the lowest alternate
temperature range (15/5 C), neither population germinated. The germination of both
populations of E. indicawas severely reduced under completely dark conditions compared with
the alternating light/dark period. Germination was more tolerant of salt and water stress in the
Ingham population compared with the Gatton population. Eleusine indica seedling emergence
was comparable among populations, and the greatest emergence (83%) was observed for seeds
buried at a depth of 2 cm but then declined dramatically, and no seedlings emerged from an 8-
cm burial depth. The information acquired from this study could be used in developing effective
management strategies for E. indica.

Introduction

Weed infestation is a pervasive problem that affects agricultural crop production systems
worldwide. In Australia, weeds produce major economic, environmental, and social impacts by
causing significant damage to natural landscapes, agricultural land, waterways, and coastal
areas. Weeds cost Australian grain growers more than AU$3 billion yr−1 (Llewellyn et al. 2016).
This financial impact extends beyond just grain cultivation, affecting cotton (Gossypium
hirsutum L.), sugarcane (Saccharum officinarum L.), fruit, and vegetable cultivation as well.
Goosegrass [Eleusine indica (L.) Gaertn.] is a C4 annual diploid grass species (2n= 18) of rainfed
agriculture that can produce 140,000 seeds plant−1 (Chin 1979). Considered native to Africa and
Asia, it is currently distributed in warm and temperate areas worldwide, infesting cultivated
land, plantation crops, vegetable farms, gardens, fallows, uncultivated land, and roadsides
(Holm et al. 1977). In all Australian states, E. indica is found in disturbed habitats within natural
areas as well as on the margins of natural forests, grasslands, marshes, stream banks, and coastal
areas (QDPIF 2011). Additionally, it is prevalent as a weed along pavements and power line
corridors. Furthermore, this weed also acts as a secondary host for several nematodes
and diseases of sugarcane, peanut (Arachis hypogaea L.), corn (Zea mays L.), and rice (Oryza
sativa L.) (e.g., Bendixen 1986).

Herbicide applications are the method most frequently used to control weeds, and a number
of weeds have evolved resistance to herbicides as a result. Herbicide resistance in weeds is not a
recent phenomenon, but it is appears to be becoming more prevalent (Coble and Schroeder
2016). Wild carrot (Daucus carota L.) was the first weed biotype that acquired resistance to 2,4-
D (Switzer 1957), and then common groundsel (Senecio vulgaris L.) evolved resistance to
triazine (Ryan 1970). Today, herbicide resistance has occurred in 267 weed species (154
dicotyledons and 113 monocotyledons) in 72 countries involving 21 of the 31 known herbicide
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sites of action and 165 different herbicides (Heap 2023). More than
150 cases of herbicide resistance have been reported from
Australia.

Eleusine indica has developed herbicide resistance to several
herbicidemodes of action used on both annual and perennial crops
worldwide. Paraquat resistance in E. indica was first reported in
Malaysia in 1990, while the first report of paraquat resistance in E.
indica in Australia was in 2015 (Preston 2019). The evolution of
herbicide (e.g., clethodim, cyhalofop, fenoxaprop, glufosinate,
glyphosate, imazapyr, metribuzin, pendimethalin, and trifluralin)
resistance in E. indica is attributed to widespread herbicide
applications across various global regions. This resistance
phenomenon has been substantiated in many countries, including
Argentina, Australia, Bolivia, Brazil, China, Colombia, Costa Rica,
Indonesia, Italy, Japan, Malaysia, Mexico, and the United States
(Heap 2023).

Paraquat belongs to the bipyridylium family, and this herbicide
is considered to be a contact herbicide due to its reduced mobility
in plants (Tahmasebi et al. 2018). It is quickly absorbed by plant
leaves after its application. Depending on the light intensity, this
herbicide produces reactive oxygen species that damage mem-
branes and act as electron acceptors of photosystem I (PSI) within
chloroplasts, inhibiting the photosynthesis process and causing the
quick mortality of plant cells (Hawkes 2014).

Studies on seed germination ecology provide important
information on the emergence of weeds, their establishment,
and their seedbank dynamics, all of which is vital knowledge for
any program to control weeds (Chauhan and Johnson 2010). For
effective control of any weed, the capacity to accurately estimate
when weed seeds would germinate could improve timing of
cultural practices. To develop an effectual weed control program,
knowledge of seed biology is necessary for developing plant
simulation models (Martinson et al. 2007; Nonogaki 2014, 2017;
Schutte et al. 2008). In an agroecosystem, seed germination of a
weed is a key event in determining its success, and light,
temperature, moisture, soil salinity, burial depth, and other factors
can all affect it. One of the most crucial elements affecting a seed’s
ability to germinate is temperature. Due to varying temperature
requirements, differential seed germination and emergence
behavior have been seen in different populations of weed species
such as African mustard (Brassica tournefortii Gouan) and wild
mustard (Sinapis arvensis L.) (Chauhan et al. 2006a; Singh et al.
2021; Singh et al. 2022); although, for the Australian populations of
E. indica, such information has not been published.

Weed seeds that require light for their germination would
emerge when they are near the soil surface, and these weed species
may be more common in no-till cropping systems or non-cropped
areas (Chauhan and Johnson 2008; Travlos et al. 2020). Similarly,
weeds that can germinate in environments with severe salinity or
moisture stress can benefit from conditions that prevent the
growth of other species.

Crop residues applied to the soil surface (as mulches) may also
restrict weed growth (Chauhan and Johnson 2008; Teasdale et al.
1991); however, the amount and type of plant material employed
will determine whether crop residues stimulate or hinder weed
growth. Thus, crop residue retention could play a significant role in
an integrated weed management strategy. The germination and
emergence of E. indica seedlings can be impacted by the depth at
which seeds are buried (Chauhan and Johnson 2008). The vertical
seed distribution in the soil can be affected by tillage (Chauhan
et al. 2006b), and weed population dynamics may be influenced by
this varying weed seed dispersal in the soil profile (Buhler 1991).

There is little information on the ability of E. indica to emerge from
different depths under Australian conditions. The objectives of this
research study were to (1) evaluate the performance of different
postemergence herbicides on E. indica, and (2) determine the
effects of environmental factors on seed germination and seedling
emergence of E. indica.

Materials and Methods

Seed Description

Two Australian populations (Gatton and Ingham) of E. indica
were selected for seed collection. In the Queensland (QLD) region
of the Lockyer Valley, where Gatton is situated, there is a humid
subtropical climate with hot, muggy summers and pleasant, sunny
winters. During the summer months, Gatton experiences average
minimum and maximum temperatures ranging from 17 to 32 C,
while in winter, these temperatures range from 5 to 23 C. The
humidity levels typically hover around 50% to 60% during the
afternoon. Ingham is situated in the tropical monsoon region of
Hinchinbrook Shire, QLD. During the summer months, Ingham
experiences average minimum and maximum temperatures
ranging from 22 to 34 C, while in winter, these temperatures
range from 14 to 26 C. The humidity typically hovers around 70%
to 80% during the afternoon hours. Seeds of E. indica were
collected in March 2021 from fallow fields in Gatton and Ingham.
There is distance of about a 1,500 km between the two sites. To
obtain experimental samples for the Gatton and Ingham
populations, seeds were collected from approximately 50 plants
at each site and then bulked by population. After being dehulled
by rubbing them between the hands, seeds were manually
cleaned, dried in the shade, and kept in airtight containers at
room temperature (25þ 2 C) until being used in the experiments.
The field history and herbicide usage details for each site remain
unknown. Nevertheless, it is important to note that sugarcane
cultivation is prevalent in the Ingham region, where paraquat sees
extensive use. In contrast, the Gatton site likely has a minimal
history of paraquat application.

Performance of Postemergence Herbicides

Ten seeds from each population of E. indica were planted in 14-
cm-diameter pots at a depth of 1 cm. The pots were filled with a
commercial potting mix (Platinum® potting mix, Centenary
Landscaping, Brisbane, QLD, Australia). The potting mix
contained biological organic-based products and had a pH of
5.6. Immediately after emergence, thinning of plants was done to
maintain 5 plants pot−1. These plants were kept on benches
outdoors and regularly irrigated using an automated sprinkler
system. However, the amount of water used was not measured. To
measure the effectiveness of postemergence herbicides, plants were
sprayed the 4- to 5-leaf stage (5- to 6-cm plant height) with
different postemergence herbicides at recommended label rates
typical for most grass species (Table 1). A nontreated control
treatment devoid of any herbicide application was included for
each population.

A research track sprayer and TeeJet® XR110015 flat-fan nozzles
(Sprayshop, Toowoomba, QLD, Australia) were utilized to spray
herbicides with a water volume of 108 L ha−1. Data on plant
survival and biomass were recorded at 28 d after treatment, and
plants that had grown a new leaf in that time were considered to
have survived. The surviving plants were harvested at the soil
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surface, put in paper bags, and dried for 72 h at 70 C in an oven.
The dry biomass was weighed.

This trial found differential responses of both populations to
paraquat. The Gatton population was completely controlled,
but the Ingham population survived (100%) at the field rates of
amitroleþ paraquat (560 g ai ha−1) and paraquat (600 g ai ha−1).
To further examine these differences, both populations were
evaluated for paraquat in a dose–response study using the
procedure described above. Plants of both populations were
treated with paraquat at the 4- to 5-leaf stage (5- to 6-cm plant
height) with doses of 0, 17.75, 37.5, 75, 150, 300, 600, 1,200,
2,400, 4,800, and 9,600 g ai ha−1 (with the 1× rate of paraquat
being 600 g ai ha−1). Data were measured using the methods
stated previously.

General Germination Test Protocol

To evaluate the effect of different environmental factors on seed
germination of E. indica, various germination tests were conducted
in 9-cm-diameter petri dishes containing a double layer of filter
paper (Whatman® No. 1, Maidstone, UK). Each petri plate
contained 25 seeds distributed equally, then 5 ml of distilled water
or a treatment solution was added. To avoid any water vapor loss,
petri dishes were placed inside plastic ziplock bags, and then these
bags were placed in temperature- and light-controlled incubators
(ICCBOD-300, Laboratory Equipment, Marrickville, NSW,
Australia). The fluorescent light inside the incubator emitted a
white light with a photosynthetic photon flux density of 85 μmol
m−2 s−1.

Studies on the effects of light, salt stress, and water stress were
conducted in an incubator that was set at 30/20 C with a 12-h

photoperiod that coincides with the higher temperature, because
this temperature range was found to be optimum for seed
germination in the temperature experiment (described in the
following section). As there was no germination after 28 d of
incubation, the number of germinated seeds was counted at that
time, and seeds were deemed to have germinated when the radicle
was at least 1 mm in length.

Effect of Temperature on Germination

Seed germination was measured in incubators set at five different
day/night temperatures (15/5, 20/10, 25/15, 30/20, and 35/25 C) in
the light/dark (12/12-h) environment to study the best temper-
ature conditions for germination of E. indica populations. These
temperature regimes were chosen to reflect the temperature
conditions present in Australia’s eastern cropping region at various
times of the year.

Effect of Light on Germination

Seeds from both populations of E. indica were exposed to two light
regimes (either complete darkness for 24 h or an alternating light/
dark [12/12-h] period) to assess germination under the two
different light regimes (light/dark and dark). The incubator was set
for treatment that alternated between light and darkness so that the
high temperature (i.e., 30 C) was set during the light period and the
low temperature (i.e., 20 C) was set for the dark period. For the
dark treatment (30/20 C; 12 h/12 h), petri dishes were wrapped in
three layers of aluminum foil to prevent any light from reaching the
seeds. The foil was removed after the 28-d incubation period.

Table 1. Herbicide treatments, trade names, sites of action, doses, and adjuvants used in the postemergence herbicide trial.

Herbicide treatment Trade name Manufacturer Sites of actiona Dose Adjuvantb

g ae/ai ha−1

Amitrole þ
paraquatc

Alliance® Nufarm Australia Ltd, Laverton, VIC,
www.nufarm.com/au/

Carotenoid biosynthesis þ
photosystem I inhibitor

560 —

Butroxydim Factor® Nufarm Australia Ltd, Laverton, VIC,
www.nufarm.com/au/

ACCase inhibitor 30 1% Supercharge®

Clethodim Havoc® Nufarm Australia Ltd, Laverton, VIC,
www.nufarm.com/au/

ACCase inhibitor 120 1% Supercharge®

Glufosinate Biffo® Nufarm Australia Ltd, Laverton, VIC,
www.nufarm.com/au/

Glutamine synthetase
inhibitor

750 —

Glyphosate Roundup Ultra®
MAX

Bayer Cropscience Pty Ltd, Hawthorn
East, VIC, www.crop.bayer.com.au

EPSPS inhibitor 570 —

Haloxyfop VerdictTM Corteva Agriscience Australia Pty Ltd,
Chatswood, NSW, www.corteva.com.au

ACCase inhibitor 78 1% HastenTM

Imazamox þ
imazapyrc

Intervix® BASF Australia Ltd, Southbank, VIC,
crop-solutions.basf.com.au

ALS inhibitor 36 1% HastenTM

Iodosulfuron Hussar® OD Bayer Cropscience Pty Ltd, Hawthorn
East, VIC, www.crop.bayer.com.au

ALS inhibitor 10 —

Mesosulfuron Atlantis® OD Bayer Cropscience Pty Ltd, Hawthorn
East, VIC, www.crop.bayer.com.au

ALS inhibitor 10 1% HastenTM

Paraquat Gramoxone® Syngenta Australia Pty Ltd, Macquarie
Park, NSW, www.syngenta.com.au

Photosystem I inhibitor 600 1% HastenTM

Pinoxaden Axial® Syngenta Australia Pty Ltd, Macquarie
Park, NSW, www.syngenta.com.au

ACCase inhibitor 20 0.5% Adigor®

Propaquizafop Shogun® Adama Australia Pty Ltd, St Leonards,
NSW, www.adama.com

ACCase inhibitor 30 1% HastenTM

aAbbreviations: ACCase, acetyl-coenzyme-A carboxylase; ALS, acetolactate synthase; EPSPS, 5-enolpyruvylshikimate-3-phosphate.
bAdjuvants: Adigor® (Syngenta Australia Pty Ltd, Macquarie Park, NSW) contains 440 g L−1methyl esters of canola oil fatty acids; Hasten™ (BASF Australia Ltd, Southbank, VIC) contains 704 g L−1

ethyl and methyl esters of vegetable oil with 196 g L−1 nonionic surfactants; and Supercharge® (Nufarm Australia Ltd, Laverton, VIC) is 471 g L−1 paraffin oil.
cCommercial mixture.
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Effect of Salt Stress on Germination

To measure the impact of salt stress on E. indica germination,
25 seeds from each population were placed in petri plates with 5-ml
solutions of 0, 20, 40, 80, 160, and 320 mM sodium chloride
(NaCl). Before the germination percentage was recorded, these
plates were incubated at 30/20 C day/night temperatures for
28 d. The NaCl concentration levels were chosen to represent the
ranges of soil salinity that exist in different parts of Australia
(Rengasamy 2002).

Effect of Osmotic Stress on Germination

To evaluate the impact of water stress on seed germination of E.
indica, seeds from both populations were incubated in a wide range
of water-deficient conditions, including 0.0,−0.1,−0.2,−0.4,−0.8,
and −1.6 MPa. Following the procedure of Michel and Radcliffe
(1995), solutions with the necessary osmotic potentials were
made using polyethylene glycol 8000 (Sigma-Aldrich, St Louis,
MO, USA).

Effect of Burial Depth on Emergence

At the University of Queensland, Gatton, seeds from both
populations of E. indica were used to measure the impact of seed
burial depth on the emergence of weed seedlings. Each 14-cm-
diameter plastic pot contained 50 seeds that were either sown on
the top or at a depth of 1, 2, 4, or 8 cm. The soil utilized had a clay
loam texture, 2.7% organic matter content, and a pH of 7.2. The
soil was sterilized after being passed through a 2-mm sieve to
prevent contamination. Control pots without any additional E.
indica seeds were utilized to ensure that there were no seeds of E.
indica in the soil. To maintain an appropriate soil moisture level,
pots were subirrigated, and seedlings were considered to have
emerged when a cotyledon appeared on the soil surface. The trial
was terminated at 28 d after seed placement, as no further
emergence occurred after that.

Statistical Analyses

All laboratory and screenhouse experiments were carried out using
a randomized complete block design. Each experiment was carried
out twice, and each treatment included three replications. The
ANOVA revealed no interactions between treatments and runs;
thus the data from the two runs were merged. Each replication
served as a block in the laboratory studies and was set up on a
distinct shelf in the germination chamber. Before statistical
analysis (GenStat® 21), the variance of the data was visually
evaluated by plotting the residuals. Regression analysis was used
where appropriate; otherwise, means were separated using the LSD
at 5%. The studies of the paraquat dosage response, salt, osmotic
potential, and burial depth experiments were done using nonlinear
regression (SigmaPlot v. 14.5, Systat Software, Palo Alto, CA,
USA). Models displaying biologically relevant interpretation of
coefficients were selected. In the dose–response experiment for
paraquat, seedling survival, spike production, and biomass
production (percent of nontreated control) data were regressed
against paraquat doses using a three-parameter logistic model:

Y ¼ a= 1þ x=H50ð Þb� �
[1]

In this model, Y represents the survival, spike, or biomass data
at the x dose of herbicide; a represents the maximum seedling

survival or production of spike/biomass; H50 represents the
herbicide dose (g ai ha−1) required for a 50% reduction in seedling
survival (LD50), spike number (SR50), or plant biomass production
(GR50); and b represents the slope. Germination (%) values at
different concentrations of NaCl were modeled using a three-
parameter logistic model:

y ¼ a= 1þ x=x50ð Þb� �
[2]

In this model, y represents the germination percentage at the x
concentration of NaCl, a is the maximum germination (%), x50 is
the NaCl concentration necessary for inhibiting 50% germination,
and b represents the slope. A three-parameter sigmoid model was
fit to the germination data obtained in response to different
osmotic potentials:

y ¼ a=f1þ exp � x � x50ð Þb� �g [3]

In this model, y represents the germination percentage at
osmotic potential x, a represents the maximum germination (%),
x50 is the osmotic potential necessary for 50% inhibition of
maximum germination, and b represents the slope. The seedling
emergence values obtained from the seed burial experiment were
fit using a three-parameter gaussian model. The model was:

y ¼ a � ef�0:5 � ½ðx � bÞ=c�2g [4]

The model’s graph is shaped like a bell curve. In the model, y
represents the percentage of seedling emergence at burial depth
x, a represents the peak of the curve (i.e., the maximum
emergence), b represents the center of the peak (i.e., the depth
required to achieve maximum seedling emergence), and c is the
width of the “bell.”

Results and Discussion

Performance of Postemergence Herbicides

In this study, the interaction between populations and herbicide
treatments had an impact on seedling survival, spike, and biomass
production of E. indica (Table 2). These parameters declined
markedly for both populations with the application of post-
emergence herbicides, with the exceptions of iodosulfuron,
mesosulfuron, and pinoxaden. Control with the application of
imazamox þ imazapyr was lower for the Gatton population than
for the Ingham population, whereas the application of paraquat
(alone and in combination with amitrole) failed to control the
Ingham population. Despite the Ingham population’s seedlings
surviving at 100% at the field rates of amitrole þ paraquat
(560 g ha−1) and paraquat (600 g ha−1), their growth was severely
hampered, as evidenced by reductions of 47% to 64% in biomass
production when compared with the nontreated control plants
(Table 2). Iodosulfuron, mesosulfuron, and pinoxaden demon-
strated ineffectiveness on both populations, with more than 70% of
the seedlings surviving the application of these herbicides. In the
current investigation, butroxydim, clethodim, glufosinate, glyph-
osate, haloxyfop, and propaquizafop were observed to be efficient
herbicides for managing both populations of E. indica. Therefore,
depending on the crop situation, farmers should rotate these
herbicides to control this weed.

The populations of E. indica responded differently to different
doses of paraquat (Figure 1; Table 3). The doses of paraquat
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needed for a 50% reduction in survival (LD50), spike number
(SR50), and plant biomass (GR50) for the Ingham population were
27, 30, and 21 times greater, respectively, than those for the Gatton
population. Similar to this, an E. indica population from Florida,

USA, showed 30 times more resistance than a susceptible
population (Buker et al. 2002). The Ingham population had 1.3
to 2.7 times greater LD50 (1,606 g ha−1), SR50 (1,017 g ha−1), and
GR50 (797 g ha−1) values than the field rate (600 g ha−1) of paraquat
(Figure 1; Table 3).

Paraquat is a light-activated nonselective herbicide from the
bipyridylium family. This herbicide is immediately absorbed into
plant leaves after application, acting as a PSI electron acceptor to
limit photosynthesis and then transfer electrons to an oxygen
molecule to produce hazardous reactive oxygen species (Qian et al.
2009) that efficiently induce membrane damage and cell death.
Paraquat therefore effectively controls annual grasses and broad-
leaf weeds due to its high efficiency and low cost (Fuerst and
Vaughn 1990).

Sugarcane is a major resource for sugar production in Australia,
and weed infestation constitutes a serious threat hindering its
potential (Di Bella et al. 2021). Sugarcane crops are grown in the
Ingham area, and farmers use paraquat very frequently to control
weeds during fallow periods. Long-term overreliance on chemical
herbicides to control weeds imposes a high selection pressure on
weeds to evolve resistance. In our study, paraquat resistance in the
Ingham population of E. indica could be due to the long-term
application of paraquat to control weeds. Similarly, resistance in
E. indica against paraquat was reported from sugarcane fields in
China (Li et al. 2022). During the decades-long course of paraquat
applications, many paraquat-resistant weeds have been reported.
The continuous use of paraquat may result in a shift toward
harder-to-control weeds, including E. indica. There have been
reports of paraquat resistance in weeds due to the PAR 1 gene,

Table 2. Effect of herbicide treatments on survival, spike number, and biomass of the two Australian populations (Gatton and Ingham) of Eleusine indica.

Herbicide treatments

Seedling survival Spike production Biomass

Gatton Ingham Gatton Ingham Gatton Ingham

% no. pot−1 g pot−1

Control 100 100 18.2 22.3 29.60 34.82
Amitrole þ paraquata 0 100 0 19.2 0 18.58
Butroxydim 3.3 3.3 0 0 0.03 0.01
Clethodim 0 10 0 0 0 0.01
Glufosinate 6.7 10 0 0 0.02 0.05
Glyphosate 33.3 13.3 0 0 0.13 0.06
Haloxyfop 0 6.7 0 0 0 0.01
Imazamox þ imazapyra 90 6.7 16.2 0 13.83 0.06
Iodosulfuron 100 100 20.3 21.0 24.67 20.55
Mesosulfuron 96.7 100 19.5 20.3 26.30 17.53
Paraquat 0 100 0 18.7 0 12.68
Pinoxaden 83.3 76.7 6.0 5.3 6.38 7.28
Propaquizafop 3.3 3.3 0 0 0.03 0
LSD 14.1 2.3 3.22

aA commercial mixture
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Figure 1. Effect of paraquat dose on (A) seedling survival, (B) spike number (percent
of nontreated control), and (C) aboveground biomass (percent of nontreated control)
of the two Australian populations (Gatton and Ingham) of Eleusine indica. Error bars
represent the standard error of the mean.

Table 3. Estimated paraquat dose required for a 50% reduction in survival
(LD50), spike number (SR50), and plant biomass production (GR50) of the two
Australian populations (Gatton and Ingham) of Eleusine indica.

Parameters

Paraquat dosea

Gatton Ingham

g ai ha−1

LD50 59.2 (1.0) 1,606.1 (84.6)
SR50 34.3 (1.4) 1,017.0 (104.5)
GR50 38.4 (1.9) 796.9 (81.8)

aValues in parentheses are standard errors (SE).
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which lowered paraquat uptake through plasma membrane–
localized transporters (Li et al. 2013).

To address glyphosate-resistant weed species, the usage of
paraquat and glufosinate is expected to increase in Australia
(Chauhan et al. 2021). The “double-knock” technique used to
counter glyphosate resistance involves a sequential herbicide
approach in which different groups of herbicides are applied with a
minimum of 1 wk between the first and second applications. This
typically involves using glyphosate (Group 9) as the initial
herbicide, followed by paraquat (Group 22) to target survivors
from the first application. The aim of the double-knock strategy is
to bolster glyphosate efficacy and address glyphosate resistance by
employing paraquat to eliminate the remaining weeds that have
survived the initial glyphosate application.

The first case of paraquat resistance was reported in Erigeron
philadelphicus in Japan in 1980, and paraquat resistance in
E. indica was first reported in 1990 (Heap 2023). Alternative
herbicides, such as butroxydim, clethodim, glufosinate, glyphosate,
haloxyfop, and propaquizafop, can be used to control E. indica as
reported in our study. Farmers should rotate these herbicides to
control this weed and adopt integrated weedmanagement strategies
to delay the evolution of resistance by involving nonchemical
methods of weed control, such as tillage and harvest weed seed
control practices (Manalil et al. 2020; Walsh et al. 2013, 2018).

Effect of Temperature on Germination

An interaction between varying day/night temperature regimes
and populations influenced the seed germination of E. indica
(Figure 2). The response of both populations was similar at 15/5
and 30/20 C, whereas it was different at other alternating day/night
temperature regimes. There was no germination of either
population at the lowest alternating-temperature range (15/5 C).
At an alternating-temperature range of 20/10 C, the Ingham
population failed to germinate; however, about 15% germination
was observed for the Gatton population. When the temperature
was raised to 25/15 C, germination of both populations increased
drastically, with a 20% higher germination of the Gatton
population (51%) as compared with the Ingham population
(31%). Germination of both populations was maximum (96% for
Gatton and 92% for Ingham) at the alternating temperature of 30/
20 C. When the temperature was raised from 30/20 to 35/25 C,

germination of the Gatton population decreased from 96% to 60%,
while germination of the Ingham population decreased from 92%
to 69%.

These results reveal that E. indica seeds may germinate under a
variety of temperature conditions, demonstrating the ability of this
weed to invade a wide range of environments. Eleusine indicamay
grow year-round at low altitudes in subtropical and tropical
regions due to its ability to germinate over a wide range of
temperatures. The optimum temperature regime (30/20 C) for
germination of E. indica in Australian conditions is comparable to
that found for this weed in the Philippines (Chauhan and Johnson
2008). The level of adaptation to the changing temperature regimes
was higher in the Gatton population as compared with the Ingham
population, which would provide this population with many
more opportunities for establishment and reproduction.
Characteristically for a tropical weed, greater germination of both
populations of E. indica was observed at higher temperature
regimes (30/20 and 35/25 C) rather than lower temperature
regimes (25/15, 20/10, and 15/5 C). When compared with the
Gatton population, the Ingham population was more tolerant to
high temperatures, as it was able to retain higher germination at the
highest temperature (35/25 C).

Between October and March, Gatton experienced long-term
(30 yr on average) monthly mean maximum and minimum
temperatures that varied from 28.9 to 32.5 C and 13.3 to 19.4 C,
respectively (BOM 2023). Similarly, Ingham experienced long-
term monthly mean maximum and minimum temperatures that
varied from 30.4 to 32.8 and 18.6 to 23.4 C, respectively, between
October and March. The surface seeds of the Ingham population
experience relatively warmer environmental conditions after
reaching maturity than the Gatton population, according to the
long-term temperature conditions of the two locations. This
suggests that, in comparison to the Gatton population, the Ingham
population may exhibit adaptational features for better germina-
tion under higher temperatures (35/25 C) and reduced germina-
tion under lower temperatures (25/15 and 20/10 C). Despite this, it
is still entirely feasible that the Gatton population can germinate
earlier and can continue to germinate in higher temperature
conditions. Differential germination behavior as a result of various
environmental circumstances was also reported in S. arvensis (Singh
et al. 2022) and B. tournefortii populations from Queensland and
southern Australia (Chauhan et al. 2006a; Singh et al. 2021).

In the current study, germination of both populations (51% for
the Gatton population and 31% for the Ingham population) at 15/
25 C suggests that, due to climate change, this summertime weed
may adapt to Australia’s winter season and become more invasive
in winter crops. Because the Gatton population had some
germination (15%) at 20/10 C compared with the Ingham
population, which failed to germinate under this temperature
regime, chances of adaptation to the winter season are higher for
the Gatton population. In this study, reduced germination of E.
indica at 20/10 C and no germination at the lowest temperature
regime (15/5 C) suggest that adjusting crop planting dates can
reduce the likelihood of this weed becoming an infestation;
however, executing this agronomic techniquemay be influenced by
various factors, such as the crop’s potential yield and its
competitiveness, prevailing weather conditions, and other factors.

Effect of Light on Germination

An interaction between populations and light treatment affected
the seed germination of E. indica (Figure 3). Under light/dark

Figure 2. Effect of alternating day/night temperatures (15/5 to 35/25 C) on the
germination of the two Australian populations (Gatton and Ingham) of Eleusine indica.
Error bars represent the LSD at the 5% level of significance.
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conditions, as compared with total darkness, higher germination of
both populations was noted. Both populations exhibited compa-
rable germination (96% for Gatton and 92% for Ingham) under
light/dark conditions; however, under complete darkness, higher
germination of the Ingham population (45%) was observed as
compared with the Gatton population (35%).

Singh et al. (2021) noticed that two populations of S. arvensis in
Australia responded differently to light treatment and reported
that, the Queensland population had higher germination (61%)
than the Victoria population (21%) under complete darkness;
however, under the light/dark regime, both populations had
similar germination (78% to 86%, respectively). Similarly, seed
germination of Australian fingergrass (Chloris truncata R. Br.)
improved in the presence of light; however, 51% to 71% of these
seeds germinated even under the dark condition (Chauhan et al.
2018). Similar to our study, Chauhan and Johnson (2008) reported
greater germination (72%) of E. indica in the Philippines under
light/dark regimes as compared with complete darkness (25%) at
30/20 C.

While light exposure is an important factor for seed
germination, it is worth noting that not all species share similar
light requirements. Some species prefer to germinate in the
presence of light, while others thrive in complete darkness (Baskin
and Baskin 1998). Certain species may show no clear preference at
all. Based on our findings, it appears that E. indica has a preference
for light, but it is still capable of germinating in the absence of light
(Chauhan and Johnson 2008). In our study, populations were
gathered from different geographic or agroecological circum-
stances; it is possible that adaptive features or genetic variations
might be responsible for the distinct germination behavior of the
two populations in the absence of any light.

Effect of Salt Stress on Germination

Varying salt concentrations affected the E. indica seed germination
(Figure 4). A decreasing response was observed in the germination
of E. indica seeds with the increase in NaCl concentration from 0 to
320mM. Both populations germinated similarly (>90%) under the
control treatment and at a salt concentration of 20 mM NaCl.
Lower germination was observed for the Gatton population as
compared with the Ingham population at 40 to 160 mM NaCl.

The Ingham population’s germination was unaffected (>90%)
at 40 mMNaCl, but the germination of the Gatton population was
drastically reduced (<80%). The required concentration for 50%
inhibition of the maximum germination was 71 mM NaCl for the
Gatton population and 154 mM NaCl for the Ingham population,
whereas both populations did not germinate at all at 320mMNaCl.

A study in the Philippines revealed that the required
concentration for 50% inhibition of maximum germination of E.
indica was 78 mMNaCl, and no germination occurred at 200 mM
NaCl (Chauhan and Johnson 2008). In our study, germination of
both populations occurred up to 160 mM NaCl, which suggests
that even in high-saline conditions, competition from E. indica
could limit crop production, because E. indica could grow in high-
saline conditions. Also, the findings imply that both populations
behaved differently under varied salt concentrations.

The Ingham population continued to germinate more readily
between 40 and 160 mM NaCl concentrations, indicating that
under Australia’s salinized soil conditions, the Ingham population
could grow and pose a larger threat to crops compared with the
Gatton population. Deng et al. (2019) also reported differential
germination response of paraquat-resistant and paraquat-suscep-
tible E. indica to salt stress, wherein the susceptible biotype was
more sensitive to salinity than the resistant biotype. Genetic
variations or adaptation to specific local climatic circumstances
may be responsible for the varied germination behavior of
populations at high salt concentrations, as these populations
were gathered under different agroecological or topographical
circumstances (Dehnavi et al. 2020). The area where the Ingham
population was drawn from is situated near the sea, which
may make a suitable ecosystem for excessive salt content in
the soils.

Osmotic stress and ion toxicity under excessive salinity could
affect the germination of seeds (Bliss et al. 1986). Earlier research
also showed that elevated levels of Cl− and Naþ concentration
under high salt concentrations could affect the process of seed
germination by restricting cellular activity, energy production, and
the uptake of essential micronutrients (Gupta and Huang 2014;
Maathuis et al. 2014). In addition, osmotic stress, a result of an
increased salt content, may change the water and nutrient intake as
well as hormonal and enzymatic activity in seeds, resulting in poor
germination (Thiam et al. 2013). Consequently, in the present

Figure 3. Effect of light/dark regimes on the germination of the two Australian
populations (Gatton and Ingham) populations of Eleusine indica. Seeds were
incubated for 28 d at alternating day/night temperatures of 30/20 C. Error bars
represent the LSD at the 5% level of significance.
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Figure 4. Effect of sodium chloride concentration on the germination of the two
Australian populations (Gatton and Ingham) of Eleusine indica incubated under
alternating light/dark for 28 d at 30/20 C. The lines represent a three-parameter logistic
model fit to the germination data in response to sodium chloride concentrations.
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study, ion toxicity or osmotic stress might have caused germination
suppression at the greatest salt concentration.

Compared with the Gatton population, the Ingham population
was more resilient to the effects of salt stress, which indicates that
E. indica plants have acclimated to a variety of soil and climatic
conditions to develop seeds that can combat different environ-
mental restrictions. These results imply that it is crucial to evaluate
E. indica populations across various locations in future research.
The results of this investigation suggest that E. indica can colonize
locations that are salt affected and may further impact crop
production.

Effect of Osmotic Stress on Germination

The interaction between E. indica populations and varying osmotic
potentials affected the seed germination of this weed (Figure 5). In
the control treatment (no stress), both populations exhibited
maximum germination, which then declined with decreasing
osmotic potential. Greater germination was observed for the
Ingham population at –0.2, –0.4, and –0.8 MPa compared with the
Gatton population. Germination of both populations was similar
at other osmotic potentials.

The highest germination rate observed in the no-water stress
treatment suggests that the uniform distribution of rainfall
throughout the year in eastern Australia, coupled with irrigated
cropping systems, may contribute to the proliferation of this weed
(BOM 2023). Osmotic potential below –0.2 MPa significantly
reduced germination, indicating that a moist environment is
preferred by E. indica for germination. Hence, after rainfall, a
substantial number of E. indica seedlings might emerge. This
situation could arise early in the growing season, posing challenges
to crop production. Similar results of a sharp decrease in the
germination of E. indica seeds due to a decrease in osmotic
potential beyond –0.2 MPa were observed in the Philippines
(Chauhan and Johnson 2008).

In the current study, none of the populations germinated at –1.6
MPa. The sigmoid model estimated that osmotic potentials that
could cause a 50% reduction in germination were –0.27 MPa for
the Gatton population and –0.53 MPa for the Ingham population.
Sharpe and Boyd (2019) also reported that seed germination of E.
indica occurred at osmotic potentials as low as –0.5 MPa. These
results suggest that high osmotic stress (–0.8MPa) can be tolerated

by the Inghampopulation, giving it the ability to adapt to situations
that are water stressed. The ability of the Ingham population to
germinate under relatively dry conditions confirms that it can
survive in dryland agriculture systems, although its germination
would be favored by additional soil moisture conditions prevailing
in conservation agriculture systems (Oryokot et al. 1997; Singh
et al. 1998).

These findings suggest that E. indicamay germinate vigorously
under conditions of relatively high soil moisture. When compared
with the Gatton population, the Ingham population was found to
be comparatively more tolerant of water-stress situations. The
ability of the Ingham population to tolerate high water stress may
be increased by maintaining seed dormancy until optimum
moisture conditions are present for effective germination
(Fernando et al. 2016). The germination behavior of both
populations in response to water stress differed, particularly at
lower osmotic potential concentrations. Similarly, two popula-
tions (glyphosate-resistant and glyphosate-susceptible biotypes)
of E. indica also showed differential germination behavior in
response to varying osmotic stress (Ismail et al. 2002).

Effect of Burial Depth on Emergence

When sown at various seed burial depths, both populations of E.
indica exhibited similar emergence behavior; therefore, data were
averaged across populations, and the emergence data were fit with
a gaussian model (Figure 6). When seeds were positioned on the
surface (0-cm depth), only 29% of E. indica plants emerged. The
emergence increased from 29% to 71% with the increase in burial
depth from 0 cm to 1 cm. The gaussian model calculated that the
highest (peak) seedling emergence (83%) of E. indicawas at a burial
depth of 1.6 cm, (Figure 6). At a depth of 2 cm, 79% of seedlings of
E. indica emerged; after that, emergence declined rapidly, reaching
8% from the 4-cm depth and no emergence from the 8-cm depth.

Similarly, Ismail et al. (2002) reported that only 21% of the seeds
of one E. indica biotype emerged from the soil’s surface. However,
contradictory to this in a previous study in the Philippines, the
maximum seedling emergence (82%) of E. indica was observed for
the seeds placed on the soil surface, and emergence thereafter
decreased with increasing burial depth, with only 4% emerging
from a depth of 6 cm (Chauhan and Johnson 2008). Boyd and Van
Acker (2003) also reported that seedling emergence in several weed
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species decreased due to increased burial depth. Different
experimental conditions, genetic variation, or adaptation to
localized climatic conditions could be the cause of the disparate
results in the two investigations (Dehnavi et al. 2020).

The size of seeds plays a very important role in emergence from
various burial depths. Larger seeds can emerge from greater burial
depths due to their greater carbohydrate reserves (Baskin and
Baskin 1998). However, weeds with small seeds, like E. indica, may
not emerge from deep burial, because they may not have enough
energy to support hypocotyl elongation. Mahajan et al. (2018) and
Singh et al. (2021) also reported that as soil depth increased, the
emergence of many small-seeded weed seedlings decreased. Our
results indicate that E. indica could be a problematic weed in no-till
or shallow-tillage situations. The findings of our study indicate that
E. indica would emerge more frequently under farming practices
that achieve a shallow burial of weed seeds; however, deep tillage
(>6 cm) could reduce its emergence. Therefore, to bury the weed
seeds below 6 cm, deep inversion tillage could be used as a weed
management approach.

In this study, the application of postemergence herbicides, such
as butroxydim, clethodim, glufosinate, glyphosate, haloxyfop, and
propaquizafop, effectively controlled both populations of E. indica,
whereas the application of paraquat failed to control the Ingham
population. Compares with the Ingham population, the Gatton
population required a paraquat dose 21 to 30 times higher to
achieve a 50% drop in survival, spike number, and plant biomass.
Farmers should rotate different postemergence herbicides to control
this weed and adopt integrated weed management strategies to delay
the evolution of resistance. The seed germination of both populations
of E. indicawas greater at 30/20 and 35/25 C alternating temperatures
than at 25/15 and 20/10 C, which can be expected for a tropical weed.
Both populations’ germination rates were comparable (>90%) in
light/dark regimes; however, with the total absence of light,
significantly higher germination of the Ingham population
(45%) was observed as compared with the Gatton population
(35%). The Ingham population was more tolerant to salt- and
water-stress conditions compared with the Gatton population.
Seedling emergence of E. indica was found to be maximum for
seeds buried at the 2-cm depth, and no emergence was recorded
from the 8-cm depth. These results indicate that E. indica could
be a problematic weed in no-till systems, but deep tillage (>6
cm) could reduce its emergence.

The findings of our study underscore critical factors that
contribute to the widespread and problematic nature of E. indica as
a weed in humid tropical regions. The insights derived from this
research can be harnessed to craft successful strategies for managing
E. indica across diverse agroecological settings. However, it is essential
to acknowledge that our study examined only one population from
each environment. Consequently, further investigations encompass-
ing a diverse spectrum of populations from various environments are
imperative to foster the development of comprehensive and effective
management methodologies. It is important to highlight that the
observed germination disparities between the populations may not
necessarily correlate with the paraquat resistance status of the two
populations. Considering that the two populations were collected
from regions separated by a distance of 1,500 km, these differences
could likely stem from genetic variations.
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