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® Background and Aims The smoke-derived chemical karrikinolide (KAR;) shows potential as a tool to synchron-
ize the germination of seeds for weed management and restoration. To assess its feasibility we need to understand
why seeds from different populations of a species exhibit distinct responses to KAR ;. Environmental conditions
during seed development, known as the parental environment, influence seed dormancy so we predicted that par-
ental environment would also drive the KAR;-responses of seeds. Specifically, we hypothesized that (a) a
common environment will unify the KAR;-responses of different populations, (b) a single population grown
under different environmental conditions will exhibit different KAR-responses, and (c¢) drought stress, as a par-
ticular feature of the parental environment, will make seeds less dormant and more responsive to KAR;.

e Methods Seeds of the weed Brassica tournefortii were collected from four locations in Western Australia and
were sown in common gardens at two field sites, to test whether their KAR;-responses could be unified by a
common environment. To test the effects of drought on KAR;-response, plants were grown in a glasshouse
and subjected to water stress. For each trial, the germination responses of the next generation of seeds were
assessed.

e Key Results The KAR;-responses of seeds differed among populations, but this variation was reduced when
seeds developed in a common environment. The KAR;-responses of each population changed when seeds deve-
loped in different environments. Different parental environments affected germination responses of the popula-
tions differently, showing that parental environment interacts with genetics to determine KAR-responses. Seeds
from droughted plants were 5 % more responsive to KAR; and 5 % less dormant than seeds from well-watered
plants, but KAR;-responses and dormancy state were not intrinsically linked in all experiments.

e Conclusions The parental environment in which seeds develop is one of the key drivers of the KAR;-responses
of seeds.

Key words: Brassica tournefortii, butenolide, drought stress, germination, karrikinolide, maternal environment,
parental environment, phenotypic plasticity, physiological dormancy, seed development, seed dormancy, weed

seed bank.

INTRODUCTION

The management of many weed species is complicated by seed
dormancy, an inbuilt mechanism preventing seeds from ger-
minating in environmental conditions that are suitable for ger-
mination (Vleeshouwers et al., 1995; Benech-Arnold et al.,
2000; Baskin and Baskin, 2004). Many agronomic weeds
have physiologically dormant seeds that remain alive in the
soil seed bank and cycle in and out of dormancy, resulting
in germination being distributed over time in sporadic
flushes (Benech-Arnold er al., 2000). Constantly applying
weed control measures, every time new weeds emerge, is inef-
ficient and costly for management in the long-term
(Benech-Arnold et al., 2000; Foley, 2001; Stevens et al.,
2007). If the germination of weeds could be synchronized,
and their soil seed bank depleted, weed control would be
more effective, more sustainable and cheaper (Dyer, 1995;
Adkins and Peters, 2001; Stevens et al., 2007).

A germination stimulant showing potential to be used as a
tool to synchronize the germination of weed seeds is karrikino-
lide (KAR}, 3-methyl-2H-furo[2,3-c]pyran-2-one; Daws et al.,
2007, Stevens et al., 2007). Karrikinolide, a butenolide identi-
fied from smoke, stimulates germination in a wide range of
smoke-responsive species (Flematti er al., 2004; Merritt
et al., 2006, 2007; Commander et al., 2008, 2009; Chiwocha
et al., 2009), as well as species for which an ecological role
for fire or smoke responses are lacking (Daws et al., 2007,
2008; Chiwocha et al., 2009), including some crop (Light
et al., 2009) and weed species (Daws et al., 2007; Stevens
et al., 2007; Long et al., 2011a). Since species from a wide
range of families have been found to respond to KAR,
(Chiwocha et al., 2009), we might expect that a broad range
of weed species would also respond to KAR;. However, not
all species do respond to KAR;, and even for those that do,
the magnitude of response is not always the same (Stevens
et al., 2007; Long et al., 2011D). If KAR; is to be used
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effectively, we need to understand why seeds vary in their
response, and how this response may be affected by conditions
before and after seeds are dispersed.

Post-dispersal factors that influence the KAR;-response
of seeds are relatively well studied (Merritt et al., 2006;
Commander et al., 2009; Long et al., 2011a) but less
is known about what factors determine the inherent
KAR;-response of a seed (Long et al., 2011a). After seed dis-
persal, whether or not a seed germinates in response to KAR;
can depend on germination conditions such as light exposure
(Merritt et al., 2006; Nelson et al., 2009; Long et al.,
2011a), temperature (Merritt et al., 2006; Commander et al.,
2009; Long et al., 2011a), hydration state (Long et al.,
2010) and dormancy state (Nelson et al., 2010; Long et al.,
2011a). Yet when seeds from populations of the same
species, collected from different locations or seasons are
tested under the same conditions, we see that they can
respond differently to KAR| and that this seems to be linked
to the dormancy state of the seeds (Stevens et al., 2007;
Nelson et al., 2010; Long et al., 2011a). Such differences in
germination under the same conditions indicate that the popu-
lations either differ genetically, or that the dormancy state and
KAR;-response of their seeds are influenced by the different
environments in which they developed (Stevens et al., 2007;
Long et al., 2011a).

The environmental conditions experienced by plants during
seed development, known as the parental (or maternal) envir-
onment, can influence seed dormancy in many species, and
thus seed dormancy is a plastic trait (Roach and Wulff,
1987; Donohue, 2009). When a seed is freshly mature, the
primary dormancy it displays developed while the seed
was maturing on the parent plant (Finch-Savage and
Leubner-Metzger, 2006; Donohue, 2009). During seed deve-
lopment, maternal processes supply the seed with nutrients,
hormones, proteins and transcripts, which will influence the
seed’s metabolism and gene expression (Donohue, 2009).
These processes can be regulated by environmental factors
such as photoperiod, temperature, water availability, vegetative
canopy development and nutrient supply (Fenner, 1991;
Gutterman, 2000; Donohue, 2009). The effect of a parental
environment factor may depend on the degree of stress that a
particular plant perceives. In particular, the effects of parental
photoperiod and temperature on dormancy show trends that are
consistent among a range of species, with seeds that develop in
a warmer environment or with shorter days often being less
dormant (Fenner, 1991; Gutterman, 2000; Donohue, 2009).
The effect of parental water supply is not as clear
(Gutterman, 2000); the majority of studies show that seeds
that develop with a lower water supply are less dormant (e.g.
Arnold et al., 1992; Meyer and Allen, 1999; Luzuriaga
et al., 2006). However, other studies have shown no effect
(Swain et al., 2006; Hoyle et al., 2008a, b) or even an increase
in dormancy (Sharif-Zadeh and Murdoch, 2000).
Understanding more about the effect of parental water
supply on seed germination would be especially useful when
attempting to synchronize seedling emergence from seed
banks in rain-fed agricultural cropping zones of the world.

To determine the robustness of KAR; as a weed manage-
ment tool, we need to understand the plasticity of KAR;-
responses, i.e. to understand how the germination response
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of seeds to KAR; changes with parental environment. Given
that we see variation in the KAR-responses of seeds of differ-
ent populations of the same dormant species, and that seed
dormancy can be affected by parental environment, we rea-
soned that the parental environment in which seeds develop
will drive differences in the KAR;-responses of seeds. We
hypothesized that (@) a common environment will unify the
KAR-responses of different populations, (b) a single popula-
tion grown under different environmental conditions will
exhibit different KAR;-responses and (c) drought stress, as a
particular feature of the parental environment, will make
seeds less dormant and more responsive to KAR;.

To test these hypotheses, we used the KAR;-responsive,
self-pollinated weed species Brassica tournefortii as a model.
We identified four populations that exhibited distinct responses
to KAR,, then grew plants from these populations in common
gardens. One population was additionally subjected to con-
trolled drought conditions, and the harvested seeds from all
experiments were tested for their germination responses.

MATERIALS AND METHODS
Original seed collections

Seeds of Brassica tournefortii were collected at maturity
from four sites across the Western Australian wheatbelt
in 2009: Dalwallinu (30°16'49-0°’S, 116°39'28-9"E) in
October, Morawa (29 °14'29-9”S, 115 °48'8-4"E) and Perth
(31°58'15-1”S, 115°49'39-7"E) in November and Merredin
(31°30'1-3”S, 118°12’55-3"E) in December 2009 (Fig. 1).
These seed collections were chosen to include different origin-
al germination profiles. After collection and prior to germin-
ation testing, filled viable seeds were separated from the
chaff and small unviable seeds by passing samples through a
gravity seed separator (‘Zig Zag’ Selecta, Machinefabriek
BV, Enkhuizen, The Netherlands). Seeds were dried at 15 %
relative humidity (RH) and 15°C for up to 1 month after
being collected, then stored in air-tight bags at —20 °C.

Germination testing

The germination response of each seed collection was tested
within 3 weeks of harvest with a full-factorial experimental
design of eight temperature regimes, in 12-h alternating light
BOpM m sfl) or constant darkness, with or without
KAR; (Flematti et al., 2005). Three replicates of 50 seeds
were placed on 10 g L' agar, with or without 1 pm KAR;,
in Petri dishes. To exclude light, seeds were placed on Petri
dishes containing agar media in a dark room and wrapped in
aluminium foil. The seeds were incubated at constant tempera-
tures of 10, 15, 20, 25, 30, 35 °C and 12-hourly alternating
temperatures of 20/10 °C and 35/20 °C for 3 weeks. Seeds
were counted as germinated if the radicle had visibly protruded
at least 1 mm.

Common-garden experiments

To test the effects of parental environment on KAR;-
response and seed dormancy, the four original seed collections
were sown in common gardens at two field sites: Perth
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Fi1G. 1. Climate data for four sites from which Brassica tournefortii seeds were collected in 2009, from the estimated start of germination events (May) until the

month of seed collection for Dalwallinu (October), Merredin (December), Morawa (November) and Perth (November). The shaded area indicates the monthly

temperature range. The black columns are the total monthly rainfall. ‘Total rainfall’ = cumulative rainfall; ‘Rain days’ = number of days on which rainfall was

recorded; ‘Rain events’ = number of days or consecutive days of rainfall, bounded by >1 d with zero rainfall. All data from Australian Government Bureau of
Meteorology (2010).

Total rainfall = 103 mm

40 - Katanning  Rain days - 38 140
35 || ™ Temperature Rain events = 18 35
6 = Rainfall
S gl 30 »
= Q.
5 25 - 25 5‘
=2 —
ag- 20 - 20 3
g 15 153
1ot 10
51 5
0 |h L i . 0
Total rainfall =332 mm 2
40 | Perth Rain days = 43 2% 140
~ 35 Rain events = 18 %é 135
=0
8 30 &3 430 Py
= Q.
525 12° &
2 —
g 20 720 3
£ 15 1192
© 10 410
5 ‘ 1°
0 L) [l || | 1

July August September October November

F1G. 2. Climate data for common-garden sites, from sowing of seeds to seed
collection for Katanning (23 June to 26 November) and Perth (3 June to 12
November) 2010. The shaded area indicates the daily temperature range.
The black columns are the total daily rainfall. ‘Total rainfall’ = cumulative
rainfall; ‘Rain days’ = number of days on which rainfall was recorded;
‘Rain events” = number of days or consecutive days of rainfall, bounded by
>1 d with zero rainfall. All data from Australian Government Bureau of
Meteorology (2011).

(31°56'55"S, 115°47'34”E) on 3 June 2010 and Katanning
(33 °40'59-0"S, 117 °36'43-6"E) on 23 June 2010. Both sites
had sandy loam soil types but differed in rainfall and tempera-
ture conditions (Fig. 2). At each site, four 2 x 1 m rectangular
plots of each seed collection were arranged in a completely
randomized design. For each plot, 200 seeds were primed

with 1 pm KAR| solution for 12 h at 20 °C to overcome dor-
mancy, then re-dried, mixed with 50 g of clean white sand
and sprinkled in four even rows, 0-5—-1cm below the soil
surface of the plot. The soil at the Perth site was very low in
nutrients, so Thrive Soluble All Purpose (Yates) fertilizer
was applied at a rate of 8 g/4-5 L per plot three times before
harvest. The plots were thinned to a minimum of 25 evenly
spaced plants per plot 12 weeks after sowing. Plots were harves-
ted 22 weeks after sowing. Plants in each plot were counted,
cut at the base and placed into a bag to collect the seeds,
pooling the seeds of the 25 plants in each plot. To verify that
plants from the different seed collections had grown equally,
the heights of three plants per plot were measured, one at
each end of the plot and a plant from the centre. The plant
height, along with the number of plants, seed mass and seed
number are shown in Table 1. The bags were gently crushed
to remove the seeds from their siliquae and filled seeds were
separated from other plant material as above.

Seeds from the common-garden experiments were stored at
15 % RH and 15 °C for 2 weeks after harvest then the germin-
ation response of each population was tested with a full-
factorial experimental design (KAR; x temperature x
light x population), as for the previous experiment. Fifty
seeds from each plot (four plots per original seed collection)
were plated for each treatment, and germination was scored
after 2 weeks, as we found that maximum germination of
B. tournefortii seeds occurred within 1 week under these con-
ditions (data not shown). The seed water content of each har-
vested sample was determined on a dry weight basis
(Katanning collections averaged 6-7 + 0-1 %; Perth collections
averaged 7-4 + 0-1 %), and assumed to have no impact on
KAR;-response (Long et al., 2010).

Glasshouse experiment testing the effect of parental drought

To test the effect of parental drought on KAR-response and
seed dormancy, B. tournefortii plants from the Merredin popu-
lation were grown in a glasshouse at Kings Park and Botanic
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TABLE 1. Mean number of plants per plot, plant height, seed mass and seed number ( + s.e.) of Brassica tournefortii plants at
harvest when grown from four different seed collections, in four plots each, in two common gardens

Site Seed collection No. of plants** Plant height (cm) Mass of 1000 seeds (g)*** No. of seeds per plant

Katanning Dalwallinu 30+ 3 45+ 3 1-26 + 0-012 500 + 110
Merredin 38+3 46 + 2 1-25 + 0016 300 + 30
Morawa 33+7 444+ 3 121 +£0-014 400 + 60
Perth 33+4 43+ 3 127 £ 0-018 200 + 90
Mean 33+2 4541 1-25 + 0-012 400 + 50

Perth Dalwallinu 26 +2 4143 1:36 + 0-024 600 + 120
Merredin 25+2 4242 1-46 + 0-025 300 + 20
Morawa 26 +0 44 4+ 2 1-35 +£ 0-014 400 £+ 90
Perth 27 +2 40 + 2 1-41 + 0016 300 + 60
Mean 26+ 1 42+ 1 1-40 + 0-019 400 + 40

Significant differences between site means at P < 0-01 and 0-001 are indicated by ** and ***, respectively.

Seed
collection

Onset of
flowering

Temperature (°C)

1 1 1 1 1
August September October November December

Fi1G. 3. Daily temperature range in Perth during the drought experiment, from
sowing of seeds to seed collection, 3 August to 31 December 2010. Data from
Australian Government Bureau of Meteorology (2011).

Garden in Perth (Fig. 3), and were exposed to either drought or
well-watered conditions. Plants were grown from seeds that
were sown on 4 August 2010 and arranged in a randomized
complete block design with three blocks, with a minimum of
ten replicates per treatment per block. To overcome dormancy
prior to sowing, seeds were placed in 1 g L™ ' agar containing
1 M KAR; and incubated overnight in constant darkness at
20°C. The seed/agar mixture was pipetted into 13-5 x
13-5 x 15 cm square free-draining 2-L pots filled with
Richgro red potting mix (Perth, Western Australia), approx.
1 cm below the surface at a density of about ten seeds per pot.

Seedlings were evenly thinned to only one plant per pot at
the two-leaf stage. At the onset of flowering, defined as
when the first yellow petal was visible on each plant, each
pot was randomly allocated to either the drought or watered
treatment. Pots were individually watered to weight, with
watered pots being kept at a soil water potential greater than
—0-01 MPa, and droughted pots being kept at a soil water po-
tential between —0-1 and —0-5 MPa.

To determine the final pot weight for the two treatments, a
soil water potential curve for the potting mix was calculated
using the pressure plate method (Richard and Fireman, 1943)
and the core bulk density: 6, = 0-20422 + 0-0025234/W,;,

TABLE 2. Mean number of plants per block, time from the onset

of flowering to seed collection, seed mass and seed number

(+ s.e.) of Brassica tournefortii plants which were either treated

with drought (—0-1< Wy,; > —0-5 MPa) or were well-watered
(Ysois > —0-01 MPa)

Weeks from
No. of flowering to Mass of 1000 No. of seeds
Treatment plants collection seeds (g)** per plant®**
Drought 17+ 1 8+02 121 + 0-019 1200 + 110
Well-watered 13 + 3 8+02 1-13 + 0-023 2200 + 200

Significant differences at P < 0-01 and 0-001 are indicated by ** and ***,
respectively.

where 6, is soil volumetric water content and Y, is soil
water potential (MPa). After determining the amount of dry soil
in individual pots, the volumes of water equating to —0-01 MPa
(watered treatment), —O0-1 MPa and —0-5MPa (upper and
lower limits for drought stress treatment) were calculated.

Seeds were harvested from each plant separately when the
whole plant turned straw-coloured, 17-21 weeks after
sowing. The number of plants, time of seed maturation, seed
mass and seed number for droughted and well-watered plants
are shown in Table 2. The seeds were cleaned as before.

The germination response of seeds from droughted and
watered plants was tested with a full-factorial experimental
design (KAR; x temperature x light x drought treatment), as
in the previous experiments, after the seeds had been stored
at 15% RH and 15 °C for 3-5 weeks after the last plant was
collected. Three technical replicates of 50 seeds per treatment
per glasshouse block were plated and the number of germi-
nated seeds was counted after 2 weeks. The water content of
seeds prior to germination testing was determined to be
82 + 0-4 % for seeds from droughted plants and 8-4 + 0-5 %
for seeds from well-watered plants, therefore imparting no
influence on KAR;-response (Long et al., 2010).

Statistical analysis

To determine if the germination profiles of the populations
differed from one another when grown at the original
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collection sites and in the common-garden experiments, and to
compare the germination profiles of seeds from the glasshouse
drought experiment, binomial data were analysed using a
generalized linear model with a logit link-function and
stepwise-addition of factors to simplify the model (GenStat
10th edition; McCullagh and Nelder, 1989). The factors
important to the models were determined according to their
P-value using a x~ test. Factors relating to replication (‘glass-
house block’ and ‘technical replicate’) were tested for their
significance as individual factors, but their interactions with
other factors were not modelled. Two-sample binomial tests
were used to compare individual treatments; data for replicates
and blocks were pooled when these factors were not signifi-
cant. Germination profiles of the different populations were
considered distinct if pooling their data did not afford a
better model by decreasing the residual deviance.

RESULTS
Responses of original collections

Seeds collected from four different sites were tested with
and without KAR; to see how different populations of
B. tournefortii varied in their germination responses. All the
populations had different profiles of KAR;-response (P <
0-001; Fig. 4). In general, germination was best in darkness
at temperatures of <20 °C. The Merredin population germi-
nated under the widest range of temperatures in both
alternating-light and darkness, and was the only population
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to germinate at the highest constant temperatures of 30 °C
and 35 °C. Under alternating-light conditions, the Dalwallinu
population only germinated at 35/20 °C, while the Morawa
and Perth populations also germinated to levels of >50 % at
20 °C. In response to alternating temperatures, all populations
germinated best at the higher regime of 35/20°C under
alternating-light conditions, yet in darkness more seeds germi-
nated at 20/10 °C, indicating that light and temperature inter-
acted to influence KAR;-responses (P < 0-001). On water
media (without KAR/), all the populations also had different
germination profiles (P < 0-001), but only one of the four popu-
lations, Merredin, germinated to >1% in total (maximum
germination of 30 %), indicating that the Merredin population
was less dormant than the others (Fig. 4).

Responses of different populations grown in a common
environment

Seeds of the same four populations that were used in the
initial germination testing were grown in two separate
common gardens and the resultant seeds were tested to see if
a common environment would unify their KAR;-response.
All the populations still had different KAR-response profiles
when harvested from both of the trials (P < 0-001; Figs 5
and 6). However, the deviance in the model explained by
‘population’ and its interactions decreased from 18 % for the
original collection sites to 10 % and 11 % for Katanning and
Perth, respectively, indicating that the KAR;-responses of the
populations became more uniform when grown in common
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gardens. For both common-garden experiments, seeds of all
four populations also exhibited different germination profiles
without KAR; (P < 0-001). The deviance in the model
explained by population and its interactions decreased from
70 % for the original collection sites to 62 % and 56 % for
Katanning and Perth, respectively, indicating that the germin-
ation responses without KAR; also became more uniform
when grown in common gardens.

Responses of individual populations when grown in different
environments

Germination responses of seeds from individual populations
that developed at different sites were compared to see whether
a single population grown in different environments would
exhibit different KAR;-responses. Each population exhibited
different germination profiles, both with and without KAR, de-
pending on the site at which the seeds developed (P < 0-001).
The Merredin population was the least plastic in its KAR;-
response, with the variation between the germination profiles
for seeds collected from different environments being half of
that of the Dalwallinu and Perth populations (‘site’ explained
5% of the deviance in the model for Merredin, 7 % for
Morawa and 10 % for the Dalwallinu and Perth populations).
The Merredin population was also least plastic in its germination
responses without KAR, with site explaining 6 %, 13 %, 23 %
and 30 % of deviance in the models for the Merredin, Perth,
Dalwallinu and Morawa populations, respectively.

Overall, all populations germinated to higher percentages
with KAR; when collected from the Katanning trial compared
with those collected from the original locations; for Dalwallinu
an extra 16 % of seeds germinated, for Merredin and Morawa
an extra 11 %, and for Perth an extra 6 % (Dalwallinu 1641/
3201 versus 858/2400; Merredin 1923/3198 versus 1180/
2400; Morawa 1421/3190 versus 816/2400; Perth 1734/3213
versus  1125/2350; P < 0-001). Without KAR,; the
Dalwallinu, Morawa and Perth populations germinated to
higher overall percentages — to 2 %, 1 % and 3 %, respecti-
vely (Dalwallinu 51/3200 versus 2/2400; P < 0-001; Morawa
33/3200 versus 14/2400, P = 0-035; Perth 89/3200 versus

—KAR,
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21/2400, P < 0-001), while the Merredin population germi-
nated to 28 %, the same percentage as originally (911/3199
versus 718/2400, P = 0-241). All populations also germinated
to higher percentages with KAR; overall when collected from
the Katanning trial than from the Perth trial — Dalwallinu
another 11 %, Merredin another 3 %, Morawa another 5 %
and Perth another 16 % (Dalwallinu 1641/3201 versus
1281/3200; Merredin 1923/3198 versus 1817/3200; Morawa
1421/3190 versus 1260/3200; Perth 1734/3213 versus 1227/
3200; P < 0-001). Interestingly, the trend was reversed
without KAR, with more seeds from the Perth trial germinat-
ing without KAR, than from the Katanning trial; Dalwallinu
another 1%, Merredin another 7 %, Morawa another 3 %
and Perth another 2 % (Dalwallinu 84/3200 versus 51/3200
and Merredin 1147/3200 versus 911/3199, P < 0-001;
Morawa 132/3200 versus 33/3200, P =0-002; Perth
151/3200 versus 89/3200, P < 0-001, respectively). The envir-
onmental conditions differed at the Perth and Katanning
common gardens, with the Katanning site being drier and
warmer throughout the growing period (Fig. 2).

Glasshouse experiment testing the effect of parental drought

To test whether drought would enhance the KAR-response
of B. tournefortii seeds, we tested the germination response of
seeds harvested from plants of the Merredin population were
grown under either drought (—0.1 < ¥,;; > —0-5 MPa) or
well-watered conditions (W,,; > —0-01 MPa) in a glasshouse.
Overall, seeds collected from droughted plants germinated 5 %
more in response to KAR; than seeds collected from well-
watered plants (6695/7173 versus 6381/7198, P < 0-001;
Fig. 7). Seeds collected from droughted plants were also 5 %
less dormant than seeds collected from well-watered plants,
according to the germination of seeds without KAR; (5581/
7199 versus 5201/7175, P < 0-001; Fig. 7). Compared with
the germination responses of seeds from the original collection
and common-garden trials, seeds of the Merredin population
collected from the drought experiment germinated to high per-
centages even in the light and without KAR;. Germination was
>70 % in all of the 32 combinations of conditions in which
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Fi1c. 7. Germination response of Brassica tournefortii seeds collected from plants grown under droughted (—0-1 < ¥,;; > —0-5 MPa) or well-watered
(Wyoi > —0-01 MPa) conditions, germinated in 12-h alternating light or constant darkness, with or without 1 pm KAR;, under eight temperature regimes.
Germination was scored 2 weeks after sowing. Bars indicate mean + 95 % confidence interval for binomial estimates; n = 450 seeds per treatment.
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the seeds were tested, except at 10 °C and 15 °C in alternating-
light without KAR,, at 10 °C in alternating-light with KAR/,
and at 35°C without KAR; in both alternating-light and
darkness.

DISCUSSION

The parental environment in which B. tournefortii seeds
developed had a strong influence on the subsequent
KAR;-responses of the seeds in this study. Nevertheless, par-
ental environment was not the only driver of differences in
KAR-responses and, as such, our first hypothesis, that a
common environment will unify the KAR-responses of differ-
ent populations, was only partially supported. Different popu-
lations retained distinct profiles of KAR-response even when
grown under common environments. However, the
KAR-responses of seeds became more uniform for three of
the four populations — Dalwallinu, Morawa and Perth —
when the seeds developed in common environments at two
geographically distinct sites (Figs 5 and 6 versus Fig. 4).
However, the Merredin population, which initially germinated
with KAR; across a wider range of temperature and light con-
ditions than the other three populations (Fig. 4), maintained a
distinctive response even when grown together with the other
three populations (Figs 5 and 6). Our second hypothesis that a
single population grown under different environmental condi-
tions will exhibit different KAR;-responses was supported as,
within a population, the germination profiles of seeds from dif-
ferent parental environments were always different. Our third
hypothesis that drought would make seeds more responsive
to KAR; was supported, as 5 % more seeds collected from
drought-stressed plants germinated compared with seeds
from well-watered plants (Fig. 7). Taken together, our results
indicate that parental environment is a key driver of seed
responses to KAR;, but also suggest that genetics strongly
influences KAR;-responses.

Parental environment and genetics appear to interact to
determine KAR;-responses, just as they do seed dormancy
(Roach and Wulff, 1987; Donohue, 2009). If the
KAR;-response of B. tournefortii was only affected by paren-
tal environment, we would expect the germination profiles
of different populations to be identical to one another
when seeds developed in common gardens. Equally, if
KAR-responses depended solely on genetics, then we would
expect the germination responses of each population to
remain the same even when seeds developed in different envir-
onments. Yet in this study the various parental environments
affected the subsequent germination capacity of seeds differ-
ently, depending on the population. Characteristics of the
environments in our study that could have influenced the dor-
mancy state and inherent capacity of seed populations to
respond to KAR; include temperature, water supply, nutrient
availability and photoperiod (Fenner, 1991; Gutterman,
2000; Donohue, 2009). Plants can differ in their sensitivity
to environmental stressors (Meyer and Allen, 1999; Andrade
et al., 2009), and temperature and photoperiod, in particular,
are well-known to impart epigenetic effects on plant develop-
ment (Boyko and Kovalchuk, 2011). Genetic and physiologic-
al aspects that underpin seed germination responses and which
may have been influenced by the various parental
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environments in our study include (a) genetic differences in
dormancy-related genes (Gao et al., 2003; Bentsink et al.,
2006; Kaga et al., 2008), (b) different regulation of these
dormancy-related genes (Gao er al., 2003; Barrero et al.,
2010) and (c) differing concentrations of, or sensitivities to,
hormones that are involved in dormancy and germination,
such as abscisic acid and gibberellins (Finkelstein er al.,
2008; Long et al., 2010). In addition to these dormancy-related
factors, the differing KAR;-responses could also be accounted
for by (a) genetic differences in KAR; responsive genes, (b)
different regulation of these KAR-responsive genes or (c¢) dif-
fering sensitivities to KAR; (Long et al., 2010). Preliminary
investigations have identified several putative KAR;-related
genes in Arabidopsis thaliana (Nelson et al., 2011; Waters
et al., 2012) but we do not know if these genes operate
similarly to determine KAR;-responses in wild species. Just
which of the many genetic, physiological and environmental
factors contribute to the observed variation in KAR-response
and seed dormancy state is yet to be determined. In any case,
the parental environment is not the only factor influencing the
germination response of B. fournefortii seeds to KAR;, and it
can interact with other genetic and hormonal factors.

One specific feature of the parental environment that could
be expected to affect seed dormancy or KAR-response, espe-
cially in an agricultural context, is water supply. We found
that drought stress imposed during the reproductive growth
phase made seeds 5 % more responsive to KAR; and 5%
less dormant in our glasshouse trial (Fig. 7). Our results are
supported by others that have shown parental drought to de-
crease dormancy in the weed species Sorghum halepense
(Arnold et al., 1992) and Lolium rigidum (Steadman et al.,
2004). Contrasting with these findings, parental water supply
during the reproductive growth phase had no effect on the
seed dormancy of the native Australian daisy Actinobole uligi-
nosum (Hoyle et al., 2008a) or perennial Goodenia fascicu-
laris (Hoyle et al., 2008b). Such discrepancies among the
reports of the impact of drought on seed dormancy may be
due to the intensity of the imposed drought stress (Steadman
et al., 2004) or its timing, as the impacts of environmental
stresses such as drought on seed characteristics can vary de-
pending on whether they occur during vegetative growth,
pre- or post-zygotic reproductive growth, or throughout a
plant’s life span (Kochanek et al., 2011). Indeed, given the
high variability in germination percentages that can be seen
for different populations of B. tournefortii (Fig. 4), the 5 %
difference in germination that we observed in our study, al-
though statistically significant, indicates that parental water
supply during the reproductive phase of plant development
did not have a large effect on KAR;-response or seed dor-
mancy. In our study, the fact that Merredin seeds collected
from plants grown in the glasshouse germinated more than
those from all other parental environments in this study
(Fig. 7 versus Figs 4, 5 and 6), suggests that other environ-
mental characteristics, most likely temperature and photo-
period (Donohue, 2009), have a greater effect on
KAR-response and seed dormancy than parental water
supply. Thus, although parental drought had a slight effect
on B. tournefortii germination, factors other than water
supply during the reproductive phase are likely to have a
greater effect on dormancy, and KAR-response.
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A subtle yet interesting finding from our experiments is that
the interaction of KAR; with seed dormancy state may not be
as clear as implied in earlier studies (Long et al., 2011a). If the
KAR;-response was dependent solely on dormancy state, we
would expect to be able to draw the same conclusions from
germination profiles with and without KAR,. However, we
found that more seeds germinated with KAR; when harvested
from the Katanning common-garden trial than from the Perth
trial, whilst the opposite trend was true for germination
without KAR, with seeds from the Perth trial being more ger-
minable (Figs 5 and 6). Given these results, the germination
response to KAR; may not necessarily be directly linked to
seed dormancy.

Our study highlights the importance of considering parental
environment factors when managing seed banks, and control-
ling the parental environment of seeds used in KAR; experi-
ments. Other parental environment factors known to affect
seed dormancy, such as temperature and photoperiod, should
be tested for their effects on the KAR,-response of seeds. To
see if parental water supply can impart a greater effect on
KAR;-response or seed dormancy, or whether it generally
only affects KAR;-response by a small percentage it would
be useful to test the effects of drought on a more dormant
population than the one we used, with different watering
regimes and drought levels applied at different developmental
stages. Resolving the relationship between KAR-response and
seed dormancy state is important for understanding the under-
lying mechanisms of both traits, and this can be achieved by
investigating genetic and physiological factors contributing
to variation in KAR,-responses; sensitivities to stresses, hor-
mones and KAR;, the concentrations of hormones, genetic
variation among populations, as well as variation in gene regu-
lation all need to be explored. When studying germination
responses to KAR, as well as seed dormancy, the environment
in which the seeds developed should be taken into account.
This may mean taking care with how the parent plants are
grown, especially during the reproductive phase, or noting
the characteristics of field environments where seeds are col-
lected. Our study also shows the importance of testing multiple
populations of the same species and the risks of drawing con-
clusions about the KAR;-response of a species from studies
using single populations. A parental environment effect on
KAR;-response means that environmental characteristics of
previous seasons need to be measured and, where possible,
future characteristics modelled when planning strategies for
managing seed banks. In short, variation in the parental envir-
onment will need to be considered and better understood if
KAR; is to be used as a tool to stimulate the germination of
seed banks.
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