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ABSTRACT

Context. Bromus diandrus Roth and Lolium rigidum Gaudin are important weeds of cereal-based
cropping systems of Australian agriculture. Adaptation to environmental stresses, protracted
seed germination and herbicide resistance have made these weeds serious threats to crop
production. Aims. Studies were undertaken to determine the impact of moisture stress during
reproductive development on the extent of seed dormancy and the expression of genes involved
with gibberellic acid and abscisic acid synthesis. Methodology. A pot study was undertaken at
two locations, with two populations each of B. diandrus and L. rigidum. Water stress was applied
from either the GS31 or GS60 stage until seed maturation, along with a well-watered treatment.
Seeds of stressed vs well-watered treatments were assessed for seed dormancy and the
expression of ABA1 and GA20ox genes using quantitative polymerase chain reaction. Results. The
seeds from GS31 treatment, where plants experienced the longest water stress, were most
dormant in both weed species. Water stress treatments altered the expression of the GA20ox
gene, which was correlated with the level of dormancy in seeds of B. diandrus and L. rigidum.
Conclusions. This investigation has provided clear evidence of the impact of water stress on
seed dormancy and on expression of genes involved in regulating seed dormancy in these weed
species. Implications. As spring rainfall in the Australian agricultural landscape is highly variable,
weeds are likely to experience variable levels of water stress during reproductive development,
which in turn is likely to influence seed dormancy, weed seedling emergence and effectiveness of
pre-sowing weed management next season.

Keywords: ABA1, Annual Ryegrass, crop–weed competition, dormancy, GA20ox, genetic variation,
Great Brome, seed germination, water stress.

Introduction

Weed seed dormancy is associated with the development of persistent seed banks (Ghersa 
et al. 1997). Seed dormancy also causes difficulties in predicting the timing of seedling 
emergence and can reduce the effectiveness of weed control measures (Ghersa and Holt 
1995). Both genetic factors and the maturation environment experienced by the parent 
plants play important roles in setting the level of seed dormancy (Fenner and Thompson 
2005). In particular, the maturation environment experienced by the parent plant has been 
shown to play a fundamental role in determining seed dormancy in weeds (Steadman et al. 
2003; Steadman 2004). Several environmental factors, such as photoperiod, water 
availability, temperature, light, and nutrient supply, are known to influence seed quality, 
including seed size, dormancy, and germinability (Fenner 1991; Hilhorst and Toorop 1997; 
Baskin and Baskin 1998; Gutterman 2000). Among these, water availability is an important 
limiting factor that effects plant growth and reproductive development and often prevents 
the plants from reaching the maximum growth potential in rain-fed environments 
(Patterson 1995; Jaleel et al. 2009). Inadequate soil moisture affects crop–weed competition 
significantly and generally weeds dominate under stress due to greater plasticity as 
compared to the crops (Chauhan and Mahajan 2014). 
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Spring rainfall in southern Australia can be quite variable, 
and this variation in rainfall pattern and increased aridity 
consistent with a warming climate, has the potential to 
alter weed distribution and their impact on crop production 
(Ramesh et al. 2017). Therefore, it is important to understand 
how water stress experienced by weeds during seed 
development will influence the expression of seed dormancy 
in important weeds. Low spring rainfall during the repro-
ductive phase of weeds could also have an impact on the 
quality of weed seeds, in particular their dormancy status. 
Sharif-Zadeh and Murdoch (2000) showed that seed dormancy 
of Cenchrus ciliaris L. increased when water stress was present 
during seed maturation. In contrast, water stress applied at the 
onset of flowering until completion of flowering resulted in a 
significant reduction in plant biomass, seed production and 
quick dormancy release in wild radish (Eslami et al. 2010). 

Previous studies have shown that early maturing seeds 
have higher levels of seed dormancy as compared to the 
late maturing seeds (Barton 1962; Frost 1971; Pourrat and 
Jacques 1975; Ceccato et al. 2015). This variation is partially 
facilitated by maternal control of seed coat properties 
(Kendall et al. 2011; MacGregor et al. 2015). For example, 
variations in the seed coat thickness have been reported in 
the genus Chenopodium (Ceccato et al. 2015). However, in 
Arabidopsis, the maternal environment is known to modify 
the contents of abscisic acid (ABA) and gibberellic acid 
(GA) in mature seeds, which affects physiological behaviour 
of the embryo (Footitt et al. 2011). Among the different plant 
hormones, ABA and GA are considered vital for the regulation 
of seed dormancy and germination (Tuan et al. 2018). In 
mature seeds and buds, the biosynthesis of ABA has been 
shown to be regulated by ABA1, NCED3 and ABA2 genes 
(Arora et al. 2003; Ruttink et al. 2007; Wang et al. 2016). 
GA releases seed dormancy and helps in seed germination, 
and its biosynthesis is regulated by GA20-oxidase (GA20ox) 
and GA3-oxidase (GA3ox) genes (Tuan et al. 2018). As ABA1 
and GA20ox genes are involved in the initial steps of 
biosynthesis pathways of these plant hormones, they are 
known to have a significant impact on the expression of seed 
dormancy induction and release (Arora et al. 2003; Tuan 
et al. 2018). 

Bromus diandrus Roth (Great Brome) is a winter annual 
weed commonly found in agricultural areas characterised by 
cool wet winters and hot dry summers (Kon and Blacklow 
1988) and is a serious weed of crops in South Australia 
(Kleemann and Gill 2006). Both B. diandrus and L. rigidum 
can be serious weeds of crop production in other countries 
with a Mediterranean climate. For example, B. diandrus has 
become a problematic weed in northeastern Spain since the 
adoption of no-till farming (Royo-Esnal et al. 2018). Lolium 
rigidum Gaudin (Annual Ryegrass) is regarded as the most 
problematic weed prevalent in grain growing regions of 
South Australia (Kloot 1983). L. rigidum is also one of the most 
common weed species in winter cereals in Spain, where it 
infests more than 6 million hectares of winter cereal crops 

(Cirujeda and Taberner 2009). Both weed species can be 
highly competitive with crops, including wheat, and can also 
be contaminants of harvested grains (Gill and Blacklow 1985; 
Gill et al. 1987; Gill 1996; Steadman et al. 2004a; Llewellyn 
et al. 2016). The life cycle of both weeds is similar to many 
annual grass species in southern Australia; they germinate 
in autumn–winter, grow rapidly during spring and set seeds in 
summer (Steadman et al. 2003; Kleemann and Gill 2006). 
Upon maturation seeds are mostly dormant, which prevents 
fatal germination during infrequent rainfall events that 
occur during summer in Australia (Steadman et al. 2004a). 

Lolium rigidum has high genetic variability (Owen et al. 
2007), which can lead to large variations in germination 
responses of populations. Previous studies by Steadman et al. 
(2004b) on L. rigidum confirmed that seed dormancy is 
affected by moisture and temperature stress; seeds produced 
under cool temperatures and moisture stress were quick to 
lose dormancy as compared to the seeds collected from 
well-watered plants. None of the previous studies examined 
the impact of moisture stress on seed dormancy variation and 
expression of genes responsible for controlling this variation 
in B. diandrus and L. rigidum. At present it is unclear what 
effect water stress during reproductive development will have 
on seed dormancy in B. diandrus and L. rigidum. Therefore, 
studies were undertaken with the following objectives: 

1. Determine the influence of moisture stress during repro-
ductive development on seed dormancy in L. rigidum 
and B. diandrus. 

2. Determine the effect of water stress on the expression 
of important genes (ABA1 and GA20ox) known to be 
associated with seed dormancy during the after-ripening 
period. 

Materials and methods

Seed collection

Mature seeds of two populations each of Lolium rigidum and 
Bromus diandrus were collected in December 2019 from crop 
fields in South Australia. The L. rigidum populations (RAC1 
and RAC3) were collected from a single farm at Roseworthy, 
South Australia (34.524807°S, 138.686362°E) and B. diandrus 
populations were collected from two different farms located 
near the towns of Mallala (34.4379°S, 138.5099°E) and 
Riverton (34.1584°S, 138.7477°E), South Australia. The collected 
seeds were oven dried, cleaned and stored in a laboratory until 
used in the experiments (April to November 2020). 

Effect of water stress during reproductive
development on seed dormancy

This experiment was laid out in completely randomised 
design and replicated at two locations, Roseworthy campus 
(R) (34.5274°S, 138.6881°E) and the Waite campus of The 
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University of Adelaide (W) (34.9688°S, 138.6339°E) during 
April to November 2020. These two experimental sites are 
50 km apart. The experiment was replicated at these two sites 
to assess the consistency of the effect of water stress treat-
ments on seed dormancy of two populations each of L. rigidum 
and B. diandrus. The factorial combinations of weed 
populations and water stress treatments were replicated 
three times at each location. 

Weed plants were exposed to water stress by ceasing 
irrigation at the GS31 (first node) and GS60 stage (flowering). 
The control treatment, in which plants were irrigated 
regularly (approximately 550 mL/pot) to prevent water 
stress, was included to compare the effects of water stress. 
The control pots were maintained at the field capacity 
throughout the experiment whereas soil water content of 
water stress treatments was allowed to decline to 25% of 
the field capacity (FC) based on regular assessment of pot 
weight. Thereafter, pots in the water stress treatments were 
maintained close to 25% FC by regular watering. The field 
capacity was determined using the method described by 
Steadman et al. (2004b). Briefly, the pots containing dry 
potting mixture were weighed and then watered until water 
started to drain at the bottom of the pots. Pots were then 
allowed to drain for 6 h and then reweighed to determine FC. 

Seeds of L. rigidum and B. diandrus populations (three 
replicates/population and stress treatment) were placed in 
pots (8 L capacity with 250 mm diameter) containing a 
potting mix (Handreck and Black 2002; Boutsalis et al. 
2012). When seedlings reached the two leaf stage, plant 
density was reduced to five plants/pot for L. rigidum and 
three plants/pot for B. diandrus. The pots were kept outdoors 
(May–June) under natural environmental conditions (the 
average day/night temperature in Roseworthy and Waite for 
May–June is approximately 15/6°C (Bureau of Meteorology 
2022)) and well-watered until the start of water stress 
treatments. When the plants reached the GS31 (first node) 
stage, all the pots were moved into the glasshouse (August) 
to prevent rainfall affecting water stress and to ensure 
consistency of temperature and light conditions for all the 
treatments. The glasshouses used at both the locations were 
illuminated by sunlight, but day/night temperature was set 
at 20/10°C. Water content for the first stress treatment 
(GS31) was allowed to decline to 25% of the FC and then 
maintained at this level until maturity. The other pots were 
irrigated regularly and maintained close to the FC until the 
plants reached GS60 (flowering stage) and the second water 
stress treatment was imposed. Plants allocated to water stress 
treatments were weighed twice a week and the soil moisture 
raised to 25% of the FC. Throughout the experiment, pots of 
the no stress treatment (control) were well-watered and 
maintained close to the FC. 

Seed production and seed mass
Harvest maturity was defined as the loss of green colour 

of stems and seeds. At maturity, seeds of each stress 

treatment from the two study sites were collected and 
placed in separate paper bags. The seeds were cleaned and 
stored in a laboratory at standard temperature conditions of 
20/10°C until used for seed dormancy and gene expression 
studies (December 2020 to August 2021). After cleaning, 
seeds were counted to determine seed production and 
samples of 100 seeds were weighed to determine seed mass. 

Seed dormancy behaviour
Seeds of different water stress treatments were assessed 

for seed dormancy (germinability) every 2 months from 
December 2020 to August 2021. Seeds (25) were placed in 
15 cm diameter Petri dishes lined with Whatman No 1 filter 
paper; there were three replicates of each treatment. The 
filter paper was moistened with 5 mL of distilled water and 
the 25 seeds spread over the surface. The Petri dishes were 
placed in an incubator set at 20/10°C, with 12 h photoperiod 
for L. rigidum. As germination in B. diandrus seeds can be 
inhibited by exposure to light, Petri dishes containing its 
seeds were covered with aluminium foil to ensure complete 
darkness. Seed germination was assessed after 14 days and 
the experiment was terminated. 

Expression of target genes associated with seed
dormancy

After a careful review of the literature, we focused on the 
expression of the genes ABA1 and GA20ox in seeds of 
B. diandrus and L. rigidum and its relationship with changes 
in seed dormancy during the after-ripening period. 

At the same time as the investigation of seed dormancy in 
water stress treatments, weed seeds were also used to extract 
the RNA and determine the expression of target genes (ABA1 
and GA20ox). For each treatment there were three replicates 
of 25 seeds/population of L. rigidum and 15 seeds/population 
of B. diandrus tested at 30, 90 and 150 days after maturity to 
determine changes in the seed dormancy and gene expression 
levels during the after-ripening period. Quantitative polymerase 
chain reaction (qPCR) analysis of the expression of house-
keeping genes (αTubulin and ELF ) and target genes (ABA1 
and GA20ox) was conducted at each assessment to determine 
the pattern  of  candidate gene expression during dormancy  
maintenance and release. 

RNA extraction and cDNA synthesis from seeds

The RNA extraction and complementary DNA (cDNA) 
synthesis was performed using the method described by 
Ramiz et al. (2022a, 2022b). 

Gene expression for seed dormancy was analysed via 
quantitative PCR (qPCR) using similar methods to that 
described by Malone et al. (2016); Adu-Yeboah et al. (2020). 
A Sensimix (Bioline, Meridian Bioscience) assay using Dual-
Labelled BHQ FRET probes (Bioresearch Technologies, 
Petaluma, CA, USA) was used. Primers and probes for the 
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candidate genes ABA1 and GA20ox and control genes 
αTubulin and ELF were designed using Real Time Design 
qPCR assay design software (Bioresearch Technologies). 
cDNA templates were amplified in a 10 μL reaction mixture 
containing 5 μL of Sensimix (Bioline, Meridian Bioscience), 
0.4 μL of each target and control primers, and 0.1 μL of each 
target and control probe, 1.5 μL of H2O and 2.5 μL of cDNA. 
Reactions were run on a Rotor Gene 6000 real-time thermal 
cycler with the following parameters: 3 min at 95°C, 
followed by 45 cycles of 15 s at 95°C and 16 s at 60°C. 
Primer efficiencies were calculated and found to range from 
>96% to <99%. Each qPCR reaction containing the cDNA 
from the control (no stress), water stress at the GS31 and GS60 
stage from both the populations of L. rigidum and B. diandrus 
was run with a gene of interest (ABA1 and GA20ox) and two 
control genes (αTubulin and ELF ). This protocol was repeated 
with seeds at 90 and 120 days after maturity. 

Statistical analysis

An analysis of variance (ANOVA) was performed on the data 
for weed seed production, seed mass and germination with 
GenStat (edition 19, VSN International, https://vsni.co.uk/). 
As the trial location cannot be replicated, treatments were 
nested within a location. Prior to the combined analysis, 
the homogeneity of the variance was assessed using Bartlett’s 
test of homogeneity. The distribution of the data was checked 
from the normal probability plot of the residuals. All regression 
analyses were performed with the software GraphPad Prism 
version 9 (GraphPad Software, San Diego, CA). 

For gene expression analysis, the candidate gene runs for 
qPCR were compared with both housekeeping genes 
(αTubulin and ELF ) to normalise the data. The average of 
the CT values of two control genes was used and a modified 
version of the ΔCT (2 = −ΔCT) method was used to analyse 
data from the quantitative PCR (Livak and Schmittgen 2001; 
Gaines et al. 2010). The calculated CT values were then used 
to run ANOVA. A correlation analysis between the gene 
expression levels and seed germination (%) of both the 
weed species was performed to determine the relationship 
between seed germination and gene expression levels during 
the after-ripening periods. 

Results

Impact of water stress on seed production and
seed mass

A significant (P < 0.001) impact of water stress treatments on 
seed production and seed mass was observed in B. diandrus 
(Table 1) and  L. rigidum (Table 2). As expected, plants growing 
without water stress (control) produced more seeds and seeds 
of greater mass. Seed production in B. diandrus was much more 
sensitive to water stress imposed at GS31 stage than at GS60 

Table 1. The effect of water stress treatments on B. diandrus.

Water stress timing Seeds per plant Seed mass (g/100 seed)

Control (no stress) 870.9 1.81

GS31 509.4 (41.5)A 1.50 (17.3)

GS60 800.2 (8.1) 1.25 (31.1)

P-value <0.001 <0.001

l.s.d. (P = 0.05) 1.54 0.015

As therewas no population× treatment interaction, data for the two populations
were pooled.
l.s.d., least significant difference.
AReduction (%) relative to the control is shown in parentheses.

Table 2. The effect of water stress treatments on L. rigidum.

Water stress timing Seeds per plant Seed mass (g/100 seed)

Control (no stress) 331.9 1.004

GS31 250.6 (24.5)A 0.872 (13.1)

GS60 279.1 (15.9) 0.824 (17.9)

P-value <0.001 <0.001

l.s.d. (P = 0.05) 1.33 0.035

As therewas no population× treatment interaction, data for the two populations
were pooled.
l.s.d., least significant difference.
AReduction (%) relative to the control is shown in parentheses.

(panicle emergence) (Table 1). Conversely, seed mass was 
more responsive to water stress imposed at GS60 than GS31. 
The response of seed number and seed mass to water stress 
was similar in L. rigidum but the impact was lower than 
observed in B. diandrus. 

Effect of water stress treatments on seed
dormancy

As the main aim of this study was to investigate the effect of 
water stress on seed dormancy and expression of key genes 
regulating dormancy, ANOVA was performed separately for 
data collected at 30, 60 and 90 days after maturity (DAM). 
As there was no site × timing × population interaction, data 
for the two sites were pooled. The water stress treatments had 
a significant impact on seed dormancy in B. diandrus 
populations. Plants grown in well-watered conditions produced 
seeds with a lower level of dormancy as compared to plants 
that experienced water stress at the earliest stage of develop-
ment (GS31) (P < 0.05). At 30 DAM, some germination was 
observed in the control (20%) and water stress imposed at 
the flowering stage (11%). However, there was no seed 
germination observed in plants exposed to water stress at 
GS31 (Fig. 1). During the after-ripening period, there was a 
gradual increase in seed germination in the control as well as 
water stress treatments. Significant differences were observed 
in seed germination between water stress and control 
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Fig. 1. Germination pattern of two B. diandrus
((a) Mallala (b) Riverton) populations under
water stress and no stress treatments. The
error bars show ± s.e., and the symbols show
significant differences at P < 0.05 (*) or
P < 0.01 (**). As there was no site × 
population × stress timing interaction, the
results for the two sites were pooled.

treatments until 90 DAM (P < 0.05). However, at 150 DAM, 
seed germination in both the water stressed and control 
treatments was similar in both populations of B. diandrus 
(P = 0.08; Fig. 1). 

L. rigidum populations also showed significant differences 
in seed germination pattern in response to water stress 
treatments (Fig. 2). The seeds from the no stress treatment 
were less dormant and started germination at 30 DAM 
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Fig. 2. Germination pattern of two L. rigidum
((a) RAC1 (b) RAC3) populations under water
stress and no stress treatments. The error bars
show ± s.e., and the symbols show significant
differences at P < 0.05 (*) or P < 0.01 (**). As
there was no site × population × stress timing
interaction, the results for the two sites were
pooled.
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(Fig. 2). Water stress imposed at GS60 had little effect on seed 
dormancy, whereas the seeds of plants exposed to water stress 
from GS31 were most dormant and took longer to start 
germination (Fig. 2). For instance, at 90 DAM for GS31 
only 8% and 22% seed germination was observed in RAC1 
and RAC3, compared to 50% germination in the no stress 
treatment of both the populations, respectively (P < 0.05; 
Fig. 2). Significant differences in germination of different 
water stress treatments during the after-ripening period 
indicate strong impacts of water stress on seed dormancy of 
L. rigidum and B. diandrus populations. 

ABA1 gene expression

There were significant differences in the expression levels 
of ABA1 between the water stress treatments in Mallala 
(P = 0.01) and Riverton (P < 0.001) populations of 
B. diandrus. During the after-ripening period, the ABA1 gene 
expression levels with no stress and water stress at GS60 
declined in both B. diandrus populations. The differences in 
the ABA1 expression levels among the treatments were 
more noticeable at 90 DAM. Higher ABA1 expression levels 
were observed for Mallala and Riverton in the no stress 
treatments (113%, 104%) as compared to GS31 (85%, 74.5%) 
and GS60 (96%, 0%) (Fig. 3a, b). The expression of ABA1 
gene declined at 150 DAM as compared to earlier assess-
ments at 30 and 90 DAM. At 150 DAM no detectable expression 
was  observed in the  water stress at GS31 and  GS60  treatments  

of Riverton (P = 0.56), nor the GS31 treatment of Mallala 
(P = 0.76). The differences in the expression levels of GS31 
and GS60 were non-significant. 

The analysis of ABA1 gene expression in L. rigidum 
populations showed significant differences between the seeds 
produced by plants exposed to water stress at the GS31, GS60 
and no stress treatments. The no stress treatments of both 
L. rigidum populations (RAC1 and RAC3) were less dormant 
and had lower ABA1 expression levels, and the water stress 
applied at GS31 had a significant effect on ABA1 expression 
levels (Fig. 3c, d). A significant decline in the ABA1 
expression levels were observed in all the treatments from 
30 DAM to 150 DAM (Fig. 3c, d). 

GA20ox gene expression

In contrast to ABA1, GA20ox gene expression showed a 
significant increase during the after-ripening period. Water 
stress treatments of both populations of B. diandrus had a 
lower GA20ox expression at 30 DAM, but there was an 
increase over time in all treatments at 150 DAM (Fig. 4a, b). 
For example, at 30 DAM, GA20ox gene expression for Mallala 
was 107% for the no stress treatment, whereas at 150 DAM 
the GA20ox expression had increased to 132% (Fig. 4a). 
Similar trends showing increase in GA20ox gene expression 
levels over time were observed in the Riverton population 
as well, where GA20ox expression increased significantly 
between 30 and 150 DAM (160%) (Fig. 4b). Consistent 
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Fig. 4. Relative GA20ox gene expression (αTubulin and ELF were the control genes) analysis of the seeds of stress vs control
treatments of two B. diandrus (a, b) and two L. rigidum (c, d) populations at 30, 90 and 150 DAM. The symbols show
significant differences at P < 0.05 (*), or P < 0.01 (**) or P < 0.001 (***).

with the Mallala population, GA20ox expression levels were 
higher for the seeds of well-watered plants than those under 
water stress at the GS31 stage in Riverton B. diandrus, 
especially at 150 DAM. 

During the after-ripening period in L. rigidum populations, 
GA20ox gene expression increased and ABA1 gene expression 
declined. Significantly higher GA20ox gene expression levels 
(P < 0.001) were observed in the no stress (control) treatment, 
as compared to the water stress treatment at GS31 (Fig. 4c, d). 
At 30 DAM, RAC1 and RAC3 had lower GA20ox expression 
for all the stress treatments, followed by a gradual increase 
in the gene expression over time (Fig. 4c, d). At 150 DAM a 
similar trend of increase in GA20ox expression levels during 
the after-ripening period was observed in all the stress 
treatments of RAC3 (Fig. 4d). The increase in GA20ox 
expression levels from 30 DAM to 150 DAM suggests a 
contribution of this gene to the loss of seed dormancy 
during the after-ripening period. The correlation analysis 
between seed germination and GA20ox gene expression 
showed a significant positive relationship for all water stress 
treatments in both populations of B. diandrus (P = 0.001) and 
L. rigidum (P = 0.007; Fig. 5). 

Discussion

Studies on climate change have shown that the increasing 
temperatures in Australia associated with global warming 

will result in reduced rainfall events and more frequent 
droughts (Department of the Environment and Energy (DEE), 
Australian Government 2017). In South Australia, the crop 
growing areas already experience variable climatic conditions 
especially in spring where spring rainfall is highly variable. 
The ecological consequence of this climatic variability in 
weed seed dormancy are unclear. Weed population dynamics 
are greatly influenced by seed production and the success of 
weed management systems is highly dependent on preventing 
replenishment of the soil seed bank overtime (Norris 2003). 
However, there have been limited investigations of the 
effect of moisture stress on weed seed dormancy and the 
genetic regulation of seed dormancy in response to water 
stress remains unclear. 

In this study, water stress during reproductive develop-
ment had a significant effect on seed production and seed 
mass of B. diandrus and L. rigidum populations. Earlier onset 
of water stress at GS31 had a larger effect on seed production 
but a smaller effect on seed mass than later water stress from 
GS60 (panicle emergence) in both weed species compared to 
the well-watered plants (Tables 1 and 2). Similar findings 
were reported by Eslami et al. (2010), where the plants of 
wild radish (Raphanus raphinistrum) exposed to different 
levels of water stress showed 9–85% reduction in the number 
of seeds/plant as compared to the non-stressed plants. The 
ability of L. rigidum and B. diandrus to only show modest 
reduction in seed production under reduced soil moisture 
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Fig. 5. Correlation analysis between seed germination and the expres-
sion of GA20ox in (a) two B. diandrus and (b) two L. rigidum populations.
The symbols represent GS31 (●○) GS60 (▲Δ) and control (■□)
treatments of both the B. diandrus and L. rigidum populations, respectively.

availability (25% FC) shows that both weed species can 
survive and reproduce under dry climatic conditions often 
experienced in spring in Australia. 

Analysis of seed dormancy through germination assess-
ments showed that seeds produced in no water stress 
treatments lost seed dormancy more quickly than plants 
exposed to water stress from the GS31 (Figs 1 and 2). Plants 
exposed to water stress from GS60 onwards produced seeds 
with similar seed dormancy as the control in B. diandrus. 
Even though water stress applied at GS60 had a significant 
effect on seed mass of B. diandrus populations compared to 
the no stress control, this late stress did not have a significant 
effect on seed dormancy. In contrast, water stress applied at 
GS31 not only reduced seed production and seed mass, it 
also produced seeds with higher dormancy than no stress 
and late stress (GS60). However, L. rigidum plants that experi-
enced water stress at GS60 showed a significant reduction in 
seed mass and intermediate level of seed dormancy relative to 
the control and water stress at GS31. Importantly, both water 
stress treatments had greater seed dormancy in L. rigidum 
than the no stress treatment. According to Sharif-Zadeh and 
Murdoch (2000), water stress imposed on plants of Cenchrus 
ciliaris at anthesis and caryopses maturation stages increased 
dormancy in C. ciliaris seeds. In their study, seeds exposed to 

water stress treatments had 14–19% germination as compared 
to 67% for the control (no water stress) treatment. From these 
results they concluded that greater dormancy in seed produced 
by water stressed plants in C. ciliaris might be associated with 
reduced water permeability of glumes in response to water 
stress. According to Sharif-Zadeh and Murdoch (2000), 
reduced water permeability in seeds of water stressed plants 
may not only protect seeds from drought stress but also 
impose dormancy, which is itself an important survival 
mechanism. 

In our study, earlier onset of water stress after the first node 
stage, applied to B. diandrus and L. rigidum plants, resulted in 
the production of fewer but more dormant seeds. In contrast, 
seeds produced by plants exposed to water stress later, from 
flowering onward, had lower levels of dormancy and 
germinated earlier than seeds from plants exposed to stress 
after the first node stage. These results differ from the findings 
of Steadman et al. (2004b), where L. rigidum seeds produced 
under water stress in atypical cool conditions for spring had 
lower dormancy as compared to the seeds grown under 
warm and well-watered conditions. In our study, pots were 
maintained in the greenhouse under typical warm spring 
temperature conditions during reproductive development, 
similar to what would be experienced in the field. These 
differences in ambient temperature conditions during water 
stress may explain the disparity in response to water stress 
between our study and Steadman et al. (2004b). 

Some of the differences in the influence of water stress on 
weed seed dormancy between our research and published 
literature may be related to the methodology used to impose 
water stress. In our study, water stress was imposed by 
cessation of watering at a pre-determined growth stage and 
pots were rewatered up to 25% of the field capacity. It is 
highly likely that plants of B. diandrus and L. rigidum would 
have experienced severe water stress after several days of the 
end of irrigation. However, in a study on Avena fatua by Peters 
(1982), plants were exposed to water stress after panicle 
emergence, and the pots were only watered when the flag 
leaf started showing signs of wilting. Similarly, a study on 
Sorghum halepense subjected plants to cycles of drought by 
withholding water for 5 days and then rewatering the 
plants again (Benech Arnold et al. 1992). In contrast, water 
stress to Bromus tectorum plants was imposed by changing 
polyethylene glycol (PEG) solutions, where the onset of water 
stress would have been instantaneous (Thill et al. 1979). 
Given the disparity in the methodology used to expose 
weed plants to water stress, it is understandable to see the 
differences in its effect on seed dormancy. 

Most of the previous studies on the impact of water stress 
on weed seed dormancy have not investigated mechanisms 
associated with seed dormancy. In our studies, seeds of 
water stressed plants of B. diandrus and L. rigidum were not 
only assessed for loss of seed dormancy during the after-
ripening period but also for changes in the expression of 
two important genes known to regulate seed dormancy. 
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ABA is a plant hormone well known to be linked with 
dormancy induction (Bentsink et al. 2018). Kanno et al. 
(2010) verified that ABA was synthesised in both maternal 
and zygotic tissues during seed development, and maternal 
ABA can be translocated to the embryos and induce primary 
seed dormancy. Gibberellin (GA) is the other major plant 
hormone involved in the regulation of seed dormancy and 
germination (Finch-Savage and Leubner-Metzger 2006). The 
level of biologically active GA in plant tissues is determined 
by the balance between its biosynthesis and inactivation 
(Yamaguchi 2008). The biosynthesis of GA is regulated mainly 
by reactions catalysed by GA 20-oxidase (GA20ox) and GA 
3-oxidase (GA3ox), while its inactivation is controlled primarily 
by GA 2-oxidase (GA2ox). In general ABA and GA play antago-
nistic roles in regulating seed dormancy (Wang et al. 2016). 

In our studies the qPCR analysis of seeds of water stress 
treatments showed higher ABA1 levels soon after seed 
maturity (30 DAM) followed by a general decline as seed 
became non-dormant. The clearest effect of water stress on 
ABA1 was observed in RAC3 population of L. rigidum, which 
showed significantly lower ABA1 expression in no stress 
treatment than the two water stress treatments (Fig. 3d). In 
B. diandrus populations and RAC1 L. rigidum, there was no 
clear difference in ABA1 expression between water stress 
treatments. Over the after-ripening period, there was a 
decline in ABA1 expression and a sharp increase in GA20ox 
gene expression levels in all the treatments (Figs 3 and 4). 
The large observed increase in GA20ox gene expression 
levels during the after-ripening period suggests variation in 
seed dormancy between the water stress treatments was 
strongly linked with GA20ox expression. This was reflected 
in a significant positive correlation between GA20ox expres-
sion and seed germination in B. diandrus and L. rigidum 
(Fig. 5). Even though there was a negative association between 
ABA1 expression and loss of seed dormancy, the relationship 
was not as strong as for GA20ox. The results of this study 
showed that GA20ox expression plays a significant role in 
the regulation of seed dormancy in these two weed species. 
When seeds of these weed species developed without water 
stress, they showed higher expression levels of GA20ox than 
those that experienced water stress during reproductive 
development. 

Conclusion

Soil moisture conditions in which plants of B. diandrus and 
L. rigidum undergo reproductive development and mature 
had a strong influence on the levels of seed dormancy in 
these two important weed species. Water stress treatments 
also had a significant effect on the expression of ABA1 and 
GA20ox genes, which are known to be involved in the 
regulation of seed dormancy. The results of this study showed 
greater differences in GA20ox between water stress 
treatments than ABA1. 

As expected, water stressed plants produced fewer seeds 
than well-watered plants but had elevated levels of seed 
dormancy. As spring rainfall in Australian agricultural regions 
can be highly erratic, weeds are likely to not only produce 
different number of seed between seasons, but it is also 
likely that the seeds produced will differ in their dormancy 
status. Since the seeds of B. diandrus and L. rigidum collected 
from plants that experienced water stress at GS31 stage 
were the most dormant, it is likely dry conditions during 
the reproductive stage will result in replenishment of 
the seedbank with weed seeds of greater dormancy status. 
Therefore, growing season rainfall received during reproduc-
tive development of weeds in the previous season is likely to 
influence the timing of their plant establishment and effective-
ness of pre-sowing weed control tactics in the next year. 
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