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General introduction

1 General introduction

1.1 Importance of conventional and herbicide-tolerant oilseed rape

Oilseed rape (OSR, Brassica napus L.) is an amphidiploid species (AA>CC, n=19) from
the cross between Brassica campestris L. (AA, n=10) and Brassica oleracea L. (CC, n=9;
U, 1935). Nowadays, OSR has become the second most important oilseed crop after
soybean in modern agriculture around the world, producing 67.45 million tonnes of seed
yield and providing 13.8% of world supply of oilseeds with cultivated area of 31.7 million
hectares (FAO, 2015). An increasing demand for OSR would expect due to protein
meals/cakes used in animal feed and vegetable oils/fats for biodiesel and human
consumption. Besides, OSR is an important part of crop rotations with a high proportion
of cereals. In the crop rotation, OSR can contribute to crop diversity, covers the soil for
almost a whole year; after harvest, straw of OSR with a comparatively narrow C/N ratio is
left on the soil surface, which decomposes fast and provide nitrogen for the following crops.
Globally, OSR is grown as spring or winter forms with different vernalization requirement.
In Europe, winter OSR is grown widely due to its high seed yield and the climatic

conditions.

The large-scale cultivation of OSR was not realised until 1980s due to high levels of
glucosinolates and erucic acid of the seeds, which are adverse substances for human health.
Breeding and development of double-low varieties (00-varieties; low content of
glucosinolates and erucic acid) made by-products of OSR suitable for both human and
livestock consumption (Booth & Gunstone, 2004; Thiyam-Holl&nder et al., 2012).With the
advance in plant breeding, new varieties are continuously marketed in terms of oil content
and components, yield increase, insect-tolerance, and herbicide-tolerance being the most
important trait. Tolerance to herbicides for OSR has been developed first by genetic
engineering, namely tolerance to the non-selective herbicides glyphosate and to
glufosinate-ammonium. OSR varieties with these tolerance are widely grown in the United
States of America, Canada, and Australia, but their cultivation is currently not permitted in
the European Union due to legal restrictions. Another, non-GM approach for herbicide-
tolerant OSR is tolerance to imidazolinone herbicides such as imazamox (Krato et al.,
2012). They are not restricted by a threshold, and are commercially used in Europe labelled
as Clearfield® oilseed rape (CL OSR).

The introduction of CL OSR in Europe has raised concern in weed control in crop rotations
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with OSR due to volunteer OSR. These volunteers result from large harvest losses and
high seed dormancy, and their chemical control could become difficult if they are tolerant

to a group of herbicides.

1.2 Issues in the production of OSR
1.2.1 Seed dormancy of OSR

Seed dormancy is a trait that can prevent germination of a viable seed during unfavourable
seasons or under temporarily favourable conditions (Bewley 1997). The definitions and
classifications of seed dormancy are different in previous studies. Based on the fact that
dormancy is controlled by morphology, physiology or environment of the seed, one
classification including five types of dormancy is summarized here (Baskin and Baskin,
2004; Finch-Savage and Leubner-Metzger, 2006). They are (1) physiological dormancy
(PD) resulting from inhibitor chemicals such as abscisic acid (ABA) which can retard
embryo growth, (2) morphological dormancy (MD) associated with underdeveloped
embryo, (3) morphophysiological dormancy (MPD) combing both PD and MD, (4)
physical dormancy (PY) as a result of palisade layers in the fruit or seed coat, and (5)
combinational dormancy (PY + PD). Most crop species show non-deep PD which can be
broken by stratification, gibberellic acid (GA) application, or release during after-ripening;
their seed dormancy is mainly associated with embryo growth and seed coat
impermeability to water (Arc et al., 2013).

In OSR, seed dormancy is simply divided into primary dormancy and secondary
dormancy in literatures (Schlink, 1993; Pekrun et al., 1997) as did in Arabidopsis thaliana
(Hilhorst, 1995). Primary dormancy is supposed to be related to MD, PD or MPD
depending on growth stage of seed development, and cannot be induced after harvest.
Secondary dormancy in OSR is induced particularly after harvest by external
environmental conditions such as dryness, darkness, or oxygen deficiency (Pekrun et al.,
1997, 1998). Primary dormancy level in mature OSR seeds has previously been shown to
be low (Momoh et al., 2002; Gruber et al., 2004a; Gulden et al., 2004b) or even nearly
absent (Schlink 1993). Thus, secondary dormancy turns out to be the main contributor to
the seed persistence in the soil (Pekrun et al., 1998; Gulden et al., 2003, 2004b), interacting
with varietal effects. Based on the predisposition to secondary dormancy (potential
dormancy; seeds with this potential can be induced into secondary dormancy easily) tested
by Hohenheim Standard Dormancy Test in laboratory (Weber et al. 2010), 44 OSR
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varieties were classified into high (>40%; dormancy level), medium (20-40%), and low
(<20%) dormant group in Germany (Gruber et al., 2009). Also, varied dormancy between
varieties was reported in Chinese, western European, and Canadian OSR (Momoh et al.,
2002; Gulden et al., 2004b).

In addition to varietal effects, maternal environment (e.g. air humidity and temperature)
that surrounds mother plants during growth period could influence dynamics of dormancy
during seed development in many crop species (King, 1993; Romagosa et al., 2001; Chono
et al., 2006), but evidence in OSR is still limited. There appears to be a link between
potential secondary dormancy and growing year of OSR (Gruber et al., 2009), which was
also detected in the studies of Schatzki et al. (2013a) and Gulden et al. (2004b). With seed
development, primary dormancy in OSR decreases probably as a consequence of decrease
in seed ABA content, accompanied by an increase of potential secondary dormancy (Haile
and Shirtliffe, 2014). Yet, the underlying mechanisms in dormancy dynamics especially
for potential secondary dormancy has not been well understood. After harvest, both
primary dormancy and potential secondary dormancy decline over time during seed
storage, associated with storage conditions (Totterdell and Roberts, 1997; Kebreab and
Murdoch, 1999; Gulden et al., 2004b).

Once OSR seeds were induced into secondary dormancy and were buried in the soil by
tillage, some of them can persist in the soil over 10 years (Lutman et al., 2003), probably
as a consequence of deep dormancy level, slow dormancy release and steady soil
conditions. Secondary dormancy of OSR can be broken by alternating light and
temperature in a short period (Weber et al., 2010), whereas the speed of release from
dormancy especially when seeds are buried in the soil is particularly not understood.

1.2.2 Harvest loss

Large seed losses can occur before and during harvest of OSR as a consequence of pod
shattering. The amount of lost seeds ranges from less than 2000 to more than 10,000 seeds
m2 (Lutman et al., 2005), depending on the harvesting methods and conditions shortly
before and during harvest (Price et al., 1996; Irvine and Lafond, 2010; Zhu et al., 2012)

and on varieties (Gan et al., 2008; Cavalieri et al., 2014).

Combine harvesting is widely used for OSR around the world, and windrowing is also used

in some regions to minimize harvest seed loss like in Canada, or to allow double cropping
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in one year such as in the south of China. Early windrowing OSR can provide the next crop

with a longer growing period (Zhu et al., 2012). For these two methods, timing of the
operation is important. Full seed maturity is required for the direct combine harvesting, but
it is often accompanied by a large harvest loss (Thomas et al., 1991). Early windrowing
can reduce seed loss but reduces seed yield and quality (Irvine and Lafond, 2010; Haile et
al., 2014). Pod sealant (e.g., chemicals which keep the pots closed) could be a solution for
reducing harvest loss due to the reduced pod shattering for the harvest method of
windrowing (Nunes et al., 2015), but possible chemical residual have to be taken into

account.

Moreover, adverse environmental conditions such as wind, rainfall, or hailstorm before
harvest can increase seed loss (Price et al., 1996), and cool and moist weather conditions
during harvest can reduce the number of lost seeds due to a high resistance to pod shattering.
To date, many breeding approaches have been attempted to improve shatter resistance of
OSR (e.g., interspecific hybridization or resynthesis using shatter-resistant species), but
the advance still remains limited (Morgan et al., 2000; Hossain et al., 2011). Yet, even in
ideal harvest conditions and with suitable harvest methods, the harvest loss in OSR would

be still huge, reflecting a challenge in controlling harvest losses.

1.2.3 Tillage and soil seed bank

Soil tillage is the traditional method for weed control in arable fields. Lost crop seeds and
weed seeds in the soil or on the soil surface can be vertically and horizontally distributed,
depending on tillage intensity and tillage types (Colbach et al., 2000; Mohler et al., 2006).
Reduced tillage tends to increase the soil seed bank (Vanasse and Leroux, 2000; Cardina
et al., 2002; Sosnoskie et al., 2006; Ruisi et al., 2015). Mouldboard ploughing can bury
weed seeds from the soil surface into deep soil layers, whereas shallow soil disturbance by
tine cultivator, harrows or rototiller mainly mixes seeds within upper soil layers (Swanton
et al., 2000; Gruber et al., 2005; Mohler et al., 2006). Under no-till conditions, medium or
high seed numbers were also found near the soil surface (0-5 cm) in some weed species
(Cardina et al., 2002; Sosnoskie et al., 2006; Legee et al., 2011). Irrespective of seed
distribution by tillage, a general difference between inversion tillage and non-inversion
tillage on the numbers of weed seeds in the soil is not obvious or at marginal significance
(Cardina et al., 2002; Plaza et al., 2011; Ruisi et al., 2015). The same situation was also

found in OSR by Pekrun et al. (2006). However, an obvious difference between tillage
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modes in soil seed bank of OSR was found, but which only occurred in the first following
year (Gruber etal., 2007, 2010). The variability and contradiction among studies in impacts

of tillage modes on soil seed bank size might attribute to different experimental locations.

Taken together, a soil seed bank from OSR seeds can be established due to a large harvest
loss and high seed dormancy (particularly secondary dormancy) after harvest of OSR. For
the tillage effects, timing of tillage seems more responsible for the build-up of a soil seed
bank compared to the mode of tillage. Early incorporation of OSR seeds even by shallow
stubble tillage after harvest of OSR can lead to a large soil seed bank (Gruber et al., 2005;
Pekrun et al., 2006), probably as a result of fast induction of secondary dormancy by
drought, darkness, or oxygen deficiency when seeds are buried in the soil (Pekrun et al.,
1997, 1998). Some OSR varieties display relatively high primary dormancy (ca. 15%) in
freshly harvested seeds (Gruber et al., 2004a; Haile and Shirtliffe, 2014), which can also
increase seed bank size if they are buried immediately after harvest. On the other hand,
predisposition to secondary dormancy (potential secondary dormancy tested in the
laboratory; Weber et al., 2010) of OSR declines over time during storage, which is
associated with storage conditions such as alternating environmental conditions (Gulden
et al., 2004b). Similar to this, seeds on the soil surface in a field are exposed to variable
environmental conditions, and probably have a faster decline in potential secondary
dormancy, and a reduced chance to acquire secondary dormancy as well. A small soil seed
bank of OSR was also found in no-till treatment in the subsequent crops after OSR (Gruber
et al., 2004a), depending on environmental conditions post-harvest (Gruber et al., 2004b).
Environmental conditions preventing OSR seeds from falling dormancy seem more
important for obtaining a small soil seed bank than conditions which trigger germination
when seeds drop on the soil surface (Pekrun et al., 2005, 2006). However, results in
dormancy dynamics of OSR and their interaction with environmental conditions during

the period between harvest and the first subsequent tillage are still particularly limited.

The soil seed bank of OSR can persist for several years due to secondary dormancy, but
seed bank size declines rapidly during the first few months after OSR, and then slows down
in subsequent seasons (Lutman et al., 2003, 2005; Gruber et al., 2004a; Soltani et al., 2013).
This decline in seed numbers depends on variety and location. Gulden et al. (2003) reported
that in Canada high dormancy spring OSR varieties resulted in about 6- to 12-fold greater

seed persistence than low dormancy varieties. Gruber et al. (2010) found that 60% of
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initially buried seeds of a high dormancy winter OSR variety (91% potential secondary
dormancy from laboratory analyses) were still viable after 4.5 years burial in the soil, while
only 8% of a low dormancy variety (9% dormancy) were survival. The evidence on the
effects of location on seed persistence is scarce, but seed persistence in dry soil condition
seems to be longer than in moist conditions (Pekrun et al., 2006). Moreover, the mode of
tillage can influence seed persistence (Gruber et al., 2010) likely due to its effects on burial

depth, water supply, gaseous, light and temperature conditions.

1.2.4 \olunteer OSR

OSR volunteers can occur in the subsequent crops even more than 10 years after harvest
due to long-term seed persistence (Lutman et al., 2003; Messéan et al., 2007; Belter, 2016).
These volunteers can cause problems in weed control in directly following crops such as
cereals, or in another cultivated OSR some years later in the crop rotation. Weed control
will become more difficult if the volunteers are herbicide tolerant. Moreover, unwanted
gene pollination or seed admixture would spoil seed quality and oil quality of grown OSR
if varieties with different traits such as Holli-OSR was previously grown in the same fields
or in the neighbouring fields. Some large scale farm studies in France showed that seed
admixture of oilseed rape > 0.9% can occur in OSR as following crops to other OSR crops
even 3-8 year later (Messé&n et al., 2007).

The emergence of OSR volunteers varies considerably between varieties in time.
\olunteers from varieties with high disposition to dormancy are supposed to persist for a
longer period (Gulden et al., 2003; Pekrun et al., 2005; Gruber and Claupein, 2007). Seed
bank size is a crucial factor to determine the amounts of volunteers, but not the only one.
For instance, much more volunteers were recorded of a high dormancy variety in the first
crop after OSR due to the larger soil seed bank, compared to a low dormancy variety
(Gruber et al., 2004c; Weber et al., 2014). In addition, seed burial by tillage is another
important influencing factor. Non-inversion tillage (i.e. chisel ploughing or rototiller)
results in greater volunteers than inversion tillage (i.e., mouldboard ploughing) due to
shallow seed burial in the soil (Gruber et al., 2004b, 2005); in no-till conditions, much
more volunteers can be found if no effective weed control was performed. Also, soil texture
likely affects occurrence of volunteers probably related to growth resistance by soil clods
(DUr et al., 2001; Sester et al., 2007) and to moisture and oxygen provided by different
soils (Gruber et al., 2014).
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Several approaches to the control of OSR volunteers have been proposed such as selecting
or breeding for low dormancy variety, crop management (including crop rotation and
tillage systems) and herbicide application. However, the available information in these
aspects and the relevant mechanisms are still limiting especially from long-term

experiments.

1.3 Imidazolinone-tolerant oilseed rape (Clearfield® oilseed rape; CL OSR)

Imidazolinone herbicides were discovered in the 1970s at the American Cyanamid
Company (Shaner and O'Connor, 1991). To date, six imidazolinone herbicides (imazapyr,
imazapic, imazethapyr, imazamox, imazamethabenz and imazaquin) have been registered
(Ramezani, 2007). These herbicides target the enzyme acetohydroxyacid synthase (ALS),
which is the first common enzyme for the biosynthesis of branched chain amino acids in
plants (Ray, 1984). A broad spectrum of weeds (both monocotyledonous and
dicotyledonous) can be controlled by ALS-inhibiting herbicides at low application rates
pre- or post-emergence of crop. This option could provide benefits for the cropping

systems.

CL OSR was first developed in the late 1980s in Canada using microspores and haploid
protoplasts (Swanson et al., 1988, 1989). By spraying imidazolinone herbicides (i.e.
imazethapyr), five double-haploids were selected in the greenhouse, and two mutants
(point mutations PM1 and PM>) showed super tolerance to imazethapyr. The genes PM;
and PM are unlinked and additive, and they are estimated to link to the ALS1 and ALS3
loci of OSR, respectively (Rutledge et al., 1991). Regarding herbicide tolerance, PM;
confers tolerance to imidazolinones only, but PM: is tolerant to both imidazolinones and
sulfonylureas (Shaner et al., 1996) so the tolerance level resulting from PM2 is much higher
than that from PMy (Hattori et al., 1995). The highest tolerance level to imidazolinone
herbicides can be achieved when both PM; and PM> are homozygous (Tan et al., 2005),

which has already been realized in commercial CL OSR varieties.

Due to possible benefits for weed control by the Clearfield® production system, the
combination of CL varieties and imidazolinone herbicides, CL crops such as maize (Zea
mays L.), oilseed rape (B. napus), rice (Oryza sativa), wheat (Triticum aestivum),
sunflower (Helianthus annuus) and lentil (Lens culinaris) have already been commercially

used (Tan et al., 2005; Pfenning et al., 2008). CL OSR has already been widely grown in
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the United States and Canada (Beckie et al., 2004; Brimner et al., 2005). In EU, some of
CL OSR varieties have already been introduced in Eastern part of Europe and will
comprehensively continue in other regions. Despite all these, the seed dormancy and
potential volunteer problems resulting from CL OSR have not been deeply detected yet.
The debate about CL OSR is rising in Europe and Germany due to CL OSR volunteers in
other crops, which might not be controlled easily by many herbicides using sulfonylureas
and other active ingredients to which a cross-tolerance exists (Krato et al., 2012). On the
other hand, CL OSR volunteers in grown OSR, which cannot be killed by spraying
herbicides, could outcross, admix, and multiply in the long run.

1.4 Outline and objectives

The overall objective of this thesis was to propose suitable strategies to reduce CL OSR
volunteers in the subsequent crops in terms of variety choice based on seed dormancy and

crop management. This resulted in the following hypotheses:

1. (i) There is primary (innate) and secondary (induced) dormancy in oilseed rape;
(i)Primary dormancy decreases during seed development, the potential secondary
dormancy increases; (iii) At maturity, the level of the remaining primary dormancy and
the varietal potential to secondary dormancy probably correlate.

2. (i) There is variation in potential seed dormancy of CL OSR. (ii) F1 (seeded) and F>
(harvested) generations of hybrid CL-OSR show similar dormancy levels although
changes through environmental effects are known; (iii) the environment (location)
during seed development and maturation has an effect on the potential dormancy.

3. (i) The soil seed bank size of OSR is determined by post-harvest tillage (particularly
tillage time) and seed dormancy traits of the cultivated variety. (ii) The emergence of
volunteers from the seed bank also depends on the mode of tillage. (iii) Gene

segregation in herbicide-tolerance might occur between CL volunteers.

For the investigation of these hypotheses, seed dormancy in F1 and F2 generations of 15
CL OSR accessions was investigated in the laboratory. Several field experiments were
conducted at different locations in south-west Germany during 2012-2016. The
experimental results were shown in Chapter I- Il that were published or peer-reviewed

manuscripts.
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Chapter | deals with the development of primary dormancy and potential secondary

dormancy in OSR and their interaction during seed development. Chapter 11 focuses on
potential secondary dormancy level in mature seeds of CL OSR, its inheritance from F; to
F2 generations, and its interaction with maternal environment. Chapter 111 examines the
effects of variety, tillage (tillage mode and operation time), and their interaction on soil

seed bank and volunteers in the subsequent crops after OSR.
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2 Publications

The present thesis consists of three scientific articles as reflected by chapter I-111, which
form the body of the dissertation. These articles have been published. For citation of the

three articles, please use the references given below.

Chapter |

Huang, S., Gruber, S., Stockmann, F., Claupein, W. (2016): Dynamics of dormancy
during seed development of oilseed rape (Brassica napus L.). Seed Science Research,
1,19

Chapter 11

Huang, S., Gruber, S., Weber, E. A., Claupein, W. Seed dormancy in F1 and F2
generations of imidazolinone-tolerant oilseed rape at different locations. Journal fir
Kulturpflanzen/Journal of Cultivated Plants, 68, 175-184.

Chapter 111

Huang, S., Gruber, S., Claupein, W. Field history of imidazolinone-tolerant oilseed rape
(Brassica napus) volunteers in following crops under six long-term tillage systems.
Field Crops Research, 185, 51-58.
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3 Chapter |

Dynamics of dormancy during seed development of oilseed rape (Brassica
napus L.).

Publication |

Huang, S., Gruber, S., Stockmann, F., Claupein, W. (2016):

Dynamics of dormancy during seed development of oilseed rape (Brassica
napus L.).

Seed Science Research

The contribution of seed dormancy, particularly secondary dormancy, to seed
persistence in the soil seed bank of oilseed rape was frequently highlighted by
previous studies, but the information about dormancy formation during seed
development is quite limited. This chapter focused on the dynamics of primary
dormancy and potential induced secondary dormancy over time during seed
development of oilseed rape, providing important information for the
understanding of underlying mechanisms in the formation, fluctuation,

maintenance, and decline of seed dormancy in oilseed rape.
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Seed Science Research (2016), page 1 of 9
© Cambridge University Press 2016

doi:10.1017/50960258516000118

Dynamics of dormancy during seed development of oilseed rape

(Brassica napus L.)

Shoubing Huang*, Sabine Gruber, Falko Stockmann and Wilhelm Claupein
University of Hohenheim, Institute of Crop Science, Fruwirthstr. 23, 70599 Stuttgart, Germany

(Received 21 January 2016; accepted after revision 14 April 2018)

Abstract

Seed dormancy is a critical factor in determining seed
persistence in the secil and can create cilseed rape
(Brassica napus L.) velunteer problems in subsequent
years. A 3-year field trial in south-west Germany inves-
tigated the effects of seed maturity on primary dor-
mancy and disposition to secondary dormancy of ten
oilseed rape varieties (lines) in 2009 and 2010, and of
five imidazolinone-tolerant varieties (hybrids) in 2014.
Fresh seeds were sampled weekly from about 30 d
after flowering (DAF} until full maturity and tested for dor-
mancy on the day of seed collection. Primary dormancy
decreased from a high level of 70—-99% at 30—40 DAF
to 0—15% after 7—14 d, coinciding with embryo growth
and depending on variety and year. For some oilseed
rape varieties, 30—50% primary dormancy was still
present in mature seeds. Depending on variety, dispos-
ition to secondary dormancy was nearly zero at the
early stage of seed development, increased to its
highest level during development, and decreased after-
wards. Some varieties maintained a high level of sec-
ondary dormancy at maturity or during the entire seed
development period. The correlation between primary
dormancy and secondary dormancy was significantly
positive at early seed development (r=0.95, 50 DAF),
but declined in mature seeds. Envirecnmental conditions
during ripening are also expected to affect dormancy
dynamics. The deeperinsights into dormancy formation
of oilseed rape provide the possibility t©o improve
harvest time and harvest method, and to better assess
the potential for volunteer oilseed rape in following
crops.

Keywords: abscisic acid, canola, dormancy, harvest date,
seed bank, volunteers

* Correspondence
Email: shuang@uni-hohenheim.de

http:/journals.cambridge.org Downloaded: 23 May 2016

Introduction

Volunteer oilseed rape (Brassica napus L.) is an issue of
concern due to the difficulty of chemical control of
volunteers in a sown crop, especially when the var-
ieties of oilseed rape are tolerant to specific herbicides
such as imidazolinone. The emergence of volunteer oil-
seed rape is strongly dependent on seed persistence in
the soil seed bank, which can last up to 11 years
(Lutman et al., 2003). Secondary dormancy, induced
by external environmental conditions such as dryness,
darkness or oxygen deficiency (Pekrun ef al., 1997,
1998) is a crucial contributor to seed persistence
(Pekrun et al., 1998; Gulden et al., 2003, 2004a), in inter-
action with varieties (Gruber and Claupein, 2007a;
Messéan et al., 2007; Weber et al.,, 2014). Gruber ef al.
(2010) found that 60% of initially buried seeds of a
high-dormancy variety were still viable after 4.5
years of burial in the soil, while only 8% of a low-
dormancy variety survived. Accordingly, a 30-fold
increase in volunteer cilseed rape was recorded after
growing and harvesting a high-dormancy variety com-
pared to a low-dormancy variety in spring of the first
following crop of winter wheat (Weber et al., 2014).
In contrast to secondary dormancy, primary dor-
mancy is expressed in underdeveloped embryos and
is controlled by phytohormones (mainly abscisic acid,
ABA) (Hilhorst, 1995; Baskin and Baskin, 2004), pre-
venting pre-harvest sprouting on the mother plant.
Primary dormancy has previously been shown to be
low (Momoh et al., 2002; Gruber et al., 2004; Gulden
et al.,, 2004a) or nearly absent in fully mature seeds of
oilseed rape (Schlink, 1993). Evidence has been found
that primary dormancy may sometimes be present at
harvest but that it decreases with the duration of dry
storage (Gruber et al., 2004; Haile and Shirtliffe, 2014).
Dormancy dynamics are probably linked to a set of
environmental conditions (e.g. precipitation or tem-
perature) during the crop growth period. There
appears to be a link between secondary dormancy
and year (Gruber et al., 2009). For example, environ-
mental conditions generally considered ‘optimal’ for
seed yield have been shown to result in comparatively
high levels of dormancy in winter oilseed rape

@ CrossMark

IP address: 144.41.56.113
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(Schatzki et al, 2013a), and Gulden ef al. (2004a)
showed that the environment contributed 0.1-4.5% to
secondary dormancy in spring ocilseed rape.

Neither the degree of primary dormancy of oilseed
rape nor how long it is able to express secondary dor-
mancy before harvest is well understood. This informa-
tion could be especially relevant for oilseed rape fields
that have been damaged by hailstorms in the weeks
before harvest, to assess the potential of their seeds
both to fall dormant and to result in volunteers in fol-
lowing crops. In two studied oilseed rape varieties, pri-
mary dormancy decreased over time during seed
development, while secondary dormancy tended to
increase (Haile and Shirtliffe, 2014). In fully mature oil-
seed rape seeds, there is a weak positive correlation
between primary dormancy and secondary dormancy
(Schatzki ef al., 2013b) but this has not been observed
with respect to different stages of seed development.
Whether there is an interaction between primary and
secondary dormancy in oilseed rape and, if there is,
how this interaction occurs during seed development
are important for understanding seed dormancy in oil-
seed rape. If a correlation between them could be
demonstrated, prediction of secondary dormancy by
the level of primary dormancy would be possible.
The objectives of this study were to determine the
development of primary dormancy and secondary dor-
mancy in oilseed rape, and, further, to find correlations
between these during seed development.

Materials and methods
Field trials

Field trials were conducted in the years 2009, 2010 and
2014 at the experimental station Thinger Hof (IHO) of
the University of Hohenheim, south-west Germany
(48°45'N, 8°56'E) on a loam soil. Mean annual tempera-
ture is 7.9°C and mean precipitation is 690 mm. Mean
daily temperatures from flowering to harvest of cilseed
rape (May-July} in 2009, 2010 and 2014 were 16.1, 15.8
and 15.7°C, respectively. Cumulative precipitation dur-
ing this period in the 3 years was 362, 275 and 255 mm.
Weather details are provided in supplementary Fig. 51.
Daily temperature was calculated based on the mean
hourly air temperature at 2 m above soil, and cumula-
tive precipitation was derived from the daily rainfall.
Weather data were obtained from the experimental sta-
tion Thinger Hof.

The trials were arranged in a randomized block
design with four parallel blocks including ten line var-
ieties of winter oilseed rape in 2009 and 2010 and five
hybrid imidazolinone-tolerant (IT) oilseed rape var-
ieties in 2014 per block. There were four field replicates
per variety with a plot size of 4 mx8 m in all 3 years.
Seeds were sown on 27 August 2008, 29 August 2009
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and 21 August 2013, with a sowing density of 30
seeds m 2. Pest control and fertilization were per-
formed according to the best management practice at
that location.

Flowers in full bloom of the main inflorescence of 50
randomly chosen individual plants per variety and
replicate were marked in 2009 and 2010, and 30 plants
per variety and replicate in 2014, in the first week of
May. The label was placed within the inflorescence,
below the cohort of recently opened blossoms, to indi-
cate the flowering time of these individual flowers.
About 1 month after flowering, the first five pods of
the main inflorescences directly above the label of
five marked plants per harvest date were picked by
hand at weekly intervals in all years (supplementary
Table S1). In 2009 (eight harvest timings) and 2010
(nine harvest timings), five varieties (Smart, Express,
Compakt, Splendor and Nemax) were harvested first,
and the remaining five varieties (Lilian, Charly,
Beauty, Ladoga and Komando) were harvested 2d
later, due to different flowering stages between two
variety groups; ten varieties were harvested at the
final timing in 2010. In 2014 (six harvest timings), all
five varieties were harvested on the same day at each
harvest.

Assessment of primary and secondary dormancy

The seeds of the five pods were removed from the
siliques, pooled and then tested for primary dormancy
and secondary dormancy according to the Hohenheim
Standard Dormancy Test (Weber et al., 2010) on the
same day of seed collection. The test of secondary dor-
mancy is comprised of three sequential processes. First,
dormancy induction: 100 seeds per variety and harvest
date in four laboratory replicates were imbibed in 8 ml
of a polyethylene glycol 6000 solution (354.4 g I
bar; Michel and Kaufmann, 1973} in 9-cm plastic Petri
dishes with double layers of filter paper. The Petri
dishes were then put in metal boxes lined with black
film to exclude any light and water evaporation, and
were transferred to an incubator (20°C) for 14 d.
Second, germination of non-dormant seeds: seeds
were transferred to new Petri dishes equipped with
double layers of filter paper and 6 ml deionized
water in darkness at 20°C (14 d). During this period,
seeds that were not induced into dormancy germinated
and were removed from Petri dishes under a green
safety light (500-600 nm). Third, dormancy breaking:
non-germinated seeds were subjected to alternating
light and temperature (12 h, 3°C, darkness/12 h, 30°C,
light) for 7 d; germinated seeds in this process were
considered to be induced into secondary dormancy in
the first process. Seeds that germinated in the above
three processes were considered viable. Intact seeds
that did not germinate after dormancy breaking were
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considered dead or unable to germinate due to any
other reasons; usually none or very few of these
seeds existed. Secondary dormancy level was the pro-
portion of induced dormant seeds over the total num-
ber of viable seeds used in the assays.

A paralle] test for primary dormancy included the
same two latter processes, germination of nen-dormant
seeds in darkness and dormancy breaking, but
excduded a preceding dormancy induction in poly-
ethylene glycol solution. Seeds that did not germinate
before dormancy breaking were dedared primarily
dormant. Primary dormancy level was the proportion
of dormant seeds over the total number of all viable
seeds found in a sample. Seed viability was the propor-
tion of the sum of any germinated seeds in a sample
(during germination test and dormancy breaking) to
all seeds used in the sample (Gruber et al, 2004;
Weber et al,, 2010).

Secondary dormancy in the fourth to ninth harvests
in 2010 and in all harvests in 2014 was tested; primary
dormancy was tested for seeds harvested at each
harvest in all 3 years. Before starting the tests, broken
ot obviously mouldy seeds were exduded from seed
lots.

Seed water content

Seed water content, as a measure of the developmental
stage and grade of maturity of the seeds, was deter-
mined as follows: a portion of the harvested seed lot
was dried in a 60°C oven for 48k and seed water
content was calculated as the per cent water content
in the fresh seed weight. Additionally, embryos were
removed from the seeds from another part of the har-
vested seed lot and photographed to document the
stage of seed development.

100 100

Statistical analysis

Dormancy values were arc-sin transformed to stabilize
variance and adjust the data to a standard normal dis-
tribution, with the following formula (Chatterjee and

Hadhi, 2012):
= arcsin “+3/8),
¥= T1a/4)

where y is the transformed value, 4 the number of dor-
mant seeds, and v the number of viable seeds per rep-
licate. The adjusted data were back-transformed for
presentation. Analyses of variance for primary and sec-
ondary dormancy were performed according to the
experimental design using the PROC MIXED proced-
ure of the statistical software SAS 9.3 (SAS Institute,
Cary, North Carclina, USA). All main effects for var-
ieties, harvest date and their interactions were taken
as fixed, while effects for laboratory replicates were
taken as random. The correlations between primary
dormancy and secondary dormancy at different har-
vests were analysed with the procedure PROC CORR
of SAS 9.3.

Results

The water content of cilseed rape seeds harvested at
different dates decreased continuously from approxi-
mately 80% at 28 d after flowering (DAF) to 9%
when seeds were fully mature in 2009 and 2010
(Fig. 1). The decrease in seed water content ranged
from 40% to 4% during the monitoring period of
2014. In 2009 and 2010, seed viability increased rapidly
from nearly zerc (28 DAT) to 100% (49 DAT) within 3
weeks, depending on variety, and remained at 100%
until final harvest (Fig. 2). In 2014, seed viability was

100
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Figure 1. Seed water content (%) during seed development of ten oilseed rape varieties (lines) in 2009 and 2010, and of five
hybrid imidazolinene-tolerant oilseed rape varieties (V1-V5) in 2014; for harvest dates see supplemertary Table S1.
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Figure 2. Seed viability (%) and primary seed dormaney (%) during seed development of ten cilseed rape varteties (ines) in 2009
and 2010, and of five hybrid imidazolinone-tolerant cilseed rape varieties (V1-V5) in 2014; for harvest dates see supplementary

Table S1; error bars indicate standard error of mean.

already 100% at the first harvest, and lasted until the
final harvest. Embryo development was exemplarily
documented by images taken of the variety Smart
(supplementary Fig. 52); the embryo was green at the
beginning of the study, and over time it lost chloro-
phyll and turned yellow.

Variety, harvest date and their interaction had sig-
nificant effects on both primary dormancy and second-
ary dormancy of cilseed rape (Table 1). Primary
dormancy at the first harvest (28 DAF) in 2010 was
not shown because of low seed viability (0.4%;

Fig. 2). The primary dormancy values in viable seeds
of ten line varieties were 73—89% at 28 DAF in 2009
and 50—95% at 35 DAF in 2010, depending on variety,
peaking at 100% at 42 DAF, and decreased to zero in
another 7—14 d (Fig. 2). Primary dormancy in varieties
Compakt, Smart and Ladoga was still at 20—50% at the
last harvest (c. 80 DAF) in 2009, but decreased to below
20% in 2010, similar to the other varieties. When seeds
were fully viable (47 DAF) in 2014, primary dormancy
was nearly zero for varieties V2—V5, was 30% for V1,
and increased to the highest level at 52 or 60 DAF,

Table 1. Analysis of variance for primary dormancy and secondary dormancy of eilseed rape in 2009, 2010 and 2014, as affected

by variety (V), harvest date (D} and their interactions (V x D}

Effect DE 2006* 2010° DF 20147

F value P F value P F value P
Primary dormancy
Variety (V) g 15.9 <0.0001 §.7 <0.0001 4 609.8 <0.0001
Drate (T 7 1483.6 <0.0001 2537.8 <0.0001 5 210.0 <0.0001
VxD 63 16.1 <0.0001 13.6 <0.0001 20 21.3 <0.0001
Secondary dormancy
Variety (V) - - - §0.0 <0.0001 4 521.7 <0.0001
Drate (T - - - 300.0 <0.0001 5 79.3 <0.0001
VD - - - 15.4 <0.0001 20 3.9 <0.000

*Ten line varieties of winter oilseed rape, eight harvest dates; not analysed: secondary dormancy in 2009,
bTen line varieties of winter oilseed rape, nine harvest dates; not analysed: primary dormancy at the first harvest because of low seed viability,

secondary dormancy from the first harvest to the third harvest,

“Five hybrid imidazolinone-tolerant cilseed rape varieties, six harvest dates.
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followed by a non-linear decrease with time. At the
final harvest in 2014, primary dormancy of varieties
V2-V5 were nearly zero, but variety V1 still had
25% primary dormancy.

Secondary dormancy was initially low at 50—60
DAT (2010}, reached a peak at about 70 DAF, depend-
ing on variety, and gradually decreased over time
(Fig. 3}. However, there were still four varieties that
showed quite high secondary dormancy (>40%} at the
last harvest in 2010. Particularly, secondary dormancy
in variety Smart continued to increase from 31% at 49
DAF to 62% at 84 DAF, the highest dormancy among
ten varieties at the final harvest. The levels of second-
ary dormancy tended to remain stable or to decrease
gightly in the wvarieties V1, V2, V3 and V4 in the
2014 trial; V5 showed a clear decrease in secondary
dormancy during that time.

As seed development progressed, the percentage
values of both primary and secondary dormancy did

100

not closely correlate with seed water content (data
not shown), or with morphological seed development
in general.

A significant correlation between primary dor-
mancy and secondary dormancy was only found in
the early stage of seed development (Table 2}; correl-
ation coefficients decreased from 0.58 at about 50
DAF to 0.09 at the final harvest in 2010, and deceased
from 0.95 at 47 DAF to 0.69 at the final harvest in 2014,
Both primary dormancy and secondary dormancy
were not significantly correlated with cumulative pre-
dpitation and temperature during the harvest intervals
(data not shown).

Discussion

This study indicates that primary dormancy decreased
and the disposition to secondary dormancy (induced

Secondary dormancy (%)

—+— Beauty
—0— Charly

2010

—x— Compakt
—&— Express
—&— Kommando
—— Ladoga
—— Lilian

—— Nemaxx
—— Smart

—e— Splendor

y (%)

Secondary dormanc;

47 52 60 66

Days after flowering

Figure 3. Dynamics of secondary dormancy (%) during seed development of ten oilseed rape varfeties (ines) in 2010, and of five
hybrid imidazolinone-tolerant oilseed rape varieties (V1-V5) in 2014; for harvest dates see supplementary Table S1; error bars

indicate standard error of mean.
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Table 2. Correlation coefficients (r) between primary dormancy and secondary dormancy at different harvest dates during seed
development of oilseed rape in the years 2010 (n=10) and 2014 (rn=>5); experimental station Thinger Hof, south-west Germany;
ten line varieties of winter oilseed rape in 2010 and five hybrid imidazolinone-tolerant oilseed rape varieties in 2014. DAF, days

after flowering. For harvest dates see supplementary Table S1

Year Correlation coefficient (r)

2010 49 DAF 56 DAF 63 DAF 70 DAF 77 DAF 84 DAF
n=10) 0.58* 0.18 ns 0.00ns 0.00 ns 0.26 ns 0.09 ns
2014 47 DAF 52 DAF 60 DAF 66 DAF 72 DAF 80 DAF
n=5) 0.95* 0.77 0.80ns 0.73 ns 0.78 ns 0.69 ns

*P < 0.05; ns, not significant.

dormancy) of oilseed rape increased during the two
months before typical harvest (normally at the end of
July at the experimental site), in agreement with the
findings of Gulden et al. (2004a), Gruber and
Claupein (2007b), and Haile and Shirtliffe (2014).
However, a rapid decline in primary dormancy in as
short a period as 1 week, as seen in the present study
(42—49 DAF in 2009, and 49-56 DAF 2010; Fig. 2) —
coinciding with a rapid increase in seed viability and
with embryo colour change from green (49 DAF) to
yellow (56 DAF; supplementary Fig. 52} — had not
been demonstrated to date. This rapid reduction in pri-
mary dormancy was not observed in 2014, probably
due to the observed high seed viability of about
100% at first harvest (47 DAF). The rapid increase of
seed viability at early seed development is supposed
to depend on a critical growing period of embryos,
after which almost all the seeds have a capacity to
germinate if primary dormancy can be broken
(Holdsworth et ai., 1999, 2001}. Based on the calculation
of seed dormancy in the present study, all the dormant
seeds were viable. Therefore, the observed high pri-
mary dormancy before the rapid decline at early seed
development may be attributable to development of
the embryos (Bewley, 1997; Haile and Shirtliffe,
2014). This process is assumed to depend on variety:
primary dormancy in six out of ten varieties decreased
to below 10% at 49 DAF, and the other four varieties
(Smart, Splendor, Komado and Beauty) needed
another 7d (56 DAF)} to reach the same dormancy
level (in 2009). Using the water content of the seeds
as an indicator of seed development, there was no
apparent difference in water decrease between the var-
ieties, so this would not explain differences in dor-
mancy. Thus, the levels and changes in dormancy do
not seem to be linked directly to morphological and
physioclogical ripening alone. However, there seems
to be a critical stage of development at which primary
dormancy starts to decline. This stage may depend
somehow on embryo development.

Various studies have documented the regulation of
onset and maintenance of primary dormancy in many
crop species by ABA (Finkelstein et al., 1985; Bewley,
1997; Gubler et al., 2005; Nambara et al., 2010). ABA
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content accumulated during seed development in oil-
seed rape, and reached its highest level at 35-40 DAF
(Finkelstein et al., 1985), coinciding with the second to
third harvests in 2009 and 2010 in our study, then
declined with seed development. The appearance of
ABA peaks during seed development can be influ-
enced by environmental conditions, such as rainfall,
temperature and humidity, surrounding mother plants
(King, 1993; Romagosa et al., 2001; Chono ef al., 2006).
This may explain observed differences in the onset of
the decline of primary dormancy in seed development
between years.

Dormancy variation, particularly for primary dor-
mancy, between varieties in the late seed development
might be attributed to the temporal effects of environ-
mental conditions (e.g. precipitation). However, corre-
lations of primary and secondary dormancy with
cumulative temperature and precipitation the week
before harvest were not significant (not shown).
Harvest timing experiments conducted at different
locations or under controlled conditions could probably
offer more robust data for detecting this relationship.

Secondary dormancy of most varieties used in the
current study increased after the immature seeds
achieved full viability, consistent with the findings of
Haile and Shirtliffe (2014), then decreased to different
degrees (Fig. 3). In oilseed rape, there is consensus
that secondary dormancy decreases with storage time
post-harvest (Gulden et al., 2004a), which is likely to
be connected with the decline of secondary dormancy
when seeds are still on the mother plants. With this in
mind, this dormancy decline might be a continuous
process in time, which starts before seed maturity
and continues during seed storage. Also, the potential
dynamics of secondary dormancy are dependent on
the variety, as shown in Table 1 and Fig. 3. The import-
ance of variety has been reported previously in
European, Canadian and Chinese oilseed rape
(Momoh et al., 2002; Gruber ef al., 2004, 2009; Gulden
et al., 2004a; Schatzki et al.,, 2013a, b), but these studies
focused mainly on the mature seeds. The present study
indicates that genotypic differences in secondary dor-
mancy are initially small, but become greater with
seed development. This result may provide some
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clues to understanding the formation and maintenance
of secondary dormancy, if differences in genetic back-
ground between varieties can be detected clearly
encugh.

Similar to primary dormancy, secondary dorman(:y
in oilseed rape is also presumed to be associated with
ABA (Gulden ef al, 2004b; Fei et al, 2007, 2009).
More ABA-inducible genes were up-regulated in
mature seeds of a high-dormancy oilseed rape variety
compared to a low-dormancy variety when treated
with pelyethylene glycol; twice as much ABA was
detected in freshly harvested seeds of a high-dormancy
variety (Fei et al., 2007, 2009} and high-dormancy oil-
seed rape varieties seem to be more sensitive to ABA
than low-dormancy wvarieties (Gulden ef al., 2004b).
Despite the complex mechanisms involved in the
dynamics of secondary dormancy, which are not yet
completely understood, the results of this study indi-
cate that harvest before full seed maturity might lead
to high dormancy levels (mainly secondary dormancy)
in the seeds, but accompanied by low harvest losses
(Price ef al., 1996). Also, there seems to be a certain
degree of primary dormancy in mature seeds, which
could lead to a soil seed bank even if there are no fur-
ther dormancy-inducing conditions. In contrast, late
harvest can result in low-dormancy seeds, but the har-
vest losses will be great (e.g. c. 5000 seeds m~; Lutman
et al., 2005). With the improvement of harvesting tech-
niques and breeding (pod-shattering resistance), the
latter option could become a more acceptable way to
reduce volunteer problems in a crop rotation with
oilseed rape. However, a problem would arise if, for
example, hailstorms cracked unripe pods and fresh
seeds dropped (e.g. more than 280 hailstorms were
recorded in June and July 2014 across Germany;
ESWD, 2014). These fresh seeds with high levels of pri-
mary dormancy could lead to seed survival in the soil
without further inductive environmental conditions,
and could be induced intc secondary dormancy by
environmental conditions such as dryness (Pekrun
et al., 1997, 1998). Based on our results, seed dormancy
(primary and secondary dormancy) is variety-dependent
during late seed development; ie. varieties with low
dormancy represent a lower risk of a soil seed bank
after hailstorms or after early harvest.

A significant correlation between primary dor-
mancy and secondary dormancy at early stages of
seed development in oilseed rape, as shown in the cur-
rent study, could be used to predict roughly the level of
secondary dormancy from a specific stage of develop-
ment. Because of environmental effects, however, this
prediction would be most useful for plants grown
under controlled conditions, such as in a greenhouse.
In a different plant, Arabidopsis thaliana, it was shown
that the state of primary seed dormancy can affect sec-
ondary dormancy induction after harvest (Auge ef al.,
2015). In this case, secondary dormancy was more
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easily induced in seeds with higher primary dormancy
than in seeds with low or no primary dormancy of the
same A. thaliana variety that matured under a different
maternal environment. This may also occur in oilseed
rape during late seed development, based on the posi-
tive correlation between primary dormancy and sec-
ondary dormancy, but depends on the year and the
variety.

Because both primary and secondary dormancy are
present in immature seeds of oilseed rape, both timing
and techniques of harvest should be reconsidered.
Early harvest, for example windrowing before full
maturity, may reduce harvest losses caused by pod
shattering, but could lead to higher seed dormancy.
Afterripening, which was not tested in this study,
would further decrease dormancy. However, in the
context of increasingly worldwide use of the combine
harvester, harvest at full maturity or late harvest is pre-
ferred but could cause large harvest losses. Under this
harvest scenario, selection of low-dormant oilseed rape
varieties would be a simple and feasible strategy to
reduce the risk of soil seed bank and volunteers in a
crop rotfation.
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The introduction of imidazolinone-tolerant oilseed rape into Europe
increased the scepticism on the control of oilseed rape volunteers due to their
tolerance to acetolactate synthase inhibiting herbicides. Seed dormancy traits
of imidazolinone-tolerant oilseed rape are still not known. Besides, effects of
maternal environmental on seed dormancy of oilseed rape are still not fully
understood. This chapter found out that potential secondary dormancy of 15
imidazolinone-tolerant oilseed rape (Clearfield® oilseed rape) genotypes
varied considerably, similar to that of conventional oilseed rape. Maternal
environment during seed development could affect seed dormancy level to
some extent. Particularly, precipitation might be one factor to determine seed
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Seed dormancy in F, and F, generations

of imidazolinone-tolerant oilseed
rape at different locations

Dormanz in Samen der Fr- und F- Generation von Imidazolinon-tolerantem

The introduction of imidazolinone-tolerant oilseed rape
(Brassica napus; Clearfield®, CL OSR) meets with skepti-
cism on volunteer control. This study examined the dis-
position to secondary seed dormancy of 15 CL OSR geno-
types at two locations in south-west Germany in 2012/
2013 (trial 1) between sown seed (F;) and harvested
seed (F2), and effects of maternal environment on dor-
mancy disposition on CL and non-CL OSR in 12 locations
in Germany in 2011/2012 (trial 2). The CL genotypes dif-
fered in dormancy from 0 to 95.7% in the Fy generation
and from 3.5 to 77.9% for their corresponding offspring
(F2). The dormancy levels of the Fy generations corre-
sponded to that of the Fs generations. This correlation
was higher if seeds derived from flowers which have been
isolated in the plastic bags and thus outcrossing has been
prevented. Seed lots from individual isolated Fy plants
deviated in dormancy by up to 30% from the mean of all
isolated plants of a specific genotype. In trial 2, seeds
from low dormancy genotypes tended to respond more
strongly to maternal environment than high dormancy
genotypes did. Precipitation during the period of ripen-
ing was positively correlated with dormancy (R =0.78).
Overall, breeders can use the dormancy values of the
F1 generation to assess the potential of dormancy in their
offspring, which are those seeds that are relevant for
causing volunteers if several other external conditions
are fitting.

Raps an unterschiedlichen Standorten

Key words: Clearfield, Brassica napus, volunteers,
secondary dormancy, maternal environment,
precipitation, hybrids

Die Einfiihrung von Imidazolinon-tolerantem Raps
(Brassica napus; Clearfieldraps, CL Raps) wird speziell
im Bereich der Kontrolle von Durchwuchsraps mit
Skepsis aufgenommen. Die vorliegende Studie unter-
suchte die Neigung zu sekundérer Dormanz bei 15 CL
Rapsgenotypen an zwei Standorten in Deutschland im
Jahr 201272013 (Versuch 1) sowie Auswirkungen der
maternalen Umgebung auf die Dormanzneigung der
gebildeten Rapssamen in CL und nicht-CL Raps (insge-
samt 8 Sorten) an 12 Standorten in Deutschland in den
Jahren 201172012 (Versuch 2). Die CL-Genotypen vari-
ierten in der Dormanzneigung von O bis 95,7% in der
Fi-Generation (Hybridsaatgut) und von 3,5 bis 77,9% in
der entsprechenden Fy-Generation (Erntegut). Das Ni-
veau der Dormanz in der F; entsprach dem in der Fyq, so-
wohl bei isclierten als auch in etwas geringerem MaR bei
nicht-isolierten Pflanzen. Bei allen gepriiften Genotypen
setzten sich die angebauten F1-Pflanzen aus Einzelpflan-
Zen mit zum Teil unterschiedlicher Dormanzneigung in
der jeweiligen Nachkommenschaft zusammen; zum Teil
wich die Dormanz der F einer Einzelpflanze bis zu 30%
vom Sortenmittel ab.
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Unterschiede in der Dormanz zeigten sich in zwei CL
Raps-Genotypen und sechs nicht-CL-Genotypen an 12
Standorten (trial 2/Versuch 2). Samen von niedrig dor-
manten Genotypen reagierten tendenziell stirker auf die
maternale Umgebung als Samen von hoch dormanten
Genotypen. Niederschldge wihrend der Reifezeit korre-
lierten positivmit der Dormanz (R = 0,78). Insgesamt k&n-
nen Ziichter die Dormanzwerte der F1-Generation nutzen,
um das Potential der Dormanz jener Samen in der Fa-Ge-
neration zu bewerten, die zu Durchwuchs fithren kénnten.

Stichworter: Clearfield, Brassica napus, Durchwuchs,
sekundire Dormanz, maternale Umgebung,
Niederschlag, Hybride

The potential for gene dispersal of oilseed rape (Brassica
napus L.; OSR) by seed, and thus by volunteers emerging
from the soil seed bank, is an issue of discussion especially
for herbicide tolerant OSR. Volunteer OSR is a result of
high seed loss before and during harvest (LuTMAN et al.,
2003, 2005), soil tillage operations after harvest, and the
capacity of the seed to fall dormant (GuLpe et al., 2003;
GrUBER et al., 2004a; WEBER et al., 2013). Volunteers can
emerge in following crops within crop rotations grown in
the same field for several years due to long-term seed
persistence in the soil seed bank of up to 10 or more years
(Lutman et al., 2005; Messian et al., 2007; D'HERTEFELDT
et al., 2008). The forthcoming introduction of imidazoli-
none-tolerant oilseed rape (Clearfield®; CL OSR) revived
the discussion about volunteers particularly because these
volunteers are able to survive herbicide applications from
the imidazolinone group, as well as related groups which
inhibit acetolactate synthase (ALS). As chemical control
of CL volunteers has to rely on a limited number of active
ingredients and because chemical control of OSR volun-
teers in sown OSR is not possible, further agronomical
strategies have to be developed and to be assessed to
minimize volunteers.

Seed persistence of OSR is associated with the disposi-
tion of seeds to secondary dormancy. Soil seed banks of
OSR from high dormant varieties were clearly larger than
seed banks from low dormant varieties, as observed in
Canada and Germany (GULDEN et al., 2003; WEBER et al.,
2014). OSR presents no or very little primary (non-in-
duced) dormancy at harvest (MowmoH et al., 2002; GRUBER
et al., 2004b), and develops secondary dormancy (there-
after referred to as dormancy) under specific conditions
such as osmotic stress and darkness (PEkRUN et al., 1998).
The dispositicn to dormancy is heritable, and the herita-
bility was calculated to be 96-97% (ScHarzkl et al.,
2013a; WEBER et al., 2013). In a group of 16 Canadian
commercial OSR (Canola) varieties, the contribution of
genotype to dormancy ranged from 44% to 82% (GULDEN
et al., 2004a). Five QTLs have been recently found which
explain 42% of the total dormancy in OSR (ScHATZKI et
al., 2013b). Hence, selection of or breeding for low dor-

mant varieties seems to be an effective strategy to reduce
or to avoid soil seed banks of OSR and to prevent volun-
teers in the crop rotation. Particularly the increased -
perceived or real - incidence of volunteer OSR in sown
OSR could be controlled that way.

The mechanism of seed dormancy formation and heri-
tability is complex, based on different physiological path-
ways and is not yet fully understood in many weeds and
crops (BaskN and BaskmN, 2005; Fri et al., 2007, 2009;
FINKELSTEIN et al., 2008). The expression of seed dormancy
is related to the genotype (FoLey and FENNIMORE, 1998)
and to maternal environmental conditions. Also in OSR,
environmental conditions during growth and maturation
of the seeds seem (o affect the disposition to dormancy
expression (GULDEN et al., 2004a; GRUBER et al., 2009;
SCHATZKI et al., 2013a). For instance, the influence of the
pre-harvest environment during seed maturation on seed
dormancy accounted for 0.1-4.5% of total dormancy
variation (GULDEN et al., 2004a).

Many OSR genotypes including genotypes with altered
traits or ingredients have been analysed for dormancy in
the past (GULDEN et al., 2003; GruBgr et al., 2004b; WEBER
etal., 2010). However, nearly all results from dormancy
were derived from open-pollinated varieties, and the
dormancy of hybrids, particularly of imidazolinone-
tolerant varieties (Clearfield®, CL), are not yet widely
tasted or tested at all, although CL OSR is being planted
widely in Canada and the USA (Brmner et al., 2005).
Furthermore, the differences between open-pollinated
and hybrid OSR genotypes were seldom included in pre-
vious studies, and a possible segregation of dormancy in
the Fz generation of hybrid OSR was not yet analysed.
Additionally, the effects of maternal environment on for-
mation of potential seed dormancy and dormancy stabil-
ity within population of a given genotype were not explic-
itly studied.

Therefore, the aim of the study was (i) to investigate
for the first time a number of hybrid CL OSR genotypes,
some of them launched in the Furopean market, for their
disposition to secondary dormancy in F; and F, genera-
tions, and (ii) to investigate impacts of the maternal envi-
ronment on disposition to secondary dormancy.

Results are derived from two experimental approaches
in the field: trial 1 with 15 genotypes grown at two loca-
tions; trial 2 with eight genotypes at 12 locations. Both
varieties and breeding lines were used in this research,
but in order to improve readability both of them were
defined as “genotypes”.

Trial 1

The trial was performed in 2012/2013 as a randomized
complete block design (four replicates) with 11 CL hybrid
genotypes (imidazolinone-tolerant, Clearfield®) at the
experimental station [hinger Hof (IHO) of the University
of Hohenheim and 15 CL hybrid genotypes at the loca-
tion Hohenheim (Table 1).
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Table 1. Oilseed rape genotypes (hybrids) used in two field trials, provided by three breeding companies. CL, Clearfield oilseed
rape; non-CL, non-Clearfield oilseed rape. Trial 1: two locations; Trial 2: 12 locations, not presented

Rapsgenotypen (Hybridraps, von drei Ziichtern), angebaut in zwei Feldversuchen. CL, Clearfieldraps; non-CL, kein Clearfieldraps.-
Versuch 1 auf zwei Standorten, Versuch 2 auf 12 nicht genannten Standorten

Genotype Trial 1 Trial 2

No. Hohenheim IHO

1 CcL X X -
2 CcL X X -
3 CcL X X -
4 CcL X X -
5 CcL X X -
[ CcL X X -
7 CcL X X -
8 CcL X - -
9 CcL X X X
10 CcL X X X
11 CcL X - -
12 CcL X -

13 CcL X X

14 CcL X - -
15 CcL X X -
16 Non-CL - - X
17 Non-CL - X
18 Non-CL - - X
19 Non-CL - - X
20 Non-CL - - X
21 Non-CL - - X

Both experimental locations were located in south-
west Germarny on a loamy soil and differed in precipitation
and temperature, with 820 mm and 9.0°C for IHO and
710 mm and 9.8°C for Hohenheim; precipitation and tem-
perature in the growing season of winter OSR in 2012/2013
at both locations is provided in Fig. 1. The CL OSR geno-
types were sown at a density of 50 seeds m~2 with a plot size

of 4 x5 m for Hohenheim and 3x8 m for IHO on 27t and
29th August 2012, respectively. Weeds, pests and diseases
were controlled according to the best management practice.

The main inflorescences of 10 randomly chosen indi-
vidual plants of each plot at Hohenheim were isolated
shortly before the beginning of the flowering stage using
perforated plastic bags, ensuring aeration but excluding

80

200

2012

2013

Temperature (C)
=
=

Fig.1.  Temperature (T, line)
and precipitation (P, columns) in
the growing season for winter
oilseed rape in 2012/2013 at the
locations of Hohenheim and
Ihinger Hof {IHO).

Temperatur (T, Linie} und Nieder-

Precipitation (mm)

I F M A M J

S
mmmm P-Hohenheim C——1P-ITHO —— T-Hohenheim

schlag (B sdulen) wdhrend der
Anbguperfode  von  Winterraps
2012/2013 auf den Versuchsfldchen
Hohenheim und thinger Hof (IHO).
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cross-pollination. The bags were lifted twice a week to
provide enough space for the covered inflorescences to
grow, and they were removed at early stage of pod forma-
tion. The beginning of flowering was noted on a label for
each plant.

Hand harvest of the individual plants was done on 19th
July 2013. The seeds from four out of the 10 isolated indi-
vidual plants per plot with four replicates were harvested
and kept separately (main stems from the individual
plants; “IP”) and the other six isolated plants were har-
vested and then mixed together by hand (“mixed-IP”).
The remaining non-isolated plants in each plot were sepa-
rately harvested by a plot combine harvester on 34 August
at IHO and 5™MAugust 2013 at Hohenheim. After harvest,
all the seed lots harvested by hand and by combine har-
vester were stored at room temperature, about 20°C, until
the laboratory dormancy tests started.

The Fy seeds of 15 CL genotypes were produced and
harvested in 2011 by the seed companies. Genotypes 7—
15 were treated with insecticides (thiamethoxam, active
ingredient in Cruiser®) at delivery. All the seeds were
stored under 10°C in an incubator until the dormancy
test was conducted in February 2013. The F seeds har-
vested in trial 1 were tested for dormancy and for viabil-
ity during August and September 2013.

Hohenheim Standard Dormancy Test was used to test
seed dormancy and viability (WEBer et al., 2010). The test
comprises the induction of secondary dormancy on a
polyethylene glycol solution (354.4¢g in one 1 H20, -
15 bar) in darkness (14 days), the identification of non-
dormant seeds on water under darkness (seven days),
and finally a viability test of potential dormant seeds
under alternating light and temperature conditions (12 h
darkness 3°C/12 h light 30°C, seven days). Finally, the
test provides dormancy value as a percentage of the num-
ber of dormant seeds/viable seeds.

Trial 2

Two CL hybrid genotypes and six non-CL hybrid geno-
types (Table 1) from one seed company were grown by
the company itself at 12 locations in 2011,/2012. Harvested
seeds (Fy generation) were analysed for dormancy by the
Hohenheim Standard Dormancy Test in September 2012,
The seeds were delivered to the authors for analysis and
stored at room temperature until dormancy testing.
Weather data in 2012 from the 12 stations nearest to the
experiment locations was collected from http://www.
dwd.de (DWD, Deutscher Wetterdienst, 2014).

Analysis

Arc-sin transformation was used to stabilize variance and
adjust the data to a standard normal distribution using
the following formula according to CHATTERJEE and Hapi
(2012),

d+3/8)

= arcsin
7 ( v+3/4

where y, d and v are the transformed value, the absolute
number of dormant seeds and the absolute number of

viable seeds per replicate, respectively. All the adjusted
data was back-transformed for presentation. The analysis
of variance was performed by PROC MIXED of the statis-
tical software SAS 9.3 (SAS Institute, Carey, NC, USA). In
trial 1, all main effects for the three factors (genotype,
location, and isolation of flowers) and their interactions
were taken as fixed in the mixed model, while effects for
replicate and the main plot were taken as random; in
trial 2, effects of genotype, location and their interactions
were taken as fixed, while only effects of lab replicates
were taken as random because there were no field repli-
cates at each location. Correlations coefficients were cal-
culated in SAS by the procedure PROC CORR.

Trial 1

The analysis of variance showed highly significant effects
of genotype, location, plant isolation, and their interac-
tion on seed dormancy (Table 2).

Dormancy varied between genotypes after artificial
dormancy induction from 0.4 to 95.7% in the sown Fy
generation, from 4.1 to 86.9% in the Fy offspring for
mixed-1P (mixed individual, isolated plants) seeds at
Hohenheim, and from 3.9 to 78.6% and from 9.3 to
76.6% for seeds from non-isolated plants at Hohenheim
and IHO in the Fy generations, respectively (Fig. 2).
According to the variation of dormancy in the Fy genera-
tion, genotypes could be classified into a low-dormant
group (from genotype 1 to 9) with a mean value of 10.1%
and high-dormant group (from genotype 10 to 15) with a
mean value of 83.6%. F1 and Fy generations were strongly
correlated concerning their seed dormancy potential
with R =0.96 and 0.91 for mixed-IP seeds and non-iso-
lated seeds in the Fy generation, respectively (Fig. 2).

The dormancy values of non-isolated seeds in the Fs
generation between the two locations Hohenheim and
IHO were significantly correlated with R = 0.84 and 1.0
for low-dormant and high-dormant groups, respectively
(Fig. 3). Seven out of eight genotypes (no data for geno-
type 8 at IHO) in the low-dormant group showed signifi-
cant differences in seed dormancy between two locations
(group a; Fig. 3), whereas no significant difference was
detected in the high-dormant group (group b; Fig. 3).

The comparison between mixed-IP and non-isolated
seeds at the same location brought significant differences
for two out of nine low-dormant genotypes and for five
out of six high-dormant genotypes (Fig. 4). The correla-
tion between mixed-IP and non-isolated seeds at Hohen-
heim was significant with R =0.97, although the dor-
mancy value of non-isolated seeds was 6.9 percentage
points lower than that of mixed-IP seeds.

The isolated individual (IP) plants varied in the mean
dormancy of their offspring (Fig. 5). Plant-to-plant dor-
mancy variation was 63.4-97.5%, 61.6-97.2%, 19.1-
90.9%, 6.4-40.7%, 10.3-66.1% and 8.9-51.9% for geno-
type 15, 14, 10, 9, 8 and 3 with mean values of 88.8, 81.7,
62.6, 19.6, 35.9 and 31.3%, respectively.
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Table 2. F-values forthe effects of genotype, location, isolation, and theirinteraction on secondary dormancy of winter CLOSR
genotypes in the F, generations (harvested seeds) in two trials; trial 1: 15 genotypes at two locations; trial 2: eight genotypes
at 12 locations

F-Werte fr die Effekte von Genotyp, Standort, Isolation des Bliitenstandes (Selbstung) und deren Wechselwirkungen auf Samendormanz
von CL Winterraps in der F; Generation (Eriitegut) aus zwei Versuchen; Versuch 1: 15 Genotypen an zwel Standorten, Versuch 2: acht
Genotypen an 12 Standorten

Field trial Effect DF F-value P
1 Genotype (G) 14 155.6 <0.0001
Location (L) 1 33.1 <0.0001
Isolation {I) 1 36.8 <0.0001
GxL 10 3.4 0.0003
Gx| 14 27 0.001
2 Genotype (G) 7 4213 <0.0001
Location (L) 11 55.2 <0.0001
GxL 74 47 <0.0001
100
15
11 e
80 - R=096** & %o
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Fig.2.  Correlation of secondary dormancy (% dormant seeds/viable seeds after dormancy induction in the laboratory) of Clearfield oilseed
rape between original hybrid seeds in F, and mixed isolated (¢ full line) and non-isolated seeds (0 dashed line) in the F, generation. Isolated
seeds of 15 genotypes in F, generation are derived from Hohenhelm; dormancy values of non-isolated seeds of genotype 1-7, 9, 10,13, 15 In F,
generation are mean values across two locations, IHO and Hohenheim; genotype 8, 11, 12 and 14 in Fz generation are from one location, Hohen-
heim, ** p< 0,01,

Korrelation von sekundérer Dormanz (% dormante Samen/lebensfihiger Samen nach Dormanzinduktion im Laber) in Samen von Clearfieldrapssorten
in Hybridsaatgut (F-Generation) und dem entsprechenden Erntegut (Fr-Generation; Mischung geselbsteter bzw. isolierter Einzelpflanzen je Sorte);
+ durchgezogene Linie: Genotypen mit vergleichsweise niedriger Dormanzneigitng; ¢ gepunktete Linie: Genotypen mit vergleichsweise hoher Dormanz-
neigung. Werte der F, fiir die frei abgebliihte Pflanzen der Genotypen 1-7, 9, 10, 13, 15 sind Mittelwerte aus den Standorten IHO und Hohenheim, Werte
fiir die Genotypen 8, 11, 12, 14 nur vom Standort Hohenheim. ** P < 0,01,

Field trial 2

Seed lots from two CL OSR and six non-CL OSR geno-
types (Table 1) derived from 12 locations in Germarny var-
ied in dormancy depending on the location and on the
genotype. The deviation in dormancy of a single genotype
at a specific location from the mean of this genotype across
all locations (location effects), was plotted against the
deviation in dormancy of a single genotype at a specific

Journal fir Kulturpflanzen 8. 2016

location from the mean of this location across all geno-
types (genotype effects; Fig. 6). The order of dormancy,
from low to high, of these eight genotypes was genotype
17,9, 16, 19, 10, 21, 18, and 20, and their mean dormancy
levels across all locations were 42.1,48.1, 67.7,82.2, 84.3,
86.0,87.9, and 90.0%, respectively (data not shown).
The closer a value is to the y-axis, the lesser the devia-
tion of a genotype at this specific location is from the geno-
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Fig.3.  Correlation of secondary dormancy (% dormant seed/viable seed after dormancgy induction in the laboratory) in Clearfield oilseed
rape seeds (» comparatively low dormant, + comparatively high dormant) in the F, generation, harvested at the locations Hohenheim and IHO
in2013; the small frames (a, low dormant genotypes; b, high dormant genotypes) show the differencein dormancy between two locations of a
given genotype. ¥ P< 0.05;%* P < 0.01, ns not signifikant. Comparison within the same genotype at two locations; nd: no data available; dotted
line represents the bisecting line of the graph.

Korrelation von sekunddrer Dormanz (% dormante Samen/lebensfihige Samen nach Dormanzinduktion Im Labor) im Emtegut (F-Generation) von
Clearfieldraps (» vergleichswelse niedrig dormasnte Genotypen, + vergleichswelse hoch dormante Genotypen), geerntet auf den Standorten Holrenhelm
und thinger Hof im Jahr 2013. Die Kastchen (a, vergleichsweise niedrig dormante Genoytpen; b; vergleichsweise hoch dormante Genotypen) zeigen den
Standertunterschied fir die Dormanz des Erntegut jeweils eines Genotyps. * P< 0,05, ** P < 0,01, ns nicht signifikant; nd keine Daten verfigbar. Ver-
gleich nur zwischen den Standorten innerhatb eines Genotyps.

100
% “ R=0.97** 15+
3 1rd
5 10
2 60 | r*ﬁ’/ 1%
3%
§ 4% A
R Vi
TR D L A
3 3l 7
= hg
g b) -
= 20 | AEe— T
E B i A
0 & . . : .
0 20 40 60 80 100
Dormancy (%) of mixed-IP seeds

Fig- 4. Correlation of secondary dormancy (% dormant seeds/viable seeds after dormancyinduction in the laboratory) in mixed-IP seeds and
non-isolated seeds (both F, generation) of Clearfield oilseed rape, grown at the location Hohenheim. Mixed-IP: mixed seeds of isolated individ-
ual plants, non-isolated seeds: seeds from non-isolated plants. 1, 2 ... 15 are genotype numbers; * P < 0,05, ¥ P < 0,01, and ns not significant at
P < 0.05; comparison within the same genotype between isolated seeds and mix-IP seeds.

Korrelation von sekundirer Dormanz (% dormante Samen/lebensfihige Samen nach Dormanzinduktion im Labor) i Samer von Clearfieldraps aus
demm gemischten Erntequt geselthsteter bzw. isollerter Einzelpflanzen (,mixed-1P<) und aus dem Ernteqgut offen abgebiiitter Pflanzen (,non-isolated
seeds*; beides F-Generation) vom selben Standort {Hohenheim). * P < 0,05, %+ P < 0,01, ns nicht signifikant bei P < 0,05.

type mean across all locations. Regarding the locations,
the closer a value is to the x-axis, the lesser the deviation
of the location is from the location mean across geno-
types. Locations with dormancy values close to the y-axis

had led to less varietal variation. Genotypes with dor-
mancy close to the y-axis responded comparatively little
to location effects. Genotypes with lower dormancy (val-
ues below the x-axis) tended to respond more to effects
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Fig.5. Secondary seed dor-
mancy (% dormant seed/viable
seed after dormancy induction in
the laboratory) in seeds har-
vested from 16 isolated individ-
ual plants {IP, four replicates of

four individual plants) of six
Clearfield oilseed rape genotypes
(F, generation, harvest 2013, loca-
tion Hohenheim). Horizontal lines
stand for mean values of second-

ary dormancy (across individual
IP-dormancy levels). Error bars

= standard error of mean.

Sekunddre Dormanz (% dormante
Samen/lebensfihige Somen) Im
Frntegut von 16 geselbrsteten Dzw.
isolierten Finzelpfianzen (i, vier
Wiederhiolungen von vier einzelnen
Pflanzen) von sechs verschiedenen
Clearfieldraps-Genotypen (F-Gene-

ration, Frnte 2013, Standort Hohen-
helm). Horizontale Linien stehen
flir Mittelwerte der sekunddren
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fehler des Mittelwerts.

of the locadon than genotypes with higher dormancy.
Location effects strongly correlated with genotype effects
for genotype 9, 16 and 17, the dormancy levels of which
were lower than the mean value of all genotypes at a spe-
cific location, with R = 0.95, 0.71 and 0.95, respectively
(Fig. 6 A). Except genotypes 9, 16 and 17, other geno-
types had higher dormancy levels but with lower correla-
tion coefficient values between location effects and gen-
otype effects, especially for highest dormant genotype
20.

The scatter plot distribution of Fig. 6 B indicates that
locations 5, 8, 9 11 and 12 tended ro reduce dormancy,
and locatdons 1, 3, 6 and 10 tended to increase dormancy.
The correlation coefficient (R) between location effects
and genotype effects at the above locations was large and
significant (positive or negative, R values in Fig. 6 B).

The amount of rainfall during ripening before harvest
was positively correlated with the disposition ro second-
ary dormancy, and the correlations became stronger
with ripening period, while temperature showed nega-
tive correlations with dormancy but without signifi-
cance (Table 3).
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Dormancy of hybrid CL oilseed rape

This study revealed a similar dormancy level and dor-
mancy variation for 15 hybrid CL OSR genotypesin the Fy
and Fy generations to that of non-CL OSR in previous
studies (PEKRUN et al., 1997; GULDEN et al., 2003; GRUBER
et al., 2004b; ScaaTzk et al., 2013a, b). In the research of
GRUBER et al. (2004b), a dormancy variation of 3-76%
among 32 non-CL OSR genotypes was detected, as well
as a smaller range of 8-56% in a set of 28 black-seeded
winrer OSR genotypes measured by ScHATZKI er al.
(2013a). The strong correlation between F; and F; gen-
erations in dormancy indicated that the disposition to
secondary dormancy of hybrid CL OSR is heritable and
robust (Fig. 2), but the correlation coefficient (R) was
slightly lower than that of previous studies (ScHaTZKI et
al., 2013a; Weeer et al., 2013). First, seed storage time
between genotypes in the F; generation was different,
during which the disposition to seed dormancy would
decrease (GRUBER et al., 2004b); second, the decrease of
dispositon to dormancy induction with tme might be
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Fig. 6.  Scatter plots of effects
of genotype (A; n=8) and loca-
tion (B; n = 12) on the deviation of
secondary seed dormancy (%
dormant seed/viable seed after
dormancy induction in the labo-
ratory) of oilseed rape from the
respective mean values acrossall
genotypes and across all loca-
tions; Germany, 2012. Genotype 9
and 10 are Clearfield (CL) oilseed
rape hybrids; genotypes 16 21are
non-CL hybrids. X-axis: deviation
of the dormancy of a genotype at
a specific locationfrom the mean
across all locations (indicating
location effects); Y-axis: devia-
tion of a genotype at a specific
location from the mean acrossall
genotypes on that location (indi-
cating genotype effects).

Effekte von Genotyp (A; n=8) und
Standort (B; n=12) auf die Abwei-
chung der sekunddren Dormanz
(% dormante Samen/lebensfihige
Samen nach Dormanzinduktion
im Labor) in Rapssamen vam jewei-
ligen Mittelwert (iber alle Sorten
bzw. (iber alle Standorte; Detitsch-
land, 2012). Genotypen 9 und 10:
Clearfieldraps-Hybriden, 16-21 nicht-
Clearfieldraps. X-Achse zelgt Abwel-
chung der Dormanz eines Genotyps
an einem spezifischen Standorts
von seinem Mittelwert {ber alle
Standorte; Y-Achse zeigt Abwei-
chung der Dormanz eines Genotyps
an einem spezifischen Standort
vom Mittelwert aller Genotypen an
diesem Standort.

Table 3. Correlations between secondary dormancy of eight winter oilseed rape genotypes and average rainfall or air tempera-
ture (2 m) at different periods of ripening across 12 locations in Germany (weather data from DWD, 2014). * significant at
P <0.05, ** P < 0,01

Korrelationen zwischen der Dormanzneigung von acht verschiedenen Winterraps-Genotypen und dem durchschnittlichen Niederschlag
bzw. der Lufttemperatur (2 m) an unterschiedlichen Terminen wihrend der Samenentwickiung an 12 Standorten in Deutschland (Wet-
terdaten nach DWD, 2014). *P < 0,05, **P < 0,01

April May June July Aug. June=july  June-Aug. July-Aug.
Rainfall 0.06 -0.18 0.36 0.68* 0.60% 0.62% 0.72%* 0.78%*
Air temperature -0.26 -0.41 -0.22 -0.34 -0.36 -0.28 -0.34 -0.40

different between genotypes of this study compared to
previous studies; and third, the seed coating of genotypes
7-15 in the Fi generation might have influenced dor-

mancy induction and germination rates during the dor-
mancy test. Overall, the strong genetic background to
seed dormancy indicated that the dormancy level in the
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Fy generation which can cause volunteer problems can be
determined through analyzing the dormancy potential of
the Fy generation (seeds to be used for sowing).

In spite of the strong correlation in dormancy between
mixed-1P and non-isolated seeds (Fig. 4), the dormancy
values of non-isolated seeds in most of studied hybrid CL
genotypes were lower than that of mixed-TP seeds, espe-
cially for the high-dormant group. Qutcrossing via pollen
between genotypes might have caused the difference in
dormancy between isolated and non-isolated seeds.
Moreover, the potential effects of microclimate in the
perforated plastic bags in the flowering period have to be
taken into account. Hence, experiments using male
sterile plants could quantify effects of outcrossing on dor-
mancy variation.

Based on plant-to-plant dormancy variation within
genotype, the dormancy segregation in the F; generation
was obvious (Fig. 5), in accordance with findings of
WEeBER et al. (2013). The phenomenon of individual
plants with different dormancy levels in their offspring is
probably not only a segregation in the Fy generation
because WegeR et al. (2013) found this heterogeneity also
in offspring from open pollinated varieties. The dormancy
variation within the offspring seemed to depend on geno-
type: the mean range of dormancy variation across high
dormant genotypes (no.14 and 15 except 10) was smaller
than that of low dormant genotypes (no. 3, 8, and 9;
34.9% vs. 44.4%); the largest plant-to-plant variation
(19.1-90.9%) was found in genotype No.10 with medium
dormancy level (62.6%) in the Fy generation. The limited
number of genotypes does not yet allow stating a clear
correlation between mean level of dormancy and segre-
gation in the Fy. We hypothesize, however, that high dor-
mant OSR genotypes are stable in their disposition to
dormancy, and the range of dormancy in their offspring
is smaller than in medium or low dormancy genotypes.

According to the similar results for the levels of dor-
mancy in non-CL OSR in previous studies and in CL, OSR
in this study, soil seed bank and volunteer emergence of
hybrid CL OSR are supposed to be similar to that of
non-CL OSR. The very low-dormant genotypes identified
in this study would probably result in low numbers or
even no volunteers, if all other agricultural practices such
as soil tillage are performed in an optimal way. Mean-
while, the large dormancy variation between and within
genotypes could offer breeders strategies to select and
breed low dormant CI. OSR in coming vears.

Impacts of maternal environment on dormancgy
disposition

Maternal environment is supposed to influence dormancy
disposition of OSR during seed formation and matura-
tion (GULDEN et al., 2004a; GrUBER et al., 2009; WEBER et
al., 2013; Postma and AGREN, 2015). This was corrobo-
rated by the current study, e.g. the mean dormancy value
across genotypes harvested at IHO was higher than that at
Hohenheim in field trial 1. The most evident difference
between two locations in trial Twas the high rainfall at [HO
in July (Fig. 1) in the last period of ripening, which might
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be responsible for the different mean dormancy levels. The
same phenomenon was observed in trial 2, e.g. locations
with high rainfall during seed ripening had plants with
higher dormancy level (significant correlation, Table 3).
The effects of locations, genotypes, and their interac-
tion (Fig. 6) also indicate that seed dormancy of low dor-
mant genotypes seems to be more prone to be influenced
by maternal environment. Generally, there seem to be
locations where maternal environmental conditions
during seed maturation can result in higher disposition
to dormancy of OSR. The amount of rainfall in the last
period of ripening seems relevant for the disposition of
OSR seeds to dormancy. Maybe wet conditions during
ripening trigger physiological mechanisms which would
prevent seeds from pre-harvest sprouting. Experiments
with and analysis of phytohormones such as abscisic
acid, which is clearly involved in the physiology of OSR
dormancy (GuLpEN et al., 2004b; Frr et al., 2009}, would
help to better understand the development of dormancy.
Additionally, growing OSR plants under varied but
controlled conditions of irrigation and temperature,
for instance in climate chambers, would allow identify-
ing environmental conditions which are crucial for the
disposition to dormancy during seed ripening of OSR.

Hybrid CL oilseed rape genotypes show dormancy levels
similar to those of non-CL genotypes, based on the com-
parison to previous results. Selection of or breeding for
low-dormant OSR seems feasible based on dormancy vari-
ability between and within genotypes, and based on the
fact that dormancy values of the Fy generation correspond
to that of the hybrid Fy generation, at least in the mean of
the offspring. There exist locations that obviously allow
higher segregation of the genotypes, so that low dormant
genotypes can be more easily detected. It is still not known
which maternal environmental factors actually influence
the disposition to dormancy and what is the physiclogical
background; precipitation seems to be one factor.

The authors want to thank Andrea RockLe for excellent
technical support, to thank the staff of the experimental
station Thinger Hof for the excellent field management,
and also to thank the support of China Scholarship Coun-
cil (CSC).
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After harvest of oilseed rape, soil seed bank and occurrence of volunteers are
strongly dependent on mode of tillage, operation time and variety. Between
volunteers of imidazolinone-tolerant oilseed rape, gene segregation in
herbicide tolerance is supposed to occur. Against this background, tillage
strategy along with choice of variety are supposed to reduce soil seed bank
size and the number of volunteers. The quantification of gene segregation
could be measured in the volunteers. This chapter confirmed some previous
findings that varieties with high seed dormancy or early soil disturbance after
harvest of oilseed rape can result in larger soil seed banks, and non-inversion
tillage can result in more volunteers. Interestingly, release from dormancy
might be different between varieties resulting in the difference in volunteer
emergence. Gene segregation will reduce the tolerance of volunteers to

acetolactate synthase inhibiting herbicides.
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Volunteer oilseed rape (OSR, Brassica napus L.) exhibits weedy behavior in crops, and can contribute to
gene flow or unwanted seed admixture, particularly if its variety is tolerant to specific herbicides and if
the proportion of OSR in a crop rotation is high. The aim of this study was to monitor the fate of seeds of
imidazolinone-tolerant oilseed rape (Clearfield®; CL OSR) last at harvest over the two years following its
intentional sowing. A 5-yT experiment (2011-2015) with non-CL OSR and CL OSR in the same rotation
was conducted on an existing long-term tillage experiment in south-west Germany to investigate OSR

gﬁ‘g’l‘;ms" volunteer dynamics. The experiment included different modes of primary tillage (inversion tillage, non-
Dormancy inversion tillage, no-till, with or without additional stubble tillage prior to primary tillage). The crop
Clearfield sequence was non-CL OSR, winter wheat (Triticum aestivum L.), CL OSR (amedium and a high dormancy
Soil inversion variety), winter wheat, and maize (Zeamays L.). High dormancy CL OSRresulted in a larger soil seed bank
Soil seed bank (147 vs. 58 seeds m~2), but in fewer volunteers (0.9 vs. 1.9 volunteers m~2) than the medium dormancy

Genetic analysis variety in the first year after CL. OSR. Dormancy release likely resulted in different volunteer emergence
rates of the two varieties. Immediate stubble tillage after CL OSR increased seed bank and volunteers by
0.93 and 12.7 times, respectively. Inversion tillage resulted in 30 times fewer volunteers in the first year
after CL OSR, but in an equal volunteer number in the second year compared to non-inversion tillage.
Slight segregation of imidazolinone-tolerant genes occurred in the offspring of CL OSR, likely leading to
different CL herbicide-tolerance levels in volunteers though the number of these individuals was small.
Sound strategies to control OSR volunteers should include (1) use of low dormancy varieties with low
potential to establish a seed bank, (2) varieties with fast dormancy release to trigger more dormant seeds
to germinate in a very short period, and (3) a period of time between harvest of OSR and first tillage

operation to reduce the possibility of seeds entering soil seed bank.
© 2015 Elsevier B.V. All rights reserved.

or non-chemical methods as alternatives. Farmers would prob-
ably adopt CL OSR mainly because of an expected large spectra
efficacy of associated herbicides for general weed control (e.g. post-

1. Introduction

High seed loss before and during harvest combined with

the potential of seeds to establish a soil seed bank can make
oilseed rape (Brassica napus; OSR) volunteers weeds in following
crops. In particular, volunteers of herbicide tolerant OSR such as
imidazolinone-tolerant OSR (Clearfield®, CL OSR) cannot be con-
trolled by herbicides with the same mode of action. Currently,
the introduction of CL. OSR into Europe poses new challenges for
chemical control of CLvolunteers because of their tolerance to com-
mon acetolactate synthase(ALS )inhibiting herbicides. For chemical
control of these volunteers, other herbicides would be necessary

* Corresponding author. Fax: +49 71145923773
E-mail addresses: shuang@uni-hohenheim.de
(S. Huang), Sabine.Gruber@uni-hohenheim.de (S. Gruber),
Wilhelm.Claupeim@uni-hohenheim.de ({W. Claupein).
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emergence weed control). The planting of CL. OSR, however, could
also be a strategy to remove volunteers from non-CL varieties from
the field and to obtain a pure seed lot at harvest without any admix-
ture from old varieties, such as e.g. those with unwanted patterns
of fatty acids.

The harvest loss of OSR can reach up to 10 000 seeds m—2
(Lutman et al., 2005) depending on ripening (Zhu et al., 2012)
and harvesting conditions (Price et al., 1996; Peltonen-Sainio et al.,
2014). Approximately 1-29% of these shed seeds can fall into sec-
ondary dormancy (hereafter referred to as dormancy) and enter
the soil seed bank, if specific post-harvest environmental condi-
tions occur such as osmotic stress, darkness, or oxygen deficiency
(Pekrun et al., 1997; Momoh et al., 2002), depending on soil tillage
and genetic disposition of the respective varieties to dormancy
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(Gruber et al., 2005, 2010; Lutman et al., 2005). Non-inversion and
no-till treatments often resulted in higher emergence of OSR vol-
unteers in the first following year than inversion tillage due to their
effects on seed distribution in the soil (Gulden et al., 2003; Gruber
et al., 2005). Moreover, tillage can influence micro-environmental
and edaphic conditions in the soil, such as water content, light pen-
etration, temperature, and oxygen concentration (Clements et al.,
1996) which can determine seed survival, dormancy release, and
germination (Pekrun et al., 1997; Ldpez-Granados and Lutman,
1998; Gulden et al., 2004a).

Dormancy characteristics were considered to be one crucial
factor in determining soil seed bank and OSR volunteers in the fol-
lowing crops. Gulden et al. (2003, 2004a) reported that in Canada
high dormancy spring OSR varieties resulted in about 6- to 12-
fold greater seed persistence than low dormancy varieties, which
is consistent with results of winter OSR from Gruber et al. (2010)
in Germany. Thus, dormant seeds buried in the soil seed bank can
persist over several years and then germinate, causing a long-term
volunteer problem in the following crops (Lutman et al., 2003;
Gruber et al., 2004b). Volunteers can be unwanted not only dur-
ing the production of OSR seeds for consumption but rather also
for seed multiplication. Official regulations of the European Com-
munity dealing with the marketing certified seeds require that “the
field shall be sufficiently free from such plants which are volunteers
from previous cropping” (Council Directive, 2002}, to maintain seed
purity for seed multiplication. However, even after a rotational
break of eight years, volunteers can occur in the next sown QSR
(Messéan et al., 2007). Seed impurities due to admixture with OSR
varieties from preceding crops amounted for up to 19% in that study
but the proportion of impurities due to volunteers was not closely
linked with the duration of the break. Therefore, additional reasons
must exist for some varieties to persist in high amounts and for a
long time.

The effects of varieties with different dormancy levels on vol-
unteer number has been seldom referred to, although it has been
reported that high dormancy varieties can increase volunteer num-
bersinthefollowing crops over thelong-term, irrespective of tillage
system, crop competition, and climate factors (Gulden et al., 2003;
Gruber et al., 2004¢c; Weber et al., 2014). In addition, the OSR
varieties used in the above studies were mostly open pollinated
varieties and non-CL varieties. Little has been published about CL
OSR hybrids in terms of seed dormancy, seed bank, and volunteers,
though CL OSR has been planted widely in Canada and the USA
(Brimner et al., 2005). There is also little information about the fate
of seeds from high and low dormancy QSR varieties under different
tillage treatments at the same location, information which would
help to identify whether variety or tillage is more crucial for con-
trolling volunteers. Furthermore, there is little information about
how many volunteers derive from CL oilseed rape, or on how many
have emerged from the soil seed bank of previously grown non-CL
OSR.

The objectives of this study were (i) to track the evolution of
CL and non-CL OSR volunteers in a crop sequence with 50% QSR in
different tillage systems on; (ii) to examine varietal differences in
the fate of a medium and a high dormancy CLOSR variety in the seed
bank and in volunteer performance under six tillage treatments.

2. Materials and methods
2.1. Site characteristics and experimental design
The trial was conducted at an existing long-term experimental

site begun in 1999 at the experimental station “lhinger Hof” (IHO)
of the University of Hohenheim, SW Germany (48°45'N, 8°56'E), on

a loamy soil, with annual precipitation and annual temperature of
690 mm and 7.9°C, respectively.

The monitored crop sequence from 2010 to 2015 in the field
trial was winter non-CL OSR (B. napus){winter wheat (Triticum aes-
tivum)fwinter CL OSR (B. napus; two anonymous varieties)/winter
wheat (T. aestivum)/maize (Zea mays; Table 1). The two CL OSR
varieties had a medium (variety 1) or high level of secondary
seed dormancy (variety 2), and both were hybrids with genes for
imidazolinone-tolerance, PMy and PM genes being homozygous
for both varieties (ho/ho).

A one factorial tillage trial was set up in 2010-2011 on an exist-
ing field trial area (long- term tillage, Gruber et al., 2010). The trial
was arranged in a randomized complete block design with a plot
size of 18 x 50 m (4 replicates). In autumn 2011, the plots were split
into two halves and two CL OSR varieties were sown on each half,
so that the experiment became a split-plot design with tillage as
main factor {six levels) and variety (two levels) as second factor
with a sub-plot size of 9 x 50 m. Six long-term tillage systems were
involved in the recent research with different modes of primary
tillage (or no-till) combined or not combined with stubble tillage
(Table 2).

2.1.1. Herbicide application

Herbicides were applied according to best management prac-
tice in the years 2010-2013 (non-CL oilseed rape, winter wheat,
CL-oilseed rape); the herbicide Vantiga plus Dash was used for the
CL varieties (Table 3). During the growing period of winter wheat
(2013/2014) no herbicide was sprayed in order to simulate the
worst case of CL OSR volunteers and to observe the effects solely of
tillage and variety on the number of volunteers.

2.2, Sampling and data cellection

2.2.1. Determination of OSR volunteers in 2011-2015

Non-CL OSR volunteers were counted using aframe of 0.1 m? 10
times per plotin the period between harvest of OSR Avatarin 2011
and sowing of winter wheat on 21/09/2011 (Counting 1, Table 4).
At that time, stubble tillage had been done in SP, SC, and SR, but
primary tillage had not been performed on all the treatments. OSR
volunteers were counted in winter wheat on 07/03/2012 (Count-
ing 2),and after harvesting of winter wheat on 22/08/2012 between
stubbletillage and primary tillage (Counting 3), both using the same
method as in Counting 1. In the second following crop, CL OSR,
supposed non-CL volunteers were counted again on 25/04/2013
(Counting 4) between rows (row spacing 0.17m) within a 2m
length with four replicates per plot. In winter wheat following CL
OSR, all flowering volunteers per plot were marked with different
color-coded labels (depending on the onset of flowering) on April
14, April 25, May 12, and May 21 2014 to monitor the course of
flowering, and were counted (Counting 5). The emerged volunteer
per plot was counted in maize on 26/05/ 2015 (Counting 6) before
any weed control (i.e. before herbicide application).

2.2.2. Seed loss of CI. OSR in autumn 2013

Only seed loss from CL OSR was determined. Plots were har-
vested by a plot combine harvester on 01/08/2013, then seed loss
in the sampling area of 0.2 x 1.0 m was collected on August 01 and
02 by a vacuum cleaner (500 w) with 4 replicates per plot. To avoid
germination, the samples were dried immediately after collection
at 40 °C for 48 h. The seeds were cleaned and picked manually from
the samples.

2.2.3. Soil seed bank of OSR in spring 2014
Soil sampling to determine the soil seed bank took place on
05/03/2014, in three depths 0-10, 10-20, and 20-30 cm. Forty soil
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Table 1

53

Crop sequence of a long-term tillage field trial including two years oilseed rape, varieties and sowing density.

Period 06/09/2010-27/07{2011 12/10/2011-01/08/2012 29/08/2012-02/082013 28/11/2013-04/08/2014 24{04/2015-17/09/2015
Crop sequence Winter OSR Winter wheat CLOSR Winter wheat Maize
Variety Avatar Meister Anonym. Patras Frederico
Seeds m~? 40 300 40 380 a5

Table 2

Tillage treatments and operation time (dd/mm) for a long-term field trial in 2011-2014. Stubble tillage was performed immediately after harvest®.

SC,C, SR: conservation tillage; NT: no tillage.

SP, P: conventional tillage;

Treatment Stubble dllage (S) Implement of primary tillage 2011 2012 2013 2014

S P S P S P S P
Inversion tillage
SP (20 cm) Yes Mouldboard plough 01/08,12/09 11/10 03/08 28/08 10/08 25/11 05/09 20/10
P(20cm) No Mouldboard plough 11/10 23/08 25/11 20/10
Non-inversion tillage
SC(18 cm) Yes Chisel plough 01/08,12/09 11/10 03/08 27[08 10/08 26/11 05/09 20/10
C{18cm) No Chisel plough 11/10 27108 26/11 20/10
SR (10cm) Yes Rototiller 01/08 11/10 03/08 29/08 10/08 27111 05/09 20/10
NT No No tillage

4 Stubble tillage in SP and SCwas conducted twice by a chisel ploughin 2011, in a depth of 6-8 cm (01/08) and 11 cm (12/09/2011), respectively; in 2012-2014 all stubble
tillage was performed in a depth of 6-8 cm for SP and SCby a chisel plough, and 4-6 cm for SR by a rototiller.

Table 3

Herbicides and application time {(dd/mm ) for the long-term trial in 2011-2014; no herbicides were applied in the growing season of winter wheat from November 2013 to

August 2014; tillage treatments see Table 2.

Tillage Application time and herbicides

2011 2012 2013 2014
Inversion tillage
SP 23/09Clinic? 10/04 Mix" 24410 Glyphd 14/10 Glyph.®

14/09 Vantiga + Dash ¥

P 23/09" 10/04, 14/09" 24107 14/10”
Non-inversion tillage
sC 23/09" 10/04, 14/09* 24107 14/10¢
C 23/09" 10/04, 14/09* 24107 14/10¢
SR 23/09 10/04, 14/09" 24107 14/10¢
NT 23/09¢ 10/04°, 23089, 14/09° 24107 14/10¢

* Clinic 31ha~.

b 350 gha~! Atlantis, 0.7 lha~! FHS, 80gha~! Alliance, 75ml ha-! Primus, and 0.5 1 ha~! Cycocel.

¢ Vantiga 21ha-!, Dash 11ha-1.
1 Glyphosate 41ha—1.
£ Glyphosate 41ha~L.

Table 4

Times (dd/mm/yy) and methods to determine oilseed rape (OSR) volunteers (non-CL and CL) in a crop sequence over five years with different tillage treatments 2011-2015.

WW: winter wheat, CL Clearfield; crop sequence described in Table 1.

Time

Period of crop growth

Monitoring methods

Non-CL volunteers in 2011-2013

Counting 1 21/09/2011 Between stubble and primary tillage; before sowing of WW Frame?
Counting 2 07/03/2012 Inww Frame
Counting 3 22{08/2012 Between stubble and primary tillage; before sowing of CL OSR Frame
Counting 4 25/04/2013 InCLOSR Rowst

CL {(and non-CL) volunteers in 2014-2015
Counting 5 14/04-21/05/2014 Flowering volunteers in WwW ‘Whole plot
Counting 6 26/05/2015 Inmaize ‘Whole plot

+ 0. 1{frame) = 10m2,
b 0,17 (row spacing) = 2 (length) x 4m?.

samples were taken randomly in each plot by an auger with diame-
ter of 11 x 15 mm, and merged toobtain one plot sample per each of
the three sampling depths, and then immediately deep-frozen for
storage until analysis. Two sieves with mesh widths of 4 mm and
1 mm were used to wash out and separate OSR seeds from defrosted
soil samples in water. The number of intact seeds m=2 with yellow
embryos was regarded as the OSR soil seed bank.

224 Genetic analysisin 2014

To identify the non-CL and CL volunteers in the following crop
winter wheat in 2014, up to 20 flowering volunteer plants were ran-
domly selected in each plot, and 2-4 discs of 6 mm diameter were
cut from the youngest leaflets of the volunteers with Harris UNI-
CORETM in April 2014. If the volunteer number in the plot was less
than 20 plants, all volunteers were used. Afterwards, the leaf discs
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of each plant were dried and stored in tubes of a 96-well-plate, and
sent to an external laboratory (ScanBi Diagnostics, Arnalb, Sweden)
for DNA analysis. DNA extraction from leaf discs and genetic anal-
ysis were performed using PCR and pyrosequencing by an external
laboratory, similar to Laufer et al. (2014). Imidazolinone-tolerant
gene BnAHASL1C (target of PMy resistance)and BnAHASL1A (target
of PM; resistance) were the target lines for genetic analysis.

2.2.5. Seed dormancy of non-CL and CL varieties and volunteers

OSR variety Avatar was routinely tested for dormancy level by
the standard dormancy test (Weber et al.,, 2010) and dormancy
accounted for 64% (independent variety test, from harvest of 2014
on other flelds; data not shown).

Seed dormancy of the two CL OSR varieties (Fy generation, used
for sowing) were tested in March 2013, more than eight months
after sowing. Shortly before the harvest, fresh seeds (F; generation)
in the main inflorescences of 10 individual plants of two varieties
in each plot were harvested randomly by hand in August 2013, and
then were mixed and tested for dormancy in September 2013. The
seeds harvested by combine harvester were tested in November
2013, after a storage period of approximately four months at 20 °C.

All the volunteers in winter wheat were harvested by hand on
31/07/2014 shortly before harvest of winter wheat to determine
whether they were derived from the CL OSR or from prior grow-
ing of variety Avatar, or from outcrossing. The harvested volunteer
plants were stored at 20°C. Seven months later, volunteer seeds
were threshed in February 201 5. Seed dormancy values were deter-
mined exemplary only from volunteers in tillage treatment of SC,
independently from their time of flowering.

Seed dormancy in seeds of all generations was tested with the
Hohenheim standard dormancy test (Weber et al., 2010). In this
method, 100 seeds were soaked in darkness at 20°C in a 6 ml PEG
6000 solution (—15 bar) in each petri dish on double filter paper for
14 days for dormancy induction (four replicates), followed by 14
days in deionized water in darkness for seed germination, and then
by 7 daysin alternating light and temperature (12 h light 30 °C{12h
dark 3 °C) for dormancy breaking. Dormancy value was expressed
as the percentage of induced dormant seeds from total number of
viable seeds per accession.

2.2.6. Statistical analysis

The analysis of variance of seed loss, volunteers, proportion of
volunteers to seed loss (vo./seed loss) and seed dormancy of CL vol-
unteers was performed by PROC MIXED of the statistical software
SAS 9.3 (SAS Institute, Carey, NC, USA). PROC GLIMMIX was used
to analyze the variance of seed bank and proportion of seedbank
to seed loss (SSBfseed loss). In the above model procedures, the
effects of variety, tillage, and their interactions were taken as fixed
with effects for replicate as random. Significances between vari-
eties or tillage treatments were determined by a t-test (< 0.05)
with Satterthwaite’s approximation.

3. Results
3.1. Non-CL OSR volunteers in the following crops in 2011-2013

Before sowing winter wheat in 2011, a range of 10-473 plants
m~< of non-CLvolunteers, most of which probably came from har-
vestin 2011, wasrecorded in the time between stubble tillage and
primary tillage (Counting 1, Table 5).

A certain number of OSR seeds from the 2011 harvest seemed to
have survived in the soil seed bank and some of them emerged in
the growing season of winter wheat from autumn 2011 to spring
2012 (with usual herbicide application). Only treatments C and NT
had volunteers, in numbers of 0.50 and 0.25 plants m~2, respec-
tively, before herbicide application in spring 2012 (Counting 2,

25 E variety 1 Variety (V) *
20 { Wvariety 2 Tillage (T) ns
VXTns

—
T O

Seedbank/seedloss (%)
o

<

Tillage

Fig. 1. Proportion of the soil seed bank (seeds m-?) of Clearfield oilseed rape to seed
loss m~% during harvesting in the first spring (2014) after harvest (2013), as an effect
of variety (variety 1, medium dormancy; variety 2, high dormancy) and tillage (see
Table 2); * Significant at P<0.05, ns: not significant; error bars: standard error of
mean.

Table 5). After harvest of WW and before sowing of the follow-
ing two CL OSR varieties, a range of 0.0-3.5 plants m~ of non-CL
volunteers between stubble and primary tillage were recorded on
22/08/2012 (Counting 3, Table 5). In the sown CL OSR (Counting
4, Table 5), there were at least 0.6 supposed non-CL volunteers
m~2 (plants between rows) found in spring 2013 shortly before
CL OSR started flowering (in treatment P), and a maximum of 2.2
volunteers m~2 (in treatment SR); Vantiga was applied in autumn
before. Treatments with stubble tillage (SP, SC, and SR) had more
volunteers than those without stubble tillage in Counting 3 and 4,
Table 5.

3.2. Harvest seed loss and seed banik of CL OSR in 2013-2014

The tillage systems significantly affected seed loss of CL OSR
during harvest, and the variety had a significant effect on the size
of the soil seed bank and on the proportion of seed bank to seed
loss of CL OSR in WW (Table 6).

Seed loss of CL OSR ranged from approximately 760 to 2490
seeds m~2 with a mean of 1530 across tillage treatments and vari-
eties (Table 7). Variety 1 had nearly the same mean seed loss as
variety 2 had {1540 seeds m~2) across six tillage treatments, but
resulted in a soil seed bank more than twice as large as the soil
seed bank of variety 2 (147 vs. 58 seeds m~2, Table 7). On average
across both varieties, inversion tillage (mean of SP and P)resulted in
a soil seed bank approximately as big as from non-inversion tillage
(100 vs. 103 seeds m~2; mean of SC, C, SR and NT), corresponding
to approximately 5.8% and 8.6 % of seed loss (Fig. 1). Soil inversion
tillage without preceding stubble tillage (immediately after har-
vest) and no-till were the treatments which resulted in the lowest
amount of seeds from seed loss entering the soil seed bank, though
not significant. The soil seed bank was higher if there was immedi-
ate stubble tillable prior to primary tillage P or C; on average across
the two varieties, SP resulted in 100 seeds m~2 more than P in the
seed bank, corresponding to 3.5% of the seed loss; in the meanwhile
SCresulted in 145 seeds m~2 more than C (1.6% of the seed loss).

3.3. CLOSR volunteers in 2014-2015

The factor variety had a significant effect on the number of flow-
ering volunteers in the following crop WW 2014 (Fig. 2 A), and
tillage had significant effects on the number of volunteers in WW
and on the percentage of volunteers per tillage-specific seed loss
(Fig. 2A and B). Across tillage treatments, medium dormancy vari-
ety 1 led to twice as many flowering volunteers as those of high
dormancy variety 2 {1.9 vs. 0.88 plants m~2), all without use of any
herbicides, corresponding to 0.12% and 0.06% of seed loss (Fig. 2 B),
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Table 5

Non-Clearfield oilseed rape (non-CL OSR) volunteers (plants m—2) after harvesting on the stubble and the direct following crop winter wheat and Clearfield oilseed rape
(CL OS5R) in six tillage treatments; tdllage in different levels of soil disturbance ranging from intensive soil inversion to no dll (Table 2); experimental station Ihinger Hof,
south-west Germany; no significant differences for results with the same letter (P<0.05), compared only within the same counting ime.

SP P SC C SR NT
Non-CL OSR volunteers in winter wheat 2011/2012 (plants m—)
Counting 1 10.00¢ 436.25%® 7.75¢ 472.502 328.75% 307.50°
Counting 2 0.00° 0.00° 0.00° 0.50¢ 0.00° 0252
Supposed non-CL OSR volunteers in CL OSR 2012/2013 (plants m~2)
Counting 3 1.25% 0.00° 1.25% 0.75%® 3.500 0.257
Counting 41 1.10° 0.64° 1.56% 1.19%® 2.21% 0.927

Qilseed rape plants emerged between the rows of sown Clearfield oilseed rape; last herbicide application: Vanriga + Dash in September 2012 (Table 3).

Table 6

Table of significance for the effects of Clearfield oilseed rape {CL OSR) variety, long-term tillage systems, and their interactions on seed loss, seed bank, and proportion of
seedbank/seed loss in the following crop winter wheat; experimental station Ihinger Hof, south-west Germany (during 2012-2014); two CL OSR varieties with medium
dormancy (variety 1) and high dormancy (variety 2); tillage treatments see Table 2.

Effects DF Seed loss Seed bank Seedbank/seed loss
F-value P F-value P Fvalue P
Variety (V) 1 0.05 0.8321 714 0.0155 525 0.0125
Tillage (T) 5 5.16 0.0012 0.79 05749 020 0.5318
VT 5 0.14 0.9821 0.49 0779 0.34 0.7450
Table 7

Seed loss (seeds m~2) at harvest of Clearfield oilseed rape (CL OSR) and corresponding seed bank in the following crop winter wheat in spring 2014, as effect of variety (variety
1, medium dormancy; variety 2, high dormancy) and different tillage treatments (Table 2); experimental s tation lhinger Hof, south-west Germany; different lowercase letters
indicate significant differences between tillage treatments within the same variety at P<0.05; capital letters are for comparison between two varieties at P< 0.05; values in
parentheses are standard error of mean.

SP P sSC C SR NT Mean
Seed loss of CLOSR (seeds m™*)
Variety 1 19674 (1104) 12718 (1083) 24913 (1066) 8382 (491) 1507" (438) 1190° (340) 15444
Variety 2 22914 (1017) 14688 (1049) 2010% (586) 764°(213) 15508 (1140) 1191P (667) 15464
Mean 2129* 1370° 22512 801¢ 15290 11915
Seed bank of CL OSR (seeds m~?, 0-30cm, first following crop WW, spring 2014)
Variety 1 33%(33) 34 (33) 160% (96) 31:31) 51% (40} 37%(36) 58e
Variety 2 2674 (148) 674 (52) 256 (142) 932 (65) 1274 (81) 738 (55) 1474
Mean 1508 504 208 622 892 55¢

Table 8

Number of cilseed rape volunteers per plot (mean of four replicates, plot size 9 x 50m) with s pecific zygosity of the imidazolinone-tolerance genes PM; and PM; detected
via real-time quantitative PCR. Sampling in winter wheat (spring 2014}, after growing two Clearfield oilseed rape varieties with medium (variety 1) and high dormancy
(variety 2) in the preceding year (2012/2013}, and a non-CL variety in 2010/2011 in all plots ; experimental station [hinger Hof, south-west German; crops were grown in
different long-term treatments of inversion and non-inversion tillage (see Table 2); samples taken from 20 volunteers per plot or fewer if fewer than 20 volunteers existed;
wt wildtype, ho: homozygous, he: heterozygous, und: undetermined (in PM; or PM,).

Plant source Tillage No. of samples Zygosity PM; [PM;

hofho he/he wifwt hofhe he/ho wt/ho hofund wtfund undfwt und/ho

Variety 1 SP 165 155 03 0.3 03 03
P 28 18 1
sC 19 17.8 03 05 0.3 03
C 1538 15.3 03 03
SR 20 19.3 03 03 03
NT 20 20
Variety 2 Sp 178 15 1 05 0.3 05 0.3 0.3
P 3 15 15
SC 20 19.8 0.3
C 6.5 6.3 0.3
SR 123 11.5 0.5
NT 20 19.3 0.3 0.3 0.3

respectively. Across varieties, treatments of NT and SC resulted in volunteers ranged between zero in no-till and 1.4 plants 10 m~2 in
the highest number of flowering volunteers, corresponding to 0.40% SP.

and 0.01% of seed loss, while treatment P had the lowest number
(0.001% of seed loss).

In the second following crop maize grown in 2015, there were
no significant effects of the treatments on the number of volun-
teers. CL variety 1 still resulted in more volunteers than CL variety
2 in all tillage treatments except in NT (Fig. 3); the number of OSR

3.4. DNA analysis of flowering volunteers 2014

Ten different gene combinations of PM; and PM; were detected
in leaf discs of all the individual flowering volunteers in WW in
spring 2014 (Table 8). Approximately 90% of sampled plants were
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10 Table 9
A | varicty 1 | | varicty 2 Disposition to secondary seed dormancy (%) in seeds of Clearfield oilseed rape vari-
- ety 1 and variety 2 in the generations F; (hybrid seeds), F; (harvested seeds), and F3
'E 8 1 Variety(V) L2 (seeds produced by the F; volunteers in winter wheat at the experimental station
Tilla e(T) *% Thinger Hof, south-west Germany, 2014); different letters indicate significant dif-
§ B ferences at P<0.05, compared only between varieties within the same generation;
= 6 VXT % values in parentheses are standard error of mean.
% 4 I Generation Storage period (months) Dormancy (%)
> '1 Variety 1 Variety 2
2 - : ) >8 0.8% (0.5) 924212.6)
R 1 62.0° (1.2) 9082(12)
- T I A 4 6.8% (1.4) 63.0°(5.3)
0 — T e E— e 7 39,77 (9.5) 74.0° (6.6)
Sp P SC C SR NT 0nly seeds from tdllage treatment SP, harvested by hand.
6 DSeeds in SP, harvested by combine harvester.
- B I " 3)0nly seeds from tillage treatment SC.
2 Evariety 1 Wvariety2 L
= 5
-|
é’ Variety(V) ns type (wt/wt) volunteers were detected in small amounts in all
9 4 Tillage (T) ** tillage treatments except NT.
g 3 JVXT ns
E 3.5, Seed dormancy of CL varieties in F;, Fy, and F; generations
g 21
g Seed dormancy of CL OSR variety 1 was significantly lower than
= Vv g Yy
E 1 A s that of variety 2 over three generations, and the dormancy variation
- e - | between generations of variety 1 was larger than that of variety
) SR — L 2 (Table 9). In the F; generation (seeds produced on F; plants),
g p p
SP P SC C SR NT the scale of dormancy decline with storage time of variety 1 was
Tillage remarkably faster than that of variety 2 (85.2% vs. 30.9%, proportion

Fig. 2. Number of Clearfield oilseed rape flowering valunteers in the following crops
winterwheatin 2014(A), and their proportion (%, promille, B) toseed loss at harvest
in autumn 2013, as effect of variety {variety 1, medium dormancy; variety 2: high
dormancy) and tillage (tillage treatments in Table 2); ** Significant at P<0.05, ns:
not significant; error bars indicate standard error of mean.
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Fig. 3. Number of Clearfield oilseed rape volunteers in following crop maize 2015,
as effect of variety (variety 1, medium dormancy; variety 2, high dormancy) and
tillage; tillage treatments see Table 2; variety, tillage, and their interaction had no
significant effects at P<0.05; error bars indicate standard error of mean.

homozygous for PM; and PM; (PM; {PM;: hofho) in all the tillage
treatments. In some tillage treatments i.e. SC and SR in combi-
nation with CL variety 1, and SP and NT with CL variety 2, 0.3
or 1.0 he/he plants (he: heterozygous) were detected. Divergent
zygosity (he/ho, hofhe)was alsoidentified with 0.3 plantsin SP and
Cwith variety 1 and in SP and NT with variety 2. For a few of the
sampled plants of PM; or PMy zygosity such as hofund, wtfund,
undfwt, and und/ho could not be determined clearly because of
failed PCR analysis {und: undetermined; wt: wild type). Pure wild

to initial dormancy of fresh seeds).

4, Discussion

4.1. Seed loss, seed bank, and volunteers as an effect of tillage and
variety

The seed loss of CL OSR in this study was at a low level com-
pared to that observed by other authors (Price et al., 1996; Weber
et al., 2009), and much lower than the artificial seed inputs for
experimental purposes by Gruber et al. (2004b). This fact and
an uneven distribution of seeds after harvest could have masked
effects of tillage and other experimental factors on the soil seed
bank and volunteers, and made it difficult to detect clearly sig-
nificant effects. Also, the significant effects of tillage treatments
on seed loss were possibly due to maturity differences and seed
yield differences among treatments (Alizadeh and Allameh, 2015).
Although tillage treatments had no significant effects on the abso-
lute numbers of seeds in the soil seed bank or on the proportion
of seedbank/seedloss, the trend was similar to the findings of
Gruber et al. (2004a) with stubble tillage after harvest leading to an
increased soil seed bankin both inversion tillage and non-inversion
tillage. Immediate incorporation of shed seeds by stubble tillage
increased their chance to contact with soil conditions that can
induce secondary dormancy, and therefore resulted in a larger soil
seed bank than delayed tillage, similar to previous studies (Gruber
et al., 2004a; Pekrun et al., 2006; Gruber et al., 2010). The accumu-
lation of a soil seed bank is assumed to be site- and time-specific,
depending on climatic conditions (Momoh et al., 2002; Gulden
etal., 2004a). Precipitation before tillage was supposed to be a crit-
ical factor (Pekrun et al., 2006). Wet conditions, as they occurred in
the present experiment during harvest time, may have resulted in
an overall small soil seed bank.

Some seeds of two non-CL OSR varieties, Smart and Avatar from
preceding growing in 2005 and 2011, respectively, were assumed
to still exist in the seed bank in WW 2014 due to long-term seed
persistence in the soil, but they could not be identified in the soil
seed bank by the used methods. It has been shown that the deple-
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tion of a seed bank takes several years after its establishment and
depends on seed dormancy (Gruber et al., 2010), soil conditions
{Pekrun et al., 2005), and soil disturbance (Lutman et al., 2003).

Genotypic differences in secondary dormancy significantly
affected seed bank size in the present study; the variety with higher
dormancy resulted in a larger seed bank than the variety with
lower dormancy, in agreement with the findings of Gulden et al.
(2003), Gruber et al. (2010) and Weber et al. (2014 ). Previous stud-
ies have indicated that secondary dormancy of the varieties is one
crucial factor in determining seed bank size, but some other variety
factors such as seed longevity through seed ingredients or attrac-
tiveness to predators may also contribute to the establishment and
preservation of a soil seed bank.

The number of flowering CLOSRvolunteerscorrelated positively
with seed bank size in different tillage treatments, irrespective
of the variety. However, the genotypic influence on volunteers
was opposite to that of seed bank; variety 1 (medium dormancy)
resulted in more volunteers than variety 2 (high dormancy), which
was contrary to the results of Gruber et al. (2004c) and Weber et al.
(2014). The main reasons for these observed differences from pre-
vious results may have been due to differences in seed loss and
overall size of the soil seed bank. In the present study, the seed loss
was much smaller than that of Gruber et al. (2004¢) and of Weber
et al. (2014), and there was a very small seed bank or no seed bank
at all for the low dormancy variety in the study of Weber et al.
(2014). Additionally, the differences may also be due to genotypic
differencesin germination, stress-resistance, or seed longevity of CL
varieties 1 and 2. Third, dormancy release from the persisting seeds
in the soil seed bank of the two Cl varieties could have been differ-
ent, with a faster release from dormancy in seeds of the medium
dormancy variety. Varietal differences in the reaction of dormant
oilseed rape seeds to abscisic acid (Gulden et al., 2004b) in terms of
dormancy breaking and germination show that the effects observed
in the field in our study can actually have a physioclogical back-
ground. Variety 1 was probably more prone to be released from
dormancy in the field than variety 2, if the disposition to dormancy
induction, which decreased during storage in variety 1 more than
in seeds of variety 2 (Table 9), is considered as an indicator for
the stability and maintenance of dormancy in the field. This would
explain the higher number of volunteers in treatments with variety
1 though the soil seedbank was smaller here than that of variety 22
(58 vs. 147 seeds m=2).

Though variety 1 led to higher numbers of volunteers in the first
year after seed rain, its soil seed bank is considered short-lasting,
while by contrast, variety 2 may lead to a long-lasting volunteer
emergence because of the large soil seed bank. This was also shown
in a 4.5-yr burial experiment of Gruber et al. (2010), 60% of ini-
tially buried seeds of high dormancy variety (91% dormancy) were
still viable till the soil disturbance while only 8% of low dormancy
variety (9% dormancy) survived. In this view, a very low dormancy
variety (lower than variety 1) would be the best choice for vol-
unteer control because of the smallest seed bank and a supposed
fast dormancy release; in terms of CL volunteers, the majority of
them would emerge in the first following crop, which is usually a
cereal such as wheat, where crop competition is relatively high and
where the broadleaf volunteers could be destroyed by herbicides
with active ingredients alternative to imidazolinones. We hypoth-
esize that a medium dormancy variety is the worst case because
of a relatively large seed bank and fast dormancy release, which
may result in many volunteers over a long time. A high dormancy
variety would lead to a long-term volunteer emergence but with a
small annual emergence rate. The release of OSR seeds from dor-
mancy and its link to the initial dormancy level of the variety is a
question for coming studies.

CL OSR volunteers in the present study were an effect of the
tillage system (Counting 3 and 4, Table 5), with immediate incor-

poration of seeds after harvest increasing the number of volunteers
even two years after seed rain, which is consistent with results of
Gruber et al. (2004a), Gruber and Claupein (2006) and Pekrun et al.
(2006). Moreover, inversion tillage resulted in 30 times fewer vol-
unteers than non-inversion tillage in the first following year, most
likely because (i) seeds were deeply buried and thus dormancy
was probably maintained, and (ii) germinated seeds released from
dormancy in deep soil would have died before emergence due to
limited seed vigor. However, there was no difference on volunteer
number between inversion and non-inversion tillage in the second
year, probably as a consequence of seed return to the top soil by
repeated soil inversion and seed depletion by germination, or by
predation in the top soil layer of non-inversion tillage in the pre-
vious year. Overall, delayed inversion tillage without immediate
stubble tillage in the first year and shallow non-inversion tillage in
the subsequent years can be recommended after harvest of OSR in
a crop sequence to avoid volunteers.

4.2. Genetic analysis of flowering OSR volunteers

Almost all flowering volunteers sampled in winter wheat in
2014 were homozygous for imidazolinone tolerance (hofho) and
considered to be the offspring of CL OSR from the previous year. The
small number of hefhe plants and plants with other types of zygos-
ity were probably from hybridization of non-CL and CL OSR due to
the presence of non-CLvolunteersin CLOSRin 2013 whichsurvived
the application of Vantiga or which emerged after the application,
or due to seed impurities of the used CL varieties. Generally, the
non-CLvariety grown two years before was no longer visible in the
volunteer OSR population; this genotype was probably not mixed
to a great extent in the CL varieties, because its volunteers prob-
ably did not survive the Vantiaga applications, and did not spoil
the seed and oil quality of the CL varieties. In non-CL OSR follow-
ing in the next years in the crop rotation, however, CL volunteers
for their part could not be killed by herbicides, would survive and
would change the quality of the harvested OSR crop due to seed
admixtures. The ratio of admixture by volunteers or outcrossing
can be variable and long-lasting, and it is not only dependent on
the duration and composition of the crop rotation (Messéan et al.,
2007).

According to previous results, gene PM; conferred a much
higher tolerance level than gene PM; (Tan et al., 2005); the toler-
ance of these two geneswas unlinked and could be stacked, and the
homozygous PM; and PM; (ho/ho) conferred the highest tolerance
level. Given this, the volunteers with different gene combinations
in this study were expected to have different tolerance levels, of
which “hofho” for gene PM; and PM- conferred the highest toler-
ance, followed by “he/ho” and “ho/he” and then by “hefhe”, and
last by “hefwt” (Krato et al., 2012; Krato and Petersen, 2012). Vol-
unteers with genetic background other than hotho are supposed
to have reduced levels of tolerance to imidazolinones, and thus a
higher mortality than the ho/ho types when treated with herbicides
according to the Clearfied® system, or with herbicides with simi-
lar active ingredients, as shown by Krato et al. (2012). This number
of non-hofho volunteers, however, was very low so that most of
the volunteers in the first following crop can be supposed to be
CL-volunteers which could be only controlled by herbicides with
other active ingredients. On the other hand, it can be concluded
that the CL OSR crop in the year before was probably almost free
from volunteers from preceding non-CL OSR.

5, Conclusion

The already known effect of small soil seed bank of OSR if the
first post-harvest tillage is delayed can be fully confirmed and has
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to be widely propagated in practical farming. An appropriate tillage
strategy to reduce volunteers could be to bury seeds deeply by
(delayed) deep inversion tillage in the first year, and then to per-
form tillage by (shallow) non-inversion tillage in following years.
Growing low dormancy OSR varieties is a sound option to minimize
the soil seed bank, in awareness that the majority of volunteers may
mainly emerge in the first following crop.

Volunteers from CLOSR can be considered to bemainly homozy-
gous in the tolerance genes and thus to show the same tolerance
as the parental generation. After growing imidazolinone-tolerant
oilseed rape with alow dormancy level, therefore, herbicides with
active ingredients other than used in the Clearfield® system have
to be applied particularlyin the first following year, and crops with
high competitive ability should be grown particularly in this year.
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6 General discussion

In the previous chapters (I-111), various aspects of seed dormancy of CL OSR and tillage
effects on soil seed bank and volunteers in the following crops after OSR have been
evaluated. The primary results are presented in the above three scientific articles, followed
by an individually detailed discussion at the end of each article. In the general discussion,
the main results from chapter I-111 are summarized with the aim to examine the initially

proposed hypotheses and finally to deal with the future research in this field.

The present chapter also focused on the discussion of obtained results in a broader context
of scientific literatures; for instance, overall evaluation of seed dormancy & dormancy
formation during seed development of OSR, maternal environment effects and post-
harvest environment effects on dormancy dynamics, as well as suitable cropping
systems to reduce soil seed bank and volunteers of OSR. Soil seed bank dynamics and
volunteer emergence in a long run as an important aspect of gene dispersal in time were
further discussed. In particular, dormancy release over time when seeds are buried in the
soil is integrated into this chapter. An integrated management strategy of OSR volunteers
was discussed and assessed based on previous and present results.

6.1 Seed dormancy
6.1.1 Varietal effects

This study confirmed the variation of predisposition to secondary dormancy (potential
secondary dormancy from laboratory analyses; Weber et al., 2010) of mature OSR seeds
between varieties shown by Gulden et al. (2004a, 2009), Gruber et al., (2004a), Weber et
al. (2013) as well as the dormancy variation within populations of the same variety (\Weber
et al., 2013). Due to the dormancy variation, seed persistence of OSR in the soil seed bank
varies considerably, ranging from a few months to over 10 years, depending on variety
(Lutman et al., 2003). Correspondingly, varieties with a high dormancy level can give rise
in occurrence of volunteer OSR for a longer period (Messén et al., 2007; D'Hertefeldt et
al., 2008).

The genetic background to secondary seed dormancy is relatively strong (Schatzki, et al.,
2013a), indicating that selecting or breeding for low dormancy OSR variety is feasible. It
is estimated that sowing low dormancy OSR varieties is an effective method to control

OSR volunteers in the following crops after OSR (Gruber and Claupein, 2007; Weber et
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al., 2014); hence it is encouraged to classify the current varieties into different dormancy

groups (low, medium and high) according to their dormancy levels in agricultural practice
(Gruber et al., 2009).

In CL OSR, mature seeds showed similar dormancy variation between or within varieties
to that of non-CL OSR (Chapter I and I1). The current CL OSR varieties or lines (genotypes)
can also be classified into low, medium, and high dormancy groups; out of the 15 tested
CL genotypes, nine genotypes can be considered as low dormancy (<30%, dormancy level).
The inheritability of potential secondary dormancy from F1 to F2 generations is stable. This
suggests that low dormancy CL OSR variety can be achieved by selection or breeding

method, providing a strategy from genotypic perspective to control CL OSR volunteers.

The contribution of variety to secondary dormancy of OSR has been calculated in a range
of 44-82%, probably related to seed size (Gulden et al., 2004a) and stage of maturation of
the seeds (Haile and Shirtliffe, 2014). And this is likely to be associated with gene
expression (Fei et al., 2007, 2009; Schatzki et al., 2013b). Much more genes can be up-
regulated in high dormancy OSR varieties than in low dormancy varieties when seeds are
exposed to specific osmotic conditions. These genes are supposed to be involved in ABA
biosynthesis (Fei et al., 2007, 2009). The DELAY OF GERMINATION 1 (DOG1) gene,
which is essential for seed dormancy in Arabidopsis thaliana is likely to regulate induction
of secondary dormancy in OSR, named BnaDOGL1 gene (Né& et al., 2015). DOG1 is
dependent on ABA (Nonogaki, 2015). The difference between varieties in induction of
secondary dormancy starts to appear at mid-stage of seed development and becomes more
apparent over time (Chapter I). This could be explained by the difference between varieties
in gene expression during the transition from full-size embryo to maturity (Fei et al., 2007).
Yet, the physiological role of these genes in dormancy induction is far from being

understood.

Compared to secondary dormancy, primary seed dormancy is easier to be understood. The
initial primary dormancy level is high probably resulting from an under-developed embryo
at early seed development (Bewley, 1997), and remains at low level at maturity (Momoh
et al., 2002; Gulden et al., 2004a), associated with seed ABA content in OSR (Finkelstein
et al., 1985; Nambara et al., 2010). Two QTLs were detected for primary seed dormancy
of OSR (Schatzki et al., 2013b). Several primary dormancy-related genes such as DOG1,
ABA deficientl (ABA1), and ABA INSENSITIVE 3, 4, 5 (ABI3) in Arabidopsis thaliana
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have been discovered (Angelovici et al., 2010; Graeber et al., 2012). However, evidences

in genetic and molecular control of primary dormancy in OSR are still absent.

Primary dormancy of OSR is supposed to be a small contributor to the development of soil
seed bank due to low dormancy level in mature seeds (Momoh et al., 2002; Gulden et al.,
2003). Considering the large harvest loss (up to 10 000 seeds m; Lutman et al., 2005), its
contribution cannot however be negligible, e.g. a mean primary dormancy level of 3%
across 20 OSR varieties at normal harvest was detected (Gruber et al., 2004a),
corresponding to up to 300 dormant seeds m located on the soil surface. In particular,
primary dormancy in fresh seeds of most varieties and in mature seeds of some varieties is
high (Haile and Shirtliffe, 2014), which was also found in CL OSR in the present study.
With this in mind, a hailstorm or a strong wind during late seed development of OSR
probably could result in a large soil seed bank as a consequence of primary seed dormancy.

To date, no special studies have focused on varietal differences in the release of OSR seeds
from dormancy, which is closely associated with the occurrence of volunteers in the long
run, especially after the development of soil seed bank. The results in Chapter Il of this
thesis indicate that medium-dormant OSR variety can result in more volunteers than high-
dormant variety. This effect is probably attributed to the difference in the speed of
dormancy release. The speed of release from dormancy could be independent from the
level of dormancy but linked with any traits of the seed such as oil content or seed size, or
it could be linked to the dormancy level. The evidence in dormancy release of OSR has
still been particularly lacking. This study states the hypothesis that low dormancy varieties
would be released from dormancy more rapidly than high dormancy varieties. The study,
however, compared only two varieties, so that the hypothesis has to be tested in more
detailed, following studies with varieties different in dormancy levels and in other seed

traits.

If the OSR varieties available on the market could be classified into different groups based
on the speed of secondary dormancy release (i.e. slow, medium, and fast), another variety-
related approach to control volunteers would be possible, apart from breeding low-
dormancy varieties. Therefore, dormancy release in OSR needs to become a goal in the

next research step.
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6.1.2 Harvest time

Harvest time (or stage of seed maturation at harvest) effects on primary and secondary
dormancy are significant in OSR (Haile and Shirtliffe, 2014). Before full-size stage of seed
embryo, primary dormancy was high and potential secondary dormancy was nearly zero
(Chapter I); but after that stage, primary dormancy declined to a relatively low level and
potential secondary dormancy increased over time. Evidence in the relationship between
primary and potential secondary dormancy during seed development of OSR is still not
enough. Probably, there is a link at early seed development based on the significant
correlation between them, but the link became weak with further seed development. It
seemed that freshly harvested seeds with high primary dormancy can be induced secondary
dormancy more easily in OSR (Gruber et al., 2004a; Schatzki et al., 2013b), which was
also found and discussed in Arabidopsis thaliana by Auge et al. (2015). Moreover, the
results in Chapter | also indicate that seed dormancy of OSR is dependent on some
processes essential for seed viability and germination during seed development. These
processes are estimated to associate with endogenous ABA biosynthesis (Finkelstein et al.,
1985; Bewley, 1997) and embryo sensitivity to ABA (Hilhorst, 1995; Juricic et al., 1995).
In agricultural practice, the dormancy-related processes during the late seed development
are supposed to be more important to determine an appropriate harvest time. Therefore,
full seed maturity is necessary for combine harvesting if no primary dormancy is wanted,
in contrast to windrowing which would allow the seeds to after-ripen. This would mainly
apply for harvests of seeds to be used for immediately sowing the next OSR crop.

It is known that primary dormancy and potential secondary dormancy of OSR decreases
over time during seed storage (Gruber et al., 2004a; Gulden et al., 2004a). In Chapter I, it
was shown that the decline of potential secondary dormancy already appeared before full
seed maturation. The highest peak in potential secondary dormancy, which seemed to occur
60-70 days after flowering depending on variety, must be avoided in harvest. Besides,
evidence from Gruber et al. (2004a) showed that primary seed dormancy of OSR vanished
and potential secondary dormancy decreased by about nine percent points after six months

of seed storage at room temperature (18-25C). This suggested that seeds being stored for

one year and then sowed would result in a lesser dormancy induction at sowing.

Compared to combine harvesting, the operation time of windrowing, is supposed not to

have important effects on seed dormancy. The seed dormancy dynamics of OSR during the
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period from windrowing to seed threshing is still unclear. In this period, the supply of seeds

with assimilates and water by the mother plant is interrupted and maturation is fostered
after windrowing (Irvine and Lafond, 2010). There are currently not many results available
about dormancy dynamics under the conditions of interrupted ripening, such as during
windrowing, or if seeds drop onto the soil through hailstorm.

Harvesting at the optimum stage can give lower seed losses; delayed harvesting would
increase the risk of seed losses from the standing crop by natural opening of the pods
(Thomas et al., 1991). It is more difficult to determine the optimal harvest time for winter
OSR compared with spring OSR because of the longer and less uniform period of seed
ripening (Thomas et al., 1991; Price et al., 1996). This is also affected by environmental
conditions surrounding mother plants, e.g. the drier the conditions the larger the harvest
losses, associated with hot and windy weather. Therefore, avoiding harvest at a hot
temperature with a low air moisture and during windy conditions is necessary (Thomas et
al., 1991). Seed losses of OSR resulting from delayed harvesting or improper harvesting
conditions seem to be greater than those from harvesting methods (Lutman, 2003; Pekrun
et al., 2003). Advance in breeding pod shatter resistant varieties is encouraging, but it is

still an ambitious goal (Morgan et al., 2000; Hossain et al., 2011).

Seeds from seed propagation, used for sowing the next OSR crop, may also result in a soil
seed bank if they are seeded shortly after harvest due to both high primary dormancy and
potential secondary dormancy. Besides, seed dispersal by harvesting machine or seed
spillage during transportation can cause a soil seed bank at feral area such as road sides,
resulting in feral OSR populations (Garnier et al., 2008; Pivard et al., 2008a, b). In
particular, seeds lost during hailstorms, which frequently occur in Europe during seed
development of OSR, are supposed to have a high primary dormancy level (Chapter I;
Haile and Shirtliffe, 2014), directly giving rise a soil seed bank without induction of

secondary dormancy.

6.1.3 Maternal environment and post-harvest environment

The predisposition to secondary dormancy of OSR varies between locations and years
(Momoh et al., 2002; Gruber et al., 2009; Weber et al., 2013), which is partly attributed to
the difference in maternal environment. Seed dormancy levels for many plant species have
been found to differ between habitats related to latitude and elevation (Baskin and Baskin,

1998), reflecting plant adaptation to different maternal environments (Alonso-Blanco et
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al., 2009). Precisely, precipitation and temperature in seed ripening are involved in the
influence of location or year on seed dormancy dynamics. For instance, high temperature
and drought can result in low primary seed dormancy in wheat (Garello and Le Page-
Degivry, 1999; Wright et al., 1999). Maternal environmental effects on seed dormancy are
limited, but its interaction with variety is obvious in Arabidopsis thaliana (Postma and
Agren, 2015). It has been estimated that maternal environmental effects can influence the
expression of genetic variation (i.e., DOG1) for seed dormancy in Arabidopsis thaliana
(Donohue, 2009). There also appears to be an influence of maternal environment on
secondary seed dormancy in OSR (Gulden et al., 2004a; Schatzki et al., 2013b), but the
direct influencing factors were not mentioned. Chapter Il of this thesis highlighted the
importance of precipitation and temperature over seed ripening on the dynamics of
potential secondary dormancy in OSR for the first time; locations with low precipitation
and high temperature during maturation could lead to a lower level of potential secondary
dormancy in OSR seeds. This indicates that it is possible to select suitable location for

breeding low dormancy varieties.

It is well known that post-harvest environmental conditions play a critical role in the
development and dynamics of the soil seed bank of OSR (Pekrun et al., 2005, 2006).
During the period between harvest of OSR and the subsequent, first tillage operation, three

processes in seed dormancy can be defined:

1. Decline of primary dormancy if primary dormancy exists in mature seeds; this period
probably cannot last long time (probably a few weeks) due to the low dormancy level,
depending on variety and storage conditions.

2. Decline of the predisposition to secondary dormancy which is supposed to last longer
(probably several months) than the decline of primary dormancy probably due to high
potential secondary dormancy level.

3. Induction of secondary dormancy, which probably takes place in the first two weeks
after the seeds were exposed to the soil environment.

Explicit experiments about secondary seed dormancy induction on soil surface in natural
environment for OSR was not found. In one pot experiment of Gruber et al. (2010), about
50% of artificial input of OSR seeds falling dormancy at the soil surface were ever found.
One of our field trials aiming at investigating effects of timing and depth of stubble tillage

post-harvest on soil seed bank and volunteers of OSR, presented no or very small soil seed
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bank and no volunteers in the following crop winter wheat (data not shown). This field
trial was conducted at two sites (Ihinger Hof experimental station of the University of
Hohenheim and Hohenheim) in two experimental approaches 2012-2013 and 2013-2014.
By contrast, a similar field trial about effects of delayed tillage with or without stubble
tillage was also performed at Ihinger Hof experimental station but in 2001-2002 and 2002-
2003 by Gruber et al. (2004b, c, 2005), in which a large soil seed bank and a high number
of volunteers were detected. The biggest difference between these trials was the higher
precipitation after harvest of OSR in the years 2012 and 2013 which could explain the
difference in soil seed bank and volunteers from the following aspects. First, due to the
usually low primary dormancy in harvested OSR seeds, most of the lost seeds are not or
slightly dormant at harvest, which can be triggered into germination by precipitations.
Second, the hydrothermal values (temperature of 3.8°Cand water potential of -1.4 MPa)
for germination of OSR are quite low (Soltani et al., 2013), so soil moisture even resulting
from a slight rain is supposed to give rise to germination for the lost seeds in a short period.
These might be also the reasons for the absence of CL OSR volunteers in the first following
crops (most of them were winter wheat) at 20 out of 41 monitoring sites nearly across the
whole of Germany in 2012-2013 (Laufer et al., 2014).

The emerged seedlings in the first autumn after harvest of OSR can reach up to 70% of all
seeds dropped onto the soil (Pekrun, et al., 2006). The autumn emergence is obviously not
closely correlated with soil seed bank size in next spring after OSR (Pekrun, et al., 2006;
Weber et al., 2014), suggesting that post-harvest environmental conditions inducing
dormancy is more important than conditions that trigger seed germination. The quantitative
effects of each seed fates such as emergence, seed death, predation, dormancy and decay
have not yet been fully understood.

6.2 Tillage effects on the soil seed bank

Conventional tillage (inversion tillage; mouldboard ploughing), conservation tillage (non-
inversion tillage, i.e., by chisel ploughing, rototiller), with or without preceding shallow
stubble tillage or no-tillage are main categories of soil cultivation. These tillage operations
performed after harvest of OSR can affect number and distribution of OSR seeds in the
soil to a great extent (Pekrun et al., 1998; Gruber et al., 2007, 2010). Regarding the size of
the OSR soil seed bank, previous studies did not show clear and consistent results for the
mode of tillage. For instance, chisel ploughing resulted in a larger soil seed bank of OSR
compared to mouldboard ploughing in the study of Gruber et al. (2004b). No significant
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difference between inversion ploughing and non-inversion cultivation was detected in the
study of Pekrun et al. (2006), similar as shown in Chapter 111 of this thesis. For weed soil
seed banks, there were no significant difference on the size of the seed bank either (Plaza
et al., 2011; Ruisi et al., 2015), but in a long run or in organic farming, non-inversion
cultivation generally results in larger soil seed banks (Cardina et al., 2002; Sosnoskie et al.,
2006; Gruber and Claupein, 2009). The inconsistent results are likely related to post-
harvest environmental conditions (Gulden et al., 2004a, c) or soil types (Swanton et al.,
2000; Gruber et al., 2014). Nevertheless, no-till in general results in a smaller soil seed
bank size of OSR than other modes of tillage.

In contrast to seed bank size, effects of tillage modes on seed distribution are more
consistent; mouldboard ploughing can bury more seeds in the deep soil, whereas chisel
ploughing mixes seeds within the tilled soil layer, and no-till leaves most of lost seeds on
the soil surface (Colbach et al., 2000; Swanton et al., 2000; Gruber et al., 2010). In the
second following year, deeply buried seeds, however, can be turned back into upper soil
layer by repeat mouldboard ploughing (Colbach et al., 2000; Momoh et al., 2006). The soil
burial depth might affect secondary seed dormancy induction of OSR, in interaction with
external environmental conditions (Gulden et al., 2004c; Soltani et al., 2013). Under pot
experimental conditions in greenhouse, more dormant OSR seeds were found at both soil
surface and deep soil layers (<12cm) than in the middle soil of 1-7 cm (Gruber et al., 2010).
Dryness at the soil surface, or darkness and low oxygen in the deep soil probably contribute
to dormancy induction and large soil seed banks. Under field conditions, more OSR seeds
seem to be induced into dormancy in the soil below top soil layer, which can explain the
smaller soil seed bank frequently found in no-till treatment (Pekrun et al., 1998; Gruber et
al., 2004b, 2005, 2010). In some weed species, it is estimated that seed dormancy increases
with burial depth (Benvenuti, et al., 2001; Sester et al., 2007; Gruber and Claupein, 2009).
Compared with dormancy induction, the suppressed effects of burial depth on seedling pre-
emergence growth of non-dormant OSR seeds tend to be more obvious (Lutman, 1993;
Gulden et al., 2004c; Pekrun et al., 2005). If the burial depth is over 10 cm, the seedlings
are assumed not to emerge due to the limited seed reserves (Gruber et al., 2011; Soltani et
al., 2013).

A consensus in effects of operation time of post-harvest tillage on soil seed bank of OSR
has been achieved. i.e. delayed soil disturbance after harvest can reduce soil seed bank size

even by shallow stubble tillage (Lutman et al., 2003; Gruber et al., 2004b; Pekrun et al.,
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2006), which was further confirmed and thoroughly discussed in Chapter I1l. However,

when seeds are exposure to dry conditions, which is the most effective inducing factor for
secondary dormancy in OSR, some exceptions can be found. More dormant seeds were,
for instance, found in two-week delayed tillage treatment than in immediate tillage post-
harvest, but only in one out of ten experimental sites of Pekrun et al. (2006). Differences
in loss of primary dormancy and in induction of secondary dormancy between seeds on
the soil surface and seeds buried in the soil can partly explain the underlying mechanisms.
Explicit studies of the mechanisms under field conditions were not available. Hence, more
burial experiments with fresh OSR seeds which have both primary dormancy and potential
secondary dormancy under controlled environments are needed. Generally, it is
recommended to keep stubbles undisturbed for several weeks after harvest of OSR with
the aim at reducing both soil seed bank size and volunteer weed problems in the subsequent
crops (Gruber et al., 2004b; Pekrun et al., 2006).

6.3 Soil seed bank dynamics and volunteer emergence

Once a soil seed bank is created, its size will decrease exponentially with time and with
burial depth as a consequence of dormancy loss, germination and natural death in weeds
or OSR (Squire et al., 1997a; Sester et al., 2006; Soltani et al., 2013). The seed number
declines rapidly in a few months after development of soil seed bank, and then slows down
during the subsequent seasons, depending on soil environment and variety (Gulden et al.,
2003; Lutman et al., 2003, 2005; Gruber et al., 2004a, 2010).

Seasonal soil environment is assumed to regulate the dormancy status of buried seeds in
some plant species including OSR (Batlla and Benech-Arnold, 2004; Pekrun et al., 2005;
Sester et al., 2007; Colbach et al., 2008). In some summer annual weeds, seed dormancy
of seeds in the soil seed bank increases in summer and autumn and decreases in winter
(Batlla and Benech-Arnold, 2004; Sester et al., 2007). Colbach et al. (2008) proposed that
seed dormancy level in OSR could be expressed in sinusoidal wave as a consequence of
seasonal soil moisture, temperature and burial depth. There is supposed to be a threshold
temperature, below which seed dormancy will decline faster in Polygonum aviculare L.
(Batlla and Benech-Arnold, 2004), in interaction with light and nitrate (Cetinbas and
Koyuncu, 2006; Finch-Savage et al., 2007). In OSR, low temperature and potassium nitrate
(KNOs3) are supposed to force loss of secondary dormancy (ISTA 2007), and alternating
light and temperature is proved to be the most effective way to break secondary seed
dormancy (Weber et al., 2010). Nevertheless, the threshold temperature for dormancy loss
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in OSR and quantified contributions of soil climates are still quite far from being clearly
defined.

Regarding variety influence on seed persistence, high dormancy varieties can result in a
longer persistence than medium and low dormancy varieties in OSR, due to larger soil seed
bank (Gulden et al., 2003; Gruber et al., 2010) or to slower dormancy release. However,

the evidence in dormancy release between OSR varieties is still limited.

After release of secondary dormancy in buried seeds of OSR, their emergence seems to be
strongly dependent on burial depth, hydrothermal time, seed reserves and soil structure.
Non-dormant seeds located in a top soil layer (e.g. 0-5cm) more likely emerge as
volunteers in the following crop (Pekrun et al., 2005; Gruber and Claupein, 2006; Gruber
et al., 2010; Soltani et al., 2013) depending on soil moisture and temperature (Colbach et
al., 2008). In deeper soil layer, the emergence rate will decrease exponentially with burial
depth (Gruber et al., 2004a; Gulden et al., 2004c; Sester et al., 2007), associated with soil
texture (Swanton et al., 2000; DUr et al., 2001).

After emergence, plant disease, insects, herbicides, crop competition, and their interactions
can impact OSR volunteers and reduce their number and/or impair their performance and
reproductive capacity to some extent. This thesis included results from experiments
without any chemical control, and thus showed the worst case scenarios where no chemical
and mechanical weed control either was applied or was efficient. The situation in the field
would be most likely different from this situation. There are herbicides in selection for
broadleaf weeds including OSR volunteers. Even if the volunteers would be tolerant to
some active ingredients (as CL OSR is), the efficacy of herbicides would probably not be
always 100% but rather 70-90%, depending on varieties and application time (Krato et al.,
2012).

However, there might be still some OSR volunteers surviving until the harvest of
subsequent crops, especially in rapeseed crops. In previous study of Gruber and Claupein
(2007), seed production of volunteer OSR in cereal crops was about 10% of sown OSR,
and about one seed m could replenish the soil seed bank; in subsequently sown OSR crop,
however, volunteer seed production can reach up to 100% and the same number of seeds

as the sown crop could return to the seed bank.
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6.4 Management of CL OSR volunteers

Seed dormancy characteristics, soil seed bank dynamics, and volunteer occurrence of CL
OSR are similar to that of non-CL OSR, based on the comparison between results in
chapter I-111 and previous results. Although gene segregation in herbicide tolerance exists
in CL OSR volunteers, most of the volunteers (>80%) are still homozygous in both PM;
and PMz genes (Chapter I1I). This indicated that the highest tolerance to imidazolinone
herbicides was also existent in the volunteers. Therefore, suitable strategies to control

volunteer CL OSR are listed and assessed in the following:

1. Harvest scenarios: there are two harvest scenarios, early harvesting with a high seed
dormancy (both primary dormancy and potential secondary dormancy) but low harvest
losses, and late harvesting with high risk of seed losses (Thomas et al., 1991) but low
seed dormancy (particularly primary dormancy). Determination of the optimal harvest
time is quite complex because of different ripening of seeds depending on pod positions
on the plants (Diepenbrock and Geisler, 1979). Apart from seed dormancy and seed
losses, early harvesting can reduce seed yield and seed quality (Rathke et al., 2006).
Overall, as recommended by Haile and Shirtliffe (2014), OSR should not be harvested
earlier than 60% seed color change for the harvesting method of windrowing. For the
combine harvesting, avoiding harvest at the stage, at which OSR seeds have the highest
potential secondary dormancy, is necessary, along with avoidance of unsuitable
harvesting weather conditions such as high temperature, low air humidity and wind.

2. The use of low dormancy varieties: the ideal varieties with low potential for OSR
volunteer occurrence would have no primary dormancy, very low or no potential for
secondary dormancy, and would be released from dormancy very fast. If release from
dormancy would occur within the first year, with usually cereals as first following crop
after OSR, the volunteers could be controlled by supplemental herbicides or by
choosing crop densities or varieties of cereals which compete with OSR volunteers.
High dormancy varieties, in contrast, are supposed to cause long-term seed persistence,
large seed banks and volunteers in subsequent crops several years after the harvest of
OSR, especially in another sown OSR crop where no chemical control is possible.

3. Tillage modes and tillage operation timing: considering the difference between
modes of tillage in the volunteer emergence (Pekrun et al., 1998; Gruber et al., 2004b),
combination of tillage modes in different following years after OSR can probably

control OSR volunteers in a long run. As shown in Chapter IlI, inversion tillage by
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mouldboard ploughing resulted in very few or no volunteers in the first following year,

but resulted in relatively more volunteers in the second year due to soil return to
shallow soil layer. Non-inversion tillage or no-till led to more volunteers in the first
year, and to fewer in the second year due to soil seed bank depletion. Besides, a time
break of 3-4 weeks between harvest of OSR and the first following tillage can result in
a smaller soil seed bank compared to immediate tillage. Therefore, performing delayed
deep inversion tillage in the first year after OSR and shallow non-inversion tillage in
subsequent years is recommended in the control of OSR volunteers.

4. Alternative herbicides with different active ingredients other than ALS- inhibiting
herbicides (e.g. imidazolinones and sulfonylureas) should be considered in the control
of CL OSR volunteers, especially for homozygous imidazolinone-tolerant (HOM_IT)
plants. Herbicide florasulam, one of Triazolopyrimidine sulfonanilide-based herbicide,
was considered as the most effective herbicide treatment in the study of Krato et al.
(2012). Its efficacy can reach up to 100% for heterozygous imidazolinone-tolerant
(HET_IT) volunteers and to about 90% for HOM_IT volunteers under different
environmental conditions. Based on the field survey in chapter 111 of this thesis, across
six tillage treatments, 4.04 and 1.77 HOM_IT volunteers m? and 0.06 and 0.07
HET _IT volunteers m2 were found for medium and high dormancy CL OSR varieties
in the first following spring (data not shown), respectively. After florasulam application,
0.41 and 0.18 HOM_IT volunteers m are supposed to survive for the two CL OSR
varieties used, which are still high numbers of OSR volunteer in the following crops
after OSR (Gruber and Claupein, 2007; Messéan et al., 2007). If imidazolinones or
sulfonylureas herbicides were applied, more volunteer survivors could be detected
(Krato et al., 2012; Krato and Petersen, 2012; Schwabe et al., 2016). Efficacy of
flupyrsulfuron (one sulfonylureas herbicide), for instance, was 95% and 50% in the
control of HET_IT and HOM_IT CL OSR volunteers (Krato et al., 2012), and
correspondingly, 2.07 and 0.95 CL OSR volunteers (sum of HET _IT and HOM_IT
plants) of medium and high dormancy CL varieties used in Chapter Il of this thesis

would survive the herbicide application in the first following crop winter wheat.

Besides, due to the difference in burial depth and in dormancy release between OSR
seeds, the volunteer emergence is supposed to be uneven. In this context, the efficacy
of herbicides to the volunteers emerging after herbicide application will be
compromised. Hence, cultural practices, particularly tillage regimes, are recommended

to be used conscientiously in the first place before sowing the subsequent crop to reduce
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OSR volunteers to the lowest possible level (Krato et al., 2012).

5. Crop rotation: the choice of the following crops after CL OSR is supposed to be
crucial in the control of OSR volunteers (Colbach et al., 2001; Devos et al., 2004). OSR
crop is mainly grown in one out of three or four years in rotations with a high proportion
of cereals in Germany (Rathke et al., 2005; Rathke and Diepenbrock, 2006). In general,
cereals are the first following crops after OSR in crop rotations in Germany such as
winter OSR (WOSR)-winter wheat (WW)-winter barley (WB), WOSR-WW, and
WOSR-WW-WW-soybean (SB). Control of OSR volunteers in cereal crops is easy and

inexpensive because of various herbicide options.

Crop competition is also a contributor to the control of weeds or crop volunteers,
depending on plant density and morphological structures (Colbach et al., 2001; Rajcan
and Swanton, 2001; Weiner et al., 2001). Cereal crops with high plant density and a
high competitive morphology (such as planophile leaves and a fast development)
which can suppress weeds or volunteers should be considered. Increasing the length of
the rotation can reduce the number of OSR volunteers and their adverse impacts into

the following oilseed rape crop.

As another issue, herbicide-tolerant genes can be dispersed from herbicide-tolerant OSR
to non-herbicide tolerant OSR with pollen flow (Devos et al., 2004; Hisken and Dietz-
Pfeilstetter, 2007; Krato and Petersen, 2012) due to the high cross-pollination (Becker et
al., 1992; Cuthbert and McVetty, 2001). Most of the outcrossed seeds (more than 80%) of
CL OSR, which mainly occurred at the nearest area of pollen acceptor fields to CL OSR
fields, were heterozygous in both PM1 and PM2 genes (Krato and Petersen, 2012). Even at
45 m from CL OSR field, HET _IT seeds also can be found in non-CL field. If these seeds
fall on the soil surface during harvest and become a component of the soil seed bank,
HET _IT OSR volunteers are supposed to appear in the following crops, increasing the
difficulty of weed control in adjacent fields. Therefore, suitable cultural practices for
limiting pollen-mediated gene flow of GM OSR (Ingram, 2000; Staniland et al., 2000;
Damgaard and Kjellsson, 2005) probably can be applied to CL OSR, such as isolation
distance between CL and non-CL fields, buffer zone in non-CL fields, or separately
harvesting border area of non-CL fields at early seed stage to reduce harvest loss.

In the monitoring of Laufer et al. (2014), nearly half of the monitored sites (20 out of 40
sites all over Germany) had no soil seed bank and volunteers of CL OSR at all in the first



54
General discussion

following crops after OSR, most of which were winter wheat. The farmers at these sites

must have made some things correctly, such as in the choice of post-harvest tillage and
herbicides. In addition, weather conditions, especially between harvest of OSR and first
subsequent tillage was not sufficient for dormancy induction, probably associated with a
high precipitation in this period. Similarly, nearly neither OSR soil seed banks nor
volunteers were detected in one of our field trials even with a huge artificial seed input of
5000-20,000 seeds m of high dormancy OSR variety (91% induced secondary dormancy
level) in 2012-2015 at Hohenheim (data not shown). This is assumed to be attributed to
the high precipitations in the first autumn after harvest of OSR. All in all, farmers’ practice
is obviously often suitable to control OSR volunteers even without knowing the details in
the volunteer control. Combining with the recommended cultural practices in this study,

CL OSR volunteers are supposed to be reduced to a very low level.

Considering the advantages of the Clearfield® production system in weed control (post-
emergence, working flexibility, and broad-spectrum), CL OSR will probably be widely
accepted by famers in Europe. This will increase the debate on the adverse impacts of CL
OSR volunteers on the following crops. Based on the current knowledge achieved in this
study (Table 1) and previous studies (Krato et al., 2012; Krato and Petersen, 2012; Laufer
etal., 2014), the CL volunteers can be well controlled by mechanical and chemical methods
pre- and post-sowing of next crops. However, as the herbicide tolerance (i.e. ALS-
inhibitors) and particularly long-term seed persistence if a large soil seed bank is developed,
it is quite difficult to control these CL volunteers by herbicides in crop rotations with non-
CL OSR in a long run. Therefore, it is particularly important to reduce the potential
development of soil seed bank after harvest of OSR. To our knowledge, an integrated
strategy should be considered, including variety-dependent dormancy (low dormancy),
harvest date (relative late harvest to avoid high seed dormancy, depending on harvesting
method), and post-harvest tillage (delayed and deep burial). Also, proper choice of
competitive following crops (planophile leaves and a fast development) and alternative
herbicides (non-ALS inhibitors) to suppress CL volunteers. After harvest of the first
following crops, shallow non-inversion tillage should be used for several years to keep CL

seeds buried deeply in the soil.

To date, there are still lots of knowledge gaps in the life cycle of OSR volunteers that will
be focused in next research steps (Table 1), e.g. (i) quantification of post-harvest

environmental effects on seed dormancy dynamics and especially on induction of
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secondary seed dormancy, and (ii) dormancy release for buried seeds in a long run.

Moreover, in CL OSR hybrids, genetic segregation within F2 populations as a result of seed
impurity or outcrossing pollination might take place, likely resulting in CL OSR volunteers
with different zygosities in genes PM1 and PM: (see Chapter 111 of this thesis). Information
on the tolerance of these volunteers to herbicides with different modes of action is still
limited (Krato et al., 2012). Third, in the context of various field conditions in complex
landscapes, a practice-oriented model simulating life cycle of OSR volunteers should be
developed for breeders, users and non-users of CL OSR crops to guide stewardship from
breeding to sowing, crop management, harvesting, transportation, storage, and volunteer

control in the subsequent crops.
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Table 1. The most important outcomes and the most important remaining questions that
will be focused in the next steps.

New outcomes from the thesis What we still want to know

1.

Dormancy dynamics (primary and
potential secondary dormancy) during
seed development.

Dormancy characteristics of CL OSR
seeds; variety classification based on
secondary seed dormancy.

Varietal differences in release of dormancy
(especially of secondary dormancy); variety
classification based on the speed of dormancy
release.

Impacts of maternal environment on
seed dormancy, e.g. impacts of
precipitation during seed
development.

Impacts of stubble tillage post-harvest
with different depths and timings on
soil seed bank volunteers of CL OSR
(unpublished).

Quantification of environmental effects post-
harvest on seed dormancy dynamics; loss of
primary dormancy and induction of secondary
dormancy between harvest and first following
tillage (burial experiment with fresh seeds
having a high primary dormancy).

Shallow stubble tillage leads to
“survivors” (volunteers in spring which
survived stubble tillage and ploughing;
unpublished).

Seed fate of harvest lost CL OSR seeds
located on the soil surface; e.g. germinating,
falling dormancy and death, etc.

Impacts of tillage mode and operation
time on soil seed bank and volunteers
of CL OSR.

Varietal differences in development of
soil seed bank and emergence of
volunteers.

Soil seed bank dynamics in a long run in
interaction with soil environment and cropping
systems.

Segregation in herbicide tolerance
between CL OSR volunteers.

Integrated strategies to control CL
OSR volunteers in following crops;
pre- and post-harvest strategies.

Modelling the life cycle of CL volunteers on the
field, including effects of different herbicides
on CL volunteers.
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7 Summary

Oilseed rape (OSR) has become the second most important oilseed crop after soybean
worldwide, producing 70.95 million tons of seed yield, and providing 13.4% of world
supply of oilseeds in 2014. The demand for OSR is expected to increase due to protein
meals/cakes used in animal feed and vegetable oils/fats for biodiesel and human
consumption. With increasing cultivation area, concern over volunteer OSR is rising,
particularly if the variety in question is tolerant to specific herbicides. Currently, the
introduction of imidazolinone-tolerant OSR (commercially named Clearfield® OSR; CL
OSR) into Europe poses new challenges for chemical control of CL OSR volunteers
because of their tolerance to imidazolinone herbicides and other acetolactate synthase
(ALS) inhibiting herbicides. Additionally, the potential of gene dispersal in time and space

by persistent dormant seeds in the soil and by volunteers is increasing.

\olunteers emerge from the soil seed bank, the volume of which is predominantly
dependent on seed dormancy. Therefore, the objectives of this study were (i) to investigate
seed dormancy and dormancy formation of CL OSR, and (ii) to find out suitable
agricultural strategies to reduce volunteers by growing OSR genotypes with low potential
for seed dormancy and seed survival, and by implementing appropriate tillage operations.
Focusing on these aims, several experiments were carried out with different methods,
namely field experiments, germination tests in the laboratory, and genomic analysis,

providing data for three scientific articles.

Experiment 1. A 3-year field trial in south-west Germany investigated dormancy
dynamics during seed development (primary dormancy and potential secondary dormancy;
tested with an existing standard method in the laboratory) of 10 non-CL OSR varieties
(lines) in 2009 and 2010, and of five CL OSR varieties (hybrids) in 2014.

Experiment 2. A total of 15 CL OSR genotypes grown at two locations in south-west
Germany in 2012/2013, and eight genotypes (two CL genotypes included) grown at 12
locations across Germany in 2011/2012, were tested for potential secondary seed
dormancy with the aim to investigate dormancy traits of CL OSR and maternal

environmental effects on dormancy formation.

Experiment 3. A 5-year experiment (2011-2015) was conducted in south-west Germany
with non-CL OSR and CL OSR (two CL varieties: high dormant and medium dormant) in

the same rotation (non-CL winter oilseed rape - winter wheat - CL winter oilseed rape -
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winter wheat - corn) to investigate OSR volunteer dynamics under different modes of
tillage (inversion tillage, non-inversion tillage, no-till, with or without additional stubble

tillage prior to primary tillage).
Following hypotheses were tested:

Experiment 1. (i) There is primary (innate) and secondary (induced) dormancy in
oilseed rape; (ii) primary dormancy decreases during seed development, the potential
secondary dormancy increases; (iii) at maturity, the level of the remaining primary

dormancy and the varietal potential to secondary dormancy correlate.

These hypotheses have been approved. Primary dormancy decreased from a high
dormancy level (ca. 99%) at about 30 days after flowering (DAF) to a quite low level (<
15%) at late seed development. Embryo growth probably regulates the dynamics of
primary dormancy, at least during early seed development. Depending on variety and year,
potential secondary dormancy initially increased from nearly 0% to the highest level (up
to 90%) at about 70 DAF, and then slightly decreased with further seed development. The
correlation between primary dormancy and potential secondary dormancy was high at

early seed development, but was quite low at late seed ripening.

Experiment 2: (i) There is variation in potential seed dormancy of CL OSR; (ii) F1
(seeded) and F, (harvested) generations of hybrid CL-OSR show similar dormancy
levels although changes through environmental effects are known; (iii) the
environment (location) during seed development and maturation has an effect on the

potential dormancy.

The hypotheses were approved. The CL OSR genotypes differed in potential secondary
dormancy from 0.0 to 95.7% in the F1 generation and from 3.5 to 77.9% in their
corresponding offspring (F2). Out of the 15 CL genotypes, nine were considered to be low
dormant (<30% dormancy level). High correlation (r = 0.96) between F1 and F> generations
indicates a strong inheritance of seed dormancy. Precipitation during seed development is
thought to be a contributor to dormancy formation, e.g. the higher the precipitation the
higher the dormancy level. These results indicate that selection or breeding for low
dormancy CL OSR is feasible. A direct comparison of varieties by dormancy is only
possible if they have been grown and harvested at the same location, due to environmental

effects.

Experiment 3: (i) The soil seed bank size of OSR is determined by post-harvest tillage
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(particularly tillage time) and seed dormancy traits of the cultivated variety; (ii) the

emergence of volunteers from the seed bank also depends on the mode of tillage; (iii)

gene segregation in herbicide-tolerance might occur among CL volunteers.

These hypotheses were partly approved. There was no significant effect of tillage on the
soil seed bank, but the soil seed bank was visibly higher if stubble tillage was done prior
to primary tillage (179 vs. 56 seeds m2; treatments with stubble tillage vs. corresponding
treatments without stubble tillage). There were significant effects of tillage in general on
volunteers in the next crop. Non-inversion tillage resulted in 30 times more volunteers in
the following winter wheat crop than inversion tillage due to shallow seed burial depth. A
high dormancy OSR variety resulted in a significantly larger soil seed bank than a medium
dormancy variety (147 vs. 58 seeds m~2) but in fewer volunteers (0.9 vs. 1.9 volunteers
m~2) in the first following crop winter wheat, probably due to slow release of seeds from
dormancy. Hypothetically speaking, seeds from low dormancy varieties seem to be
released from dormancy more rapidly than seeds from high dormancy varieties. Gene
segregation with 10 zygosities of the imidazolinone-tolerance genes PM; and PM; was
detected in the CL volunteers in the first following crop winter wheat. Approximately 90%
of sampled plants were homozygous for PM1 and PMz, still conferring a high tolerance to

imidazolinones.

Overall, a high variation in potential secondary dormancy was detected for CL OSR, which
is similar to non-CL OSR. The contribution of seed dormancy to the soil seed bank was
confirmed. During seed development, maternal environment can influence seed dormancy
dynamics to some extent. Tillage operations, particularly tillage time, can also influence
the soil seed bank and the emergence of volunteers. A very new aspect is that the
disposition of seeds to release from dormancy (instead of induction of dormancy) should
be considered in further studies. Sound strategies to control volunteers should include (1)
the use of low dormancy varieties with a low potential to establish a seed bank and with a
fast release from dormancy, and (2) a combination of different tillage operations in the
years following OSR cultivation, e.g. delayed inversion tillage with a deep burial depth in

the first year, followed by shallow non-inversion tillage in subsequent years.

Combined with a thorough knowledge of seed dormancy, of the development of the soil
seed bank and of the release from dormancy, the occurrence of CL volunteers in following
crops can be reduced or even avoided by a scope of practical methods and approaches

proposed in this study.
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8 Zusammenfassung

Raps ist die zweitwichtigste Olfrucht nach Sojabohnen weltweit. Im Jahr 2014 werden
70,95 Mio Tonnen Raps erzeugt, die 13,4% des globalen Angebots darstellen. Aufgrund
der Verwendung von Raps in der menschlichen und tierischen Ern&arung sowie fir die
Herstellung von Biodiesel wird eine Steigerung in der Nachfrage nach Raps erwartet. Mit
wachsender Anbaufl&he steigt auch die Sorge (ber mdcyglichen Rapsdurchwuchs,
insbesondere wenn die betroffene Sorte Herbizidtoleranz aufweist. Derzeit stellt die
Einfthrung von Imidazolinon-tolerantem Raps (Clearfield®-Raps; CL-Raps) in Europa
neue Herausforderungen an die chemische Kontrolle von CL-Durchwuchsraps, da auch
andere Herbizide auf Basis von Acetolactatsynthase (ALS)-Inhibitoren nicht mehr oder
eingeschrankt wirksam sein k&nen. Aufrdem erhdht sich das Potenzial einer zeitlichen
und réumlichen Verbreitung der Herbizidtoleranz-Gene mittels Cberdauernder Rapssamen
im Boden und (ber Durchwuchsraps. Durchwuchsraps geht aus der Bodensamenbank
hervor, deren Umfang und Langlebigkeit zu grof&m Teil von der Keimruhe (Dormanz)
abhangt.

Die Ziele der vorliegenden Arbeit waren daher (i) die Keimruhe und die
Dormanzauspragung bei CL-Raps zu untersuchen und (ii) geeignete pflanzenbauliche
Maflahmen zur Reduzierung von Durchwuchsraps zu entwickeln. Mit dieser Zielsetzung
wurden verschiedene Versuche auf unterschiedlichen methodischen Ebenen durchgefihrt,
namlich Feldversuche, Keimtests im Labor und genetische Analysen, die die Grundlagen
fUr drei wissenschaftliche Artikel bilden.

Versuch 1: Ein dreijéoriger Feldversuch in Stdwest-Deutschland untersuchte die
Dormanzdynamik wé&arend der Samenentwicklung (prim&e Dormanz sowie Disposition
zu sekund&er Dormanz; mit Standardmethoden im Labor getestet) von 10 nicht-CL-
Rapssorten (Linien) in den Jahren 2009/2010 und von finf CL-Rapssorten (Hybride) im
Jahr 2014.

Versuch 2: Insgesamt 15 verschiedene CL-Rapsgenotypen wurden an zwei Standorten in
Stdwest-Deutschland im Jahr 2012/13 angebaut, sowie acht Genotypen (einschlief3ich
zwei CL-Genotypen) an 12 Standorten Uber Deutschland verteilt im Jahr 2011/2012. Diese
Genotypen wurden mit einer vorhandenen Standardmethode auf potenzielle sekund&e
Dormanz gepridt, mit dem Ziel, die Neigung zur Dormanz von vorliegenden, zum Teil
anbaurelevanten CL-Rapssorten zu bestimmen sowie Umwelteffekte wé&rend der

Samenentwicklung und Abreife auf die Dormanzauspr&ung zu untersuchen.
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Versuch 3: Ein finfj&riger Feldversuch (2011-2015) wurde in SUdwest-Deutschland mit

nicht-CL-Raps und CL-Raps (zwei Sorten: hoch dormant und mittel dormant) in derselben

Fruchtfolge  (nicht-CL-Winterraps -  Winterweizen —  CL-Winterraps -

Winterweizen — Mais) durchgefthrt, um die Dynamik von Ausfallraps bei verschiedenen

Bodenbearbeitungsverfahren  zu untersuchen (wendende und nicht-wendende

Bodenbearbeitung — mit  oder ohne zus&zlicher Stoppelbearbeitung vor der

Grundbodenbearbeitung — sowie ,,no-till*).

Folgende Hypothesen wurden geprUit:

Versuch 1: (i) Bei Raps gibt es prim&e (innate) und sekund&re (induzierte Dormanz). (ii)
Die prim&e Dormanz nimmt w&hrend der Samenentwicklung ab, die F&higkeit zur
sekund&ren Dormanz nimmt zu. (iii) Die H&he der verbliebenen prim&en Dormanz
und das sortenspezifische Potenzial zur sekund&en Dormanz korrelieren miteinander
zur Samenreife,

Die Hypothesen lief®n sich teilweise bestdaigen. Die prim&e Dormanz fiel bei allen

Genotypen von einem hohen Dormanzniveau (ca. 99 %) etwa 30 Tage nach der Blte auf

ein eher niedriges Niveau (bis zu maximal 15%) wé&arend der sp&en Samenentwicklung

zurtck. Wahrscheinlich reguliert das Embryowachstum die Dynamik der primé&en

Dormanz, zumindest zu Beginn der Samenentwicklung. Je nach Sorte und Jahr stieg die

potenzielle sekund&e Dormanz anfanglich von 0 % etwa 70 Tage nach der BlUe auf das

h&hste Niveau und sank danach mit fortschreitender Samenentwicklung leicht ab. Die

Korrelation zwischen prim&er Dormanz und potenzieller sekund&er Dormanz war zu

Beginn der Samenentwicklung hoch, aber zur sp&en Samenreife niedrig.

Versuch 2: (i) CL-Rapssorten weisen Variabilitét im Potenzial fUr sekund&re Dormanz auf
(gering/mittel/hoch dormant). (ii) Fi-(Saatgut) und F2-(Erntegut) von CL-Raps
(Hybridraps) zeigen &bnliches Niveau in der sekund&en Dormanz, obwohl
Umwelteffekte auftreten k&nen. (iii) Es bestehen Umwelteffekte wéhrend der
Samenentwicklung und -abreife, die die Dormanzauspr&gung beeinflussen.

Diese Hypothesen lief®n sich best&igen. Die CL-Rapsgenotypen wiesen in ihrer

potenziellen sekund&en Dormanz in der F1 Generation eine Schwankungsbreite zwischen

0 und 95,7 % und in den dazugeh&igen Nachkommen (F2) zwischen 3,5 und 77,9 % auf.

Neun der 15 CL-Genotypen wurden als gering dormant (< 30 % Dormanz) eingestuft. Eine

hohe Korrelation (r=0,96) zwischen der F1 und F2 Generation deutet auf eine hohe

Heritabilit& des Merkmals "Dormanz™ hin. Die Menge der Niederschl&ge wéarend der
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Samenentwicklung scheint zur Ausprayung spderer Dormanz beizutragen. Eine h&here
Niederschlagsmenge in den letzten Wochen vor der Ernte fihrte zu einem h&heren
Dormanzpotenzial. Diese Ergebnisse lassen darauf schlief®n, dass Selektion oder

ZUchtung auf geringe Dormanz bei CL-Raps m@ylich ist. Das Dormanzpotenzial von

Sorten kann nur direkt miteinander verglichen werden, wenn die Sorten am selben Standort

abgereift sind.

Versuch 3. (i) Der Bodensamenvorrat von Raps wird durch die Bodenbearbeitung nach
der Ernte, inshesondere durch den Zeitpunkt der ersten Bearbeitung, und durch die
Neigung zu Dormanz der verwendeten Sorte bestimmt; (ii) Der Auflauf von
Durchwuchsraps aus der Bodensamenbank ist von der Art der Bearbeitung
(wendend/nicht-wendend) bzw. der Bearbeitungstiefe abh&ngig;(iii) Es kommt zu einer
genetischen Aufspaltung der Herbizidtoleranz bei CL-Durchwuchsraps.

Die Hypothesen lief®&n sich teilweise best&igen. Die Bodenbearbeitungsverfahren

wendend vs. nicht-wendend hatten keinen signifikanten Einfluss auf die Grd% der

Samenbank, doch die frihzeitige Einarbeitung der Samen mittels flacher

Stoppelbearbeitung erhéhte den Bodensamenvorrat sichtbar (179 vs. 56 Samen m bei den

Varianten mit Stoppelbearbeitung vs. ohne Stoppelbearbeitung). Die Anzahl an

Durchwuchsraps in der Nachfrucht war signifikant. abh&ngig von der Bodenbearbeitung.

Aufgrund der flachen Verschiitung der Samen fthrte nicht-wendende Bodenbearbeitung

zu 30 mal mehr Durchwuchsrapspflanzen in der Nachfrucht Winterweizen als wendende

Bodenbearbeitung. Die hoch-dormante Rapssorte fihrte zu einem signifikant grd%ren

Bodensamenvorrat als die mittel-dormante (147 vs. 58 Samen m), jedoch zu weniger

Durchwuchsraps (0,9 vs. 1,9 Pflanzen m) in der ersten Nachfrucht. Méglicherweise wird

die Dormanz bei Samen von hoch dormanten Sorten im Bodensamenvorrat langsamer

gebrochen als bei geringer dormanten Sorten. Die Prifung der genetischen Aufspaltung
fUr Imidazolinontoleranz (Gene PM: und PM2) im CL-Durchwuchsraps in der ersten

Nachfrucht Winterweizen ergab insgesamt 10 unterschiedliche Allelkombinationen. Dabei

waren rund 90% der Pflanzen homozygot in PM: und PMy, d.h. sie besaf®n eine

genetische Disposition fUr eine hohe Toleranz gegen Imidazolinone.

Insgesamt wurde eine hohe Variationsbreite bei der potenziellen sekund&en Dormanz von

CL-Raps festgestellt, &nlich den bereits bekannten Ergebnissen bei nicht-CL-Raps. Der

Beitrag der sortenspezifischen Dormanzneigung bei Raps zum Aufbau der

Bodensamenbank wurde best&igt. Wé&rend der Samenentwicklung ké&nnen die
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muterlichen Umweltbedingungen die Dormanzauspr&ung in einem gewissen Maf3

beeinflussen. Bodenbearbeitungsverfahren, insbesondere der Zeitpunkt der Bearbeitung,
beeinflussen die Bodensamenbank und das Auftreten von Durchwuchsraps in den
Folgekulturen. Ein neuer Aspekt ist, dass neben der bisher untersuchten Kontrolle von
dormanzinduzierenden Faktoren zukUnftig auch Faktoren bericksichtigt werden missen,
die vorhandene Dormanz brechen.

Realistische Strategien zur Kontrolle von Auflaufraps sollten (1) die Verwendung von
gering dormanten Sorten mit geringem Potenzial zur Bildung einer Samenbank sowie mit
schneller Brechung der Dormanz umfassen, und (2) eine Kombination verschiedener
Bodenbearbeitungsverfahren in den Jahren nach dem Rapsanbau beinhalten. Ein Beispiel
wée eine verzcyerte, tiefe, wendende Bodenbearbeitung im ersten Jahr mit anschlief®nder
flacher, nicht-wendender Bodenbearbeitung in Folgejahren.

Mit dem Hintergrund eines vertieften Verst&ndnisses von Dormanz, der Entwicklung einer
Bodensamenbank sowie der Brechung von Dormanz kann das Auftreten von CL-
Durchwuchsraps in NachfrCchten durch die in dieser Arbeit vorgestellten, methodisch breit

angelegten und praktischen Ans&ze reduziert oder sogar vermieden werden.
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