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This volume of the Topics in Canadian Weed Science series is the result of
a symposium that was held during the 2010 Annual Meeting of the
Canadian Weed Science Society - Société canadienne de malherbologie in
Regina, Saskatchewan, on November 16, 2010.

New crops such as camelina [Camelina sativa (L.) Crantz] and Ethiopian
mustard (Brassica carinata A. Braun) are being considered for new uses,
for example, industrial or biorefinery platforms. Other crops are being
considered across North America for lignocellulose-based energy/biofuel
feedstocks, such as switchgrass (Panicum virgatum L.), a C, native
rhizomatous perennial grass, or intermediate wheatgrass [Thinopyrum
intermedium (Host) Barkworth & D.R. Dewey], a C, nonnative
rhizomatous perennial grass.

In addition to new crops, crops with second-generation traits (CNTs) —
traits such as enhanced nutrient quality, bioproducts and
pharmaceuticals, biomass/biofuels, altered plant
morphology/physiology, biotic stress tolerance, and abiotic stress
tolerance — are currently being tested in confined field trials around the
world.

Some intentionally-introduced species became invasive in Canada. While
most crops become volunteer weeds in subsequent crops, some have
escaped and established in ruderal areas, and a few have invaded and
transformed native landscapes. While invasive crops are rare, they are
economically and environmentally costly. Dispersal for large-scale
planting, agronomic nurturing, and seed dispersal (within fields at
harvest and widely by the seed transport system) may shorten the lag
period for invasion and reduce the opportunity for irradiation of weedy
species. It is incumbent on the weed science community to engage with
the crops industry and regulators to test new crops and second-
generation CNTs under field conditions prior to release and to develop
effective methods to monitor and mitigate following release.
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Foreword

First-generation genetically-modified crops with novel agronomic traits have
been grown in many countries since the mid-1990s. Weed scientists have
contributed to resolving some of the challenges encountered with the
adoption of these crops. Since that time, second-generation crops with novel
traits are being evaluated in confined field trials around the world. These
new traits range from enhanced nutrient quality, abiotic stress tolerances
(e.g., nitrogen-use efficiency, drought, cold, salt, heat, flood), biotic stress
resistances (e.g., fungal, bacterial, nematode, viral), plant morphology/
physiology (e.g., altered flowering or maturity, yield increase), to bioproduct
and pharmaceutical crops and biomass/biofuels. New industrial crops or bio-
refinery platforms are also being developed by utilizing plants such as
camelina and Ethiopian mustard. Great strides have been made towards the
development of these second-generation crops with novel traits; however, the
agronomic performance has yet to be evaluated to determine their success for
adoption. There are several environmental and regulatory requirements
and/or restrictions that need to be addressed, while other challenges also
relevant to weed science include potential invasiveness of feral plants in
adjacent non-cropped disturbed or natural areas and possible outcrossing to
related crops or wild/weedy plant species. These have serious implications
for identity preservation issues in crops and for the development of hybrid
offspring that may become more weedy or invasive. The potential nontarget
effects on flora and fauna diversity also need to be assessed. The Plenary
Session and the resulting publications presented in this issue of Topics in
Canadian Weed Science will provide an understanding of the role weed
science must play in resolving some of the challenges facing the
implementation of this technology. These include effective weed
management tools and best agronomic practices that enhance crop
competitiveness with weeds in various crop production systems. For second-
generation crops to be successfully integrated into agriculture, collaborative
multi-disciplinary research efforts are necessary for their potential to be
realized in the marketplace.

Sue Boyetchko

President, 2010
CWSS-SCM






Preface

The Canadian Weed Science Society — Société canadienne de
malherbologie (CWSS-SCM) is pleased to present “New crops/crops with
second-generation traits: weed management challenges”, the 9th volume of
Topics in Canadian Weed Science. This volume is a compilation of peer-
reviewed papers that were presented during the plenary session at the 2010
CWSS-SCM annual meeting held in Regina, Saskatchewan.

Topics in Canadian Weed Science is intended to advance the
knowledge of weed science and increase awareness of the consequences of
weeds in agroecosystems, forestry, and natural habitats. The volumes cover a
wide range of topics and provide a diverse source of information for weed
science professionals and the general public.

The plenary session topics at the CWSS-SCM annual meeting are of
both national and international interest, and we invite weed science
professionals to attend our annual meetings. The annual meeting is usually
held in late November, with locations alternating between Eastern and
Western Canada. Meeting details are available on the CWSS-SCM website
(www.weedscience.ca).

The CWSS-SCM Board of Directors expresses their gratitude to
H. Beckie and L. Hall (editors), the Regina Local Arrangements Committee,
the contributing authors, and the reviewers who have made this publication
possible. Other volumes of Topics in Canadian Weed Science include:

Vol. 1: Field boundary habitats: Implications for seed, insect, and
disease management.

Vol. 2: Weed management in transition;

Vol. 3: Soil residual herbicides: Science and management;

Vol. 4: The first decade of herbicide-resistant crops in Canada;

Vol. 5: Invasive plants: Inventories, strategies, and action.

Vol. 6: Physical weed control: progress and challenges.

Vol. 7: The politics of weeds.

Vol. 8: Climate change and the Canadian agricultural environment.

Most of these volumes are available for purchase and can be ordered
through the CWSS-SCM website (www.weedscience.ca).

Stephen Darbyshire
Publications Director
CWSS-SCM



Acknowledgements

Cover

Top Photograph: Fall-seeded camelina in southern Saskatchewan, mid-June, 2010
(very wet spring that resulted in many unseeded or late-seeded fields) by Linda M.
Hall

Bottom Photograph: Camelina large rosettes (and henbit) by Linda M. Hall

Cover Design for the Series: Ralph Underwood, Agriculture and Agri-Food
Canada, Saskatoon Research Centre, Saskatoon, SK.

Reviewers

The editors would like to thank the following people for their assistance in
reviewing the papers contained in this volume:

Eric Johnson, AAFC, Scott, SK Karen Bailey, AAFC, Saskatoon, SK
Kevin Falk, AAFC, Saskatoon, SK Debra McLaren, AAFC, Brandon, MB
Lisa Rew, Montana State University, Cecil Vera, AAFC, Melfort, SK

Bozeman, MT
Stephen Darbyshire, AAFC, Ottawa, ON  Byron Irvine, AAFC, Brandon, MB
Yantai Gan, AAFC, Swift Current, SK William May, AAFC, Indian Head, SK
Christian Willenborg, University of Steven Shirtliffe, University of
Saskatchewan, Saskatoon, SK Saskatchewan, Saskatoon, SK

This volume was prepared for publication by the following
persons:

Copy Editors: Hugh J. Beckie, Agriculture and Agri-Food Canada,
Saskatoon Research Centre, 107 Science Place, Saskatoon
and Agri-Food Canada, Saskatoon, Saskatchewan, Canada
and
Linda M. Hall, Department of Agricultural, Food and
Nutritional Science, 4-10 Agriculture/Forestry Center,
University of Alberta, Edmonton, Alberta, Canada

Production Editor: Anita Drabyk, Executive Assistant, Box 674, Pinawa,
Manitoba, Canada ROE 1L0

vi



Contents

Introduction
Hugh J. Beckie and Linda M. Hall...................ccccccoooiiiiiiiiiiiiieieese e 1

Camelina — a new industrial crop
JACK GPUSHCOW .ottt et 5

Research perspective: a promising way forward in determining weediness and
invasiveness of newly-introduced species
JOAN H. BUFILS ...ttt ettt ettt ettt 13

Agronomic challenges and opportunities for second-generation crops with novel
traits and new crops
Eric N. Johnson, Stewart A. Brandt, Linda M. Hall and Elwin G. Smith................. 31

Disease implications of canola-intensive crop rotations
H. Randy Kutcher, Christina Eynck, Bruce D. Gossen, T. Kelly Turkington, Stewart
A. Brandt and KeqUam Xi..............cccoeeeeiieiieiiiiieiie ettt 49

The development of new crops: case studies of niger and camelina

William E. May, Eric N. Johnson, Guy P. Lafond and Christopher B. Holzapfel

Volunteer and feral crop plants and latent seed populations play an important role in
novel trait containment
Rene C. Van Acker and Muthukumar V. Bagavathiannan .................ccceeveevevecveennen. 83

Vii






SYMPOSIUM

New crops and crops with second-generation
traits: weed management challenges

Hugh J. Beckie' and Linda M. Hall’

!Agriculture and Agri-Food Canada, Saskatoon Research Centre, 107 Science Place,
Saskatoon, SK S7N 0X2
’Department of Agricultural, Food and Nutritional Science, 4-10 Agriculture/Forestry
Center, University of Alberta, Edmonton, AB T6G 2P5
Email:  hugh.beckie@agr.gc.ca

Introduction

New crops such as camelina [ Camelina sativa (L.) Crantz] and
Ethiopian mustard (Brassica carinata A. Braun) are being considered for
new uses, for example, industrial or biorefinery platforms. Camelina is being
examined as a source of biodegradable industrial oils and bioplastics.
Ethiopian mustard is being considered as a source of oil and sinigrin for
industrial applications. For the latter crop, high glucosinolate lines from a
mutagenized breeding population are being examined for the development of
biopesticides (e.g., nematode control) or fish feed.

Some desired characteristics of crops considered as industrial or
biorefinery platforms include early maturity, disease resistance, seed shatter
resistance, high seed yield, novel seed oil profiles, high glucosinolate meal
(sinigrin or allyl glucosinolate), or other desirable properties for various
value-added products (biopesticides, phytoremediation, biolubricants, novel
feeds, bioplastics, etc.).

Other crops are being considered across North America for
lignocellulose-based energy/biofuel feedstocks, such as switchgrass
(Panicum virgatum L.), a C4 native rhizomatous perennial grass, or
intermediate wheatgrass [ Thinopyrum intermedium (Host) Barkworth & D.R.
Dewey], a C; non-native rhizomatous perennial grass. Desired characteristics
include high harvestable biomass yields under low input conditions, e.g., low
productivity/marginal lands. However, a prime potential environmental
concern of these crops, including future genetically-enhanced cultivars, is



2 Introduction

their invasiveness in ruderal (non-cropped disturbed) and natural areas,
particularly if grown on millions of hectares annually.

In addition to new crops, crops with second-generation traits (CNTs)
— traits such as enhanced nutrient quality, bioproducts and pharmaceuticals,
biomass/biofuels, altered plant morphology/physiology, biotic stress
tolerance, and abiotic stress tolerance — are currently being tested in confined
field trials around the world (Warwick et al. 2009). Abiotic stress-tolerance
traits include increased nitrogen-use efficiency, and cold, drought, salt, heat,
flood, or general stress tolerance. All of the major world crops are candidates
for one or more of these traits (Warwick et al. 2009). Similar to
lignocellulose-based energy feedstocks, potentially fitness-enhancing abiotic
stress-tolerance traits may impact weediness or invasiveness of some crops
or cultivars.

There are weed management and other challenges posed by new
crops or CNTs. Concerns that may be raised include the following: (1)
weedy or weedier (e.g., competitiveness, persistence) crop volunteers in
cultivated areas or potentially invasive in adjacent ruderal or natural areas;
(2) potential for outcrossing to related crops (identity preservation) or related
wild/weedy species whose hybrid offspring may become more weedy or
more invasive; (3) potential impact on flora and fauna biodiversity; (4)
availability of tools to effectively manage weeds in the new crop; and (5)
best agronomic practices to enhance crop competiveness against weeds.

Accurately predicting CNT invasiveness a priori is problematic,
especially for traits that may enhance plant fitness and invasiveness. Beckie
et al. (2010) have advocated post-release monitoring (PRM) of second-
generation CNTs. As first-generation (agronomic or input traits) genetically
modified/transgenic CNTs have been grown commercially in a number of
countries since the mid-1990s, second-generation CNTs will follow in the
near future. PRM of abiotic stress-tolerant and other second-generation
CNTs will strengthen pre-release environmental risk assessments, for which
protocols are currently being developed. In the review by Beckie et al.
(2010), a comprehensive framework and protocol for case-specific PRM of
such CNTs in Canada are outlined, using drought-tolerant canola (Brassica
napus L.) as a model CNT. The primary potential environmental risk
associated with cultivation of drought-tolerant canola is increased
invasiveness of volunteers or feral plants (self-perpetuating populations
outside of cultivated areas) and weedy relative-crop hybrids or backcrossed
progeny in ruderal and natural areas adjacent to CNT cultivation, resulting in
loss of abundance or biodiversity of native plant species. Thus, PRM can
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effectively address the greater uncertainties in the environmental risk
assessment of these second-generation vs. first-generation CNTs and thereby
enhance environmental protection and security of the food supply.

In the opening Plenary Session, “New crops and crops with second-
generation traits: weed management challenges”, the five speakers and
presentation titles were the following:

1. Jack Grushcow* (Linnaeus Plant Sciences Inc.) — “Industry
perspective on new crops: the reward side of the risk reward
equation”

2. Gini Ardiel-Hill (Canadian Food Inspection Agency) — “4
regulatory perspective on new crops”

3. Jean Burns* (Case Western Reserve University) — “Research
perspective: a promising way forward in determining
weediness and invasiveness”

4. Eric Johnson* (Agriculture and Agri-Food Canada) —
“Developing agronomic packages for new crops and 2nd-
generation crops with novel traits: constraints and
opportunities”

5. Hugh Beckie® (Agriculture and Agri-Food Canada) — “A4 role
for post-release monitoring?”

The Plenary Session was supplemented with a professional
development workshop chaired by Steve Shirtliffe (Dept. Plant Sciences,
University of Saskatchewan) entitled: “Weediness and agronomy of new
crops”. The four speakers and presentation titles were the following:

1. Randy Kutcher* (Agriculture and Agri-Food Canada) —
“Implications of canola-intensive crop rotations”

2. Bill May* (Agriculture and Agri-Food Canada) — “Agronomy
and weediness of camelina and niger”

3. Nicholas Boersma (Iowa State University) — “Agronomy and
weediness of Miscanthus”

4. Rene Van Acker* (University of Guelph) — “Risks associated
with transgenic crops”

Some intentionally-introduced species became invasive in Canada.
While most crops become volunteer weeds in subsequent crops, some have
escaped and established in ruderal areas, and a few have invaded and
transformed native landscapes. While invasive crops are rare, they are
economically and environmentally costly. Dispersal for large-scale planting,
agronomic nurturing, and seed dispersal (within fields at harvest and widely
by the seed transport system) may shorten the lag period for invasion and
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reduce the opportunity for irradiation of weedy species. It is incumbent on
the weed science community to engage with the crops industry and
regulators to test new crops and second-generation CNTs under field
conditions prior to release and to develop effective methods to monitor and
mitigate following release.

By supporting this forum, the Canadian Weed Science Society is
proactively exploring weed management and other issues related to new
crops and CNTs. Six* of the nine speakers have summarized their
presentations in this volume. The content for the presentation “A role for
post-release monitoring?”” was previously detailed in a review article
(Beckie et al 2010). We thank the authors and external reviewers for their
contributions to the session, workshop, or this monograph.

()”§

Literature cited

Beckie, H.J., L.M. Hall, M.-J. Simard, J.Y. Leeson and C.J. Willenborg. 2010. A
framework for postrelease environmental monitoring of second-generation
crops with novel traits. Crop Sci. 50:1587-1604.

Warwick, S.I., H.J. Beckie and L.M. Hall. 2009. Gene flow, invasiveness and
ecological impact of genetically modified crops. The Year in Evolutionary
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Camelina — a new industrial crop

Jack Grushcow
Linnaeus Plant Sciences Inc., Suite 244, 4438 West 10th Ave., Vancouver, BC V6R 4R8
Email: jack.gr@linnaeus.net

Camelina [Camelina sativa (L.) Crantz] is being developed as a new
crop to replace castor bean (Ricinus communis L.) for the production of
ricinoleic acid, a hydroxy fatty acid with a range of current uses ranging
from lubricants to moulded and formed polyamide resins. Camelina is
currently being grown for low-value biodiesel production, and is suited to
dry and warm environments in areas where canola (Brassica napus L.) does
not thrive. However, it has not been the focus of breeding or agronomic
research efforts and remains a crop ‘in the rough’. To develop a new crop, it
takes much more than a good idea and some novel genes. Industrial-value
chains are deeply entrenched and difficult to change. There is a large bank of
expertise required to shift a product into an existing market, especially one as
entrenched as the petroleum industry.

Additional keywords: bioindustrial, bioplastics, castor bean, materials other than
grains (MOGQ), ricinolein

Introduction

The petrochemical industry converts major raw materials — oil and
natural gas — into thousands of industrial and consumer products, including
plastics, paints, rubber, fertilizers, detergents, dyes, textiles, solvents, and
lubricants. In so doing, it uses products made in plants by photosynthesis
millions of year ago. The industry modifies the basic building blocks of
carbon, oxygen, and hydrogen to form valuable feedstocks for other
industries. Linnaeus Plant Sciences wants to use industrial crops to change
the way we do chemistry — our mission: we want to do chemistry in oilseeds
(Linnaeus Plant Sciences Inc. 2011).

Modern philosopher’s stone

Just as the ancient philosopher’s stone was said to be capable of
turning base metals, especially lead, into gold, we want to use light and water
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to make valuable industrial feedstocks. Specifically, we want to use non-food
oilseeds as high-value non-fuel petroleum substitutes. Right now, many
oilseed crops, including soybean [Glycine max (L.) Merr.], corn (Zea
mays L.) and canola oil, can be converted to biodiesel. Canola oil for
biodiesel is usually made from green seed and does not provide sufficient
value to Canadian farmers, except as a market for substandard seed. We want
to increase oilseed value for farmers beyond fuel. Rather than $0.50 per litre,
we want to produce a product that sells for $5.00 per litre such as lubricants,
hydraulic fluids, and greases. In so doing, we believe we can reduce our
carbon footprint and make Canadian agriculture a key player in climate-
change dialogue.

Oilseed crops are very effective at synthesis and concentration of
fatty acids in the seed. A fatty acid is a carboxylic acid with a long
unbranched aliphatic tail (chain), which is either saturated or unsaturated.
Triglycerides (TAG) are formed from three fatty acids and glycerol. The
location and position of saturated bonds in fatty acids and triglycerides forms
a multitude of potential chemical compounds that vary widely in properties,
such as lubricity, oxidative stability, drying ability, and nutritional content.

The tropics contain great biodiversity, and have long been a source of
our most valued medicines. They are also a source of plant oil diversity.
Tropical plants contain thousands of valuable industrial oils, but the crops
lack agronomic traits and climatic adaptation to Canada. Castor oil, extracted
from the seed of the castor bean (Ricinus communis L.), is one of these
valuable oils. Castor bean is a thizomatous shrub in the spurge family. The
seed contains between 40 and 60% oil that is rich in triglycerides, of which
90% is ricinolein. The plant also produces a high level of highly-allergenic
surface albumens, and seeds contains large amounts of the poison ricin, a
water-soluble protein. Consequently, this makes hand-harvest of seeds a
major human health risk.

One of the many uses of ricinolein is to manufacture Rilsan® Polyamide
(PA) 11 resin (Fig. 1). Supplied in powder or pellet form, Rilsan PA resin
can be processed by injection moulding, extrusion, blown film extrusion, or
extrusion blow moulding, and are available in rigid, semi-flexible, and
flexible grades. These resins have a wide range of applications, from
automotive to sport equipment (Arkema 2011). Arkema has spent 20 yr
trying to increase worldwide castor bean production through the
development of germplasm, but with little success. The world supply of
castor bean is limited, and the demand is increasing. Auto manufacturing
represents a major new demand for green products. China currently is the
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second largest importer of castor bean and demand is continually increasing.
Arkema, the world’s largest user, requires 50,000 t, almost 30% of total
global annual exports in some years. India currently produces most of the
world’s supply of castor bean, at 830,000 t annually. Brazil, the second
largest exporter, is increasingly subsidizing the use of castor bean for
biodiesel, further limiting the supply of ricinoleic acid. A stable supply of
castor oil would find a ready market.

Rilsan® Production Chain

Crude Oil -> Naphtha Castor_oll

Butadiene Methyl Ricinoleate

4 ¥

Lauryl Lactame Amino 11 Undecanoic Acid

¥ \ 4

Polymerization & Compounding Polymerization & Compounding
(2 Rilsan® PA12/IQ'i |Sa‘[1*\ Rilsan® PA11 _
Rils;n- ARKEMA

Figure 1. The use of castor oil and crude oil to manufacture Rilsan.(Arkema
2011).

Plants can produce large volumes of specialized oils at low cost. The
replacement of castor bean with a North American broad-acre crop, without
the worker safety concerns, would provide a stable and secure source of
ricinolein. Linnaeus Plant Sciences has chosen camelina [Camelina sativa
(L.) Crantz] as the crop to produce ricinolein. The company is the exclusive
licensee of the Carnegie Institution of Washington's rights to castor bean oil
synthesis genes, promoters, related technologies, and protocols. The critical
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hydroxylase gene (Broun and Somerville 1997) was discovered by Dr. Chris
Somerville, head of the Carnegie Institute's Department of Plant Biology at
Stanford University and one of the world's top experts in plant
biotechnology. These technologies allow Linnaeus Plant Sciences to create
lines of agronomically-adapted oilseed crops that produce hydroxylated fatty
acids, including ricinolein, as part of their seed oil profile. Camelina is
amenable to transformation (Lu and Kang 2008). Genetically modified
camelina oil will serve as an alternative source of castor oil. If 20% hydroxy
fatty acid could be obtained in camelina seed, about 200,000 ha of
production could satisfy the current United States (U.S.) market.

Camelina advantages

Camelina is an old world oilseed crop in the Brassica family, with
small yellow flowers and globular seed pods (Francis and Warwick 2009).
Interest in camelina as a potential oilseed crop for northern regions began to
increase in Canada after trials were conducted in the late 1950s. Recently,
camelina has received renewed interest in Europe, North America, and
Australia, mostly due to its nutritional value. Camelina’s fatty acid
composition is largely unsaturated (greater than 90%), with significant
amounts (30 to 40%) of linolenic acid, an important omega-3 fatty acid (Zubr
2003). This profile is similar to that of flax (Linum usitatissimum L.), making
camelina oil a perfect fit for the nutraceutical market, where foods contain
added health benefits (Peiretti and Meineri 2007).

Camelina is related to several weedy species: C. alyssum, C.
microcarpa, and C. rumelica that were introduced to Canada as crop
contaminants (Francis and Warwick 2009). There is no evidence from weed
survey data (Leeson et al. 2005) or initial studies of demographics (Davis
2010) that any of these species are invasive or spreading within agronomic
systems. It seems unlikely that camelina will be a persistent volunteer.

Camelina’s small seed size, limited agronomic information (Gugel
and Falk 2006; Urbaniak et al. 2008), lack of adequate weed control options,
and current low value of the product are significant constraints to production.
However, camelina is not currently being used as a food or export crop in
North America, which reduces the concern for adventitious presence in food
or export products. Camelina has not benefited from germplasm
enhancement through breeding and selection of lines suited to Canada.
Therefore, significant gains could still be achieved in seed size, yield, and
abiotic and biotic stress tolerance. Because camelina is now ‘coming of age’,
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it may benefit from rapid and less expensive sequencing, marker-assisted
selection, and mutagenesis to reduce the time to reach breeding objectives.

Crop transformation, breeding, and production are just part of the
expertise required to bring a green product to market (Fig. 2). Whole-crop
processing and market development for products are also required. The least
valuable component of the oil may be biofuel (Bernardo et al. 2003; Frohlich
and Rice 2005; Moser and Vaughn 2010), but this product has an established
market. Camelina meal has been accepted for feed use in the U.S., and has
additional non-food uses such as mucilage applications; tocols, tocopherols,
and omega fatty acids could be nutritionally-promising. Material other than
grain (MOG) — pellets, composites using straw and seed hull — may find a
market as well.

Product
Release

Life Cycle
Analysis

Food and Feed

Safety Field Testing

Environmental

Tribology Biosafety

Molecular

ronomics Biorefinin |
Ag g Biology

Figure 2. Some of the expertise required to develop a new crop and product
stream.

Availability drives applications — the chicken and egg problem. If there was
a market, then there would be production. If there was production, then there
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would be a market. Which comes first? We are simultaneously working with
camelina breeders and growers to develop the germplasm for conventional
production, while enhancing the grower’s agronomic skills and knowledge.
This effort is occurring in parallel with product development, testing of meal
for animal feed, and assessing physical and chemical attributes of
bioproducts. Research will provide a stronger platform upon which to
develop the higher value, modified fatty acid camelina production system.

Relevance to industry

Linnaeus Plant Sciences is part of a responsive biotechnology
industry. We are cloning and engineering new genes, and working with
public partners to further crop and product development. Because patents
will control new materials, we are working with other industry partners such
as DuPont. On September 13, 2010, Linnaeus Plant Sciences and DuPont
announced a licensing agreement to develop an industrial oilseed platform
and commercially exploit Linnaeus Plant Sciences/DuPont hydoxylated fatty
acid intellectual property. It is our intention to obtain proof-of-concept for
several DuPont industrial oil traits in camelina, and assess possible
applications for DuPont oil profiles and related chemistries.

Relevance to government

Policy and regulations need to evolve to adapt to new products and
crops. Linnaeus Plant Sciences is also working with the Canadian Food
Inspection Agency to develop a biology document for camelina.

Relevance to agriculture

Linnaeus Plant Sciences is playing an active role in making
agriculture part of the climate-change solution. There is a direct
environmental advantage to replacing petroleum products with plant-made
oils. Sustainable production practices can optimize this advantage.

It is also our responsibility to keep our growers competitive, by
delivering a valuable new rotation crop. Offering more crop rotation options
may break the commodity price cycle and drive added value at the farm gate.
In 2010, over 6 million ha of canola were planted in Canada, providing a
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significant economic return to growers and the Canadian economy. Camelina
may provide an alternative crop to canola, particularly in areas too warm and
dry for successful canola production. Thus, camelina could offer greater crop
diversity and an additional high-value crop.
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Research perspective: a promising way forward
in determining weediness and invasiveness of
newly-introduced species
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Tools to predict and prevent biological invasions are greatly needed
because controlling invaders after they have established is far more
expensive than prevention. Existing tools to predict plant invasions include
trait-based models, such as the Australian Weed Risk Assessment and
modifications thereof, and pathways models, which target dispersal corridors
for monitoring. An additional tool, demographic modeling, predicts whole-
population level behaviours, such as projected population growth rate, and is
thus closely related to the invasion process. Evidence in the literature is
consistent with the prediction that invasive and weedy species have higher
projected population growth rates than noninvasive and less weedy relatives.
However, phylogenetically-broad experimental tests of this hypothesis that
control for environmental variation are still needed. Demographic methods
must carefully consider the environmental conditions, including both biotic
and abiotic conditions, under which these models are parameterized, to most
accurately predict potential invasiveness or weediness. The most powerful
approach to predicting and preventing invasions of newly arrived, or
potential introductions, on a country or regional scale, may be a multi-
pronged approach that makes iterative use of the information in pathways
models, weed risk assessment models, and demographic models to predict
potential invasiveness.

Additional keywords: demography, modeling, population dynamics, prediction,
prevention

Introduction

Invasive species are those that have been introduced and spread
rapidly outside their native range, as defined by Richardson et al. (2000).
Like invasive species, weedy species often spread rapidly, and may have
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severe ecological or economic effects, but may be either native or
introduced, and are more likely to be a problem in disturbed or agricultural
settings than in natural areas (USDA 2010). In most cases, the costs of
prediction and prevention of invasions would be far less than the costs of
control (Finnoff et al. 2007); thus, developing useful prediction tools is an
important goal for invasion biology.

A combination of approaches for predicting and preventing biological
invasions is most likely to succeed in the face of this highly complex
regulatory problem (Fig. 1). Tools to predict biological invasions include
pathways models (Hulme et al. 2008), which use introduction pathways to
predict invasion corridors, trait-based prediction models, such as the
Australian Weed Risk Assessment (WRA) models and their progeny (e.g.,
Daehler et al. 2004; McClay et al. 2010; Pheloung et al. 1999) and
demographic models, which use population parameters, such as survival and
fecundity, to predict future population growth (Caswell 2001) (e.g., Burns
2008; Ramula et al. 2008). Here, I briefly summarize the literature on these
prediction tools and suggest an integrative approach that might enhance
prediction and prevention by making use of the strengths of multiple tools

(Fig. 1).

Pathways models

Regulators might propose prevention strategies based on pathways of
introduction (Fig. 1). Pathways models use modes of introduction, such as
shipping routes, to predict likely sources of invasions, allowing managers to
focus their limited time on key locations or sources (Hulme et al. 2008).
Hulme et al. (2008) identify six major pathways of introduction, ranging
from fully-intentional introductions, to fully-unintentional introductions, or
‘unaided’  dispersal. Intentional introductions include commodity
introductions that are deliberately released — their ‘release’ category, such as
plants for forage or erosion control. Unaided dispersal may occur for many
introduced species after an initial introduction, such as for Sargassum
invasion in Europe, a very aggressive macroalga (Hulme et al. 2008).
Terrestrial plants are most often originally ‘escaped’ commodities, which
were intentionally introduced, such as for horticulture or agriculture, but
became naturalized unintentionally (Hulme et al. 2008).

By classifying pathways of introduction, regulations could be
standardized by pathway type. For example, when movement via seed
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contaminants is likely, vehicles could be regularly inspected and cleaned to
prevent invasions (Hulme et al. 2008). Evidence suggests that the proportion
of invasions that result from unintentional introduction is increasing,
especially among invertebrates and microorganisms, suggesting that
monitoring and control of these pathways will be especially critical in the
future (Hulme et al. 2008). This approach is particularly useful for accidental
introductions, where the traits of species cannot be used to filter potentially
weedy or invasive species a priori (Fig. 1).

Trait-based models

When species are introduced intentionally, as is often the case for
terrestrial plants (Hulme et al. 2008), trait-based models may provide a
mechanism to predict potential invasive species (Fig. 1). Trait-based models,
or WRASs, use information about species' traits, such as fecundity, vegetative
reproduction, and self-compatibility, to predict the probability of
invasiveness or weediness (e.g., Daehler et al. 2004; Daehler and Virtue
2010; Dawson et al. 2009; Gasso et al. 2010; Gordon et al. 2008a; Krivanek
and Pysek 2006; McClay et al. 2010; Pheloung et al. 1999; Skarpaas and
Okland 2009; Weber et al. 2009). Trait-based models also often use a
number of traits that are not necessarily morphological, but could be
historical factors that correlate with invasion success, including propagule
pressure, timing of introduction, and perhaps the best predictor, ‘invasive
elsewhere’ (Pheloung et al. 1999). While these traits provide useful
information predicting potential invasiveness, they are not always available;
for example, if a species has not been introduced beyond its native range,
then whether it is invasive elsewhere cannot be evaluated. This may be
especially true for new crop or biofuel crop introductions, which by nature of
their recent development, will lack information such as whether they are
invasive elsewhere. For such species, a second level of evaluation is most
likely necessary (Fig. 1).

Trait-based models are typically accurate at predicting invasiveness at
a regional scale, correctly classifying invasive species as invasive in cross-
validation analyses 86 to 100% of the time (e.g., Daehler and Virtue 2010;
Gordon et al. 2008b; Pheloung et al. 1999). However, trait-based models are
often less good at accurately predicting noninvasive species, in some cases
only correctly predicting 44 to 50% of noninvasive species (McClay et al.
2010, but see for example Daehler et al. 2004). Further, while these models
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Pathways
Intentional Unintentional
(e.g. release, escape, contaminant) (e.g. stowaway, corridor, unaided)
Traits-based assessments Monitor/control pathways
(e.g. AWRA) (e.g. vehicle transport)
Accept, Reject, Evaluate,

May introduce Do not introduce Conduct further
assessment

Common garden experiment,
Demographic assessment

N

A<1, A>1,
May introduce Do not introduce

Figure 1. A proposed integrated approach to invasive and weedy species risk
assessment, using an iterative model including pathways, trait-based
assessments, and detailed demographic assessments when necessary. When
populations are introduced unintentionally (pathways categories from Hulme
et al. (2008); note that intention is continuous in Hulme's framework), it may
be necessary to monitor high traffic pathways for potential invaders or
implement risk-reduction strategies. If species or their vectors are introduced
intentionally, trait-based approaches can be used to identify species of high
risk of invasiveness or weediness and prevent their introduction. Trait-based
models have been designed to yield recommendations for introduction: if
high risk, then reject; if low risk, then accept; or evaluate further.
Demographic models can be used to further evaluate potential invasiveness
by making predictions about projected population growth rate, A (lambda).
By making predictions at the population level, these models provide
predictions closely tied to the invasion process. At its simplest, if a
population is predicted to have population growth, A >1, it might be
considered a higher-risk introduction, and if a population is predicted to
shrink, A <1, it might be considered a lower-risk introduction.
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have worked well in some areas, such as Australia and Hawaii (e.g., Dachler
et al. 2004; Pheloung et al. 1999; Weber et al. 2009), they seem to work less
well in other regions, such as Canada (McClay et al. 2010). These models
also usually recommend some proportion of species that fall into an ‘evaluate
further’ category for additional analysis (e.g., 13%, Dachler et al. 2004).
Complementary approaches are needed when trait-based models provide
ambiguous results, or for newly-developed genotypes such as novel crops,
which cannot be evaluated using standard WRA models (Fig. 1).

Demographic modeling

Demographic models are an empirical summary of all of the factors
in a species' life cycle that influence population growth, including survival,
growth, retrogression, and fecundity (Caswell 2001), and thus they are a
method of summarizing all of that information into a measure of population
performance. Demographic models can take either continuous form, as in
integral projection models (Easterling and Ellner 2000) or discrete form, as
in age- or stage-structured models (Caswell 2001). Stage-structured
demographic matrix models are the most frequently used demographic
modeling tool for plants (Buckley et al. 2010; Burns et al. 2010; Crone et al.
2011; Ramula et al. 2008). Stage-based demographic matrix models take the
form of a projection matrix, where the elements of the matrix describe the
probabilities of transitions from one stage class to another (equation 1;
Fig. 2).

For example, a stage-based demographic matrix model for a
hypothetical perennial plant with life-cycle diagram (Fig. 2) could take the
form:



18 Weediness and invasiveness of newly-introduced species

()
¢

P,

O

P3

P2

Figure 2. Hypothetical life cycle diagram for a perennial plant with
nonreproductive stage class 1, and reproductive stage classes 2 and 3
(modified from Caswell (2001)), where circles indicate stage classes, and
arrows represent transition probabilities. Individuals in this model can stay in
a stage class (P;), grow to the next stage class (G;j), or reproduce (F;) over the
course of 1 yr. The transition probabilities are a function of vital rates, such
as fecundity, survival, and germination proportion (Caswell 2001).

where ‘A’ is the population projection matrix, ‘P;’ is the probability of
surviving and remaining in stage class ‘i’ over the projection interval — often
1 yr. ‘Gy’ is the probability of growing from stage class ‘i’ to the next stage
class, and ‘F;’ is the fecundity of stage class ‘1’ individuals, which, in this
case, germinate and become nonreproductive, stage class 1 individuals over
the course of 1 yr (equation 1). In this example, the projection interval is 1
yr, but this could be altered as appropriate for the life cycle. This example
has no seed bank, but the model can easily be modified to include a seed
bank stage. The values of the transition probabilities can be fixed (e.g., P; =
0.1) or can be functions, for example, of density (Caswell 2001).

The projected population growth rate, A (lambda) describes the rate
of increase of the population at equilibrium, assuming that conditions remain
the same as when the vital rates were measured. Lambda can be easily
calculated from demographic matrix projection models, and is equal to the
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dominant eigenvalue of the projection matrix (Caswell 2001). Values of A >1
indicate a population that is projected to grow; values of A <l indicate a
population that is projected to shrink. Some empirical evidence suggests that
demographic modeling may be a useful predictive tool for invasive and
weedy species, where one might predict that invasive species would have
greater A than noninvasive species (Burns et al. 2008; Ramula et al. 2008).

Because demographic modeling can provide population-level
predictions about potential invasiveness, demographic models can provide
another tool for evaluation (Fig. 1). The unit of management interest for
invasive and weedy species is typically the population, not individuals or
species (Davis 2010; Davis et al. 2011; Rew et al. 2007). To the extent that
invasiveness and weediness are emergent properties of populations,
measuring performance at the level of the population is more likely to
succeed than measuring individual traits (Davis et al. 2000; Davis 2010;
Davis et al. 2011). For example, if density dependence regulates population
growth (Halpern and Underwood 2006), fecundity might increase population
growth only up to a point where density suppresses additional germination
and seedling survival, resulting in a saturating relationship between
population density and population growth (Fig. 3). In such cases, fecundity
alone (a trait often used in WRA models, e.g., Pheloung et al. 1999), will not
scale with population growth or invasiveness in a one-to-one fashion. Thus,
measures of population growth may be more relevant for management
purposes than individual traits (Rew et al. 2007).

Positive population growth is a necessary, though not sufficient
requirement for a population to be considered invasive or weedy across the
landscape (Richardson et al. 2000). Invasion, or spread in the landscape
(Richardson et al. 2000), is a function of both demographic and dispersal
processes (Neubert and Caswell 2000). A population could have high
population growth at some sites, but still fail to invade, if dispersal limits
expansion across the landscape (Neubert and Caswell 2000), or if
environment-dependent demography results in lower population growth at
some sites. Demography is, in principle, more closely tied to the invasion
process than any individual trait, like fecundity, because it incorporates all of
the stages of a species’ life cycle into a single descriptor of population-level
processes (Halpern and Underwood 2006). However, measuring demography
is not identical with measuring the rate of spread across the landscape
(Neubert and Caswell 2000), or even necessarily with future population
behaviour (Crone et al. 2011).
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Fecundity

Density

Figure 3. Density dependence could suppress population growth at high
densities, via effects on other vital rates, even if fecundity is not suppressed
at high densities.

Evidence that demographic modeling can predict weediness or
invasiveness

Projected population growth rates are higher for invasive than for
noninvasive species in the dayflower family (Commelinaceae)

To test the hypothesis that A is associated with invasiveness, I
conducted a factorial greenhouse experiment manipulating water and
nutrients for four pairs of invasive and noninvasive congeners (Burns 2006).
I focused on a single family for these experiments, the dayflower family
(Commelinaceae), because there are multiple invasive species in the family
across multiple genera, and because there are many species with known
introduction histories that have failed to invade. For the purposes of the
experiment, species were considered invasive if they were so classified by
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published sources and authorities (e.g., USDA National Invasive Species
Information Center database; Florida Exotic Pest Plant Council database).

The experiment manipulated water and nutrients in a factorial design
with high and low water and nutrient availability (see Burns (2006) for
experimental details), and demographic models were parameterized based on
the experiment (see Burns (2008) for details). The invasive species had
consistently and significantly higher A than their noninvasive relatives under
high nutrient conditions (Fig. 4). These results suggest that invasive species
might have higher A than their noninvasive relatives, under conditions
relevant to invasion. However, the experiment was conducted in a
greenhouse with a phylogenetically-limited sample of species, limiting the
ability to generalize from the results. The observed A values are probably
also much higher than might be expected under field conditions, suggesting
that field sampling is necessary. The meta-analysis described below assesses
the degree of generality of this pattern, with respect to additional
phylogenetic sampling and field conditions.

15 —+ Commelina
-& Murdannia
—< Tradescantia 1
* -o- Tradescantia 2

el

Lambda

ﬁ'&*

I N I N I N I N
HH LH HL LL

Figure 4. Population growth rate (lambda, A) based on plants grown under a
factorial experimental design, with high and low water and high and low
nutrient availabilities (e.g., HL=high water, low nutrients, etc.). Response



22 Weediness and invasiveness of newly-introduced species

variables are presented for individual species, with invasive (I) and
noninvasive (N) species nested within related pairs. Lines connect pairs.
Lambda was higher for invasive species than for their noninvasive congeners
under high-nutrient conditions (m: P < 0.10; *: P < 0.05; **: P < 0.01).
Reprinted with permission from Burns (2008).

Projected population growth rates are higher for invasive populations
than for native populations in a global meta-analysis

To determine whether species in the invaded range, i.e., invasive
populations, had higher A than species in their native range, i.e., native
populations, we conducted a meta-analysis of the plant demographic
literature from 1975 to 2006, collected demographic matrix information
including estimates of A, and conducted a meta-analysis comparing the
demography of invasive and native populations (details in Ramula et al.
(2008)). The data set consisted of 21 invasive populations, where
demography was measured in the invaded range and invasiveness was as
defined by the study authors, and 179 populations in the species' native
range. In this data set, there were no species that fell into both categories,
i.e., were in the data set both in their introduced range and in their native
range. We used an ANCOVA with introduction status as a factor (native,
invasive), lifespan as a covariate, and A log-transformed to ask whether
invasive species differed in A from native species. Note that not all native
species are noninvasive, and demography of a given species might differ
between its native and introduced range; however, this provides a first
approximation of the signal of invasiveness on A.

The invasive species had significantly higher A than the native
species (Fig. 5); unsurprisingly, native species had a A very close to 1,
suggesting that the populations are relatively stable, on average. The higher A
of invasive populations is consistent with the prediction that demographic
models may be useful tools for predicting potential invasiveness (Fig. 1).
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Figure 5. Invasive species had higher lambda (1) than native species in a
meta-analysis (modified from data in Ramula et al.(2008)). The dashed line
indicates the point above which populations are projected to increase. Results
were also significant with removal of the outlier, Lespedeza cuneata, which
had an unusually high A of 22.45 (least square mean = 147 and 1-05, for
invasive and native species, respectively; Fj 19 =10-04 P = 0.005).

An example application

Projected population growth suggests that camelina (Camelina sativa)
may be unlikely to be weedy

Davis and colleagues (Davis 2010; Davis et al. 2011) have conducted
a demographic analysis of camelina (gold of pleasure, large-seeded false
flax) [Camelina sativa (L.) Crantz] to predict its potential for weediness in
two rangeland ecosystems, and compared the results of demographic
simulations to predictions of invasiveness by the Australian WRA (Pheloung
et al. 1999 and modifications thereof). Camelina is a proposed biofuel crop,
which has potential to be weedy, especially as it has been bred for rapid
growth. Population models under a wide range of scenarios predicted that
populations of camelina in two Montana rangelands will decline (A <I),
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suggesting that it is probably safe to introduce camelina to Montana, if
rangeland invasions are the primary factor affecting introduction decisions
(Davis 2010; Davis et al. 2011).

Predictions of a modified Australian WRA for camelina were
inconsistent with the demographic predictions; under no scenario did the
WRA evaluation result in an ‘accept’ recommendation (Davis 2010; Davis et
al. 2011). Under some scenarios, the WRA recommendation would be
‘reject’, as when climate matching was assumed to be high or hybridization
with weedy relatives was assumed to occur, and under others, it would be
‘evaluate further’, as when climate matching, dispersal, and hybridization
were all assumed to be low (Davis 2010; Davis et al. 2011). It will be
instructive to assess whether camelina invades Montana rangelands in the
future, to assess whether WRA or demographic modeling predictions were
more accurate.

Caveats and recommendations

Demographic models can only make accurate predictions about
future population growth or decline if their parameters are measured under
appropriate environmental conditions (Burns et al. 2008; Rew et al. 2007; see
also Crone et al. 2011 for a discussion of model limitations). It is widely
recognized that disturbed systems are more likely to be invaded than
undisturbed systems (Davis et al. 2000), and that the outcome of
introductions is dependent on the interaction between species traits and the
non-native environment (e.g., Burns 2006). For example, fecundity is
responsive to environmental quality, including nutrient availability in most
plants (Burns 2006), and higher quality environments may result in higher
fecundity and higher A (Fig. 4; Burns 2008). Thus, fecundity measured under
low nutrient conditions would not reflect the potential invasiveness of that
population under high nutrient conditions. To accurately predict invasiveness
using demographic models, it will be critical to measure population
parameters under appropriate environmental conditions, that is, those
environments potentially subject to invasion.

In addition to careful choice of the environments in which to
parameterize demographic models, studies of the demography of potential
introductions should also consider the sample sizes used to estimate model
parameters (Fiske et al. 2008). The sample size necessary to minimize bias in
estimates of transition rates will vary across populations and for different
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transitions, but for a relatively typical perennial plant, Heliconia acuminata,
across six plots and 6 yr of sampling, samples of ca. 100 individuals were
adequate when the probability of survival was relatively high (> 0.80), and
larger sample sizes were necessary when survival was low (Fiske et al.
2008). Studies that suffer from small sample sizes, for example, due to
unforeseen mortality, might consider using a continuous demographic
modeling approach such as integral projection modeling (Easterling and
Ellner 2000), which may be more robust than the discrete matrix model
approach when sample sizes are small.

The density-independent population dynamics may be of most
interest in governing the early stages of invasion (Neubert and Caswell
2000), unless Allee effects play a role in early introduction success; however,
density-dependent dynamics could be important at later stages of invasion
and might have management implications (Halpern and Underwood 2006;
Pardini et al. 2009; Parker 2000). Demographic models of potential
invasiveness might benefit from considering the effects of density
dependence on population growth. Models can incorporate density
dependence either using standard density-dependent models, where density
functions are incorporated into the model in lieu of point estimates for vital
rates (Caswell 2001), or multiple population projection matrices could be fit
at different population densities, following the density-structured modeling
approach of Taylor and Hastings (2004). Incorporating density dependence
in demographic models could shed light on the role of density dependence in
structuring invasions and could enhance control efforts (Halpern and
Underwood 2006; Pardini et al. 2009).

Population dynamics are known to vary greatly across years and
populations (e.g., Buckley et al. 2010), and attempts to predict future
population dynamics would be enhanced by considering the role of
environmental stochasticity in determining population dynamics of proposed
introductions (Caswell 2001). Samples across years or populations are
necessary to parameterize stochastic demographic models, and several
techniques are available for incorporating among-year or population
variation, including sampling the environmental states from a fixed
distribution, discrete-state Markov chains, or autoregressive-moving-average
models (Caswell 2001). The stochastic population growth rate, A, can be
calculated using simulation or Tuljapurkar’s approximation (Tuljapurkar
1989, 1990), and in theory could be used to make predictions about future
population dynamics of introduced species.
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While population growth (A >1) is necessary for invasion to occur,
determining projected population growth may not be sufficient for making a
management decision. Whether a species has a negative effect on local
systems, native species, or ecosystem processes will be a function of
population growth (Davis et al. 2000; Rew et al. 2007) and other factors such
as functional group (Vitousek and Walker 1989). For example, species in the
legume family (Fabaceae) have nitrogen-fixing rhizobia, and may have
ecosystem effects disproportionate to their population size (Vitousek and
Walker 1989). Any management decisions using demographic tools will
have to be based on what projected population growth rates are deemed
‘acceptable’ — a value-based judgment. Demographic models, like other
quantitative tools, cannot make these judgments, but can provide an
objective scale on which to base introduction decisions. What A value is the
appropriate cut-off for assessing potential invasiveness or weediness, and
what other criteria need to be considered in making such a decision remain a
judgment that policy-makers adopting this tool would need to make.

Conclusions

Predicting whether species or genotypes will be weedy or invasive is
a difficult problem, which is most likely to be solved using a combination of
approaches, including understanding the pathways of introduction, using
trait-based predictive models, and using demographic modeling to predict the
potential for future population growth (Fig. 1). Demographic models must
take special care to consider the appropriate environments for evaluation, as
a population is only weedy or invasive in a particular context (e.g., Burns
2008). When parameterized in the environments subject to potential
invasion, demographic models should provide useful information about the
potential for population growth, and thus invasiveness (e.g., Davis 2010;
Davis et al. 2011), though caution should be used in interpreting these
models, as the extent to which demographic models accurately predict future
population growth is a matter of debate (see discussion in Crone et al.
(2011)). By taking a multi-step process to evaluate potential invasiveness, we
may be able to create more accurate predictions even in the face of
uncertainty, and demographic modeling could be an important component of
such prediction efforts (Fig. 1).
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Crops with novel traits have been rapidly adopted in Canada and
worldwide. To date, most of the traits have been monogenic herbicide- or
insect-resistance traits. A number of second-generation input and output
traits are currently under development. Many of the traits under development
are fitness traits, and it is difficult to predict the impact of these fitness traits
on invasiveness. Improved vigour and competitiveness, stress tolerance, and
nitrogen-use efficiency have already been observed in hybrid canola
developed through traditional plant breeding techniques. This improvement
in crop fitness has occurred without a corresponding increase in invasiveness
in managed or natural ecosystems. Second-generation traits have been
inserted into canola to improve drought tolerance and nitrogen-use
efficiency. In both cases, improvements in drought tolerance and nitrogen-
use efficiency are reported; however, the field evaluation studies to assess
their performance are quite limited. Agronomists, plant physiologists, and
soil scientists will need to collaborate with molecular biologists early in the
evaluation phase in order that second-generation traits can be adequately
evaluated in the field. New crops provide both economic and environmental
benefits to growers; however, there are many agronomic and commercial
challenges to be overcome for them to be widely adopted and successfully
commercialized. The development of Saponaria vaccaria L. from a weed
(cow cockle) to a potential crop is presented as a case study to outline the
challenges of new crop development.

Additional keywords: abiotic stress, crop diversification, fitness traits, nutrient-use
efficiency, transgenic crops
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Introduction

Genetically-modified (GM) crops and crops with novel traits (CNT)
have been rapidly adopted worldwide. The area devoted to transgenic crops
has grown by about 10 million ha annually since their introduction in 1996;
in 2009, this area was estimated to be 134 million ha worldwide (Marshall
2010). Crops with monogenic herbicide- and insect-resistance traits
accounted for 74 and 16% of the total area, respectively. Since 2003, crops
with stacked (two or more) traits have risen globally from 5.8 to 28.7 million
ha in 2009, and make up 20% of the total area devoted to transgenic crops. In
addition to herbicide and insect resistance, there are also traits for viral
resistance, male sterility, and oil quality (Que et al. 2010). The major GM
crops include soybean [Glycine max (L.) Merr.], corn (Zea mays L.), cotton
(Gossypium hirsutum L.), and canola (Brassica napus L.). In 2009, 8.2
million ha of GM crops were seeded in Canada, the fifth largest area seeded
in the world (James 2009). Canola is the primary GM crop at 6.2 million ha,
followed by soybean (1.4 million ha), corn (1.2 million ha), and sugarbeet
(Beta vulgaris L.) (15,000 ha). Acetolactate synthase (ALS)-resistant canola,
developed by mutagenesis, is considered a CNT and occupies about 6% of
the total canola hectares; therefore, the area seeded to CNT canola is slightly
higher than the 6.2 million ha (James 2009).

Second-generation crops with novel traits (SG-CNTs) provides both
challenges and opportunities for weed scientists and agronomists. Traits
being developed include tolerance to drought, cold, and salinity; nutrient-use
efficiency; value-enhanced crops (crops with output characteristics modified
to add end-user value); and those developed for molecular farming or
bioproduct production (Jefferson-Moore and Traxler 2005; Warwick et al.
2009). Contrary to first-generation traits such as herbicide resistance, some
of the traits in SG-CNTs are fitness traits and their environmental risk for
invasiveness is difficult to predict (Beckie et al. 2010). On the other hand, it
may be argued that traditional plant breeding has improved stress tolerance
and improved nutrient-use efficiency in a crop such as canola without
impacting its invasiveness. Agronomic research to support this argument
will be provided herein.

The need for crop diversification in western Canada has been
recognized since the late 1960s when cropping was dominated by spring
wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and oat (Avena
sativa L.) (Carlyle 2002). Declining spring wheat prices and changes to grain
transportation policies have resulted in declining spring wheat hectares, and
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compensatory increases in crops such as canola and pulses. The Prairie
provinces are now the leading exporter of lentil (Lens culinaris L.), field pea
(Pisum sativum L.), condiment mustard (Brassica juncea L. and Sinapis alba
L.), and canaryseed (Phalaris canariensis L.) in the world (Johnson et al.
2010). In addition, the Prairies have thriving industries with a number of
other non-traditional crops (Blade and Slinkard 2002).

Some ‘new’ crops under development have weedy characteristics and
some have been or are currently listed as noxious weeds in the Canadian
Weeds Seeds Order or in Provincial Noxious Weeds Acts. These include
hemp (Cannabis sativa L.), camelina [Camelina sativa (L.) Crantz], cow
cockle (Saponaria vaccaria L.), and field pennycress/stinkweed (7Thlapsi
arvense L.) (Minister of Justice 2005; The Queens Printer 1999; The Queens
Printer for the Province of Manitoba 1987). Issues have been raised on the
potential invasiveness of cellulosic biofuel crops, particularly non-native
perennial species such as giant reed (Adrundo donax L.) and the hybrid grass
Miscanthus x gigantus (Barney and DiTomaso 2008; Raghu et al. 2006);
however, there is limited development in biomass-derived energy currently
underway in western Canada.

SG-CNTs and new crops provide agronomic, environmental, and
economic opportunities and challenges for weed scientists, agronomists,
plant breeders, producers, and regulators. This review will focus on
agronomic opportunities and challenges; in addition, barriers to development
and adoption of new crops will be discussed. Environmental issues
surrounding SG-CNTs and new crops are a prime concern, particularly for
regulators. Some of the issues include transgene movement to wild and
weedy relatives, and potential for increased weediness and invasiveness of
the crop. These issues will not be addressed, as they have been
comprehensively addressed by Warwick et al. (2009).

Second-generation CNTs

Second-generation traits such as abiotic and biotic stress tolerance,
nitrogen-use efficiency (NUE), and fungal resistance are currently being
field tested in crops such as canola, wheat, barley, corn, and soybean in
Canada (Warwick et al. 2009). Since canola is the primary CNT grown in
western Canada, the discussion on second-generation traits will be limited to
this crop. It is difficult to know all the second-generation traits being
evaluated in canola due to proprietary information; however, Warwick et al.
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(2009) list NUE and stress tolerance as traits currently being evaluated in
canola.

Challenges — monoculture and loss of crop diversification

One primary argument against genetic modification is that it leads to
transgenic monocultures (Altieri 2001). The widespread adoption of
glyphosate-resistant soybean and corn has led to gene monoculture in many
U.S. states, and an alarming rise in the number of glyphosate-resistant weeds
(Powles 2008). Stacked traits will allow for tank-mixes with different modes
of action, which is an effective means of managing herbicide resistance
(Beckie and Reboud 2009); however, the impact of the corn-soybean rotation
on soil resources, water quality, energy use, and biodiversity remains a
concern (Karlen et al. 2006; Liebman et al. 2008). Will the introduction of
second-generation traits in corn and soybean continue to encourage corn-
soybean rotations and discourage crop diversification? Wheat growers in the
United States (U.S.) have brought forward the argument for GM wheat
development in that they are losing ground to corn and soybean (Anonymous
2009). The area seeded to corn and soybean has risen since the 1990s, while
acreage of wheat, barley, and other crops has declined (Schnitkey 2010).
From a western Canadian perspective, will the introduction of second-
generation traits into canola lead to further canola intensification and erode
the production of small acreage crops that are important to the Prairie
economy?

GM canola was introduced in Canada in 1996. The areas seeded to
canola fluctuated after its introduction, although there has been a steady
increase since 2002 (Gan et al. 2010). The increase has come from more
intensive cropping of canola in the black soil zone and more production in
the non-traditional canola-growing areas of the southern Prairies. While
canola hectares have increased, so has the hectarage of field pea and lentil
(Gan et al. 2010). The increased hectarage of canola and pulse crops has
come at the expense of spring wheat and summerfallow hectares. The area
seeded to flax (Linum usitatissimum L.) and condiment mustard has seen a
downward trend since 1999 (Fig. 1), and their respective commodity groups
feel that they cannot compete with the improved weed control and higher
seed yields of canola. In response, both groups have identified herbicide
resistance as a high development priority, but markets will only allow CNTs
produced through seed mutagenesis. The Flax Council of Canada and the



Johnson et al. 35

Government of Canada are making a $5.5 million investment in site-directed
mutagenesis with the hope of attaining glyphosate resistance (Dietz 2010).
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Figure 1. Five-year moving average of flax and mustard hectarage in the
Canadian Prairies, 1991 to 2010 (source: Statistics Canada 2010).

Drought tolerance is an important trait that would allow canola
expansion into southwest Saskatchewan and southern Alberta, areas where it
is currently produced on less than 10% of the cropped area. Drought
tolerance is a needed trait; in addition, the ability of canola to tolerate high
temperatures particularly during the flowering phase would be desirable
(Young et al. 2004). If oilseed production can be expanded in the southern
Prairies, then one could argue that the introduction of a fitness trait may
actually reduce monoculture in this area by diversifying the crop mix
available to growers. It is possible that SG-CNTs may encourage growers in
the traditional canola-growing areas to grow canola more frequently in the
rotation; however, there are a number of reasons that it will not necessarily
follow the same intensification as U.S. corn and soybean. Canola is not well
suited to the introduction of industrial or pharmaceutical output traits due to
issues with commingling and outcrossing (Smyth et al. 2004). Other crops
that become bioplatforms for industrial and output traits not allowed in
canola may provide alternatives for growers. Pulse crops will remain an
important crop in a producer’s cropping system due to their nitrogen-fixing
potential. Genetic modification of corn and soybean has certainly contributed
to their popularity; however, one cannot underestimate the influence of U.S.
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Farm Policy and the changes to the Freedom to Farm Act in the 1990s
(Schnitkey 2010). Canadian producers tend to make their cropping
decisions based on markets and less so on government programs. Still, it is
prudent for governments to invest in new crop development and
improvement of alternative crops to reduce the potential for canola
monoculture.

Opportunities

Increasing grain yield, achieving maximum economic yield, yield
stability, and improved grain quality are the goals of agronomists. In canola,
the development of GM traits is striving to achieve these goals through
improved moisture stress, drought stress, and improved NUE. Canola is very
sensitive to moisture and drought stress, particularly during the flowering
and seed-filling stage. Drought and heat avoidance strategies such as early
seeding can reduce the impact of environmental stress at flowering (Kirkland
and Johnson 2000); however, this is not always an option in many parts of
the Prairies. Increasing the sensitivity of canola to abscisic acid through
genetic transformation resulted in less stomatal conductance, and reduced
leaf transpiration under drought conditions (Wang et al. 2005). Under
moderate drought stress in both the laboratory and the field, the transformed
plants were more tolerant to flower and seed abortion under conditions of
moderate drought stress compared to untransformed parental plants. Under
conditions of adequate water, transgenic canola plants produced the same
amount of seed as the parental control.

It is difficult to predict the effect that a drought-tolerance trait will
impart upon the weediness and invasiveness of a plant since few weeds
exhibit high levels of drought tolerance (Warwick et al. 2009). Many weeds
waste water since their stomata are less sensitive to declining soil water
potential than domestic crops; however, C4 weeds such as kochia [Kochia
scoparia (L.) Schrad.] and Russian thistle (Salsola tragus L.) are more
competitive with crops under dry soil conditions (Patterson 1995). Luxury
consumption of water allows weeds to exhaust the water supply available to
a competing crop.

One question that needs to be addressed with increased drought
tolerance is, “Could this result in volunteers that are more difficult to control
with herbicides?” Beckie et al (2003) reported that genetic transformation
for herbicide resistance in canola did not cause pleiotropic effects, and that
canola with herbicide-resistance genes exhibited similar tolerance to
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alternative herbicides as did nontransgenic lines. It has been observed that
many weeds are more difficult to control with herbicides when the plants are
under drought stress conditions (Kudsk 2002). This may be due to a number
of factors such as smaller leaves and thicker cuticles, and a higher wax
deposit, which reduces herbicide retention and uptake. Furthermore, drought-
stressed plants close their stomata; therefore, if the drought-tolerance trait
causes earlier stomatal closure, could this impact herbicidal efficacy? The
role of stomata in herbicide penetration is inconsistent and may play a
minimal role (Devine et al. 1993); however, closure in stomata results in
reduced photosynthesis and phloem translocation of assimilates, which may
impact herbicide efficacy (Kudsk 2002). Control of drought-tolerant
volunteers will need to be investigated prior to their unconfined release into
the environment.

Nitrogen is one of the most important nutrients required by crop
plants. Despite improvements in efficiency from better application methods,
crop plants are generally able to extract and convert only 20 to 50% of the
applied nitrogen, with the remainder bound to organic matrices within the
soil or utilized by soil microbes and lost to the environment (Andrews et al.
2009; Strange et al. 2008). Estimates of efficiency of applied phosphorus and
potassium fertilizer are about 10% and 40%, respectively (Baligar et al.
2001). Improving the efficiency by which plants take up, translocate, and
assimilate applied fertilizer nutrients would provide economic and
environmental benefits.

Nitrogen is one of the most expensive nutrients to supply (Good et al.
2004). Improvements in NUE of crops such as canola could reduce
production costs, provide energy savings, and reduce environmental impact
(Strange et al. 2008). There are a number of definitions and formulae used to
describe NUE, but we will limit our definition to:

NUE = Gw / Ns [1]

where Gw = grain weight (kg/ha) and Ns = nitrogen supply (kg/ha).

Plants can improve NUE in two ways: either extract nitrogen more
efficiently (increased uptake efficiency) or assimilate the nitrogen they
extract more efficiently (increased utilization efficiency) (Garnett et al.
2009). NUE in plants is a complex process that is controlled by a large
number of genes acting individually or in combination (Hirel et al. 2001).

There are a number of genes that have been overexpressed in plants
in an attempt to improve NUE (Good et al. 2004). GM canola plants that
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overexpress alanine aminotransferase (4/aAT) have been engineered by
introducing a gene from barley with a stress promoter (Good et al. 2007).
Canola plant biomass and seed yield were higher in the transformed plants
compared to a wild-type canola under low nitrogen conditions in both
laboratory and greenhouse studies. Yields were similar between the
transformed and wild-type under high nitrogen conditions. In a limited
number of field trials, a 40% decrease in the amount of applied nitrogen was
required for the transgenic plants to yield the same as wild-type canola
plants.

Nitrogen-use efficiency may affect competitiveness of a plant;
however, it is unknown how it might affect invasiveness (Warwick et al.
2009). The NUE of canola has improved dramatically with traditional plant
breeding, the introduction of canola hybrids, and improved agronomic
practices. The NUE of hybrids ranges from 10 to 35% higher than open-
pollinated cultivars (Fig. 2). This increase in NUE is similar to the
improvement in NUE that Good et al. (2007) reported in genetic
transformation of an older open-pollinated canola cultivar. Therefore, it is
unknown whether the genetic transformation is just improving the NUE of
the OP cultivar to the level of current high-yielding hybrids or whether the
transgene would provide similar benefits to high-yielding hybrids. An
understanding of the reasons for improved NUE with hybrid canola is
required to further improve the NUE of canola.

While genetic modification for herbicide resistance has had a major
impact on controlling weeds in canola (Harker et al. 2007), significant canola
cultivar improvements such as disease resistance, vigour and weed
competitiveness, uniform maturity, NUE, and seed yield have also occurred
from traditional plant breeding and hybridization (Beckie et al. 2008a,
2008b; Brandt et al. 2007; Smith et al. 2010). Have these improvements
increased the invasiveness of canola? Should one be concerned with
invasiveness of a transgene that improves the abiotic stress tolerance or NUE
of canola when there is some indication that traditional plant breeding has
provided similar improvements? There does not appear to be any evidence
that traditional plant breeding has increased the invasiveness of canola;
therefore, regulators should take this into account when conducting
environmental assessments of SG-CNTs, particularly those that deal with
abiotic stresses and improvements in NUE.
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Figure 2. Nitrogen-use efficiency of hybrid vs. open-pollinated (OP) canola
(adapted from Smith et al. (2010)).

In reviewing the literature on traits that impart drought tolerance and
NUE in canola, it became apparent that the inclusion of plant physiologists
and agronomists in the preliminary evaluation and field testing of these traits
is desperately needed. Many of the transformations are conducted in inferior
germplasm, which may be necessary from a molecular point of view;
however, superior germplasm needs to be included as checks. The
methodology of field testing drought tolerance is somewhat questionable in
Wang et al. (2005) since irrigation treatments were not replicated, although
trends were consistent over years. A properly designed field facility to test
abiotic stress tolerance is urgently needed in western Canada. A second
option is to evaluate the transformed and untransformed cultivars over a
number of diverse environments to adequately evaluate the genotype by
environment interactions. Both are costly, particularly during the confined-
release stage of field evaluation; however, proper evaluation is critical to
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ensure that the transformed plants deliver what they are advertised to do and
are not just an artefact of the experimental process.

Nitrogen-use efficiency is not that well understood by growers, and
its delivery may be over-promised at this time. In order to fully exploit NUE
in canola, an understanding of existing variability of NUE in non-
transformed canola germplasm is required. This has been done with corn by
using a quantitative genetic approach that associates metabolic functions and
agronomic traits to DNA markers (Hirel et al. 2001). Observed differences in
NUE between genotypes can be dependent on whether plants are grown in
soils of high or low nitrogen concentration (Garnett et al. 2009). Genetic
variation in corn NUE at high nitrogen levels is related to differences in
nitrogen uptake efficiency, while at low nitrogen, it was related to
differences in nitrogen-utilization efficiency. As with drought and abiotic
stress, more collaboration between soil chemists, plant physiologists,
agronomists, and molecular biologists is required. It may be desirable to
provide agronomists with molecular training (or vice versa) and develop a
field of ‘molecular agronomy’ in order to properly evaluate the potential of
SG-CNTs.

New crops — opportunities and challenges

Inclusion of alternative crops such as legumes in cereal-based
cropping systems improves water-use efficiency, reduces production risk,
and enhances economic sustainability (Johnson et al. 2010). Crop
diversification has led to a reduction in summerfallow area in western
Canada, which minimizes the risk of soil degradation (Gan et al. 2010).
Diversification into canola and pulse crops has also resulted in local
processing compared to the predominately export spring wheat economy of
the 1960s (Carlyle 2002). Local processing provides employment and other
economic spin-offs, particularly for rural areas.

According to Blade and Slinkard (2002), the success of crop
diversification in western Canada is due to four major influences: (1) the
need to diversify crop production due to large global surpluses in some of
our primary crops; (2) a large agricultural land area available with a diversity
of climatic conditions; (3) motivated, knowledgeable growers who are
willing to adopt new technologies and embrace new opportunities; and (4) a
strong research community, and well-organized industry and commodity
groups that support new crop research and market development.
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To meet the growing world oilseed demand, there is a need to expand
the oilseed production area from the cooler, wetter black soil zone to the
warmer, drier brown soils of the southern Prairies. Plant breeding programs
and agronomic studies are underway to adapt camelina and Ethiopian
mustard (Brassica carinata A. Braun) to western Canada (Gugel and Falk
2006; Taylor et al. 2010). Camelina has been shown to be well adapted to the
brown and dark brown soil zones providing similar yields to a high-yielding
canola hybrid in six of nine site-years (Blackshaw et al. 2011). Agronomic
evaluations and opportunities for camelina are discussed elsewhere in this
monograph (see Grushcow (2011) and May et al. (2011) this volume), and
have also been recently reviewed by Johnson et al. (2010). Taylor et al
(2010) provide a comprehensive review of the breeding advances and
potential uses of Ethiopian mustard. The crop requires a long growing season
due to its late maturity; however, seeding rates that result in plant densities of
80 to 170 plants/m” has been shown to reduce days to physiological maturity
by 5 to 7 d (Johnson, unpublished data). Blackshaw et al. (2011) reported
that oils of both camelina and Ethiopian mustard were easily converted to
biodiesel, and quality analyses indicated they would be suitable for biodiesel
feedstock.

The emerging Canadian and global plant-based bioeconomy will
require the identification of new crops and modification of existing crops to
provide the feedstock demand (Chapotin and Wolt 2007). CNTs will be
imperative to the success of biorefineries (Gressel 2008); however,
regulatory approvals, market adoption, and public acceptance will present
major challenges to their introduction (Chapotin and Wolt 2007). In
anticipation of the need for CNTs to fulfill the feedstock demand of the
emerging bio-based economy, a number of domesticated crops have
undergone tiered environmental biosafety evaluations in western Canada,
including flax (Jhala et al. 2009, 2010), triticale (X Triticosecale Wittmack)
(Hills et al. 2007), and safflower (Carthamus tinctorius L.) (McPherson et al.
2004, 2008, 2009). Similar studies are underway for camelina (L. Hall,
unpublished data). These biosafety evaluations provide a description of the
biology of the crop, which is required prior to modification in order to
provide comparative data with the CNT. The following are the five key
criteria of environmental safety assessments: altered weediness potential;
potential for outcrossing; altered plant pest potential; impact on non-target
organisms, and other impacts on biodiversity (Canadian Food Inspection
Agency 2010). Whether these crops will be chosen as platforms for novel
industrial and/or pharmaceutical traits remains to be seen.



42 Second-generation crops with novel traits and new crops

Many new crops under development have limited weed control
options. Both camelina and Ethiopian mustard will require broadleaf weed
control options for producers to consider growing them on a large scale. To
date, screening of potential broadleaf herbicides has been relatively
unsuccessful; therefore, genetic transformation or mutagenesis may be
required to provide herbicide resistance. This will add to the expense of
developing these crops due to the regulatory costs involved.

Another challenge for developing new crops is finding research
dollars for breeding and agronomic studies. The Province of Saskatchewan
has been very supportive in providing research funding for the development
of both camelina and Ethiopian mustard. Most new crops are being
commercialized by small companies with limited financial resources. As an
agronomist or plant breeder, one must look at the opportunity cost of
conducting research on new crops. An improvement of 1% in the
performance of canola has a huge economic benefit for an industry that
generates $14 billion dollars annually. It will take many years of research
and development for a new crop to provide that level of economic impact.
Additionally, simple reductionist studies like seeding rate, fertilizer response,
and pesticide screening are required in the early development of new crops.
This basic knowledge is required before multi-factor system trials can be
conducted; therefore, publication of results in journals with high impact
factors is unlikely in the developmental stage. An excellent review on the
opportunities and challenges for new crop development is provided by Blade
and Slinkard (2002). Other challenges listed by these authors include: lack of
market development, a ‘get-rich quick mentality’ and false promotion of new
crop attributes, a lack of investment capital, and lack of government-support
programs such as crop insurance.

Saponaria vaccaria — a case study in new crop development

Ralph Waldo Emerson described a weed as a “plant whose virtues
have not been discovered”. Saponaria vaccaria, commonly known as cow
cockle, has the potential to fit this definition. It was first investigated as an
oilseed crop, but the seed has very low oil content and was found to contain a
high concentration of starch (64%) with some unique properties (Goering et
al. 1966). Mazza et al. (1992) reported that the starch granules were densely
packed, fine and round, making it desirable for the cosmetic industry. In
addition to its unique starch characteristics, Saponaria vaccaria seed
contains unique saponins as well as other potential medicinal compounds
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such as cyclic peptides (Balsevich et al. 2006). A landrace of cow cockle was
inadvertently developed at the Scott Research Farm. Wild cow cockle seed
was collected from a farm near Regina in the 1970s and was multiplied for
weed control trials. Wild mustard (Sinapis arvensis L.) could not be
controlled in the cow cockle multiplication plots; therefore, the wild mustard
seed was removed by hand-screening. This cleaning also removed small cow
cockle seeds. The cleaned, large seed was multiplied and large seed was
inadvertently selected for over time. This resulted in a ‘Scott’ landrace with
seed that has an average thousand kernel weight of 6.9 g, compared to 3.9 g
for wild cow cockle seed (Johnson, unpublished data). In addition to its large
seed size, desirable agronomic characteristics of the Scott landrace included:
relatively uniform emergence and seed vigour; days to physiological seed
maturity similar to spring wheat; and good resistance to seed shattering. It
also exhibited good yield potential, with yields ranging from 1,500 to 2,500
kg/ha (Johnson, unpublished data). In addition to these desirable traits, the
wild cow cockle species declined in relative abundance and distribution in
weed surveys conducted on the Prairies from the 1970s to the 2000s
(Thomas and Leeson 2007). A number of herbicides are also available to
control volunteer plants (Saskatchewan Ministry of Agriculture 2011). Based
on its desirable seed composition and agronomic traits, a small company
based out of Saskatoon attempted to commercialize the plant under the
trademark name “Prairie Carnation”.

Interestingly, one of the main agronomic challenges of Saponaria
vacarria was broadleaf weed control, although some potential solutions were
identified in screening trials (Johnson, unpublished studies). Isoxaflutole was
one herbicide that the crop tolerated and provided efficacious weed control;
however, its potential for carryover and injury to rotational crops limited its
use on Prairie soils and it was not supported for registration. Other
agronomic issues that need further addressing are seed dormancy and seed
bank persistence, and its susceptibility to Alternaria leaf diseases when
grown in monoculture. Unfortunately, the Saskatoon-based company ran into
financial trouble in 2009; thus, the commercialization of this species is
currently on hold.

Conclusions

Second generation CNTs provide new cropping opportunities for
western Canadian producers. In order to fully capitalize on the potential and
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to address the challenges of SG-CNTs, agronomists need to become an
important collaborator with molecular biologists much earlier in the
evaluation stage. Significant efforts are required to develop research
protocols that will adequately evaluate CNTs that have been genetically
modified to tolerate abiotic stress or to be more nutrient-use efficient.
Ecologists and regulators should look at the impact that traditional plant
breeding has had on invasiveness of a crop when trying to evaluate the
impact of some second-generation traits. Crop diversification has been
critical for the survival of agriculture on the Canadian Prairies, and will
continue to be in the future. For a plant breeder or agronomist, it is
challenging to determine the potential of a new crop in its infancy. Typically,
there are more failures than successes; therefore, scientists must accept the
high risk/reward associated with new crop development. It remains to be
seen whether the promise of SG-CNTs or new crops such as camelina and
Ethiopian mustard will be fully realized in western Canada.
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Recent technological improvements in canola (Brassica napus L.)
have enhanced effective control of two difficult pests. Herbicide resistance
has facilitated a high level of broad-spectrum weed control, and good
blackleg [Leptosphaeria maculans (Desmaz.) Ces. & de Not.] resistance has
significantly reduced the damage caused by this disease. Unfortunately, the
benefit of these technologies may be their undoing as canola growers
intensify production practices in response to market demand. Cultivation of a
diverse mix of field crops in a rotation has been used for thousands of years
as a strategy to mitigate plant diseases and to deal with other agronomic
issues. Crop rotation is the foundation for successful crop production and the
maintenance of host-plant resistance for many plant diseases, as well as the
inhibition of fungicide insensitivity. Inclusion of non-host crops in the
rotation effectively removes the selection pressure for these pathogen races
within the particular field. However, the number of crop species grown in the
rotation must be sufficient to allow residue breakdown of each crop that
harbours the important pathogens before the crop is grown again. This paper
discusses blackleg of canola to illustrate the beneficial effects of crop
rotation in disease management and the potential pitfalls of intensive
production. The principles discussed apply to other diseases of canola, as
well as diseases of many other field crops.

Additional keywords: disease risk mitigation, blackleg, Brassica napus, canola,
Leptosphaeria maculans
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Intensification of canola rotations

Technological progress has facilitated the grower’s ability to increase
canola production from the initial development of the crop to the present. In
the past, weed and disease management issues were major impediments to
production of canola. Controlling weeds and mitigating blackleg disease
[Leptosphaeria maculans (Desmaz.) Ces. & de Not.] were managed by
following a 4-yr rotation (one canola crop no more than once every 4 years
on a particular field). However, the development of herbicide-resistant
canola cultivars has facilitated weed control and reduced the importance of
crop rotation in weed management. Similarly, the development of cultivars
with strong resistance to blackleg, and more recently to clubroot
[Plasmodiophora brassicae Woronin] and sclerotinia stem rot [Sclerotinia
sclerotiorum (Lib.) de Bary] is interpreted by many growers as removing the
need for crop rotation to reduce canola diseases.

High prices for canola relative to other crops provide an incentive to
grow canola as frequently as possible. For many growers in western Canada,
canola is the most profitable crop in their rotation, and it has a positive
impact on cash flow because it may be sold as a cash crop without the
restrictions or delays imposed on other crops such as wheat (7riticum
aestivum L.) and barley (Hordeum vulgare 1L.). Promotion by the canola
industry to reach the goal of 15 million tonne of production by 2015 (Canola
Council of Canada 2008) complements this economic incentive. This
increase in production is projected to be necessary to meet the expected
increase in demand for increased consumption of healthy cooking oils such
as canola, particularly in China, and for biodiesel produced from the energy-
rich canola seed (Zegada-Lizarazu and Monti 2010).

The impact of crop rotation on disease

Crop rotation, defined as the cultivation of several crop species in a
field over time, has been used for thousands of years in field crop production
because of the yield benefits that arise (Bullock 1992; Karlen et al. 1994).
Recent research supports these observations, demonstrating that a diverse
selection of crops grown in rotation increases overall crop productivity
(Bailey et al. 2000; Johnston et al. 2005). Crop rotation is a fundamental
control strategy for many plant pests, especially diseases (Curl 1963). One
important benefit of a diverse crop rotation is to reduce the population of
major pathogens, in order that significant disease damage does not occur
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during production of the subsequent crop. This reduction occurs because
crop rotation affects the growth, survival, and reproduction of pathogens.
Increasing the species diversity of the crops cultivated in a field over time
reduces genetic uniformity, and thus improves disease management because
disease proliferation and severity are limited by the population’s genetic
diversity, as well as the host’s genetic makeup and the variation among
genotypes (Zadoks and Schein 1979).

The effectiveness of crop rotation to control any particular plant
disease will depend on the nature of the pathogen. Good candidates for
control through crop rotation are pathogens that have a limited host range,
such as those that cause disease on only one of the crop species in the
rotation, and that do not survive as long-lived resting structures in the soil,
such as L. maculans. Pathogens with a wide host range that can also survive
a long time in an inactive state in the absence of host plants or residue, such
as clubroot and sclerotinia, will be less well controlled by crop rotation.

Generally, the greater the differences among crops in a rotation
sequence, the better the control of pests that can be expected (Francis and
Clegg 1990). On the Canadian Prairies, production of annual field crops is
restricted to one crop per year, so that over 3 to 5 yrs, three to five different
annual field crop species might be grown. Growing cereals, pulse crops, and
even other oilseeds in rotation with canola should mitigate many diseases of
canola, compared to intensive canola rotations. Cereals have few diseases in
common with canola, with the exception of some root and seedling diseases
such as fusarium and rhizoctonia (Bailey et al. 2003). Pulse crops such as
field pea (Pisum sativum L.) and other oilseeds such as flax (Linum
usitatissimum L.) share only a few diseases with canola, the most common
being sclerotinia stem rot.

Camelina [Camelina sativa (L.) Crantz] (also known as false flax) is
a new oilseed crop that may have a place in a rotation with canola in the drier
regions of western Canada. Although camelina has a number of diseases in
common with canola, it is highly resistant to alternaria black spot (Kolte et
al. 1991; Pliimper and Sacristan 1991; Sharma et al. 2002) and blackleg (Li
et al. 2005; Salisbury 1987). Isolates of L. maculans common to western
Canada failed to infect the cotyledons of camelina accessions under
controlled conditions (Séguin-Swartz and Etienne, unpublished data).
Including camelina in a canola rotation would therefore contribute to the
mitigation of the disease pressure caused by these two pathogens. Similar to
flax or pulse crops, the disease likely to be of potentially greatest
consequence to both camelina and canola is sclerotinia stem rot (Séguin-
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Swartz et al. 2009), although clubroot could also be a problem in some areas
of western Canada.

Crop rotation cannot be expected to completely eradicate a particular
pathogen since many pathogens have more than one way to survive.
Pathogens may infect susceptible volunteer plants and weed species, or they
may survive for prolonged periods on crop residue or as resting structures in
the soil. Additionally, some pathogens may also move relatively long
distances from inoculum sources in nearby fields. The primary aim of crop
rotation is to reduce and maintain the population of the pathogen at a
sufficiently low level to limit damage to an acceptable level in subsequent
susceptible crop species. Under continuous monoculture, conditions are
conducive for pathogens to continue their life cycle with no break or
interruption, resulting in rapid multiplication and increase in disease severity.
By growing a number of crop species, pathogens with a relatively narrow
host range and without the capacity for long survival or dispersal will not
survive in the absence of a suitable host.

Effect of rotation on blackleg of canola

Blackleg of canola is an example of a disease that is effectively
mitigated through host genetic resistance when combined with a sustainable
crop rotation. Blackleg became a problem for western Canadian growers in
the mid-1970s (McGee and Petrie 1978), and yield losses of as much as 50%
were reported in individual fields by the 1980s (Gugel and Petrie 1992).
Growing canola in a 4-yr rotation has been a recommended strategy to deal
with blackleg (Rimmer et al. 2003). A rotation of 4 yrs or more allows much
of the residue to decompose before canola is grown again. Adherence to a
4-yr rotation and the availability of blackleg-resistant cultivars in the early
1990s (Saskatchewan Agriculture and Food 1993) proved to be a reliable
strategy to mitigate this disease for most canola growers in western Canada
as indicated by recent disease surveys (Dokken-Bouchard et al. 2010). Yield
and quality losses associated with the disease were dramatically reduced.
Although rotation can reduce L. maculans, it is unlikely to eradicate the
pathogen because it survives on crop residue and by infecting volunteer
plants or weed species. Therefore, control of volunteer canola and weeds is
an important management tool for blackleg that is compromised by short
canola rotations, even with good herbicide rotation.
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Seeding canola into canola stubble with no break between crops
consistently results in lower yields than seeding canola into stubbles of other
crop species (Cathcart et al. 2006; Christen and Sieling 1995; Johnston et al.
2005; Krupinsky et al. 2006). Blackleg severity was highest and yield
reduced in canola seeded into canola stubble compared with canola seeded
into the stubble of other crops (Johnston et al. 2005). Blackleg disease was
also found to be more severe in canola-on-canola rotations in Manitoba (Guo
et al. 2005). In Saskatchewan, herbicide-resistant canola cultivars with a high
level of resistance to blackleg grown in rotations of 2 yrs with wheat
produced canola yields similar to canola grown in 4-yr rotations (Kutcher
and Brandt 2009; Kutcher et al. 2003). However, blackleg severity was
elevated in the 2-yr rotation compared to the 4-yr rotation and was correlated
with the amount of infested crop residue (Fig. 1). Over time, repeated use of
short rotations results in increased residue from the previous canola crops,
resulting in disease increase. The rate of residue breakdown depends on
environmental conditions (Sosnowski et al. 2006). In Victoria and South
Australia, rotations of 2 yrs and 2 to 3 yrs, respectively, were suggested to be
sufficient to mitigate blackleg disease because the cooler and moister
conditions in Victoria promote faster residue decomposition than the warmer
and drier conditions in South Australia. However, a 4-yr rotation was
recommended for Western Australia, because hot, dry summers preserve
residues for longer periods. In the semi-arid environment of Saskatchewan,
infected canola residue may produce spores for 5 to 7 yrs (Petrie 1995).
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B Susceptible variety
O Resistant variety

T11a

continuous canola-wheat canola-wheat- canola-wheat- canola-wheat-
canola pea pea-wheat flax-wheat

Blackleg severity (0-5)
N

Rotation sequence

Figure 1. Severity of blackleg symptoms from rotation studies conducted at
Melfort and Scott, SK from 2000 to 2006. Blackleg-resistant (Invigor
hybrids) and -susceptible (cv. ‘Westar’) cultivars were grown continuously
or every second, third and fourth year with wheat and field pea or flax
(capped lines represent standard error, based on 13 site-years).

Resistance to blackleg

Resistance to L. maculans in Brassica spp. is reported to be of two
types: qualitative and quantitative (Delourme et al. 2006). Qualitative
resistance is usually effective at the site of infection on the cotyledons and
leaves, and is controlled by specific resistance genes. Specific resistance
genes in the host interact with corresponding avirulence genes in the
pathogen in a gene-for-gene manner (Ansan-Melayah et al. 1998; Flor 1942).
Quantitative resistance is the sum of small effects of many genes and is
expressed at the adult plant stage as reduced severity of basal stem cankers
compared with susceptible cultivars.

Isolates of L. maculans are classified into pathogenicity groups (PGs)
using a system based on the B. napus cultivars ‘Quinta’ and ‘Glacier’.
Isolates designated PG2 elicit a resistant reaction on both cultivars, PG3h —
Quinta resistant, Glacier susceptible; PGT — Quinta susceptible, Glacier
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resistant; and PG4 — both lines susceptible (Keri et al. 2001; Mengistu et al.
1991). Previous to the release of canola cultivars resistant to L. maculans,
isolates from Saskatchewan and Manitoba collected in 1988 and 1989
(Kutcher et al. 1993) were all PG2 (Fig. 2). However, PGT and PG3 isolates
were present in collections made between 1998 and 2000, shortly after the
introduction of resistant cultivars (Keri et al. 2001; Kutcher et al. 2007);
more recent collections of isolates have yielded all four PG types (Bradley et
al. 2005; Chen and Fernando 2006).

1980's 1990's

75 75 -

50 50 -

25

2000's

Figure 2. Percentage of isolates in each Leptosphaeria maculans
pathogenicity group observed in the 1980s, 1990s and 2000s in western
Canada (adapted from Chen and Fernando (2006); Kutcher et al. (1993,
2007)).

The PG classification system has been useful as a tool to recognize
virulence changes in the population of L. maculans in western Canada since
the late 1980s. However, it did not provide information on the underlying
gene-for-gene interactions, as the resistance genes in cultivars Quinta and
Glacier were not known until recently. Rimmer (2007) listed 14 resistance
genes in various Brassica species that have been reported to condition
resistance to L. maculans. If all 14 of these putative resistance genes are
unique, there are theoretically 2'* or 16,384 races of the pathogen possible.
An analysis of western Canadian isolates of L. maculans collected between
1997 and 2005 indicated that there was considerable variation for the
avirulence genes corresponding to 10 of the resistance genes (Fig. 3), and
identified 16 races among 96 isolates (Kutcher et al. 2010). Only the
resistance genes R/m6 and R/ml0, corresponding to the avirulence genes
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AvrLm6 and AvrLml0, condition resistance to all of the isolates tested, and
isolates that overcame the eight other resistance genes were identified. This
indicates that isolates that have the ability to cause disease on canola
cultivars carrying one or more of these eight resistance genes are already
present in western Canada. Growing cultivars that rely on any of these eight
genes for resistance to L. maculans will select for the isolates that can
overcome these resistance genes, and thus increase in the pathogen
population. It is noteworthy that R/m6 has been used only experimentally,
but isolates that overcame this resistance were obtained after only 3 yrs of
continuous cultivation (monoculture) of a B. napus line carrying RIm6 in
France (Brun et al. 2000). Similarly, R/m10 has only recently been detected
and is not known to be in commercial use (A.-M. Chévre, personal
communication; Kutcher et al. 2010).

100

75
50
{
i B II- . N

AvrLm1 AvriLm2  Awvlm3  AwLm4 AvrLm5  AwrLmé6 AvrLm7  AwLm9  AwlLm10 AwrLepR3

Percentage of isolates

o

Avirulence genes corresponding to specific host resistance genes

Figure 3. Percentage of Leptosphaeria maculans isolates carrying various
avirulence genes in collections made in western Canada between 1997 and
2005 (adapted from Kutcher et al. (2010)).

In Canada, almost all of the commonly grown canola cultivars are
presently rated as resistant or moderately resistant to L. maculans
(Saskatchewan Ministry of Agriculture 2010a), although the type of
resistance or the specific genes that each cultivar carries is not known
(Rimmer 2006). The combination of genetic resistance to L. maculans and a
4-yr crop rotation has been a successful strategy against blackleg disease in
western Canada. However, the virulence of pathogen populations in western
Canada has changed over time, as shown by changes in the disease reaction
of individual cultivars; several cultivars that were rated as resistant to
blackleg when first released are now susceptible. For example, Q2 was a
popular cultivar in the late 1990s (Saskatchewan Agriculture and Food 1999;
Seed Manitoba 1999), and was used as a resistant check in variety
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development trials, but is now susceptible in many regions of western
Canada. Similarly in Europe and Australia, examples of failure of previously
resistant cultivars demonstrate that exclusive reliance on genetic resistance is
not sustainable (Brun et al. 2000; Li et al. 2003; Rouxel et al. 2003).

Integration of crop rotation and genetic resistance strategies

Maintaining genetic resistance in a host crop to a pathogen depends
on effective integration of management practices. With few exceptions, such
as resistance to flax rust (Rashid 2003) or loose smut in barley (Mathre 1997,
Thomas and Menzies 1997), durable resistance has not been achieved using
single resistance genes. Instead, breakdown of single-gene resistance is
common, e.g., in cereals attacked by rust species (Mathre 1997; McCallum et
al. 2007), as is the loss of blackleg resistance in canola cultivars dependent
on single genes in Canada, Europe, and Australia. As previously discussed,
the amount of blackleg-infested canola residue decreases as the length of the
rotation increases. The greater the time available for the infected residue to
decompose before the next canola crop, the greater the reduction in the
pathogen population. Rotation to non-host crops and control of susceptible
volunteers and weed species are perhaps the most important management
strategies that can be used to prolong the lifespan of scarce genetic resources
to combat blackleg disease of canola. Under continuous monoculture or short
rotations where infected canola residue does not decompose, or where
volunteer plants or susceptible weed species maintain infested residues, L.
maculans can continue its life cycle without interruption. Growing a number
of crop species in the rotation, such as wheat, barley, field pea, flax and
forages (Johnston et al. 2005), and varying the cultivar of each crop, to
utilize different sources of resistance (Turkington et al. 2005) interrupts the
life cycle of the pathogen.

Sexual recombination of L. maculans on canola residue results in the
production of ascospores that may carry novel combinations of the genes to
overcome specific resistance genes in the host, and therefore represent new
races of the pathogen. Ascospores are wind-borne and can be carried 10 km
or more from the source. This means that these new races can travel from the
field where they are produced to nearby canola crops, and thus move
substantial distances over several years. Reducing the impact of ascospore
movement between fields may be accomplished by maintaining an effective
buffer distance of 50 to 100 m between future canola fields and fields
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containing infected residue (Guo and Fernando 2005). These new races can
also be transported over long distances on infected seed or in infested crop
residue on equipment. In western Canada, most canola seed is treated with
fungicides from the supplier, which is also a recommended practice to reduce
the risk of disseminating new races.

Knowledge of the genes for resistance that are available in individual
canola cultivars, combined with knowledge of the distribution of specific
races, is necessary for the development and implementation of resistance
management strategies. These strategies could be developed for use at
various scales, from large regions of the prairies to individual farms. For
example, this knowledge could be used to identify the canola cultivars that
carry the best combinations of genes to manage the entire range of races that
are present in a particular region and could also be used by individual
producers to select a rotation of canola cultivars for use on their own farms.
Similarly, this knowledge might provide a basis for development of a
mixture of cultivars that differ in the specific resistance genes to L.
maculans, or to develop a multiline (genotypes identical for all traits, but
varying for specific resistance genes). Use of multilines or mixtures that
carry different specific resistance genes may slow the evolution of the
pathogen to virulence on any single resistance gene (Mundt 2002). A
multiline would likely be more acceptable to the industry than a mixture
because the harvested product and other plant characteristics would be
uniform. However, development of a multiline takes much longer than a
mixture and so this approach is less flexible and less responsive to changes
in the pathogen population over time.

Knowledge of the specific resistance genes carried by canola
cultivars and of the races in the population of L. maculans could also be used
to develop strategic blackleg resistance breeding objectives. An effective
specific resistance gene might be incorporated into more than one cultivar,
but substituted for another when the pathogen population is observed to shift
to a significant proportion of isolates that can overcome that resistance gene.
Gene pyramiding, i.e., combining more than one specific resistance gene in a
cultivar, also has the potential to be an effective management strategy against
L. maculans, particularly when combined with knowledge of the pathogenic
races present in the various regions of western Canada. The use of a specific
resistance gene in combination with an effective source of quantitative
resistance has been shown to prolong the durability of the specific resistance
gene compared to reliance on the gene without a source of quantitative
resistance (Brun et al. 2010). All of these resistance management strategies
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using specific resistance, either alone or in a background of quantitative
resistance, will require that the pathogen population structure be monitored at
regular intervals to detect new pathogenic races.

Foliar fungicides: another tool that requires integrated
management

In the 1980s the systemic fungicide flutriafol, applied at seeding as a
coating on fertilizer granules, was shown to markedly reduce blackleg
disease and increase yield in Australia (Ballinger et al. 1988). This fungicide
and application method was evaluated in field trials in Saskatchewan and
Manitoba, but showed marginal and variable disease control (Xi et al. 1991).
The first foliar fungicide registered for control of blackleg of canola in
Canada (propiconazole or Tilt™), was introduced in the early 1990s. It was
not highly effective (Bailey et al. 2000), and was not widely adopted by
canola growers. In the early 2000s, the strobilurin fungicide azoxystrobin
(Quadris®) became available and showed beneficial effects on susceptible
cultivars (Kutcher et al. 2003). It too was not widely adopted, in large part
because it came to the market as cultivars that were highly resistant to
blackleg became available and growers were still adhering to rotations with 3
and 4 yrs between canola crops. Subsequently, growers have tended to
shorten rotations to maximize returns. This has led to anecdotal reports from
many sources, of increased severity of blackleg in canola crops across the
region. As a result, some canola growers are using or are considering the use
of foliar fungicides as part of their blackleg management package. In 2010, a
second stobilurin fungicide (pyraclostrobin, Headline®) was registered to
control blackleg of canola.

One reason for the low level of adoption of foliar fungicides by
growers may be that achieving effective disease reduction with a single
application is a challenge due to the wide window of infectivity of the
pathogen. Canola seedlings and plants are susceptible throughout the season,
but the risk of stem canker becomes higher the earlier that infection occurs
(Ghanbarnia et al. 2009). Achieving improved blackleg control may require
multiple applications of foliar fungicides. Fungicide application may be
considered by canola growers more frequently in the future, especially if
genetic resistance should fail.

Frequent use of a limited number of fungicides to control plant
diseases increases the risk that the pathogen may become insensitive to the
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effect of the products (Brent and Hollomon 2007). Insensitivity to a
fungicide, sometimes called “acquired resistance”, develops in the target
pathogen population as a result of repeated exposure. The development of
insensitivity in the pathogen population and the loss of genetic resistance to a
disease in the host crop as a result of changes in the pathogen population are
parallel situations in many respects. Both are heritable traits in the pathogen
population. As is the case for a pathogen overcoming genetic resistance in
the host, insensitivity to a fungicide is generally produced by a mutation in
one or more genes, and may be present at low levels in a pathogen
population even before the host resistance gene is deployed or the fungicide
product applied. Fungicide-insensitive strains of the pathogen will increase
in frequency in the pathogen population in response to repeated use of the
same fungicide or mode of action, higher rates of applied product or dose,
the presence of large pathogen populations, and short pathogen generation
time (Brent and Hollomon 2007). This is similar to the situation of host
genetic resistance breakdown as a result of short rotations or continuous
production of the same crop species. Intensive canola production, such as 2-
yr rotations of canola, increases the size of the pathogen population on which
selection pressure is imposed and therefore increases the risk that races of the
pathogen with the ability to overcome the resistance will occur. As with host
resistance genes, the potential loss of efficacy is particularly high if a single
class of fungicides is used over a large area or if exposure is prolonged (e.g.,
multiple applications per season).

Insensitivity to certain classes of fungicides has been observed to
occur very rapidly and is characterized by a clear-cut difference in the
reaction of sensitive and insensitive pathogen populations (Brent and
Holloman 2007). This has been referred to as ‘qualitative’, ‘single-step’ or
‘major gene’ resistance, examples of which were observed in Saskatchewan
with the development of insensitivity to strobilurin fungicides in Ascochyta
rabiei (Pass.) Labrousse, the cause of ascochyta blight of chickpea (Cicer
arietinum L.) (Chang et al. 2007; Gossen and Anderson 2004; Thaher 2011).
The common mutation to insensitivity to strobilurin fungicides is a simple
point mutation that results in a single amino acid change in the target protein,
but this change is responsible for a high level of insensitivity (Brent and
Holloman 2007). Other examples of pathogens that developed resistance to
strobilurin fungicides in as little as 2 yr of commercial use were reported as
early as 2000 (Heaney et al. 2000). Insensitivity to benomyl in S.
sclerotiorum developed in a similar pattern on the Canadian Prairies. It had a
large impact on the efficacy of the product, which resulted in rapid loss of
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control of the disease (Gossen and Rimmer 2001). A decline in disease
control that occurs gradually over time, and that may be partial and variable
in degree, is referred to as ‘quantitative’, ‘multi-step’ or ‘polygenic’. This
type of insensitivity is caused by the accumulation of mutations for a number
of genes, each with a partial effect, and appears to be developing for several
classes of fungicide in 4. rabiei in Saskatchewan (Thaher 2011; Thaher et al.
2010).

Development of fungicide insensitivity is a serious risk to consider if
foliar fungicides are to be used as a major strategy to control blackleg,
especially under short rotation intervals between canola crops. While there
are three products currently registered for blackleg management in canola,
two (azoxystrobin and pyraclostrobin) are strobulirins that have the same
mode of action (Group 11), and a high risk for the development of
insensitivity (Saskatchewan Ministry of Agriculture 2010b). Propiconazole
(Group 3) carries a moderate risk of insensitivity, but provides less consistent
disease reduction. Each of these products is registered for use on many of the
field crops on the prairies and therefore be used frequently each season. A
fungicide management plan to promote judicious and efficacious use should
be a high priority for growers and industry. For example, a fungicide rotation
strategy, similar to rotation of herbicides, may be beneficial to producers to
reduce the risk of selecting pathogen strains that are insensitive to these
products.

Conclusions

Disease management strategies such as genetic resistance, crop rotation,
and judicious use of foliar fungicide to control blackleg must be considered
as a package, rather than independent strategies. The adoption of a 2-yr
wheat-canola cropping system in many parts of the prairies is a concern
because of the increased risk associated with the development of new
pathogenic races and strains that are insensitive to fungicides. Typically,
growers rely only on resistant cultivars in these short-rotation canola
production systems. Management strategies to maintain genetic resistance to
blackleg disease and to reduce the risk of fungicide insensitivity in the
pathogen population must include a sustainable crop rotation to minimize the
overall pathogen population and maximize the efficiency of disease control.
Development of disease-resistant cultivars or new chemistries for disease
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mitigation is a long and expensive process that can be undermined quickly if
adequate rotation intervals and good agronomic practices are not followed.
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Camelina [Camelina sativa (L.) Crantz] and niger [Guizotia
abyssinica (L.f.) Cass.] are two crops being investigated for their potential in
North America. Three areas need to be considered: potential market, the
economics of transporting the new crop to market or processor, and the
agronomics of growing the new crop. Currently, camelina has a large
potential market, but present use is very low. Niger has a small, but well
established market. Camelina’s transportation cost should be similar to
canola; niger will need to be cleaned before shipping, and buyers may only
want smaller amounts that may be uneconomic to ship. Camelina seeding
rates should be at least 500 seeds/m”. The appropriate seeding depth appears
to be between 0 and 2.5 cm. Early spring seeding has been the most optimum
time to seed camelina. Fall seeding has been done successfully, but more
research i1s required to refine the techniques required to fall seed and to
determine in which geographic areas it is most suited. The responsiveness of
camelina to nitrogen depends on the yield potential of the area in which it is
grown. Broadleaf weed control is a major concern in camelina, with
tolerance to only trifluralin being identified. Niger appears to have tolerance
to the broadleaf herbicides ethalfluralin, flucarbazone, and sulfentrazone. A
seeding rate of 6.7 kg/ha is recommended. Since niger is very sensitive to
frost, seeding should occur after the risk of frost has diminished. Currently,
the development of camelina and niger are occurring in an almost opposite
manner. Camelina is driven by a potential market, while niger is trying to fill
a small, but already established market.

Additional keywords: crop management, fertility, markets, seeding, transportation
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Introduction

Crop diversification can be an important management tool for
farmers. Crop diversity enhances the management of plant disease and insect
pests. Crop diversity may provide opportunities for different weed control
strategies, in terms of herbicide selection and timing, and a better ability to
prevent herbicide resistance in weeds. Greater crop diversity can mitigate
economic risk since global market forces do not necessarily impact the
profitability of all crops similarly in any given year. New crop development
is necessary to enhance the agronomic and economic options available to
producers.

When starting to evaluate the potential of a new crop for an
agricultural region, there are three areas of major concern that need to be
considered: potential market, the economics of transporting the new crop to
market or processor, and the agronomics of growing the crop. All three are
important in determining if and how quickly a new crop will develop. These
factors also affect the expansion and contraction of existing crops. In this
paper, the potential of camelina [ Camelina sativa (L.) Crantz] and niger
[Guizotia abyssinica (L.f.) Cass.] as new crops for North America are
examined.

Potential markets

Camelina, a Brassicaceae oilseed, is also known as false flax, linseed
dodder, or gold-of-pleasure (Putnam et al. 1993; Zubr 1997). Camelina has
three potential markets: human consumption, biofuel, and as a crop that
could be genetically modified to produce specialty oils for high-value
industrial products. The human body requires omega-3 fatty acids (Ni Eidhin
et al. 2003a), and oil extracted from camelina has a high level of a-linolenic
acid, an omega-3 fatty acid (Abramovi¢ and Abram 2005; Budin et al. 1995;
Plessers et al. 1962; Zubr and Matthaus 2002). The high concentration of
unsaturated fatty acids suggests that oxidative stability (tendency to
rancidity) could be a concern with camelina oil; however, Abramovi¢ et al
(2007) determined that unrefined camelina oil is relatively stable due to its
high content of antioxidant (phenolic and tocopherols) compounds. Camelina
oil was more stable than fish and flaxseed (Linum usitatissimum L.) oil,
which also contain long chain omega-3 fatty acids, but less stable than
sunflower (Helianthus anuus L.), corn (Zea mays L.), sesame (Sesamum
indicum L.), and olive (Olea europaea L.) oil (Ni Eidhin et al. 2003b).
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Camelina is now currently available as cold-pressed culinary oil (Three
farmers 2011), and researchers are looking at its potential to be included in
salad dressings, mayonnaises, and oil-based spreads (Ni Eidhin and O’Beirne
2010). The possibility of creating high-value industrial products through
genetic manipulation of this crop is being championed by Linnaeus Plant
Sciences (see Grushcow (2011), this volume). In addition, camelina oil is
being evaluated as a biofuel in the aviation industry. This market has a large
potential, but is more sensitive to price and public perception of what is or is
not an ecologically-friendly fuel.

Niger, also known as niger thistle, Nyjer™, noog, and ramtil, is an
open-pollinated oilseed crop that has been cultivated in Ethiopia and India
for several thousand years, accounting for 50% of the Ethiopian and 3% of
Indian oilseed production (Getinet and Sharma 1996). The oil content of
niger seed ranges from 30 to 50%, depending on environmental conditions
during development (Nagaraj and Patil 2004). The major fatty acid is linoleic
acid, with a range of 75 to 80% and 45 to 66% for niger grown in Ethiopia
and India, respectively. Niger is used as a culinary oil in both India and
Ethiopia, roasted or fried seeds eaten as a snack or used as a condiment, or
used as bird feed in Europe and North America. Approximately 50,000 to
60,000 t of niger seed is imported into the United States (U.S.) annually. In
the medium term, U.S. would be a logical market for niger produced in
Canada. However, current regulations forbid the import of niger seed into the
U.S. unless it has been heat-treated at a approved facility to control noxious
weeds. At present, no approved facility exists in western Canada or in the
U.S. near the border with Canada, thus limiting the market to processors in
Canada who include niger in their bird seed mixes. There has been interest in
obtaining non-sterilized niger seed, expressed by people raising young birds.
Obviously, niger is starting with a small market that needs to be increased
over time. One potential market would be the production of niger oil, as a
traditional cooking oil, for people who have immigrated from Ethiopia or
India.

Transportation costs

Camelina has a reasonable density, so shipping cost should be similar
to that for canola, depending on volume being shipped and economies of
scale. Currently, cold press capacity to crush camelina exists in Canada, and
industrial-scale production is currently under development in the U.S. If
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high-value industrial products created through genetic manipulation are
marketed, then handling and processing facilities will have to be built;
presumably, close enough to the area of production to minimize the cost of
transportation. Currently, oil being produced for human consumption is
processed on a small scale in the region it is grown, with the bottled oil sold
in stores and shipped directly to consumers.

Niger is a small seed and would have to be cleaned prior to being
shipped long distances, due to the high levels of plant material that are
commonly in the harvested seed. Shipping niger in small quantities to niche
markets, such as selling non-sterilized seed to customers raising small birds,
can be costly; if this crop is to expand, a strategy to reduce transportation
costs must be developed.

Camelina agronomy

The agronomy of camelina in North America has been examined in
Ontario (Plessers et al. 1962), Alberta (Plessers et al. 1962), Minnesota
(Putnam et al. 1993), Montana (McVay and Lamb 2008), Prince Edward
Island (Urbaniak et al. 2008a), Nova Scotia (Urbaniak et al. 2008a) and
Saskatchewan (Gugel and Falk 2006). Gugel and Falk (2006) reported that
despite its small seed size, current farm equipment are suitable for growing
and harvesting camelina with few modifications being required. McVay and
Lamb (2008) developed an agronomic guide for camelina production in
Montana. Currently, research is underway in western Canada to provide the
information needed to create a camelina production guide for western
Canada (Johnson et al. 2010b, 2010c). When camelina is considered as a new
crop for western Canada, there are several issues around production practices
that need to be addressed to provide guidance to growers.

Camelina seeding date, seeding rate and seeding depth

Information on the effects and importance of seeding date, seeding
rate, and seeding depth on seed yield are necessary for the successful
production of camelina in western Canada. The effect of seeding rate on seed
yield was investigated by Urbaniak et al. (2008b) and McVay and Lamb
(2008). Both studies found that seed yield increased with increasing seeding
rate until an optimum plant density was reached, after which further
increases in seeding rate had little or no positive effect on seed yield. Both
studies found that seed yield plateaued when seeding rates exceeded 600
seeds/m”. Johnson et al. (2010b) used a wide range of seeding rates and
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found that seed yields no longer increased when seeding rate were increased
beyond 500 seeds/m® (Fig. 1). This seeding rate resulted in approximately
150 plants/m?; in the Maritimes, this rate resulted in approximately 234 to
275 plants/m* (Urbaniak et al. 2008b).
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Figure 1. Relationship between planting density (viable seeds/m”) and
camelina seed yield (mean of nine sites in Alberta and Saskatchewan, 2007-
08).

Camelina has a small seed, and questions have been raised over how
deep it should be seeded. Preliminary data from a study investigating the
appropriate depth for seeding camelina using no-till seeding equipment,
indicates that seeding depth can range from O (on the soil surface) to 2.5 cm
below the soil surface in the seed row (May et al. 2010). For camelina seeded
in the fall of 2009 at Indian Head, Saskatchewan, seeding at the deepest
depth of 2.5 cm resulted in lower seed yields compared to the other three
shallower depths; however, when seeded in the spring of 2010, seeding depth
had no effect on seed yield (Table 1). Over two site-years in Montana,
Johnson et al. (2010a) found that for fall-seeded camelina, there was no yield
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difference between seed placed on the surface and packed and seed placed at
a 1.3-cm depth on tilled ground. On tilled ground in the Maritimes, Urbaniak
et al. (2008b) found that dropping seed onto the soil surface with a forage
seeder and lightly packing the seed created a more even stand than a double-
disk seed drill placing the seed at a depth of 1 cm; however, there was no
difference in seed yield between the two treatments. On tilled ground in
Minnesota , Robinson (1987) found that seeding at 2.5 cm had as good or
better emergence than broadcast-seeding followed by packing or light
incorporation. Robinson (1987) reported that a significant percentage of
camelina seed placed at a depth of 5 cm successfully emerged. Broadcasting
the seed was also discussed in two other papers, and its success or failure
appears to depend on the environmental conditions under which it was
conducted (McVay and Lamb 2008; Putman et al. 1993).

Table 1. The effect of seeding depth and seeding date on the plant
density and seed yield of camelina at Indian Head, SK in 2010.

Seeding date Depth Plant density Seed yield
cm no./m* kg/ha
Fall (Nov 9, 2009) 0 37 971
0.6 34 986
1.3 49 998
2.5 35 754
Spring (May 7,2010) 0 123 1273
0.6 129 1299
1.3 116 1321
2.5 114 1319
LSD (P=0.05) 56 186
CvV 48 6.8

Seeding date research can be broken down into spring seeding and
fall or winter seeding. In Montana, early seeding in the spring resulted in the
highest yields as seed yield tended to decline as seeding was delayed
(McVay and Lamb 2008). A Saskatchewan study found that April and early
May seeding dates generally gave higher yields than early June seeding dates
(May et al. 2010). In the Maritimes, seeding dates ranging from early May
to early June had no effect on seed yield (Urbaniak 2008b). Fall seeding of
camelina has been studied in Europe (Zubr 1997), Minnesota (Gesch 2010;
Putman et al. 1993), North Dakota (Johnson et al. 2010a), Montana (McVay
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and Lamb 2008), and Saskatchewan (May et al. 2010). In all of these studies,
camelina has successfully survived the winter; however, much more research
is required in North America to determine how consistently and under what
environmental conditions fall seeding of camelina can be used successfully
by farmers. It is important to note that camelina seedlings are very sensitive
to water pooling on the soil surface; in areas where this occurs, seedling
mortality is very high. In addition, the term ‘dormant seeding’ must be used
carefully, since May et al. (2010) observed that seed placed in unfrozen
ground tends to start germinating if water is present in the soil, while
emergence may not occur until spring. In Saskatchewan, a wide range of
seeding dates from October 1 to May 30 have been used by farmers as they
begin to grow camelina in western Canada; soil conditions have ranged from
dry to wet and warm to frozen.

Camelina fertility

It has been widely stated that camelina is a crop that does not require
high levels of nitrogen fertility; however, research tends to indicate that the
nitrogen response of camelina depends on the crop’s yield potential at the
location it is grown. In Saskatchewan, Johnson et al. (2010c) reported that
camelina yield plateaued with applied nitrogen rates between 110 and 120
kg/ha. In Montana, McVay and Lamb (2008) recommend that applied
nitrogen plus residual soil nitrogen equal 90 to 100 kg/ha. Zuber (1997)
reported that the optimum nitrogen fertilizer rate was 100 kg/ha in Denmark.
Urbaniak et al. (2008a) looked at the nitrogen response of camelina at two
sites in the Maritimes. At one site, seed yield peaked at 1,300 kg/ha with 60
to 80 kg/ha nitrogen. At the other location, seed yield appeared to increase
as the nitrogen rate increased, reaching a yield of 1,950 kg/ha with the
highest rate used of 120 kg/ha nitrogen. At Indian Head, SK in 2009, the
seed yield of camelina increased with increasing nitrogen rates to 2,640
kg/ha at a rate of 200 kg/ha nitrogen. In 2010 at Indian Head, when seed
yield was limited by excess precipitation and weeds, seed yield increased to
1,000 kg/ha at a nitrogen rate of 200 kg/ha (Fig. 2). Both responses were
statistically significant (P=0.0001 in 2009 and P=0.01 in 2010).

There have not been many studies on the phosphorous, potassium,
and sulphur requirements of camelina. Jackson (2008) reported that camelina
will respond to phosphorus application when soil phosphate (P,Os) levels are
less than 12 ppm. For camelina production in Denmark, Zubr (1997)
recommended 30 kg/ha of phosphorous and 50 kg/ha of potassium. In
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Montana, camelina was not responsive to sulphur applications (Jackson
2008).
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Figure 2. The effect of applied nitrogen fertilizer on the seed yield of
camelina in high- and low-yielding environments (Indian Head, SK in 2009
and 2010).

Weed control in camelina

Weed control is a challenge for camelina production. Currently,
quizalofop has been registered for control of annual grasses and volunteer
cereals in camelina in Canada. There are no registered herbicides for
broadleaf weed control; screening trials on the Prairies have failed to identify
potential candidates except dinitroaniline herbicides such as trifluralin, which
camelina appears to tolerate (Pearson and Walker 1999; Putnam et al. 1993;
Zubr 1997); however, currently it is difficult to register dinitroaniline
herbicides for new uses. The ability of camelina to germinate readily at
relatively low temperatures and be seeded in the fall or early spring may
provide the crop with a competitive advantage over weeds (Putnam et al.
1993; Zubr 1997); however, if adverse environmental conditions or a
production problem prevent the development of a robust and thick canopy,
there is no way to prevent broadleaf weed pressure from overwhelming the
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crop. Resistance to sulfonylurea herbicides has been reported in a wild
relative, C. microcarpa Andrz. ex. DC. (Hanson et al. 2004); therefore, it
may be possible to transfer that resistance into camelina. The incidence of C.
sativa as a weed has been decreasing over the last few decades (Francis and
Warwick 2009), probably due to the crop’s susceptibility to most broadleaf
herbicides currently being used in western Canada.

Niger agronomy

When examining the road blocks preventing the production and
consistent seed yields of niger, weed control is the biggest limitation
followed by a lack of cultivars that are more vigorous and competitive in the
cool spring. Crop development of niger also presents challenges, since this
crop is very sensitive to frost; thus, its production may be limited to
geographic locations where the growing season is sufficiently long. Finally,
the research community working on niger agronomy is small, especially in
North America, thus limiting the amount and extent of agronomic
information that can be quickly generated.

Weed control in niger

Due to the slow growth of niger in the spring, broadleaf weed control
is very important. The tolerance of niger to several herbicides was tested
(Kandel and Porter 2002). Niger was severely injured by bentazon,
bromoxynil, dicamba, fomesafen, thifensulfuron, clopyralid,
imazamethabenz, imazamox, nicosulfuron, acetochlor, isoxaflutole,
flumetsulam and 2,4-D. The broadleaf herbicides that niger was found to be
tolerant included ethalfluralin, flucarbazone, and sulfentrazone (Table 2;
Kandel and Porter 2002; May et al. 2008). In addition, and not unexpectedly,
tolerance to clethodim, a grass herbicide, looks to be very good (Kandel and
Porter 2002). Preliminary data at Indian Head, SK also supports this
conclusion. Field selection is very important since currently no herbicides
have been found to control perennial weeds like Canada thistle [Cirsium
arvense (L.) Scop.] and perennial sow-thistle (Sonchus arvensis L.). Niger
appears to be very sensitive to bromoxynil. As observed over several years,
niger is not a competitive weed in subsequent crops.
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Table 2. Tolerance of niger to pre- and post-emergence applications of
herbicides in 2007 at Indian Head, SK.

Treatment dlzlasril‘:y Injury Injury NDVI* }S]iijg
Eight 100% 5%
leaves flower flower

gai/ha no./m’ % % % kg/ha
Weed-free 0 0
check 67 0.7370 987
Ethalfluralin 1396 73 0 0 0.7496 868
Trifluralin 1700 88 0 2.0 0.7314 847
Flucarbazone 20 98 7.8 3.0 0.7238 847
Flucarbazone 30 79 17.5 11.0  0.6338 851
MCPA 562 120 55.0 36.3 0.5337 684
2,4-D 562 80 66.3 78.8  0.3633 302
Sulfentrazone 280 81 2.5 4.8 0.6941 790
Ethalfluralin + 1396 103 0 0 0.7351 966
sulfentrazone 210
Ethalfluralin + 1396 82 0 0 0.7525 881
sulfentrazone 280
Ethalfluralin + 1396 77 11.0 5.0 0.7036 853
flucarbazone 20
Ethalfluralin + 1396 86 36.3 15.8  0.6594 760
MCPA 350
Ethalfluralin + 1396 117 55.0 37.5 0.6059 743
MCPA 562
Weedy check 76 0 0 0.7590 877
LSD (P=.05) 36 36 7.20  0.0790 138
()Y 29 29 36 8.2 12
Treatment Prob(F) 0.1258 0.0001 0.0001 0.0001 0.0001

“NDVI = normalized difference vegetation index.
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Crop development of niger

Recently, a private plant breeder in Minnesota developed several
cultivars of niger that mature and produce seed in the Northern Great Plains
of North America. However, even with these new cultivars, niger is a long-
season crop and very sensitive to frost. Therefore, the thermal time required
to reach various stages of development is important in looking at areas where
niger can be grown and in selecting higher-yielding cultivars. The growing
degree-days (base temperature of 5 C) required from seeding to flower was
between 500 and 600, and from seeding to swathing was approximately
1,200. The seed yield appears to be related to the duration of the flowering
period of niger, with a potential for higher seed yields as the flowering
duration is increased (Fig. 3). The yield potential of niger in Saskatchewan
ranges from 250 to 1,200 kg/ha.
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Figure 3. The growing degree-days accumulated during the flowering of
niger at several locations and years.

Niger seeding rate, seeding date, and seeding depth
Niger is a small-seeded crop, and its 1000-seed weight can vary
between 2 and 6 g. A high seeding rate is usually not recommended. A
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seeding rate of 6.7 kg/ha was recommended for niger grown in Minnesota
and North Dakota (Kandel et al. 2004), which corresponded to a plant
density of 90/m”. Getinet and Sharma (1996) reported that the recommended
seeding rates were 5 to 10 kg/ha in Ethiopia and 5 to 8 kg/ha in India.

No seeding date research for North America could be found in the
literature. As previously discussed, niger is a long-season crop and current
cultivars are very sensitive to frost; thus, the current recommendation in
Saskatchewan is to seed in late May after the threat of frost has past. Niger
appears to be slow growing in cold soils and an earlier seeding date not only
exposes the crop to potential frost, but provides a competitive advantage to
weeds that are better adapted to cool soils.

In India and Ethiopia, niger is seeded by broadcasting the seed on the
soil surface and lightly harrowing it or by seeding the crop in rows, usually
30 cm apart (Getinet and Sharma 1996). Two reports from India indicate that
there is a significant yield increase when niger is seeded in rows versus
broadcast on the surface (Khandwe and Sharma 2003; Thaker et al. 2004).
Several approaches to seeding, using equipment available in North America,
were suggested by Kandel et al. (2004). In research plots at Indian Head, SK,
an air drill has been successfully used (May et al. 2008). Reduced plant
stands have been observed when the seed opener placed seed directly over
the seed row of the previous crop, when soil moisture levels are low, or when
the seed is placed too deep in wet soil. No reports were found in the literature
on the best seeding depth for niger.

Niger fertility

There is limited data on fertility of Niger. In North Dakota and
Minnesota, nitrogen rates from 0 to 67 kg/ha were tested at 10 sites,
concluding that increasing nitrogen only increased seed yield at one site and
decreased seed yield at one site (Henson et al. 2004). This response is
supported by production practices in India, where only 20 kg/ha of nitrogen
is often recommended (Getinet and Sharma 1996; Khandwe and Sharma
2003; Thakur et al. 2004). Research on phosphorus and potassium have been
very limited in North America, with Kandel and Porter (2002) stating that
they have not seen any particular response to phosphorus and potassium, but
not showing any data. In India, 20 to 40 kg/ha of phosphorus is
recommended (Getinet and Sharma 1996), and this recommendation is
supported by research (Dhange et al. 2009; Thakur et al. 2005).
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Pollinators in niger

Since niger is an outcrossing species with a self-incompatibility
mechanism (Getinet and Sharma 1996), research into pollination will be
required. Niger yields are increased by pollinators, and the length of time
needed to set seed was increased in their absence (Pastagia and Patel 2009a,
2009b). Consequently, good pollination is essential for this crop to be
successful in a short season area like western Canada. As the size of niger
fields are increased, research will need to examine a number of questions.
Which wild pollinators are attracted to niger? How large an area of niger can
wild pollinators successfully pollinate? If supplemental pollinators are
economic, are honey bees or leaf cutter bees more effective? In addition,
niger, tends to start flower before canola finishes flowering, so proximity to
canola fields may have an effect on niger pollination and seed yield.

Harvesting niger

Niger blooms over an extended period of time, and the seed shatters
after maturity; therefore swathing is recommended once the majority of
flower buds have turned black and the earliest seed is starting to shatter.
However, if frost occurs and damages this sensitive crop, the farmer must
decide whether to swath immediately or direct cut in a few days. Direct-
combining after frost has been successful if weed density is light; most
weeds are less susceptible to frost and will still be green when niger is ready
for harvest, making combining difficult. Henson et al. (2003) found that seed
yields increased as swathing was delayed at some sites, but not all.

Comparison of the ongoing development of camelina and niger

The development of camelina and niger in western Canada is
occurring in an almost opposite manner. Currently, the development of
camelina is being driven by entrepreneurs who want to develop products
from camelina and its oil, whether it is for food, fuel, or specialty products.
There is a significant amount of funding and effort going into the
development of this crop and its products. In turn, this has driven agronomic
research in production practices even though the actual market consumption
of camelina is quite small. The benefit of this approach is that farmers will
have a better understanding of the potential benefits and pitfalls of growing
camelina. The disadvantage is that if the entrepreneurs fail to be successful
with their product development, much more research will have been carried
out on camelina than is justified by the current size of the crop.
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On the other hand, niger has an existing market that is met through
imports. With the development of an adapted cultivar, the challenge becomes
the development of production practices and marketing strategies to allow
Canadian-grown niger to economically compete with the imported product.
The current research effort is very small, and will only expand if local
success can be achieved. The advantage of this is that few resources are
allocated at the beginning of the development process; however, it may take
much longer, if at all, to identify geographic regions where niger makes the
most economic sense to grow.
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Risks associated with the production of plants with novel traits are
often linked to escape and movement of the novel trait either into wild and
weedy populations or into areas of the agricultural supply chain where the
trait is unintended and perhaps unexpected. The movement of novel traits in
agriculture involves both the metapopulation and the latent population, and
in some cases may involve a species complex. For crop species, a
metapopulation includes cropped, volunteer, and feral subpopulations
(including escaped populations that effectively serve as sinks or sources for
traits) while a latent population includes any viable seed for that species
anywhere within the agricultural supply chain. In the case of
metapopulations, an assessment or a model of novel trait movement relies on
a good understanding of the biology of volunteer and feral populations. In
the case of latent populations, an assessment or model of novel trait
movement also relies on a deep understanding of supply chain operations,
processes, protocols, and equipment. Studying both metapopulations and
latent populations can provide insights into and useful data for modeling and
novel trait containment. To predict, prevent, and mitigate potential harm(s)
arising from the escape and movement of novel traits, there is a need to
better understand novel trait movement throughout agricultural supply
chains.
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Introduction

The advent of genetic engineering (GE) has heightened the awareness
of the challenges and potential risks that can come with the development of
novel traits in plants, although plants with novel traits (PNTs) are not
necessarily GE. Many risks related to the release of PNTs are related to trait
movement both from crop to wild or weedy species (interspecific) and from
crop to crop (intraspecific) (Marvier and Van Acker 2005). This is especially
true for the movement of traits within and among farming systems and
agricultural supply chains (NRC 2004; Tolstrup et al. 2003).

The issue of containing traits and making sure they do not end up
where they are not intended and/or wanted has become a key point in debates
about PNTs. In cases where traits can be contained, regulators can be much
more permissive about which traits are allowed in crop plants; on the other
hand, in cases where traits cannot be readily contained, then regulators and
technology developers need to be much more cautious about which traits are
allowed, not only for widespread commercial release but also in plants that
would be grown in small, contained plots. In either case, traits that are
regulated must be contained and there is zero tolerance for trait escape.

In North America, we have over 20 yrs of experience with
agricultural plant-based GE, which provides a tremendous wealth of
examples and evidence that bear on the consideration of novel trait
containment. In a recent review, Marvier and Van Acker (2005) emphasized
two important points in the context of growing PNTs outside the laboratory
environment and trying to contain traits:

(1) When PNTs are grown outside at a commercial scale for any length
of time, the movement of traits beyond their intended destinations
(i.e., trait escape) is a virtual certainty. The risk of escape increases
with scale of production (and associated equipment) and as the
number of participants in the production and handling increases.

(2) It is unlikely that one can fully retract novel traits once they have
escaped into the environment (which includes agricultural supply
chains) and as such, in situations where the escape is a problem, the
problem becomes persistent.

These points support the need for great caution and care in the
production of PNTs that require any sort of containment, including situations
where there is a hope or expectation of coexistence and commercial
segregation, and especially for situations where the trait is still regulated.
Trait movement can be complex, in particular, when it occurs within large
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agricultural supply chains that involve many actors and many living elements
across a living landscape. Traits may reside in and move among living
populations of plants including feral and volunteer plants and among latent
populations in seed that may exist in a myriad of places within the
production and supply chain. In any case, the role of volunteer and feral
populations and latent seed populations in trait persistence and trait
movement can be substantive and needs to be well understood for trait risk
assessment purposes and for the consideration of commercial coexistence or
segregation schemes.

Examples of trait escape

The most extensive area of cultivation of GE crops has been North
America, and it is in North America where there have been a number of
documented cases of novel trait escape (Marvier and Van Acker 2005).
Among all documented cases, intraspecific trait movement in canola
(Brassica napus L.) has been the most common, although this has been in the
context of commercial production of canola varieties that have been
deregulated and have unconfined release status. In western Canada, where
canola is grown on a large number of hectares, canola varieties with novel
traits are grown on the majority of those hectares (Van Acker et al. 2004).
There has been so much intraspecific trait escape in canola that farmers in
this region have come to expect the appearance of unintended traits in their
canola (Friesen et al. 2003). Even after only four seasons of commercial
production of herbicide-resistant canola (1995-1998), Hall et al. (2000)
found that the specific traits encoding for different herbicide-resistance traits
were stacking within individual volunteer canola plants, giving rise
unintentionally to multiple herbicide-resistant volunteer canola plants. By the
1999 season, only 5 yr after the initiation of commercial production of GE
herbicide-resistant canola in western Canada, farmers commonly began to
complain about the appearance of volunteer glyphosate-resistant canola in
their fields, even when they had not intentionally sown glyphosate-resistant
canola in these fields in the previous year. Many of these farmers suspected
that the non-glyphosate-resistant certified canola seed they were using had
adventitious presence (AP) of glyphosate-resistant canola seed. Independent
testing of certified canola seedlots from western Canada revealed that the
majority of tested seedlots contained at least trace amounts of GE herbicide-
resistance traits. In fact, the majority of seedlots tested by Friesen et al.
(2003), and Downey and Beckie (2002) had foreign traits present at
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detectable levels (above 0.01%), with one seedlot having an AP level of
4.9% suggesting AP occurred very early in the pedigree and perhaps even at
the breeder seed level for that particular variety (Downey and Beckie 2002).
The source of the AP for these seedlots was never determined, but could
have resulted from inadvertent mechanical mixing of certified seedlots
during harvest or handling, or pollen-mediated gene flow (PMGF) occurring
in earlier generations of pedigreed seed production (i.e., Breeder or
Foundation seed) (Friesen et al. 2003). The range in AP levels was
significant, and it was apparent that some breeding companies were able to
achieve very low AP levels. No followup was done to determine whether
there were specific differences in practices among companies, but it was
clear from the Friesen et al. (2003) study that AP level was associated with
seed company. There is recent evidence that the AP of specific traits in
certified seed can also occur in species such as wheat (Triticum aestivum L.)
that are considered to be primarily self-pollinated and have very limited seed
persistence. Gaines et al. (2007) showed that the non-GE trait conferring
tolerance to imidazolinone (IMI) herbicides in wheat has been found in
certified conventional wheat seedlots in the United States (U.S.) at levels of
up to 11% only 2 to 3 yr after commercial release. This AP occurred despite
the fact that certified seed is grown and handled under a strict segregation
regime and wheat is considered a self-pollinating species (Waines and Hegde
2003).

It is important to consider cases of trait escape that involve human
error because they are so unpredictable; human error is a critical factor in
trait containment for agricultural crops because there is so much human
involvement in the production, processing, transport, and storage. In the
U.S., there have been a number of documented cases of trait escape
involving human error. Perhaps the most famous of these is the ‘Starlink’
case where corn (Zea mays L.), engineered to express an insecticidal protein,
was found in the human food supply chain, while it was only approved for
use as animal feed. There was a considerable segregation oversight between
food and feed streams in the U.S. bulk commodity handling systems, and
consequently the insecticidal protein associated with Starlink corn was found
in a number of processed foods in 2000 (Marvier and Van Acker 2005).
Three yr after this discovery and after the execution of a massive recall
effort, traces of the Starlink protein could still be found within both food and
feed handling streams in the U.S. (USDA 2003), demonstrating the
pervasiveness of the AP. This pervasiveness should not be surprising if the
trait in question codes for a neutral trait and the GE traits commercialized to
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date (herbicide and insect resistance) are neutral outside of farmed fields and
are therefore not selected for or against in a portion of the metapopulation.
Population genetics theory confirms that neutral traits can persist in the
environment (Brhlé-Babel et al. 2006) at very low levels. The Starlink case
showed not only that human error can result in problematic trait escape, but
full retraction of traits (and their products) from complex and massive
commercial food and feed systems is difficult, and perhaps impossible.
Another example of human-mediated trait escape is the Prodigene case, also
in the U.S., where corn genetically engineered to produce a vaccine that
prevents diarrhea in pigs was discovered in a commercial grain elevator in
Iowa (Gillis 2002). Upon investigation, the U.S. Department of Agriculture
(USDA) found that the company who owned this GE corn (Prodigene) had
failed to comply with U.S. federal regulations requiring that the company
destroy volunteer GE corn growing in subsequent crops. This error required
that 13,600 t of contaminated soybean [Glycine max (L.) Merr.] be destroyed
to prevent further contamination of food or feed supply chains. This case
demonstrated inadequate trait containment oversight on the part of the
company (Prodigene). Between 2000 and 2008, the USDA documented six
cases of regulated novel traits escaping beyond their intended containment
spaces within the U.S. (USGAO 2009). The mechanism for escape ranged
from cross-pollination and co-mingling of seed, to cross-pollination and
uncontrolled volunteers, to misidentified seed. In the three remaining cases,
the mechanism of escape has not been determined according to the USDA. In
Canada, there have also been cases of human error leading to trait escape. A
well-documented case was the inadvertent release of the GT200 event of
RoundupReady” canola (resistance to glyphosate) in western Canada
(Demeke et al. 2006; Pollack 2002). The company’s response to the mistake
was swift and effective, but the case demonstrated the possibility for these
types of mistakes to occur and they highlight the challenges of trait
containment and the diligence that must be employed in order to effectively
contain traits. By the year 2000, the widely publicized Starlink case would
have made this clear to the public and also to technology developers
responsible for containing regulated events.

Transgene movement and containment

Any consideration of trait containment must be realistic with respect
to the many complex routes of trait escape (Fig. 1). Traits can move from
crop to crop via pollen (PMGF) and/or via seed (seed-mediated gene flow
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and seed admixture). Trait movement via pollen and/or seed occurs within a
complex of sub-populations which exist across agricultural landscapes
including crop, volunteer, and feral sub-populations (Bagavathiannan and
Van Acker 2009). If very strict containment practices are not in place, it may
be possible for traits to move among these sub-populations, which together
comprise a metapopulation. In this context, trait containment efforts must
take into account all possible sub-populations and possible pollen and/or
seed movement opportunities between them.

Plant Breeding and Seed Crop (Grain and Seed) Production
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Figure 1: A simplified scheme of the possible routes of trait movement
within an agricultural crop production system and leading to a supply chain

(adapted from ideas and a schematic presented by S. Shirtliffe, University of
Saskatchewan).

A functional metapopulation for a given trait within a given crop in a
region makes containment difficult, because the points of trait escape and
reception may be stratified in time and space (Van Acker et al. 2003). In this
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type of scenario, it is challenging to predict when and from where the trait
will arrive and it means that trait containment efforts must be
comprehensive. The required stringency of a given trait-containment system
will depend upon the threshold level and the facility of trait escape and
movement. The latter depends on the nature of the crop species (e.g., it is
most difficult to confine traits in species which are highly outcrossing and
form persistent seedbanks; Tolstrup et al. 2003) and also on the complexity
of the crop production and handling system (the supply chain). If threshold
levels are high (e.g., 5%) and the crop in question is an obligate selfing
species (a species which cannot outcross but only self-fertilize) that also does
not produce a persistent seedbank, then containment will be much less
difficult. It will also be less difficult for species that do not produce
persistent volunteer or feral populations.

If we consider the elements that contributed to the movement of
novel traits among canola crops in western Canada, it is apparent the role
that volunteer and feral populations can play (Van Acker et al. 2004). For
crops that are commonly grown in a region, appear frequently in rotation,
have a great potential to volunteer, produce a persistent seedbank that allows
for volunteers to appear in many subsequent years, and have some
outcrossing ability, there will be great difficulty in containing novel traits.
Canola is an example of this type of crop, and it is the nature of this crop that
has lead European scientists to suggest that coexistence and commercial-trait
containment is not practical for canola (Tolstrup et al. 2003). Even for
species that are considered primarily selfing, such as spring wheat, the scale
of production and frequency in rotation may compensate for low levels of
outcrossing to affect a viable genetic bridge from volunteer to cropped
populations (Van Acker et al. 2004). In addition, because volunteers for
crops such as wheat have not been difficult to control in typical rotations in
the past, there has been relatively little study of the biology and ecology of
these volunteers (Willenborg and Van Acker 2008). Harker et al. (2005), for
example, discovered that spring wheat could persist in some scenarios in
western Canada for 2 to 3 yr, and empirical evidence from western Canada
shows persistence for up to 5 yr (Van Acker et al. 2004).

The feral potential of crop species has been studied to a relatively
limited extent (Gressel 2005), and the role of volunteer and feral crop plants
in trait movement and containment has been studied to a very limited extent
(Bagavathiannan and Van Acker 2008). Trait containment in the context of
metapopulation dynamics creates a new need to consider the ferality of crop
species. Feral potential varies tremendously among crop species and can
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depend very much upon key traits including the ability to form a persistent
seedbank (Watrud et al 2004). Occurrence of feral populations has been
reported for some crop species including canola (Garnier et al. 2006), radish
(Raphanus sativus L.) (Snow and Campbell 2005), rye (Secale cereale L.)
(White et al. 2006), cotton (Gossypium hirsutum L.) (Ellstrand et al. 1999),
sugar beet (Beta vulgaris L.) (Sukopp et al. 2005) and sunflower (Helianthus
annus L.) (Massinga et al. 2003). Key feral traits include, but are not limited
to: high levels of outcrossing, prolific seed production, seed dispersal, seed
dormancy, discontinuous germination, rapid vegetative growth, tolerance to
competition, and tolerance to biotic as well as abiotic stresses. The
establishment of PNTs as ferals may be more likely if they possess traits of
ecological significance (Wolfenbarger and Phifer 2000). There are some
species that form very effective and persistent feral populations. One crop
species of note in this regard is alfalfa (Medicago sativa. L.)
(Bagavathiannan and Van Acker 2009). Feral alfalfa populations are very
common in North America, and have been shown to flower synchronously
with both hay- and seed-cropped alfalfa; as an insect-pollinated species, there
is very high potential for outcrossing between feral and cropped alfalfa. The
feral success of alfalfa poses particular challenges for trait containment in
this species, especially when feral populations reside on public lands
including roadsides (Bagavathiannan et al. 2010). In fact, in some cases
alfalfa was a constituent of species mixtures seeded to help stabilize
municipal road verges and ditches. Ferality is less common for annual crop
species, but is not impossible. Knispel et al. (2008), for example, confirmed
that roadside populations of canola could successfully accumulate
unintended traits, and as such act as both a source and a sink for traits within
a broader metapopulation. With novel traits being conferred upon an
increasing range of crop plants, there is a need to more deeply consider novel
trait movement. For example, a virus-resistant plum (Prunus domestica L.)
has been deregulated in the U.S., but the environmental impact statement
(EIS) contains very little information on novel trait movement from this
species. Investigation of the possible novel trait dynamics for plum reveals
that there is both good potential for metapopulation dynamics and dynamics
within a broad species complex, which includes a full range of common
tender fruits (Cici and Van Acker 2011).

In the context of agricultural production systems and agricultural
supply chains, the role of latent populations, in the form of seed, should not
be underestimated as a source and sink for traits. Given the size and
complexity of agricultural supply chains (Fig. 1), latent populations add
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tremendous complication in terms of effectively preventing trait escape and
movement. Segregation of specific traits and coexistence have not been
attempted within generalized bulk commodity production and handling
systems, likely because industry stakeholders recognize and respect the
challenges involved in trait containment and perhaps are not willing to
accept the liability (Miller 2009). Small-scale segregation is managed for
seed and for higher-value specialty products. Without regulations or
incentives, agricultural commodity handlers have little motivation to
effectively segregate novel traits. To be effective, containment plans must
encompass a broad range of characteristics (Van Acker 2003). These plans
must be based on realistic, science-based, robust, and tested models of
transgene movement (Gealy 2005). The plans also need to extend beyond
individual fields or farms. Experience with the movement of the
RoundupReady trait in canola in western Canada shows that canola existed
as a metapopulation with respect to the RoundupReady transgene; transgene
containment would have required a plan which encompassed the entire
cropping system (not just the canola crop) and was operational across the
entire region of western Canada, which is highly impractical, and in the case
of a trait that had achieved unconfined release, not necessary. However, if
containment is required, management for containment within a given field
and for a given crop alone will be insufficient for effective containment. In
this regard, there needs to be a specific recognition in these plans of the fact
that in the absence of reliable genetic technologies for preventing PMGF
(e.g. genetic use restriction technologies, GURTSs; Van Acker et al. 2007b),
transgene movement has to be controlled at reception points. This poses a
particular challenge for trait containment when receptor crops are grown by
non-adopters of particular PNTs, and it poses a special problem for regulated
events or conditionally-deregulated events (e.g., Starlink). In this respect, as
well, the plans must reflect a realistic expectation of commitment from
farmers to implement the plan given the economic constraints and capacity
limits, and the plans have to assume that the potential receptor is looking for
the unwanted trait(s). The challenges in managing trait containment are
many and they include the fact that the traits are typically invisible and their
monitoring requires effective (and sometimes sophisticated) detection
methods (Marvier and Van Acker 2005; Tolstrup et al. 2003). In particular,
trait containment is highly dependent upon detection and eradication of the
trait at reception points. This is a critical consideration for those devising
containment plans, because the trait reception points may occur in the fields,
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farms, equipment, and business operations of people not involved in the
containment effort (Van Acker 2003).

Farming equipment is a common vector for the dispersal of seeds
(Shirtliffe and Entz 2005), and it can be a common vector for the movement
of crop seed from field to field. Trait movement can occur via equipment
including planting, harvesting, seed cleaning, seed handling, and seed
storage equipment. Each piece of equipment can act as a sink or a source for
traits (often as seed), and in this respect, each piece of equipment could be
considered an additional sub-population (latent population) for a given trait
in a given crop. Cleaning farm equipment, as well as seed storage, transport,
and handling facilities and equipment, including farm-based seed cleaning
facilities, is a critical part of trait containment plans (Van Acker et al.
2007a). It can be difficult to completely clean some pieces of equipment,
such as commercial combine harvesters. Farmers who wish to maintain their
operations free from even trace amounts of a given trait might consider never
using difficult-to-clean equipment, which they cannot assure to be free from
unintended traits. This may preclude some farmers from renting equipment
or from sharing equipment with farmers who do not assure their operations
to be free from a given trait, and it means that farmers and supply chain
participants must be aware of the handling of any and all crops and traits in
facilities (and equipment) within any supply chain in which they participate;
this would be especially critical in regard to the containment of regulated
events (Van Acker et al. 2007a).

For farmers and others operating within agricultural supply chains
wishing to avoid the presence of unwanted traits in their crops, on their
farms, or in their commodities or processing facilities, there are a number of
management practices that need to be implemented (Riddle 2004; Van Acker
et al. 2007a). Given the complexity of mechanisms leading to trait escape
(e.g., Fig. 1) and the stochasticity and persistence of escapes, those who wish
to assure and deliver products free from given traits will need to employ all
methods available to them in order to prevent the AP of traits (NRC 2004).
Perhaps the most important management practice for farmers is to use clean
seed. This is fundamental because even low-level presence of unintended
trait(s) within a seedlot can result in significant levels in the harvested
product (Friesen et al. 2003). For species which produce a persistent
seedbank, a single seeding with an impure seedlot can lead to years of
problematic trait presence via persistent, self-replicating and self-
disseminating volunteers. The use of clean seed is even a problem for
farmers who purchase certified seed because there are currently no
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regulations requiring seed certification agencies to ensure the genetic purity
of seed (ISF 2004), and in the context of trait containment, seed purity may
require a new definition. Typically, seed was fit for purpose if it was
relatively pure phenotypically (e.g., CSGA 2005), but seed purity assurance
systems were not necessarily designed to deliver the type of seed purity
levels required for facilitating novel trait containment. The European Union
(EU) and New Zealand are the only jurisdictions, globally, in which
discussions in this regard are ongoing within governments. The International
Seed Federation has demonstrated that the costs of ensuring genetic purity
rise exponentially as threshold levels for unintended traits decline below 1%,
to the point where costs become prohibitive at thresholds below 0.5 to 0.3%
(ISF 2001). If there is no regulation requiring seed certification agencies to
guarantee genetic purity of seed, or if the genetic purity standards are set
relatively high (e.g., above 0.5%), then farm-saved seed, or specialty
suppliers may be the only option for farmers wanting to start with
genetically-pure seed that is free from traits they do not want or whose
presence will cause harm to their system or business. It is also clear that
those working with and responsible for the containment of regulated traits
must pay extra caution to prevent trait escape into seed sources (USGAO
2009).

The involvement of farmers and their attitudes towards trait
containment protocols and the risk associated with the production of PNTs
have not commonly been considered by regulators, yet cooperation among
neighboring farmers may be a fundamental requirement for trait containment
(Tolstrup et al. 2003). The human or cultural element of trait containment
management is difficult to characterize and control, and this makes trait
containment success difficult to manage. Collegial cooperation is impossible
if neighbours are unaware of the possible presence of unwanted traits in their
locale. Open communication among neighbours, either formal or informal, is
an essential element of a successful trait containment strategy (Van Acker et
al. 2007a).

Physical isolation is a traditional means for limiting PMGF in crop
breeding programs, and it can be exploited as an aid to help limit trait escape
or arrival. Physical isolation, however, is not an absolute protection from
trait invasion and farmers must realize that traditional isolation distances
were established to assure seed purity and not the prevention of novel trait
escape and/or immigration per se. Isolation distance must be suited to the
nature of the species and the threshold (Tolstrup et al. 2003). PMGF at low
levels has been recorded at very long distances for species such as canola



94 Novel trait containment

(3 km) (Rieger et al. 2002) and creeping bentgrass (Agrostis stolonifera L.)
(21 km) (Watrud et al. 2004). Pollen traps (or barriers) are sometimes
promoted as an additional means for achieving physical isolation to limit
PMGF, but in order to be effective, these pollen traps must be significantly
taller than the targeted crop at the time of flowering (and/or pollen release)
for that crop. In western Canada, corn has sometimes been used ineffectively
as a pollen barrier to prevent pollen escape from confined GM wheat trials
because in the cooler climate of western Canada, corn is only as tall as
normal wheat plants at time of flowering (early July) (personal observation).

The effective transfer of traits between volunteers and cropped plants
can be minimized by creating temporal isolation between these cohorts. A
long and diverse crop rotation allows farmers to reduce seedbanks for
volunteer species before that same species is cropped again within a given
field. Isolation in time is traditionally used by plant breeders and seed
growers to help them facilitate the maintenance of seed purity (CSGA 2005).
A diverse crop rotation facilitates the detection of volunteers in subsequent
crops and allows for effective rouging or control with herbicides. Although
many common annual crop species do not produce persistent seedbanks,
there are some exceptions. For example, in the United Kingdom, canola seed
has been shown to persist for up to 12 yr (Lutman 2003). Of course,
segregation in time is only effective if there has been a conscious effort to
eliminate the impact of feral populations from being an effective source or
sink for traits.

Conclusion

Risks associated with the production of PNTs are often linked to
escape and movement of the novel trait either into wild type or weedy
populations or into areas of the agricultural supply chain where the trait is
unintended and perhaps unexpected. Studying both metapopulations and
latent populations, and in some cases species complexes, can provide
insights into and useful data for modeling and novel trait containment. There
is an increasing base of knowledge on the mechanisms of trait movement and
considerations in trait containment. However, the global asynchrony of
deregulation of PNTs will drive an increasing need for trait containment
based on an understanding of trait movement. With certain PNTs, there may
also be a need for domestic trait containment. To date, much of the effort to
understand trait movement has focused on PMGF. This paper makes plain
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that robust and reliable trait containment requires an understanding of
movement from all sources. In addition, the complexity of agroecosystems
with regard to novel trait containment should not be underestimated by
regulators, farmers, and supply chain constituents; proposals to require trait
containment need to be prudent and realistic in this regard.
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