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ABSTRACT

LONG-TERM FITNESS EFFECTS OF ABIOTIC STRESS TOLERANCE TRANSGENES
IN ARABIDOPSIS THALIANA POPULATIONS UNDER COMPETITIVE CONDITIONS

By
Patrick James Bigelow

The demands on agricultural lands from a growing world population will rise at the same
time that climate change is predicted to increase the abiotic stresses (e.g. drought, heat-waves,
frosts and salinity) that decrease crop yield today. Efforts to increase crop abiotic stress tolerance
are ongoing, including via transgenic approaches. However, unlike past transgenes, abiotic
stress tolerance genes function through indirect alterations to regulatory, signaling and metabolic
pathways, increasing the possibility of complex secondary effects. Concerns have been raised
that such genes could alter crop persistence and ferality and, through gene flow, the invasiveness
and ecological range of recipient interfertile wild or weedy relatives. These possible ecological
risks are influenced by fitness effects conferred by the transgene. Despite the link between
competitive fitness and long-term environmental risks, competitive fitness has been rarely
empirically determined in ecological risk assessment. In this study three transgenes, which
increase salinity tolerance in Arabidopsis thaliana in growth chamber studies, were examined for
impacts on plant fitness: (I) the abiotic stress response transcription factor C-repeat binding
factor 3/drought responsive element binding factor la (CBF3/DREBIa), (II) the plasma
membrane Na+/H+ antiporter Salt Overly-Sensitive 1 (SOST), and (III) the mannitol biosynthetic
enzyme mannose-6-phosphate reductase (M6PR). Transgene fitness impacts were examined

across six field seasons and in the presence and absence of competition with the wild-type

parental genotype at planting densities (2600/m ) chosen to replicate conditions observed in wild

populations. Fourteen replicate competitive populations, initially 1:1 transgenic:wild-type



mixes, of each transgenic line (2-3 lines/transgene) were maintained separately for six
generations to allow transgene frequencies to fluctuate according to genetic drift and field
selective pressures. Transgene frequencies were monitored each generation via phenotypic
screening of progeny seed for presence of the co-integrated kanamycin resistance trait; low
frequency populations were verified by qPCR analysis to rule out artifacts due to possible gene
silencing. The fitness effects observed in competition with WT differed from relative fitness in
pure populations. In pure populations, CBF3 lines showed moderately negative fitness relative to
wild-type, but decreased to near extinction in direct competition. SOS1 lines performed
equivalently to wild-type in pure populations but decreased in frequency by 50% in competition.
The fitness of both M6PR lines was enhanced relative to wild-type in field pure populations, but
in competition one line exhibited a competitive advantage while the other was selectively neutral
and exhibited random drift. Selection and drift modeling, incorporating short-term non-
competitive and competitive transgene fitness measurements, determined that only models which
utilized competitive fitness values yielded long-term transgene frequency patterns comparable to
trends observed in the field. Significant relative fitness gains were observed from all three
transgenes under salt stress in the growth chamber, but from only SOS1 and M6PR lines in the
greenhouse. In competition with wild-type plants no advantage was observed, indicating that like
the field, competition reduced observed transgene fitness. The implications of these findings,
together with prior transcriptomic analysis of the three transgenes, were examined in the context
of environmental risk assessment (ERA) practices. Together these results indicate the important
role competition has on the success or failure of a transgene to establish and support the use of

competitive field assessments in estimating the risk of transgene establishment.
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Introduction

The Green Revolution was driven in part by selection for a handful of genes for
dwarfism, increased yield and shorter growing seasons (NRC 2002). While the new varieties
carrying these genes fed the rising human population, the environmental, social, and cultural
repercussions of the revolution remain to this day. Today plant breeders possess a much larger
toolbox of genes, and the potential to move genes seemingly at will without species barriers.
Given the sweeping and often unexpected changes that resulted from the use of a handful of
genes (NRC 2002), what changes could result from today’s ever expanding toolkit? The first
generation of genetically modified (GM) crops, mostly herbicide- and pest-resistant varieties,
targeted a specific problem with a single transgene (Chua and Tingey 2006). Herbicide tolerance
was usually conferred by an altered enzyme and insect pest resistance by the production of
proteins that while toxic to insects are merely inert within the plant cells (Warwick et al. 2009).
Although there are now commercialized varieties with up to eight stacked transgenes to resist a
variety of insect pests as well as herbicides, the transgenes involved remain simplistic in their
function. The next generation of GM crops to be commercialized will target larger and more
complex issues and arguably one of the most important of these will be increasing crop tolerance
to abiotic stresses, including drought, heat waves, frost, and soil salinity that cause an estimated
50% global yield reduction (Wang et al. 2003).
Salinity Stress

Salinity stress is one of the fastest increasing abiotic stresses on arable land across the
globe. Salinity currently affects at least 20% of crop land, but more than 50% of arable land is
predicted to be under salinity stress by 2050 (Wang ef al. 2003, Chinnusamy ef al. 2005).
Irrigation has added 110 million ha of agricultural land and played a vital role in increasing food
resources globally, but this increase is not without side effects. Increased irrigation usage in arid

and semi-arid environments has resulted in increasing salt stress levels. Arid and semi-arid areas



comprise 40% of the world’s arable land, but do not receive enough annual rainfall to provide
the necessary leaching needed to remove excess salts from the soil (Smedema and Shiati 2002).

Crop irrigation can affect the salinity levels of soils by several means. The use of
irrigation water pumped from deep fossil aquifers, which tend to be more saline than typical
surface or ground waters, directly applies additional salt loads to the soil surface. Overuse of
irrigation can waterlog soils, which brings soil borne salts closer to the surface where they can
accumulate due to evaporation, an issue currently impacting ~25% of irrigated land in semi-arid
regions worldwide (Smedema and Shiati 2002). Lastly by altering water tables and affecting
groundwater movement, irrigation can unlock fossil salt deposits, left behind from past marine
events (Smedema and Shiati 2002). As market pressure to produce more food, feed, fiber and
fuel rises, the high salinity issues facing farmers today will continue to increase as irrigation is
adopted in previously non-irrigated regions and more salt is deposited in already irrigated lands.
This will mean that salinity-tolerant varieties will become more important to farmers trying to
meet the demands of a growing population.
Genetic engineering for abiotic stress tolerance

Submissions to the USDA for field trials of abiotic stress related traits have increased
significantly in the last decade, indicating a concerted effort on the part of plant biotechnologists
and breeders to produce crops with enhanced abiotic stress tolerance (Figure 1.1). Abiotic
stresses can result from a broad range of environmental factors such as heat, drought, cold and
salinity and numerous candidate genes have been described to potentially increase tolerance to
one or more types of abiotic stress (Zhang et al. 2004, Sreenivasulu ef al. 2007, Bhatnagar-
Mathur et al. 2008, Warwick et al. 2009). The mechanisms of resistance supplied by these
candidate genes vary and include such functions as membrane protection, stress signaling,
protein and RNA stabilization, transcriptional activation, and the detoxification of toxic

molecules and free radicals (Wang et al. 2003).
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Although the causes of abiotic stress differ, many have similar effects upon plant tissues.
Drought, salinity and freezing all create osmotic stress resulting from the loss of water available
for homeostasis and chemical reactions (Wang et al. 2003, Warwick et al. 2009). Oxidative
stress results from reactive oxygen species or free radicals, which can be produced by plant cells
under stress from high temperatures, drought or salinity. Therefore the introduction of one gene
could potentially alter resistance against multiple stresses. In addition, multiple stresses, such as
drought and heat, can combine to create greater levels of stress (Mittler 2006). These
combinations could occur in many ways, any of which might influence the effectiveness of a
given abiotic stress resistance gene.

At the time of writing, the first and only commercialized genetically engineered crop with
enhanced abiotic stress tolerance is the corn line MON 87460 (APHIS 2011a,b), a parent to
Monsanto’s DroughtGard hybrid corn lines. These corn hybrids express a cold shock protein
from Bacillus subtilis named CspB (Reeves 2010). This protein belongs to a class of RNA
chaperones which prevent RNA misfolding, allowing cells to continue to produce vital proteins
while under environmental stress (reviewed by Horn ef al. 2007). Under water deficit stress,
hybrids constitutively expressing CspB had increased growth rates, maintained higher
chlorophyll content and photosynthetic rates and significantly out-yielded the untransformed
conventional hybrids (Castiglioni et al. 2008). No cost of resistance was observed in high
yielding environments. CspB was also shown to increase abiotic stress tolerance (cold, heat and
drought) in Arabidopsis thaliana and rice (Castiglioni ef al. 2008). With no reported cost of
resistance and conferring increased tolerance to multiple abiotic stresses in both monocot and
dicot species, cold shock proteins show potential to increase stress tolerance in many crops.

Another abiotic stress tolerant crop in the regulatory process is freezing tolerant hybrid
Eucalyptus (Eucalyptus grandis x E. urophylla) (Nehra & Pearson 2011). Interest in Eucalyptus
as a short rotation woody crop for fiber and biofuel production has been hindered by the tropical
plant’s low tolerance to cold temperatures. Previous research had shown that over-expression of
Eucalyptus CBF1a and CBF1b homologs increased freezing tolerance; however, the transformed
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plants showed significant negative phenotypic effects that rendered them unsuitable for
commercialization (Navarro et al. 2011). The genetically engineered Eucalyptus lines submitted
for deregulation express the abiotic stress response transcription factor C-repeat binding factor 2
(CBF?2) gene from Arabidopsis thaliana under the cold inducible promoter rd29A. The
transformation cassette also includes a barnase gene linked to an anther-specific promoter
PrMC2 to confer pollen sterility. Transgenic lines showed significantly less winter die-back than
the untransformed background: at multiple sites after 5 years the transgenic lines were 40-50 feet
tall, while the background line had died back to less than 1 ft over the winter (Nehra & Pearson
2011). Under freeze-free conditions, the transgenic lines had small but significant reductions in
growth compared to background. Flowers on the transgenic lines produced no viable pollen. In
February 2013, the USDA released a notification of intent to perform an Environmental Impact
Statement on the transgenic lines submitted for deregulation (APHIS 2013). Thus freeze-tolerant
Eucalyptus could become the next abiotic stress tolerant crop to be released to the market. The
addition of the pollen sterility trait could aid that process by reducing the ecological concerns
related to feral crop plants and gene flow to compatible relatives that are frequently raised about
crops with abiotic stress tolerance traits.
Ecological risk assessment of abiotic stress tolerance enhanced crops

Although many studies of the ecological risks of genetically modified crops are focused
on the possibility of gene flow, gene flow in and of itself does not constitute an environmental
harm (EFSA 2012). While exact definitions of ecological harm vary, most consider a reduction
in biodiversity to be harmful (Sanvido et al. 2012). Thus, an ecological harm could result from
gene flow if it resulted in a negative impact on biodiversity. A reduction in biodiversity could
occur at the species level within an ecosystem or at the genetic level for an individual species
(Hancock 2011). The effects of abiotic stress tolerance transgenes that could alter biodiversity
include altered fitness, increased weediness or invasiveness, and range expansion (Tiedje et al.
1989, Hancock et al. 1996, Ellstrand 2003, Weaver & Morris 2005, Hails & Morley 2005).
Unlike most first generation transgenes used for crop improvement, where the gene product
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directly conferred the desired phenotype, e.g. herbicide resistance or Bt-mediated pest resistance,
abiotic stress tolerance traits have the potential to affect a wide range of plant growth and
developmental functions (Chua and Tingey 2006, Ellstrand 2003). Thus risk assessment of
abiotic stress tolerant crops will require careful consideration of possible secondary and fitness
effects due to transgene expression on recipient plants, for both the transformed crop and wild
compatible relatives which could receive the transgene through pollen-mediated gene flow.

The transgene could confer significant competitive advantages allowing the transformed
crop to become feral, growing along field margins and in ruderal areas, and possibly invasive in
natural environments. Transgene movement into a compatible wild relative could give recipient
plants a selective advantage under conditions of abiotic stress (Hancock et al. 1996, Ellstrand
2003). This advantage could result in the transgene establishing within wild germplasm. For a
transgene that conferred a strong selective advantage, establishment could further alter the wild
gene pool as other crop genes are also introgressed through linkage drag (Ellstrand 2003). The
transgene, and possibly other crop genes, could allow the recipient plants to become weeds in
agricultural systems and invasive in natural ecosystems. If the transgene instead conferred a
selective disadvantage in natural ecosystems, high rates of gene flow from nearby transgenic
crop fields could result in demographic swamping and in cases of transgenes with severely
negative fitness effects, localized extinction of compatible relatives (Hancock 2011). However,
even with a strongly negatively selected transgene, this effect would likely only occur to weedy
or wild relatives that grow along field margins due to the inability of the transgene to persist
outside of agricultural settings. Thus, local biodiversity could be impacted by the fitness effect of
the transgene on recipient plants, whether those effects are positive or negative.

In breeding for abiotic stress tolerance, plant breeders will be potentially removing a
factor that limits an individual plant’s survival and fecundity, and a species range and
distribution. Salt tolerance has been found to be a key attribute in the invasiveness of a number
of plant species. Together with the increasing levels of salinity in rivers due to irrigation, and the
use of salt as a de-icing agent, salt tolerance has enabled some species to invade habitats that
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would otherwise be resistant to invasion (Thompson 1991, Bauer and Geber 2002, Glenn ef al.
1998, Glenn and Nalger 2005). Proper risk assessment of these second generation crops
expressing abiotic stress tolerance traits will be vital to their successful introduction while
meeting ecological concerns over increased invasiveness.

Feral crops

The addition of transgenic traits to domesticated crops, has led to concerns that
volunteers could become feral and become weedy or invasive in agricultural and natural
ecosystems. Although feral or weedy versions of domesticated crops have been widely reported,
the process by which domesticated crops become feral has not been extensively researched
(Gressel 2005). This process of de-domestication has been classified into two categories
dependent upon the source of the genetic changes needed to revert to a weedy phenotype.
Endoferality occurs when a domesticated species is able to become feral on its own due to
selection on existing or new genetic variation leading to the loss of domestication traits. While
this has been reported and studied widely in animals, feral pigs for example, it has been less
studied in plants (Gressel 2005) as most cases of crop ferality have been linked to the influx of
wild genes and are thus the result of exoferality (Ellstrand 2003).

The best characterized example of endoferality occurred with wheat (Triticum aestivum)
in the Tibetan highlands of China (Ghimire ef al. 2006). This semi-wild wheat is found as an
agricultural weed in barley and wheat fields and has been deemed a separate subspecies Triticum
aestivum ssp. tibetanum (Shao et al. 1983). This subspecies is believed to have evolved its feral
traits on its own without input from wild relative as the region is geographically isolated with no
compatible relatives (Chen ef al. 1991, Sun ef al. 1998). Also the subspecies is hexaploid and
there are no wild hexaploid progenitor species with from which it could have received genetic
material (Ayal and Levy 2005).

The evolution of endoferality was examined in the cultivated radish (Raphanus sativus)
(Campbell & Snow 2009). Experimental cultivated radish plots were established >1km from the
nearest wild radish (R . raphanistrum ) populations and were allowed to self seed for four
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generations (Campbell & Snow 2009). Phenotypic assessments for traits associated with feral
crops (early flowering, reduced root biomass, and high seed production) were conducted at each
generation. Three populations went extinct, while two were observed to contain early flowering
individuals by the third generation. However, these individuals were shown to be inadvertent
wild-crop hybrids. To examine the endoferality potential of cultivated radish, greenhouse
populations were grown under strong selective pressure for early flowering for two generations,
with all but the first 10% of plants to flower culled. Two of three replicate populations had
significantly earlier flowering and increased seed yield in common garden studies relative to
control populations that had undergone random 90% culling. However, further gains in feral
traits were not observed, leading the researchers to consider that the genetic variability of the
cultivate radish was insufficient for rapid development of endoferality. The authors postulated
that the domestication process appears to reduce genetic diversity and eliminate weediness traits
(such as seed shattering) resulting in the rare occurrence of natural endoferality in plants and the
difficulty in artificially inducing it. This indicates that hybridization and introgression with
compatible wild relatives are the primary concerns for possible ecological impacts from the
introduction of abiotic stress tolerance enhanced transgenic crops.

Crop x Wild hybridization

When outside genetic sources, i.e. wild relatives, supply the genes needed to de-
domesticate, the process is termed exoferality. Hybridization between cultivated and wild
relatives has been documented in a wide number of crop species. As early as 1965, crop-wild
hybrids were found in wheat, sorghum and barley (Harlan 1965). From the 1970s through the
1990s, hybrids were found in almost every category of crop plants from grains to root crops (Chu
and Oka 1970, Zohary 1971, Ladizinsky and Zohary 1971, Brunken ef al. 1977a, Brunken et al.
1977b, Klinger et al. 1991). Hybridization between closely related crop and wild species has
resulted in feral hybrid populations growing along the edges of fields or within the field from
shed seed. Thus the risk of transgene flow, despite the species barriers between cultivated and
wild plants potentially causing loss of fitness and partial sterility, exists where hybrid
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populations can be maintained by high gene flow from crop sources (Wright 1969, Slatkin 1985,
Hails and Morley 2005, Ellstrand 2003). Once hybrids form, introgression into the wild species
can occur through repeated backcrossings. The conditions required for hybrids to form exist at
any large farm where wild interfertile relatives persist as weeds within the field or along its
margins.

One of the most well studied examples of wild-crop hybridization and its effects on plant
phenotype and fitness is with sugar beet (Beta vulgaris ssp. vulgaris) and its wild relative sea
beet (B. vulgaris ssp. maritima). Insufficient isolation distances in sugar beet seed production
areas from natural sea beet populations resulted in an outbreak of weedy sugar beets in fields
across Europe in the 1980s and 1990s (Hornsey & Arnold 1979, Longden 1989, Ford-Llyod
1995). Where sugar beet grows as a biennial, the hybrids bolted, flowered and set seed in one
year (Boudry et al. 1994, Mucher et al. 2000). These weedy beets decreased farm yields and
caused difficulties for processing facilities resulting in millions of dollars worth of economic
losses. Control of these weedy beets proved difficult as seed banks rapidly built up in soils and
remained for several years (Longden 1993). Later gene flow studies determined that the isolation
distance for sugar beet seed production at the time (1km), fell far short the distances viable sea
beet pollen was able to travel (up to nearly 10km) (Fenart et al. 2007). Genetic marker analysis
not only confirmed the sea beet paternal origins of the weedy beets, but also found widespread
multidirectional gene flow (wilde>weedy «<>cultivated) (Desplanque et al. 1999, Bartsch et al.
1999, Viard et al. 2002, Viard et al. 2004, Andersen et al. 2005, Fenart ef al. 2008). This level of
gene flow and the difficulties found in preventing it, raised ecological concerns related to the
future release of transgenic sugar beets in Europe (Desplanque et al. 2002).

The evolutionary and ecological consequences of hybridization have been studied in
sunflower (Helianthus annuus) and its compatible wild relatives. Sunflower is an annual native
to the Great Plains and Southwest regions of North America which occurs in cultivated, weedy
and wild types (Rieseberg & Seiler 1990). Hybridization between cultivated sunflower and wild
H. annuus can occur at rates of 27-42% along field margins, with gene flow detectable out to
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1km, and significant persistence of crop alleles in wild populations for at least five generations
after initial hybridization (Arias & Rieseberg 1994, Whitton ef al. 1997). Hybridization between
related wild and weedy annual and perennial Helianthus species has been studied for over 60
years (Heiser 1947). In co-occurring populations of H. annuus and the wild annual prairie
sunflower (H. petiolaris), hybrid swarms have been frequently observed despite differences in
initial flowering times and high levels of pollen and seed sterility among hybrids. Backcrossed
and fully introgressed individuals are also observed and genetically confirmed in hybrid zones,
indicating bidirectional gene flow among both parental species and the hybrids (Heiser 1947,
reviewed in Rieseberg et al. 2007). The impacts of such hybridization can include heterosis,
increased genetic diversity, and reduced levels of negative mutations (Rieseberg et al. 2007).

These hybridization effects could increase the adaptability of the hybrids relative to the
parent species, possibly resulting in speciation, while introgression of locally adapted germplasm
has been proposed as a means of parental range expansion (Heiser 1947). Three species, H.
anomalus, H. deserticola, and H. paradoxus, are the result of selection on transgressive hybrid
(H. annuus x H. petiolaris ) individuals, and are now ecologically isolated from the parent
species inhabiting deserts, sand dunes and saline wetlands respectively (Rieseberg ef al. 1990b,
1991a, 1991b, reviewed by Rieseberg ef al. 2007). Expansion of H. annuus into Texas was
facilitated by introgression of H. debilis ssp. cucumerifolius germplasm, resulting in the weedy
subspecies H. annuus ssp. Texanus (Rieseberg ef al. 1990a, 2007). These introgressed regions
conferred indeterminate branching and resistance to damage from seed midges (Neolasioptera
helianthis) which can destroy 90% of seed in a field of H. annuus in central Texas. Studies with
sunflower have shown widespread hybridization between cultivated, weedy, and wild relatives
resulting in evolutionary and ecological impacts including increased fitness, range expansion,
and speciation.

Wild x GM crop hybridization

Examples of natural hybridization between genetically modified crops and compatible
wild relatives are limited for two reasons. First, a relatively low number of crop species have
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deregulated transgenic lines on the market (James 2012). Second, most transgenic crops are
currently grown away from their origins of domestication and so are in regions low in
compatible wild-relatives (e.g. the majority of GM maize and soybean acreage, Hancock 2012,
James 2012). However, this trend is unlikely to continue as the acreage of genetically modified
crops continues to increase and a more diverse range of transgenic crops become
commercialized.

The first detection of transgene introgression into a wild relative was observed in 2005 in
Canada between transgenic glyphosate-resistant canola, Brassica napus, and its weedy relative,
Brassica rapa (Warwick et al. 2008). The first detected hybridization between GM canola and
the wild species was observed in 2001 (Beckie et al. 2003). A follow-up study monitored
populations of volunteer canola and wild B. rapa growing along commercial field margins from
initial planting in 2000 to 2005, with glyphosate herbicide applied only once after 2000. Despite
the lack of fresh seed input and low level of selective pressure, there was successful introgression
of the herbicide resistance gene into the wild gene pool, as evidenced by occurrence of a plant
isolated in 2005 that was morphologically and genetically, by AFLP analysis, B. rapa, but
contained the gene for glyphosate resistance (Warwick et al. 2008).

While this detection occurred once, volunteer canola is widespread, with normal in-field
seed loss estimated from 3,000 to 10,000 seeds per meter square (Harker ef al. 2006). The
planting of herbicide resistant canola in Canada began in 1995, and since then, double- and even
triple-herbicide resistant canola volunteers have been found as farmers switched from one
herbicide resistant line to another over time to control both volunteers, both in field and along
margins, and developing resistance in other weeds (Simard et al. 2005, Knispel et al. 2008). The
production of these multi-resistant volunteers and the successful introgression of the herbicide
tolerance gene into a wild relative, indicates a high level of gene flow between compatible plants
both within field and between the field and margins.

Transgene Fitness effects
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While most risk assessments of first generation transgenic crops focused on the potential
for transgene movement via pollen and seed, the rate of transgene establishment outside of
cultivation is governed not by the stringency of containment procedures, but by the selective
advantage or disadvantage resulting from transgene expression (Hancock et al. 1996, Ellstrand
and Hoffman 1990, Haygood ef al. 2004). Current GM crops include pathogen resistance and
insect resistance, useful traits to any plant under attack by biotic agents (Warwick et al. 2009).
Herbicide resistance, while unlikely to be of selective advantage in an environment without
human presence, could be a great advantage in a weed trying to survive in an edge habitat in
agricultural lands. The abiotic resistance genes currently under development for the second
generation of GM crops pose potentially even greater advantages, as abiotic stress is often the
greatest limiter of a plant species potential range (Davis and Shaw 2001, Ellstrand 2003, Thuiller
et al. 2005, Warwick et al. 2009). Given the high impacts abiotic stress events like heat waves,
droughts and freezes can have on plant reproduction, the selective pressures of such stresses
could give a crop-wild hybrid possessing a transgene for abiotic stress tolerance a significant
fitness advantage and thus hasten introgression of the transgene into the wild germplasm.

Measuring impacts on fitness

Fitness refers to the average contribution of an allele to succeeding generations. Changes
in fitness have frequently been measured in one of two manners (Bourguet et al. 2004). First, a
study can be performed comparing components of fitness (traits that directly influence fecundity)
between wild-type lines and lines containing the gene of interest. This method was been widely
used in the assessment of first generation GM crops to establish substantial equivalence for
regulatory purposes (NRC 2002). Biomass, branching pattern, fruit set, seed production, timing
of developmental stages and many other factors were reported in these papers and used to assess
fitness.

The second approach calculates the contribution of an allele to future generations directly
determining the fitness costs or benefits within a given population (Bourguet et al. 2004). Using
this direct method requires a population of plants to be carried through several generations and
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necessitates that the population possess a known number of homozygous positive and
homozygous negative parent plants in the first generation (Gilliland et al. 1998, Roux ef al.
2005). The fitness costs can then be calculated as percentage of total seed production of the
population for each group. While this method could be problematic for studies involving plant
species with long generation times, Arabidopsis is well suited to this method. With short
generation times, high seed production and the ability to grow in high density stands, it combines
all the traits needed for multigenerational risk assessment studies. These traits make Arabidopsis
thaliana an excellent candidate to perform a primary assessment of the fitness costs of transgenes
likely to be used in second generation abiotic stress resistant crops.

The duration of the experiment can be an important factor in the accuracy of a study’s
results. Most early GM trials designed to determine the selective advantage of a transgene were
performed for only one or two generations (reviewed by Bergelson and Purrington 1996). Longer
studies using a variety of mutants found fitness effects which would have gone undetected in
shorter studies (Gilliland ez al. 1998, Asmussen et al. 1998, Roux et al. 2005). In analyzing the
functional role of three Arabidopsis thaliana actin genes, the fitness costs of their knockouts did
not appear until the second and third generation (Gilliland et al. 1998, Asmussen et al. 1998).
Another study used six herbicide resistant EMS mutant lines that had been studied previously,
and tested them in competitive environments over seven generations (Roux ef al. 2005). Fitness
costs of resistance were found to change over time and across densities in some lines. One
mutation found previously to cause negative fitness (Bergelson and Purrington 2002) was
actually neutral over multiple generations (Roux et al. 2005). Another line exhibited density-
dependent fitness costs. Its fitness cost increased from 38% to 64% as the prevalence of plants
containing it decreased in the population. These studies show that when attempting to determine
fitness costs it is best to use multiple generations, large populations, and a high number of
replicates (Roux et al. 2005, Whitlock 2000). These considerations were used in the design of
the field and greenhouse experiments of this dissertation.

Transgenes assessed
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As discussed earlier, a variety of genes that function through differing modes of action
are in development to improve crop abiotic stress tolerance. For the risk assessment studies
described herein, three diverse transgenes shown to increase salinity tolerance in the growth
chamber were selected: (i) the transcription factor [C-repeat binding factor 3/drought responsive
element binding factor la (CBF3/DREB1a)], (i1) the plasma membrane Na+/H+ antiporter [Salt
Overly-Sensitive 1 (SOST)], and (iii) the metabolic enzyme [mannose-6-phosphate reductase
(M6PR)]. Salinity stress related transgenes were chosen due to the large and increasing impact of
salt stress on crop yield worldwide. While cold, heat and drought stress are generally transient
stresses in farmer fields, occurring for generally a matter of days, in irrigated arid and semi-arid
regions salt stress occurs continually and increases due to insufficient rainfall to leach excess salt
from the soil (Smedema and Shiati 2002). The three transgenes were assessed for secondary
effects of transgene expression that could impact plant fitness and transgene establishment in
natural populations.

CBF3/DREBI1a. Previous research has shown that upon exposure to cold or dehydration,
a set of genes termed COR (cold-regulated) or DR (dehydration-responsive) genes is rapidly
induced. Sequence analysis of the promoters of these COR/DR genes in Arabidopsis thaliana
revealed the presence of a conserved motif, TACCGACAT, which was simultaneously
discovered by two groups and named both the C-repeat element and the dehydration-responsive
element (DRE) (Baker et al. 1994, Yamaguchi-Shinozaki et al. 1994). Yeast one-hybrid
screening revealed this sequence to be the target of a family of abiotic stress-responsive
transcription factors, named C-repeat binding factors (CBF) / drought responsive element
binding factors (DREB) (Stockinger et al. 1997, Liu et al. 1998, Yang ef al. 2005). Among the
genes discovered in the family are CBF1/DREB1b, CBF2/DREBIc, and CFB3/DREBI1a
(Kasuga et al. 1999, Gilmour ef al. 2000). All three transcription factors have been found to be
functionally redundant, with the expression of each resulting in the induction of COR gene
expression, phenotypic changes in growth and development, and increased plant tolerance to
drought, cold, and salinity (Gilmour et al. 2004).
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The CBF3/DREBIa transcription factor was found by northern and microarray analysis,
to activate not only known genes in the cold regulated (COR) regulon controlled by the CBF
family of transcription factors, but also a number of other genes closely linked to drought,
salinity and osmotic stress tolerance (Jaglo-Ottosen et al. 1998, Kasuga et al. 1999, Gilmour et
al. 2000, Seki et al. 2001, Fowler and Thomashow 2002, Maruyama et al. 2004, Chan et al.
2012). CBF3/DREBI1a over-expression resulted in the constitutive expression of COR genes as
well as other abiotic stress tolerance genes such as dehydrins and metabolic enzymes for the
production of compatible solutes (Gilmour et al. 2000, Fowler and Thomashow 2002, Chan ef al.
2012). Given that the CBF regulon includes other transcription factors, such as members of the
ZAT and RAP gene families, over-expression of CBF3 results in a cascade of gene expression
activations and repressions that influence over 1300 genes (Seki et al. 2001, Maruyama et al.
2004, Vogel et al. 2005, Chan et al. 2012).

Over-expression of CBF3/DREB]1a increases abiotic stress resistance of transgenic
Arabidopsis through this activation of stress tolerance genes and pathways. In abiotic stress
experiments, increased freezing, drought and salinity tolerance were observed (Jaglo-Ottosen et
al. 1998, Kasuga et al. 1999). Transgenic lines developed levels of soluble sugars and proline
three and five times higher than the controls, compounds which have been demonstrated to
increase tolerance to dehydration and salinity stress (Gilmour et al. 2000, Cook et al. 2004).

CBF3 over-expression was also associated with significant secondary effects resulting in
a clear CBF3 over-expression phenotype for Arabidopsis thaliana. Varying degrees of dwarfism,
delayed flowering, and reduced seed production, are seen in the majority of CBF3 over-
expression lines (Kasuga et al. 1999, Gilmour ef al. 2000, Chan et al. 2012). In addition,
transgenic lines exhibited changes in plant architecture including decreased axillary shoot
formation, shorter petiole lengths, and leaves that remain close to the ground (Gilmour et al.
2000, Chan et al. 2012). These phenotypic and transcriptomic effects could have impacts on

plant fitness and the ability to establish under field conditions.
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SOS1. Mutational screening of 4. thaliana revealed a series of loci, Salt Overly Sensitive
1 through 3 (SOS1-SOS3) that showed a highly salt-sensitive phenotype when mutated (Wu ef al.
1996, Zhu et al. 1998). Crossing of the mutant lines revealed that the loci act together to regulate
cellular sodium ion levels. Positional cloning, sequence, and protein analyses revealed SOS1 to
encode a putative plasma membrane Na+/H+ antiporter (Shi ez al. 2000, Shi ef al. 2002). SOS3
was determined to encode a calcium binding protein, while SOS2 encodes a protein kinase
(Halfter ef al. 2000). The SOS pathway begins with high Na+ concentration inducing the release
ofa Ca2+ signal which binds to SOS3 causing it to complex with SOS2 (Halfter et al. 2000). The
SOS2-SOS3 complex then activates SOS1 via phosphorylation causing the antiporter to begin
the extrusion of Na+ ions from the cytosol to the extracellular space (Shi et al. 2000, Qiu et al.
2002, Guo et al. 2004). Recent work has also found that SOS1 can be activated by RCD1, an
oxidative-stress regulator, bringing together Arabidopsis thaliana’s response to salinity stress
and oxidative stress (Katiyar-Agarwal ef al. 2006). SOS1 has also been found to be constitutively
expressed in salt cress (Thellungiella halophila), a relative of Arabidopsis which grows in salt
marshes, and may be one of the reasons why plants of the species are able to survive 500 mM
NaCl concentrations (Taji ef al. 2004).

Transformed Arabidopsis plants constitutively expressing the SOS1 gene showed higher
levels of SOSI1 transcript than wild-type plants with or without stress (Shi ef al. 2003). SOS1
transcript levels in over-expression and wild-type lines increased in the presence of salt,
indicating post-transcriptional regulation of SOS1 mRNA levels via increased mRNA stability in
the presence of reactive oxygen species produced under salinity stress (Shi et al. 2003, Chung et
al. 2008). Transcriptomic analysis of SOS1 over-expression lines detected roughly 600 genes
with altered expression profiles in the absence of salinity stress, including down-regulation of a
large number of oxidative and redox related genes (Chan et al. 2012). These results corroborated
prior studies indicating interactions between the SOS response pathway and oxidative and redox

signaling pathways (Katiyar-Agarwal et al. 2006, Verslues ef al. 2007). Minimal overlap
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between CBF3 and SOS1 transcriptomic changes indicate that the SOS signaling pathway is
independent of CBF, ABA and MYB regulated pathways (Kamei et al. 2005, Chan et al. 2012).

SOSI over-expression plants had reduced levels of sodium ions in both cellular tissues
and xylem sap after salt exposure than wild-type plants under the same stress (Shi ef al. 2003).
The over-expression lines showed greater ability to germinate, grow and set seed under salinity
stress than wild-type plants (Shi et al. 2003, Chan ef al. 2012). Without the presence of salt
stress, no phenotypic differences were observed between the transgenic and WT plants. In the
presence of salinity stress, SOS1 over-expression lines were better able to maintain cellular
functions than wild-type plants, with reduced impacts to root growth, total protein and
chlorophyll levels, and photosynthetic efficiency (Shi ez al. 2003). By maintaining cellular
homeostasis under abiotic stress, SOS1 over-expression could alter plant fitness and
establishment in the field.

MG6PR. The mannose-6-phosphate reductase (M6PR) gene was cloned from celery,
Apium graveolens L., a salt-tolerant plant whose tolerance has been linked to its production of
mannitol as a primary product of photosynthesis (Everard et al. 1997). By catalyzing the first
irreversible reaction in the mannitol biosynthetic pathway, M6PR was shown to be the key
enzyme in the production of mannitol (Zhifang and Loescher 2003). Mannitol has been found to
act as a compatible solute, counterbalancing the osmotic effects of sodium and chloride ions, as
well as an osmoprotectant, reducing the damage caused by free radicals produced under salinity
stress (Shen et al. 1997, Sickler ef al. 2007, Zhifang and Loescher 2003). Additionally,
transcriptomic analysis of M6PR over-expression lines in the absence of salt found over 1700
genes with altered expression levels relative to wild-type (Chan ef al. 2011). Approximately 50%
of these overlapped with those altered by CBF3 over-expression under the same conditions
(Chan et al. 2012). Strong overlap was also detected between transcripts affected by M6PR and
those induced in wild-type plants in response to salinity stress. Also observed was significant up-
regulation of biotic stress responsive genes by M6PR over-expression (Chan ef al. 2011).
Mannitol is not commonly produced by plants but is produced by a number of pathogenic fungal
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species and thus could be acting as an elicitor of biotic stress response. Together these indicate
multiple levels of protection against the damaging effects of abiotic stress and suggest possible
effects on the response to biotic stress as well.

Constitutive expression of M6PR in A. thaliana resulted in the accumulation of mannitol
and increased salinity tolerance without visible phenotypic effects in the absence of salinity
stress. Mannitol levels ranged from 0.5 to nearly 6 umol per gram fresh weight depending on the
transgenic line, with the metabolite present in all tissues but highest in floral tissues and seeds
(Zhifang and Loescher 2003). Dark room experiments showed no ability to catabolize mannitol
by the transgenic Arabidopsis thaliana plants. Plants expressing M6PR were able to grow and set
seed in salt concentrations up to 300mM NaCl, levels which prevent wild-type seed formation
(Zhifang and Loescher 2003). Transgenic lines were also able to maintain their photosystem II
efficiency at wild-type stress-free levels in the presense of salinity stress and showed reduced salt
stress impacts on COy assimilation (Sickler ez al. 2007). In the absence of salt stress, the
transgenic 35S-M6PR lines showed no observable differences in phenotype to the wild-type
Columbia ecotype background (Sickler ef al. 2007, Chan ef al. 2011). These experiments
demonstrated that M6PR confers primary and secondary effects which could significantly alter
plant fitness and confer advantages that might increase the likelihood of transgene establishment
in the natural environment.

Objectives of dissertation

The fitness effects conferred by a transgene play a significant role in the possible
environment risks from a transgenic crop cultivar or recipient wild plants, and thus are closely
evaluated during the environmental risk assessment conducted before any commercialization.

My first objective was to examine whether transgenes involved in different abiotic stress
tolerance mechanisms conferred differing secondary fitness effects and whether those transgene
fitness impacts differed among growing environments. [ performed a series of experiments in the
field and greenhouse to determine the secondary fitness effects of three transgenes; CBF3, SOS1
and M6PR, whose expression in Arabidopsis thaliana confers increased tolerance to salinity
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stress. Each gene represents a different cellular mechanism for tolerance and a possible route for
the production of salt tolerant genetically engineered crops. Given the potentially broad-reaching
effects of altering abiotic stress tolerance via their effects on gene regulation, cellular ion
balance, and carbon metabolism, we expected to find secondary effects of transgene expression
including fitness impacts, either positive or negative. Transgene fitness was assessed under a
variety of field growing environments ranging across spring, summer and fall (described in
chapter 2). Additionally fitness effects were assessed in the greenhouse, in the presence and
absence of salinity stress, and compared to previously performed growth chamber studies
(described in chapter 3).

My second objective was to assess whether transgenic plant performance in competition
with other genotypes, as would occur in the wild, differs from non-competitive pure line
performance, as occurs in agriculture. Plant productivity and fitness in competition with wild-
type plants was observed across six generations in the field (detailed in chapter 2) and in three
repeated single-generation greenhouse competition experiments in the presence and absence of
salinity stress (detailed in chapter 3).

The last objective was to examine the implications of the data and methodology,
including previous transcriptomic analysis of the three transgenes, for ecological risk
assessments of abiotic stress tolerance enhancing transgenes (described in chapter 4). This
project measured transgene fitness effects not predicted from prior growth chamber assessments,
determined that competition with wild-type significantly affected the observed fitness of
transgenic plants and developed methodology for the analysis of secondary fitness effects of

future abiotic stress resistance transgenes using the model species Arabidopsis thaliana.
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Chapter 2
Multigenerational study of the establishment of abiotic stress tolerance transgenes in

Arabidopsis thaliana populations under competitive field conditions.

Introduction

Reducing crop losses due to abiotic stresses is a major target of agricultural
biotechnology. However, concerns have been raised about the potential impact of such traits on
native ecosystems (Davis and Shaw 2001, Ellstrand 2003, Thuiller et al. 2005). A prerequisite
for ecological impacts is establishment of self-sustaining populations containing the transgene,
which in turn depends on transgene movement rates, population sizes, and fitness effects.
Although gene flow has been the subject of numerous modeling and empirical studies, transgene
establishment has received less attention.

Establishment could occur by two processes. Transgenic plants could become feral and
form a self-sustaining population outside of agricultural plantings, perhaps first along field
margins and later expanding into natural areas. Alternatively, the transgene could enter a
compatible wild relative through hybridization and introgression and then be maintained due to a
selective advantage conferred by the transgene. Establishment alone, however, does not
constitute harm; the transgenic populations would need to behave differently from the
untransformed crop or wild relative (EFSA 2012). If the transgenic crop behaves the same as
wild-type or its relative, with no increase in invasiveness or toxicity, the risk of a feral/hybrid
population is not unique to the presence of the transgene, but is instead, a risk posed by
cultivation of the crop in general.

In the case of transgenes increasing abiotic stress tolerance, environmental concerns are
generally linked to two possible effects (Tiedje ef al. 1989, Hancock ef al. 1996, Dale et al.
2002, Ellstrand 2003, Hancock 2003, Hails and Morley 2005, Snow et al. 2005, Weaver and
Morris 2005, Weebadde & Maredia 2011). First, expression of the transgene will confer a
competitive advantage under stressful conditions allowing plants to outcompete non-transgenic
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plants within that environment. Second, the transgenic plants, feral or hybrid, could invade
regions where that plant was previously constrained due to environmental stresses. In either case,
the fitness effects of the transgene would have an important influence on the success of transgene
establishment outside of cultivation and would be a key value in any environmental risk
assessment seeking to prevent that outcome.

In this study, I sought to determine the long-term fitness effects of abiotic stress tolerance
genes and their potential for transgene establishment within competitive populations. Extensive
research over the past two decades on plant responses to their environments has identified a wide
variety of genes with possible applications for enhancing abiotic stress tolerance (Bhatnagar-
Mathur et al. 2008). Examples include chaperone proteins, membrane stabilization proteins,
metabolic and detoxification enzymes, stress signaling pathway genes, and transcriptional
activators. For this study, three genes representing diverse mechanisms shown to confer salinity
tolerance were selected for analysis: (i) an abiotic stress associated transcription factor [C-repeat
binding factor 3/drought responsive element binding factor 1a (CBF3/DREBIa)]; (ii) a plasma
membrane Na+/H+ antiporter [Salt Overly-Sensitive 1 (SOS7)]; and (iii) a mannitol biosynthesis
enzyme [mannose-6-phosphate reductase (M6PR)].

The CBF (C repeat binding factor)/DREB (drought responsive element binding factor)
genes are a family of transcription factors, that induce a regulon of cold responsive (COR) or
drought responsive (DR) genes upon exposure to abiotic stresses such as cold or dehydration
(Baker et al. 1994, Yamaguchi-Shinozaki et al. 1994, Stockinger et al. 1997, Liu et al. 1998,
Kasuga ef al. 1999, Gilmour ef al. 2000, Yang ef al. 2005). Expression of CBF3/DREBI1a results
in the induction of COR gene expression, phenotypic changes in growth and development, and
increased plant tolerance to drought, cold, and salinity (Gilmour et al. 2004). Over-expression of
CBF3/DREBIa results in a cascade of gene activations and repressions that influence over 1300
genes (Jaglo-Ottosen ef al. 1998, Kasuga et al. 1999, Gilmour et al. 2000, Seki et al. 2001,
Fowler and Thomashow 2002, Maruyama et al. 2004, Vogel et al. 2005, Chan ef al. 2012). This
cascade of gene expression changes results in increased freezing, drought and salinity tolerance
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(Jaglo-Ottosen et al. 1998, Kasuga ef al. 1999). These changes, however, also result in
significant phenotypic changes in transgenic Arabidopsis, including varying degrees of
dwarfism, delayed flowering, reduced seed production, and altered plant architecture (Kasuga et
al. 1999, Gilmour ef al. 2000, Chan et al. 2012). These phenotypic and transcriptomic effects
could have impacts on plant fitness and the ability to establish under field conditions.

The SOS1 gene encodes a plasma membrane Na+/H+ antiporter (Shi et al. 2000, Shi et
al. 2002). High Na+ concentrations induce the release of a Ca2+ signal which binds to the
calcium binding protein SOS3, allowing it to complex with the protein kinase SOS2 (Halfter et
al. 2000). The SOS2-3 complex then phosphorylates SOS1, which extrudes cytosolic Na+ ions
into the apoplast (Shi et al. 2000, Qiu et al. 2002, Guo et al. 2004). SOS1 can also be activated
by RCDI, an oxidative-stress regulator, bringing together salinity and oxidative stress response
pathways (Katiyar-Agarwal ef al. 2006). SOS1 transcript levels are post-transcriptionally
regulated resulting in increased mRNA stability in the presence of reactive oxygen species
produced under salinity stress (Shi ef al. 2003, Chung et al. 2008). Transcriptomic analysis of
SOSI1 overexpression lines detected roughly 600 genes with altered expression profiles in the
absence of salinity stress, with the down regulation of oxidative and redox related genes the most
characteristic impact (Chan et al. 2012). SOS1 over-expression plants had reduced levels of
sodium ions in cellular tissues and sap after salt exposure, as well as greater ability to germinate,
grow and set seed under salinity stress than wild-type plants (Shi ez al. 2003, Chan et al. 2012).
In the absence of salt stress, no phenotypic differences were observed between the transgenic and
WT plants. By maintaining cellular homeostasis under abiotic stress and with no apparent cost of
resistance, SOS1 overexpression could alter plant fitness and establishment in the field.

Mannose-6-phosphate reductase (M6PR) catalyzes the first committed step in mannitol
biosynthesis. The M6PR gene was cloned from celery, Apium graveolens L., a salt tolerant plant
whose tolerance has been linked to its production of mannitol as a primary product of
photosynthesis (Everard ef al. 1997, Zhifang and Loescher 2003). Mannitol can act as a
compatible solute, counterbalancing the osmotic effects of sodium and chloride ions, as well as
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an osmoprotectant, reducing the damage caused by free radicals produced under salinity stress
(Shen et al. 1997, Sickler et al. 2007, Zhifang and Loescher 2003). Additionally, transcriptomic
analysis of M6PR overexpression lines in the absence of salt found over 1700 genes with altered
expression levels, with strong overlap with genes affected by CBF3 overexpression and an
additional up regulation of biotic stress responsive genes (Chan et al. 2011, Chan et al. 2012).
Constitutive expression of M6PR in A. thaliana resulted in the accumulation of mannitol and
increased ability to germinate, grow and set seed under salinity stress without visible phenotypic
effects in the absence of salinity stress (Zhifang and Loescher 2003, Chan et al. 2011).
Transgenic lines were also able to maintain their photosystem II efficiency at wild-type stress-
free levels in the presence of salinity stress and showed reduced salt stress impacts on CO»
assimilation (Sickler et al. 2007). These experiments demonstrated that M6PR confers primary
and secondary effects which could significantly alter plant fitness and confer advantages that
might increase the likelihood of transgene establishment in the natural environment.

In this study we compared the fitness effects of these three different types of abiotic
stress resistance genes and their influence on, and ability to predict, transgene establishment
using the model species Arabidopsis thaliana. We measured fitness relative to wild-type in non-
competitive populations and tracked the transgene frequency within competitive, transgenic
verses wild-type, populations over six generations in the field. Both non-competitive and
competitive fitness was modeled to determine the predictive ability of those fitness values. When
in competition with wild-type plants, CBF3 plants reached near-extinction within four
generations, SOS1 plants showed reduced fitness relative to wild type, and M6PR lines showed
either selective neutrality or a competitive advantage over wild-type plants. Modeling of
expected gene frequency based on early generation testing in competition allowed for greater
accuracy in predicting observed gene frequency after six generations than did relative fitness
assessments from pure line populations. These results illustrate the role of competition in
influencing gene frequency and indicate that competitive field trials may facilitate evaluation of
ecological risk in cases where there are concerns regarding transgene establishment.
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Materials and Methods
Arabidopsis lines for field experiment

To determine the long-term fitness effect of transgene expression under field conditions,
pure line and mixed competitive populations were grown for six generations. Arabidopsis
thaliana over-expression lines A28, A30 and A40 for the CBF3/DREBI1a transcription factor in
the Wassilewskija ecotype (WS) (Gilmour et al. 2000) were provided by Dr. Michael
Thomashow of Michigan State University. Lines 1-1 and 7-6, overexpressing SOSI1 in the
Columbia glabrous ecotype (Col(gl)) (Shi et al. 2003), were provided by Dr. Huazhong Shi from
Texas Technological University. The M6PR overexpression lines M2-1, M5-1, and M7-6 in the
Columbia ecotype (Col) (Zhifang and Loescher 2003) were provided by Dr. Wayne Loescher of
Michigan State University. All lines represented unique transformation events. Each of the
abiotic stress resistance transgenes was expressed constitutively using the Cauliflower Mosaic
Virus (CaMV) 35S promoter. Each line also contains the neomycin phosphotransferase 11
(NPTII) gene for kanamycin resistance as a selectable marker expressed under the nopaline
synthase (NOS) promoter. The wild-type backgrounds are all rapid-cycling Arabidopsis thaliana
ecotypes and each was used in the experiment for both competitive and non-competitive
phenotypic comparisons between background and transgenic populations.

The initial parent plants used for seed production were first verified to contain and
express their transgene (and only their intended transgene) by PCR, Southern and northern blot
analysis (Figure 2.1, Chan et al. 2012). All seeds used for the initial multigenerational fitness
experiments were from greenhouse grown seed stocks produced during the winter of 2008.
Experimental design for field experiment

The experimental design for the multigenerational field study was adapted from a
greenhouse experiment by Roux ef al. 2005 who examined the long-term fitness effects of
Arabidopsis mutations under competitive conditions. For our study, gene frequency of the CBF3,

M6PR and SOSI transgenes was monitored over six generations from a starting allelic frequency
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Figure 2.1. Verification of transgenic Arabidopsis thaliana lines via Southern (A) and northern
analysis (B). SOS1 and CBF3 lines show the respective transgene and the endogenous gene,
while M6PR lines show only the transgene since the gene is not endogenous to Arabidopsis
thaliana. Verification was performed by Zhulong Chan.
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of 50% transgenic and 50% wild-type within populations of ~180 individuals. The planting
density, 2600 seeds/rnz, was equivalent to that used in Roux ef al. 2005 and comparable to the
natural density of an Arabidopsis thaliana population studied in 2008 (appendix). In each
subsequent generation, each population was started with enough viable seeds for 180 seedlings.
The number of seeds planted for each population was based upon viability tests of seeds derived
from the prior generation. Fourteen replicate competitive populations were established for each
transgenic line and background wild-type mix. In addition to the mixed competitive populations,
five pure populations of each genotype were included for comparative purposes. A total of 167
populations were grown for each of the six generations: 112 mixed populations and 55 pure
populations (Table 2.1).

Seeds were counted using custom-made counting plates, 20 gauge galvanized steel plates
with multiple 5/64 inch (1.98 mm) holes drilled into them. Calibration counts were performed to
determine the number of seeds that fit into one hole of that size for each genotype at each
generation, and this calculation was then used to determine the correct number of holes of seed
needed for proper planting density of the replicates. This calibration step compensated for
changes in seed size due to genotypic and/or environmental effects. The counted seeds were then
mixed with sterile dry white laboratory sand which aided planting by improving seed scatter and
seeding visibility on the dark soil.

All seeds were first planted in the greenhouse utilizing 26.0x26.0 cm trays, (L-HFT NCR,
Landmark Plastics Corporation; Akron, OH) with perforated bottoms filled with Baccto potting
soil (Michigan Peat Company), pre-moistened and lightly compacted to create a firm seed bed.
Soil choice was based on preliminary growth studies performed in the greenhouse (appendix).
Slow-release (3-4 month) 14-14-14 Osmocote Classic® fertilizer (The Scotts Company LLC,
Marysville, Ohio) was mixed into the Baccto potting soil at the rate of 2 g/L soil prior to
planting. Seeds were stratified at 4°C for 48-60 hours and then directly seeded onto the soil
surface. Once planted, all watering was performed via subsoil irrigation. The trays were placed,
two per flat, into 27.4x53.9 cm greenhouse flats (L-1020NCRN, Landmark Plastics Corporation;
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Table 2.1. Transgenic Arabidopsis thaliana lines engineered
with abiotic stress tolerance genes and the number of replicate
populations tested over six generations in the field.

Initial
Wildl' Transgenic Number Mix
type Transgene line of Reps Ratio

WS 5 Unmixed

Col 5 Unmixed

Col(gl) 5 Unmixed
CBF3 A28 5 Unmixed
CBF3 A30 5 Unmixed
CBF3 A40 5 Unmixed
SOSI1 S1-1 5 Unmixed
SOSI1 S7-6 5 Unmixed
M6PR M2-1 5 Unmixed
M6PR M5-1 5 Unmixed

WS CBF3 A28 14 1:1

WS CBF3 A30 14 1:1

WS CBF3 A40 14 1:1

Col(gl) SOSI S1-1 14 1:1

Col(gl) SOSI S7-6 14 1:1

Col M6PR M2-1 14 1:1

Col M6PR M5-1 14 1:1

1Wild-types are Wassilewskija (WS) ecotype, Columbia glabrous (Col(gl))
ecotype and Columbia (Col) ecotype
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Akron, OH) filled with water to approximately 2.5 cm. This depth was maintained daily to
ensure sufficient soil moisture for germination. After germination, watering was reduced to 20-
30 minutes of subsoil irrigation on an as needed basis, with any excess water dumped to prevent
water-logging of the soil.

Once the study populations reached the rosette stage (five to six true leaves) they were
transported from the greenhouse to the field in an enclosed vehicle. A tray-in-flat potting method
was developed for the field, in which a single planted 26x26 cm tray was placed in the center of
a 27.4x53.9 cm flat, thus allowing for subsoil irrigation as the flat filled with water via trickle
hose (Fig. 2.2a, appendix). The larger flat also allowed for secure anchoring to the ground, using
15.2 cm landscaping stakes, to prevent movement or tipping of the planted trays. To protect the
exposed plants during extreme weather conditions and prevent movement of plants or seeds from
the trial site, the trays were covered with clear plastic lids secured to the anchor stakes by bungee
cords. The lids were deployed no more than six hours ahead of damaging weather and were
removed once the weather passed. Four drainage holes were drilled into the large flat
approximately 2.5 cm from the bottom to allow excess rainwater to drain off. This system
successfully protected the plants from driving rains, sleet, hail, early frosts and snows, and
sustained high winds. Plants were grown in the field until approximately 75% of siliques had
begun to lose chlorophyll and yellow, a change immediately prior to maturation (the beginning
of stage 18 as determined by Roeder and Yanofsky 2006). The trays were then returned to the
greenhouse for final maturation and dry down prior to harvest. This system was designed to
reduce seed loss prior to harvest which aided in both the accuracy of seed yield measurements
and seed containment.

Developmental data collected on all populations included germination rate, days to
germination, days to two true leaves, days to rosette formation (5-6 true leaves), days to initial
bolting and flowering, days to ~75% bolting and flowering, days to 75% of siliques maturing,

and percentage of plants that survived to population maturity. At harvest, all aboveground plant
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Figure 2.2. The tray-in-flat field planting method showing the trickle hose for irrigation and the
high density of planting for interplant competition (A) and the screening of progeny seed on 2
MS 1% agar 100mg/L kanamycin containing media (B). Germination rates and transgene
frequencies can be calculated from the number of: bleaching of wild-type seedlings (blue
arrows), healthy transgenic seedlings (green arrows) and non-germinating seeds (red arrows).
For interpretation of the references to color in this and all other figures, the reader is referred to
the electronic version of this dissertation.
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material was removed and temporarily stored in 101b-sized brown paper bags for transport back
to campus. In lab, the dried plant materials were cleaned of seed and total plant dry weight and
seed mass were recorded. Prior to any further analysis, a subset of the seed produced by each
replicate population was set aside for planting the next generation. This protocol allowed each
replicate population to be separately maintained and carried forward through six generations.

Climatic data was recorded at the Horticultural Teaching and Research Center weather
station, which was located less than 400m from the field site. The weather station recorded air
temperature, precipitation, solar radiation, potential evapotranspiration, and wind speed across all
six field growing seasons.
Genotyping field grown progeny via kanamycin screening

Kanamycin screening of progeny seed was performed on each replicate population in
every generation to determine relative gene frequency of the NPTII selectable marker gene. A
~75 uL aliquot of seed was taken from each mixed competitive population to test for kanamycin
resistance. Each seed aliquot was sterilized with 95% EtOH for 10 minutes followed by three
cycles of 15% commercial bleach plus 0.000025% SDS for 10 minutes. The seed samples were
vortexed during each 10 minute period to ensure uniform sterilization. Sterilized seed were then
washed 4 times in sterile dH,O. These seeds were then screened by being plated, via 20ul
pipette, onto Y2 MS media + 1% agar containing 100 mg/L kanamycin, with the exception of
lines A40 and S1-1 which were plated onto media containing 75mg/L kanamycin due to a lower
level of resistance than the other transgenic lines. The kanamycin screenings were performed in
triplicate with the objective of scoring 100 seedlings in each replicate. For each mixed
population screening, seed from the respective WT were included on the same plate as negative
controls to verify kanamycin effectiveness. Wild-type seedlings showed complete bleaching
while transgenic seedlings grew normally. Resistant and susceptible individuals were easily
distinguished from each other and from any seeds that failed to germinate (Fig. 2.2b). In cases of
low germination rates, the plating was repeated with increased numbers of seeds to achieve a
total of three replicates of 100 scored seedlings.
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The competitive fitness of each transgenic line in each generation was calculated from
the mean of the transgene frequencies of the 14 replicate populations as determined by
kanamycin screening. The relative fitness of transgenic lines was derived from comparison of the
mean seed yields of the pure transgenic populations to the mean yields of the corresponding WT
background (each with 5 replicate pure populations).
qPCR verification of transgene frequency calculated from kanamycin screening

Due to the possibility of transgene silencing, the transgene frequencies of the competitive
populations determined via kanamycin screening were verified by qPCR analysis. Progeny seed
were sterilized as described above and plated via pipette on to 2 MS media + 1% agar. A set of
standards was created using confirmed transgenic or WT seed. Seedlings were grown to the two
true leaves stage in the growth room under fluorescent lights for 16 hours light and 8 hours dark,
~8-12 days depending on genotype. Seedlings were then removed by hand in batches of 100,
weighed and flash frozen in liquid nitrogen, yielding ~150-200 mg fresh weight. For the
standards, seedlings were removed and mixed by hand to result in 100 seedling batches with 0%
transgenic, 10%, 20%, 50% and 100% transgenic seedlings. These standardized batches were
then frozen and processed following the same protocol as the seedlings from competitive
populations.

The frozen material was processed using a modified version of the protocol described by
Vorwerk in 2001, the protein purification step was performed twice, using the Wizard®
Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA). DNA quality was
confirmed via gel electrophoresis and DNA quantity was calculated using the Qubit®
fluorometric quantification system (Life Technologies Corporation, Invitrogen™, Grand Island,
NY, USA). The qPCR was performed using primers for the NPTII gene on a Stratagene Mx4000
(now Agilent Technologies Inc., Santa Clara, California) (forward 5’-
CGGCTGCATACGCTTGATC-3’ and reverse 5’-GATGCGATGTTTCGCTTGGT-3") and
SYBR® Green master mix (Life Technologies Corporation, Applied Biosystems®, Grand
Island, NY, USA). Transgene frequency within the mixed populations was calculated by
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comparison of each replicates Ct values to the Ct values of the known transgene frequency
standards.
Determination of selective pressure under competitive conditions

The variance in mean allele, or transgene, frequencies predicted to be associated with
random genetic drift at the 7 generation was calculated based on theoretical drift distributions
using the following formula; Vi, = go*po*(1-(1-1/(2N,))"t) (Falconer & Mackay 1996). The
initial frequencies of transgenic and wild-type plants are g and p respectively and N, is the
effective population size. Confidence intervals can then be derived as the expected mean +
[1.96*(Vgt/14)0.5] with 14 being the number of replicate populations and the expected mean
equal to the starting frequency, 0.5, due to the assumption of no selective pressure.

Modeling transgene frequency

The PopGene.S2 modeling program (Hamilton 2011) was used to model transgene
frequency within 100 theoretical populations across six generations. Each population began at a
starting transgene frequency of 0.5. The number of plants within each population was 100, the
mean number of plants surviving to maturity per population across the six field seasons. Due,
however, to the highly selfing nature of Arabidopsis thaliana, 98-99% (Snape & Lawrence
1971), the effective population size was calculated based on the following formula, Ne =
N/[1+(B/(2- B))] (Caballero 1994) where B is the proportion of selfing (0.98) and N is the
observed population size (100), for an effective population size of 51.

The program incorporated both genetic drift, through a Monte Carlo simulation to
introduce random chance into the probability of producing progeny, and natural selection based
on user-entered fitness values. For this study, measured fitness values for two transgenic lines
per transgene under three growing conditions were used: non-competitive relative fitness values
from yield data from growth chamber pure populations (Chan et al. 2012), non-competitive
relative fitness values from field generation 1 pure populations, and competitive fitness measured
from selectable marker screening of progeny seed from field generation 1 competitive
populations.
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Statistical Analysis

All statistical calculations and comparisons were performed with the SAS version 9.2 and
R version 2.14.0 statistical programs (SAS Institute Inc., Cary, NC and R Foundation for
Statistical Computing, Vienna, Austria). Differences were considered statistically significant at
P<0.05 and Duncan’s Multiple Range Test was used for mean separation.

Results

These experiments examined the fitness effects of three abiotic stress tolerance
transgenes over six generations in the field in the presence and absence of competition from their
respective wild-type background. All seed used to initiate the experiments were from plants that
were verified by Southern and northern analysis for presence and expression of each transgene
(Figure 2.1, Chan et al. 2012). Continued presence and expression of the transgene in pure-line
populations, as determined by kanamycin resistance, was verified after each of the six
generations in the field. The absence of the transgenes in wild type lines also was verified after
each of the six generations.

The planting density (2600 seeds/mz) was selected to ensure a high level of competition
between plants. This density had been used previously by Roux et al. 2005 to assess the fitness
impacts of herbicide tolerance mutations on Arabidopsis thaliana and was also determined to be
within the range of natural population densities we observed growing in ruderal habitat south of
East Lansing, Michigan (769-3254 plants/mz). Although Arabidopsis thaliana s generally
classified as a winter annual (Pigliucci ef al. 2002), i.e. germinating and forming a rosette in the
fall and flowering and setting seed the following spring, the observed Michigan populations
contained individuals with both spring and fall annual growth habits. This ‘bet-hedging strategy’
of plant development has been previously observed in Arabidopsis by Montesinos-Navarro et al.
(2012), who found such life-history polymorphisms within 17 natural populations in Spain. Our
field experiments used both spring and fall plantings.

Effects of seasonal differences on plant development and productivity
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Environmental influences on plant development and productivity were observed across
the six growing seasons (Tables 2.2 and 2.3). Plants grown in the late fall (field generation 2)
were the slowest to reach every developmental stage, vegetative or reproductive, regardless of
genotype (Table 2.2). This season was also marked by the lowest average maximum and
minimum air temperatures of the six field seasons (Figure 2.3a).

The different seasons also showed a 4-fold range in yield capacity measured by average
seed yield across all genotypes and 2.4-fold differences in biomass capacity, as measured by total
aboveground dry weight, and seed partitioning, the proportion of total aboveground dry weight
that is seed (Table 2.2, Figure 2.4). For example, field generation 3 spring-grown plants out
yielded those of all other seasons (all P<0.001), while another spring-growing season (generation
5) tied with a fall season (generation 2) for the worst yield regardless of genotype (Table 2.2).
Seasonal influences on productivity were not correlated with temperature or solar radiation levels
(all R2 values <0.1); thus, other unmeasured environmental factors or combinations of factors
likely contributed to the seasonal effects on productivity. Additionally, not all seasonal
influences had uniform effects on the performance of populations containing the three different
transgenes, indicating significant genotype by environment (GxE) interactions (P<0.01, Table
2.3). Seed yield of the SOS1 and M6PR transgenic lines largely paralleled yield capacity of the
environment (Figure 2.4). There did not appear to be a yield cost to the expression of these
transgenes in high-yielding environments under the conditions encountered in these experiments.
The CBF3 transgenic lines underperformed except under the least favorable conditions (Figure
2.4).

Effects of transgene expression on plant development

Overexpression of the transcription factor CBF3 delayed plant reproductive development
across all six field seasons from initial bolting through to maturation (stages 4-8, P<0.001, Figure
2.5a). No delays in vegetative development from germination to rosette formation (stages 1-3)

occurred but CBF3 plants did show the characteristic dwarf phenotype observed in previous
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Table 2.2. Seasonal effect on development and productivity averaged across all lines and populations.

Measures of

Days to reach Lifecycle Stage Productivity
Major-

Field Germi 5-6 ity First Majority Mature Partitio-
Genera- -  2True True First Bolting Flowe- Flowering (75% dry Dry Seed ning to
tion Time in field Season nation Leaves Leaves Bolting (75%) ring (75%%) siliques) Weight Yield Seed
1 June - July 08 Summer 4.31(:1 12.13b 16.25a 20.18a NA 23.58a NA 44.71a 12.33b 1.33d 0.1lc
2 Sept - Nov 08 Fall 7.82d 17.51d 28.02c 37.31b 55.64c 46.02c 67.52d 118.8e 10.6bc 0.91e 0.09¢
3 May - June 09 Spring 4.02¢ 12.9c 19.06b 20.74a 27ab  24.66a 32.14ab  53.18b 17.36a 3.56a 0.21a
4 Sept - Oct 09 Fall 3.06a 11.58a 18.88b 20.96a 25.22a 26.22a 30.98a 55.0b 9.95¢ 2.34c 0.21a
5 May - June 10 Spring 4.0c  12.38¢c 18.64b 22.95a 28.85b 32.74c 37.47c 57.83¢ 7.45d 0.83e 0.lc
6 Sept - Oct 10 Fall 348b 1291c 18.5b 19.74a 27.48ab27.53a 34.66b  68.25d 18.72a 2.72b 0.15b

1 . .- . . .
Each value is the mean of all non-competitive populations grown during a season (n=50). Means with the same letter are not
significantly different from each other at P<0.05 (Duncan’s).

47



Table 2.3. Analysis of variance showing the effects of transgene, transformation
event, environment and their interactions on seed yield from non-competitive pure
populations grown for six seasons in the field.

Source Degrees Sum of Mean F Pr>F
of Squares Square Value
freedom
Model 58 487.24 8.4 10.43 <0.0001
Environmentl 5 285.36 57.07 70.83 <0.0001
Genotypez 5 71.95 14.39 17.86 <0.0001
Transgenic line 4 29.47 7.37 9.14 <0.0001
Genotype*Environment 25 72.44 2.9 3.6 <0.0001
Transgenic 19 28.02 1.47 1.83 0.02
line*Environment
Error 230 185.33 0.81
Corrected Total 288 672.58

1 . .
Environment includes seasonal effects.

2 .
Includes transgenes and wild-type ecotypes
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Figure 2.3. Seasonal differences in maximum and minimum air temperature (A) and daily total
solar flux density (B) across the six field generations. Each value is the mean + SE across all
days populations were in the field for that growing season. Bars with the same letter were not
significantly different from each other at P<0.05 (Duncan’s).
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Figure 2.3 (cont’d)
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Figure 2.4. Mean genotype yield in each season in relation to the environmental yield capacity of
that season. The environmental yield capacity was the mean yield for all genotypes grown in
pure line plots (n=50) (dark line). The CBF3, SOS1 and M6PR values are the mean of 15, 10 and
10 populations, respectively (three, two and two transgenic lines per transgene, with five
populations per line).
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Figure 2.5. Mean days to reach various lifecycle stages for pure populations of wild-type (solid)
and transgenic plants (dashed) CBF3 overexpression lines (A40, A30) and their background
ecotype WS (A), M6PR lines (M2-1, M5-1) and their wild-type Col (B), and SOSI lines S1-1
and S7-6 with their wild-type Col(gl) (C). Values are the mean of five field generations with
five replicate populations per genotype. The stages are days to: first germination (1), 75% of the
population with two true leaves (2), 75% of the population with five to six true leaves forming a
rosette (3), first bolting (4), first flowering (5), 75% reaching bolting (6) , 75% flowering and
75% mature (75% of siliques drying down). The transition from vegetative to reproductive
growth is indicated (black arrow), highlighting the effect of CBF3 overexpression.
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Figure 2.5 (cont’d)
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studies (Chan et al. 2012). The other two transgenes studied, the Na+/H+ antiporter SOS1 and
M6PR, for mannitol production, had no effect on the rate of vegetative or reproductive
development across the six field growing seasons (P>0.8, Figure 2.5b,c).

Effects of transgene expression on non-competitive plant productivity

To ensure that all productivity parameters for pure populations were accurate, seed
samples from all pure populations, transgenic and wild-type, were screened on kanamycin-
containing media. This process would detect via phenotype, contamination by seed or
outcrossing between wild-type and transgenic populations (and vice versa) or silencing of the
transgene in the transgenic lines.

The three transgenic CBF3 lines exhibited reduced aboveground biomass and seed yield,
resulting in reduced fitness relative to the wild-type WS background (Table 2.4). The semi-dwarf
CBF3 line A40 was less severely impacted in productivity compared to fully dwarfed lines A28
and A30, indicating transgene position effects. Similar to the lack of observable effect on
development, overexpression of SOS1, did not significantly impact any measure of plant
productivity when averaged across lines (all P>0.8, Table 2.4). While seed yield was not
significantly increased for line S1-1, the derived value of relative fitness was increased compared
to wild-type and the other SOS1 line, S7-6 (Table 2.4). Expression of M6PR did not
significantly change dry weight or seed yield (P>0.8), however it did significantly increase
partitioning to seed and fitness relative to wild-type in both lines (P<0.03, Table 2.4).
Productivity, fitness and transgene frequency in competition with wild-type plants

Each of the transgenic lines was also grown in competitive populations with their wild-
type background starting with an initial transgene frequency of 50%. Fourteen replicate
populations of each line were maintained separately over six generations. Transgene frequencies,
tracked by selectable marker screening of progeny seed, were determined for each population at
every generation. Observed changes in transgene frequency from the initial 50% could indicate
either selection for or against the presence of the transgene, or the effects of genetic drift. A
mean transgene frequency either above or below 95% confidence intervals based on theoretical
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Table 2.4. Transgene effect on productivity as observed in non-
competitive populations averaged across all field seasons.

Dry Seed Partitioning Relati\ée

Line  Genotype weight (g) yield (g) to seed fitness
1

WS WT 16.32a 3.26a 0.20a
A28 CBF3 7.29d 0.73¢ 0.10f 0.22*
A30 CBF3 10.18c 1.17¢ 0.11ef 0.36*
A40 CBF3 13.78ab  2.22b 0.17b 0.68c*
Col(gl) WT 13.91ab 1.81b 0.13cde
S1-1 SOSI1 12.54b  2.10b 0.15bed 1.16*
S7-6 SOSI1 13.51b 1.70b 0.13cde 0.94
Col WT 13.71ab  1.82b 0.12def
M2-1 M6PR 13.18b  2.06b 0.15bc 1.13*
M5-1  M6PR 11.17bc  2.10b 0.16b 1.15%

1 . . .

Each value is the mean of 5 replicate populations per genotype per
season. Mean values with the same letter are not significantly
different from each other at P<0.05 (Duncan’s).

2 . C e .
The relative fitness value for each transgenic line is its seed yield

relative to the seed yield of the corresponding wild-type

background. Mean transgene relative fitness values significantly
higher or lower than wild-type at P<0.05 are indicated (*).
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drift distributions would be significantly different from predicted means influenced by drift
alone, indicating selective pressure on the transgene within those replicate populations (Falconer
& Mackay 1996).

In competition with WT, the proportion of plants overexpressing CBF3 decreased quickly
and went extinct in most replicate populations within four generations in all three transgenic
lines (Figure 2.6abc). To rule out the possibility that apparent reduction in transgene frequency
as measured by kanamycin screening was an artifact due to gene silencing, progeny seed from
the sixth field generation was tested by qPCR analysis. All samples from CBF3 lines under
competition showed genomic levels of the nptll selectable marker gene below the detection limit
of 1%, confirming the near extinction of this transgene in all three lines by the sixth generation
(Table 2.5). Thus the dwarf phenotype, delayed transition to reproductive growth, and reduced
relative seed production seen in the pure population studies of the CBF3 lines is manifested in a
very low competitive fitness and strong selective disadvantage.

Changes in transgene frequency were also observed in the competitive populations with
the SOSI transgene and its Col(gl) background. The mean values for both lines fell below the
95% confidence interval indicating negative selection against the transgenic plants over the six
generations (Figure 2.7ab).

Unlike CBF3 and SOS1, M6PR showed positive or neutral selection depending on the
transgenic line involved. M6PR line M2-1 maintained a high mean frequency, above the 95%
confidence interval, for six generations, indicating a positive selection for this line across a range
of field environmental conditions (Figure 2.8a). In contrast, the transgene frequencies of the
individual replicate populations of M5-1 diverged after the first generation and continued to
separate in subsequent generations (Figure 2.8b). When averaged across all 14 replicate
populations the mean fell within the 95% confidence interval indicating that genetic drift, and
not selection, was affecting transgene frequency as might be expected for small population sizes

in the absence of selection.
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Figure 2.6. Transgene frequency within mixed populations of wild-type WS and three CBF3
overexpression lines, A40 (A), A30 (B) and A28 (C), as determined by selectable marker
screening. All populations began at 50% starting frequency (FGO) and were maintained
separately in subsequent generations. Changes in transgene frequency from one generation to the
next in each of the fourteen replicate mixed populations are shown by the black lines, with the
mean of all fourteen replicates indicated by the gray line. Dashed lines indicate 95% confidence
intervals predicted for mean transgene frequency undergoing solely genetic drift.
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Figure 2.6 (cont’d)

=9

(=]
0 ©
| |

Transgene Frequency

FG1 FG2 FG3 FG4

FG1 FG2 FG3 FG4

FG5 FG6

—

FG3
58

FG1 FG2 FG4

FG5 FG6



Table 2.5. Comparison of transgene frequencies estimated
by phenotypic selectable marker screening (nptll) and
qPCR analysis.

Transgene Sampled nptll qPCR
populations1 screening2 analysis
M6PR Positive control ~ 100.0 >90.0
None (WT) Negative control 0.0 <pL’
CBF3 A30 #7 0.007 <DL
CBF3 A28 #5 0.0 <DL
CBF3 A40 #2 0.027 <DL
SOSI S1-1#6 0.003 <DL
SOSI S1-1#11 0.0 <DL
SOSI S1-1#14 0.003 <DL
SOSI S7-6 #1 0.007 <DL
SOSI S7-6 #5 0.05 <DL
SOSI S7-6 #6 0.133 <0.1
M6PR M2-1 #14 0.117 <0.1
M6PR M5-1 #3 0.08 <0.1
M6PR M5-1 #8 0.127 <0.1
M6PR M5-1 #14 0.107 <0.1

1 . . .. . .

All sixth generation competitive populations estimated to have
< 15% transgenic individuals by phenotypic selectable marker
(nptll) screening were tested by qPCR.

Each value is the mean frequency estimated from three
replicate screenings of 100 seedlings each.

Each value is the mean frequency from three replicate samples
with three technical replicates each. Frequency estimates were
calculated based on a standard curve containing 0%, 10%, 20%,
50% and 100% transgenic seedlings.

4Frequency below detection limits (DL) of 0.1.
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Figure 2.7. Transgene frequency within mixed populations of wild-type Col(gl) and two SOS1
overexpression lines, S1-1(A), S7-6 (B), as determined by selectable marker screening. All
populations began at 50% starting frequency (FG0) and were maintained separately in
subsequent generations. Changes in transgene frequency from one generation to the next in each
of the fourteen replicate mixed populations are shown by the black lines, with the mean of all
fourteen replicates indicated by the gray line. Dashed lines indicate 95% confidence intervals
predicted for mean transgene frequency undergoing solely genetic drift.
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Figure 2.8. Transgene frequency within mixed populations of wild-type Col and M6PR
overexpression lines, M2-1(A) andM5-1(B), as determined by selectable marker screening. All
populations began at 50% starting frequency (FGO0) and were maintained separately in
subsequent generations. Changes in transgene frequency from one generation to the next in each
of the fourteen replicate mixed populations are shown by the black lines, with the mean of all
fourteen replicates indicated by the gray line. Dashed lines indicate 95% confidence intervals
predicted for mean transgene frequency undergoing solely genetic drift.
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All SOS1and M6PR populations with kanamycin resistant phenotypic frequencies below 0.1%
also were verified to have low transgene frequencies by qPCR analysis (Table 2.5). Thus
observed low values by kanamycin screening in these populations reflect loss of transgene from
the populations rather than gene silencing.
Relative fitness in non-competitive verses competitive conditions

There were significant differences between the fitness values of the transgenic lines
determined by performance relative to their wild-type counterparts in pure stands verses their
performance in direct competition (Figure 2.9). All three CBF3 lines showed decreased fitness in
pure stands relative to wild-type WS in the field, as was observed previously in growth chamber
studies (Chan et al. 2012). However, their competitive fitness in the field was even more reduced
(Figure 2.9). Both SOSI1 lines also had this marked difference, with non-competitive fitness
comparable to WT or better in pure populations but with significantly lower competitive fitness.
The relative fitness of MOPR lines was comparable whether in the presence of competition or
not.
Modeling transgene frequency

Single generation fitness values, determined under field and growth chamber conditions,
were used to model transgene frequency across six theoretical generations and these predictions
were then compared to the observed competitive populations. The PopGene.S* modeling
program (Hamilton 2011) was used to model the effects of selection and genetic drift on
transgene frequencies within competitive populations. Estimated fitness values from first
generation field competitive populations, and field and growth chamber pure populations (Table
2.6) were input into the models to predict transgene frequencies after six generations. In cases of
negative or positive selection (e.g. CBF3 line A40 or M6PR line M2-1 respectively), field-
derived competitive fitness values predicted transgene frequencies more comparable to the
observed frequencies under competition than models utilizing fitness values measured in pure
populations under either growth chamber or field conditions (Table 2.6, Figure 2.10a-f). When
the transgene was neutral (i.e. relative fitness~1.0, M6PR line M5-1) and
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Figure 2.9. Comparison of non-competitive fitness estimates to competitive fitness estimates for
the three abiotic stress tolerance enhancing transgenes. A fitness value of 100% (dashed line)
indicates fitness equal to wild-type. Each non-competitive fitness value is the mean + SE
transgene fitness, calculated from seed yields relative to WT, of five replicate pure populations
averaged across all six field seasons. Each competitive fitness value is the mean + SE transgene
fitness, calculated by selectable marker screening of fourteen replicate, but separately
maintained, populations which began as 1:1 wild-type:transgenic mixes. Lines where non-
competitive and competitive fitness values significantly differ at P<0.05 are marked (*).
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Table 2.6. Measured single generation fitness values, from non-competitive
growth chamber (GC), non-competitive field (NCF), and competitive field
(CF) populations, used in transgene frequency modeling with PopGene.S?
modeling program as well as predicted and observed sixth generation
competitive fitness values.

Measured single Predicted sixth Measured
generation fitness generation sixth

values competitive fitness generation

values competitive

fitness values
Gene Line gc! Ncp? ¢i@  GC NCF CF CF
CBF3 A30 0.38 0.33 0.21 0.02 0.01 0.001 0.001
CBF3 A40 0.82 0.76 0.44 0.66 0.59 0.04 0.02
SOS1 S1-1 0.80 0.78 0.41 0.62 058 0.02 0.30
SOS1 S7-6 0.89 0.87 0.85 0.81 0.76 0.76 0.67
M6PR M2-1 1.14 2.00 1.43 1.16 153 141 1.33
M6PR M5-1 1.06 1.09 1.06 1.08 1.10 1.10 0.94

1Grow‘[h chamber fitness values were calculated as transgenic seed yield
relative to wild-type seed yield under control conditions (Chan et al. 2012).

2 NCF fitness values were calculated via mean seed yield of non-competitive
transgenic populations relative to mean wild-type seed yield in the first field
season.

3CF fitness values were calculated from selectable marker (nptll) screening of
progeny seed from competitive populations grown in the first season.

Predicted sixth generation fitness values are the mean fitness, after six
simulated generations, of 100 modeled competitive populations using the
respective measured single generation fitness values in the model.
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Figure 2.10. Examples of predicted transgene frequencies for 100 modeled mixed populations
(black lines) of wild-type and transgenic lines. Negatively selected CBF3 line A40 (top row, a-
¢), positively selected M6PR line M2-1 (middle row, d-f) and neutral M6PR line M5-1 (bottom
row, g-i). Also indicated are the mean predicted transgene frequency (solid gray line) and the
mean field observed frequency (dashed gray line). The model incorporated both genetic drift and
selection based on growth chamber derived fitness values (left column, a,d,g), non-competitive
fitness estimates from field generation 1 (middle column, b,e,h) and competitive fitness estimates
from field generation 1 (right column, c,f;i).
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Figure 2.10 (cont’d)
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undergoing genetic drift the models were comparable to observed trends regardless of growth

conditions used to assess the fitness values (Table 2.6, Figure 2.10g-1).

Discussion

The objectives of this study were to assess fitness effects that might influence transgene
establishment in native populations for three transgenes previously shown to confer salinity
tolerance under growth chamber conditions. The experiment was designed to perform long-term
multigenerational assessments of transgene effects under field conditions. Sets of 14 mixed
competitive populations of each transgenic line and its wild-type parent, and pure populations of
each line were grown in the field for six generations, with growing seasons spanning from early
spring to late fall. The seed planted for each generation was a subset of the progeny seed
produced in the previous generation, allowing the impacts of one season/transgene combination
to influence the transgene frequency of the population growing in the next season. This method
follows the natural processes of selection and drift that would be occurring during establishment
of any new genotype in the natural environment and allows direct comparison of predicted
outcomes obtained from models based on short-term assessments with empirical observation of
long-term transgene establishment patterns.

The ability of a transgene to become established in wild populations will require that the
genotype survive both intraspecific competition and the full range of environmental conditions
present at that site. With the range of growing conditions experienced over the six growing
seasons, environmental effects as well as genotype x environment interactions were expected and
observed. The different growing seasons provided environments with a greater than 4-fold range
in yield capacity as measured by the mean yield across all genotypes. This range of seasonal
yield capacity was likely due to a number of environmental factors including variations in
temperature, day length and intensity of sunlight. None of the abiotic stresses for which these
genes have been shown to improve tolerance to were specifically applied in this study (e.g.

salinity stress for SOS1, CBF3 and M6PR or freezing and drought for CBF3). While it would be

67



expected that relative fitness results would be influenced by presence of the target stress, as has
been observed in first generation traits like herbicide, insect and disease resistance (reviewed by
Warwick et al. 2009) and in abiotic stress tolerance traits (reviewed by Mittler & Blumwald
2010), the measured transgene effects, both positive and negative, on plant development and
productivity observed in these environments indicate secondary fitness effects and GxE
interactions not predicted by the direct effect of the transgene’s expression. Given the function
of the introduced transgene products (transcription factor, sodium antiporter, compatible solute
and possible pathogen signal molecule), and thus their capacity to modify a range of cellular
functions; their extensive influence on the transcriptome (Chan et al. 2012); and the known
interplay among plant responses to multiple abiotic and biotic stresses (Warwick et al. 2009), it
was anticipated that the transgenes would cause secondary effects not evident in controlled
environments. It was also expected that effects would vary among transgenes. Although the
strongest effects were observed for CBF3, as has been the case in growth chamber studies,
fitness effects in the field also were observed for SOS1 and M6PR plants which did not show
differential performance relative to wild type when grown in the absence of salt stress in the
growth chamber.

Numerous studies examining fitness effects of the first generation of transgenes (e.g.,
herbicide tolerance, Bt-mediated insect resistance, and virus resistance) have been performed
over the past two decades (reviewed by Hails & Morley 2005, Warwick et al. 2009), and more
recently with abiotic stress related transgenes (reviewed by Mittler & Blumwald 2010). These
studies were typically performed as pure-line comparisons to wild-type plants or conventional
cultivars. Our results indicate that fitness estimates in the absence of competition do not
accurately predict performance in the presence of competition. Differences were observed in
both direction and severity of transgene effect. Field grown SOS1 plants showed either
equivalent or increased relative fitness, but when under competition with wild-type, both
transgenic lines showed a selective disadvantage. The negative effects of CBF3, when measured
as relative seed yield, were more pronounced in the presence of competition with wild type

68



plants than when grown as pure lines. In competition, the CBF3 plants, which exhibited
observable-dwarf phenotypes, were easily overgrown by their wild-type competitor and were
largely unable to reproduce. While showing no obvious changes in plant development, both
MG6PR lines showed elevated fitness relative to wild-type in pure populations through increased
partitioning to seed; however, under competition only line M2-1 exhibited a competitive
advantage while line M5-1 was selectively neutral.

The other studies that have compared effects of transgences in the presence and absence
of competition also found differences in fitness estimates in competition. Insect resistant (Bt)
rice exceeded yield of wild-type under insect pressure in pure populations but lost that advantage
in competition (Yang et al. 2012). Transgenic insect resistant canola produced more seed in pure
populations, but did not show increased seed yield at all sites when grown in 1:1 competitive
populations with wild-type canola (Ramachandran et al. 2000). Other studies compared effects
of transgenic plants when subjected to inter-specific competition. Herbicide-tolerant oilseed rape,
grown in the greenhouse without herbicide application, performed as well as to non-transgenic
lines in non-competitive conditions, but when grown in competition with barley, some transgenic
lines exceeded non-transgenic lines in fitness (Fredshavn & Poulsen 1996). Virus-resistant
sugarbeet yielded more biomass than wild-type in an infected field, but when in competition with
Chenopodium album, both transgenic and wild-type sugarbeets had equal reductions in biomass
(Bartsch et al. 1996).

The competition studies mentioned above were replicated in locations and years, but did
not provide longitudinal data following populations over generations. Classic long term studies
of potential invasiveness were performed by Crawley ef al. (1993, 2001) comparing survival of
transgenic herbicide tolerant oilseed rape, maize and sugarbeet and insect-resistant sugarbeet to
their non-transgenic counterparts in paired plots under natural conditions over a ten year period.
In these studies, in which competition arose from natural vegetation in the surrounding area,

none of the transgenic lines exhibited increased survival. However, the authors cautioned that

69



the traits tested were not expected to increase plant fitness in natural habitats, and that traits such
as abiotic stress resistance, would require further analysis.

Multigenerational assessments of fitness in competition with wild type plants were
performed with non-transgenic herbicide resistant Arabidopsis thaliana EMS mutants in the
greenhouse by monitoring resistance allele frequency over seven generations in the absence of
herbicide application (Roux et al. 2005). This study showed discrepancies between fitness
estimates from short and long-term competitive experiments. A prior single generation
competitive fitness assessment showed a significant cost of resistance (Bergelson & Purrington
2002), while the multigenerational study observed the allele to be selectively neutral (Roux ef al.
2005). These results indicate that the data used to model long-term transgene establishment risk
could be improved by the use of multigenerational studies.

The side-by-side design in this study incorporated both transgenic pure line performance
over six field seasons and monitoring of transgene frequency in competitive populations against
wild-type plants for six generations. The three transgenes tested in this study followed different
trajectories, likely reflecting the different secondary effects of the transgenes. CBF3 plants were
quickly driven to near-extinction while the SOS1 transgene showed a slow decline in frequency.
The mean transgene frequency of line M5-1 indicated that genetic drift as the primary influence
on transgene frequency, indicative of no cost or benefit from expression under the environmental
conditions experienced in the field, while line M2-1 maintained a high transgene frequency
across six field seasons.

A number of models have been developed to examine gene flow from transgenic crop
varieties into non-transgenic varieties and interfertile wild relatives (Maxwell ef al. 1990,
Lavigne ef al. 1996, Squire et al. 1997, Colbach et al. 2001a,b, Baker & Preston 2003,
Thompson et al. 2003, Haygood et al. 2004, Weekes et al. 2005, Ghosh ef al. 2010, 2012). For
example, the GeneSys modeling program, which incorporated both empirical and theoretical life-
history parameter values, was used to predict gene flow patterns between commercially
cultivated and volunteer oilseed rape populations over time and landscapes (Colbach et al.
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2001a,b). Single generation hybridization rates between transgenic and conventional oilseed rape
were predicted from experimentally determined gene flow rates (Baker & Preston 2003, Weekes
et al. 2005), and the influence of domestication QTLs on theoretical transgene introgression into
wild soybean (Glycine soja) was modeled using empirical QTL fitness impacts on wild soybean
(Kitamoto et al. 2012). While the above models and others have been used to examine a variety
of parameters influencing transgene establishment (e.g. pollen flow, hybridization, and
introgression), a review of the literature did not find studies that paired modeling based on short-
term fitness assessments with empirical observation of long-term transgene establishment
patterns.

This study compared the ability of selection and drift models to predict transgene
frequencies and levels of long-term establishment based on first generation fitness values vs the
actual values observed in the field over six competitive generations. The fitness values employed
in the models were based on the non-competitive and competitive assessments in the field and
from previous non-competitive growth chamber assessments (Chan et al. 2012). For the line in
which the transgene exhibited selective neutrality, M6PR M5-1, all measures of fitness were
comparable and predicted observed transgene frequencies equally well. The first generation non-
competitive fitness assessments for the positively selected M6PR line M2-1 either under or over-
estimated the transgenic plant’s competitive fitness (growth chamber and field assessments,
respectively). For negatively selected transgenes CBF3 and SOS1, models using non-competitive
relative fitness values, either growth chamber or field measured, predicted transgene frequencies
higher than those observed. In contrast, while models based on non-competitive fitness
measurements fared poorly, models using first generation competitive fitness measurements
yielded predicted frequencies comparable to those observed in the field after six generations.
Given that transgene establishment in a natural environment would take place in a competitive
environment, the ability of transgenic plants to establish could be over- or under- estimated if

only non-competitive assessments have been performed. The discrepancy between non-

71



competitive and competitive assessments was more pronounced with greater deviation from
neutrality.

In conclusion, this study performed a multigenerational field assessment of the secondary
fitness impacts of three abiotic stress tolerance enhancing transgenes: the transcription factor
CBF3, the metabolic enzyme M6PR and the ion transport protein SOS1. Secondary effects of
transgene expression were observed on plant development and productivity as well as GXE
interactions that were not evident in growth chamber experiments. Significant differences
between non-competitive fitness and competitive fitness estimates were observed for all
transgenes. For transgenic lines which were selectively advantaged (M6PR line M2-1) or
disadvantaged (all CBF3 and SOSI1 lines), models based on non-competitive fitness estimates
did not predict changes in transgene frequencies observed after the sixth generation, while
models using competitive fitness estimates matched observed patterns. Together these results
indicate the important role competition has on the success or failure of a transgene to establish
and support the use of competitive field assessments in estimating the risk of transgene

establishment.
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Chapter 3
The fitness effects of three abiotic stress tolerance transgenes in Arabidopsis thaliana in the

presence of salinity stress and competition

Introduction

With an increasing world population (FAO 2011) and a changing world climate,
increasing crop yields is an important target for plant breeders. While breeding for increased
intrinsic yield is important, another method for increasing overall yield is to reduce crop losses
due to abiotic stresses. Submissions to the USDA for field trials of transgenic crops with altered
abiotic stress response have steadily increased in past decade (chapter 1, Figure 1.1). These field
trial requests demonstrate that increasing abiotic stress tolerance is an important objective of
breeding programs both private and public. Any time a plant’s response to its environment is
altered, however, the possibility of unintended secondary effects of transgene expression arises.
These secondary effects could affect the growth and development of the transformed plant itself
or how it behaves in its environment. (Davis and Shaw 2001, Ellstrand 2003, Thuiller et al.
2005).

Methodologies for examining secondary effects of transgene expression have been used
extensively to assess some types of genetically engineered crops, especially insect resistance
through the use of various Cry genes from Bacillus thuringiensis (reviewed by Andow and
Hilbeck 2004, Thies & Devare 2007, Ricroch et al. 2011). These experiments testing for
secondary effects examined, for example, changes in plant development, productivity, fitness,
transcriptome, proteome and metabolome. The secondary effects of the next generation of
transgenic crops engineered to express more complex traits may, however, be more difficult to
detect and quantify. With abiotic stress related transgenes, the secondary effects of
transformation are related to a plant’s behavior within its environment. A commonly raised
ecological concern about transgenic plants with increased abiotic stress tolerance is the
possibility of increasing the ecological range (e.g. invasiveness) of the crop or interfertile wild
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relatives that receive the transgene by gene flow from crop pollen. (Hoffman 1990). Expansion
of ecological range could result from a geographic range expansion in which the transgene
allows the recipient plant to survive previously limiting abiotic conditions, an opening of new
niche environments within the current geographic range, or increasing competitiveness against
other species in the current range.

While for most crop plants the domestication process has reduced fitness in natural
ecosystems, some crop species can become feral and many have compatible wild relatives that
could potentially benefit from transgenes that increase resistance to drought, freezing, cold, heat,
or salinity stress (Ellstrand 2003). Assessing the risk of these effects requires determining
whether the expression of the transgene alters how the plant responds to its environment, to
competition from other plants, and to interactions between those factors. Pure population
comparisons between transgenic and wild-type plants have found a number of genes which,
when expressed via a constitutive or inducible promoter, increase tolerance to drought, cold,
heat, or salt stress (reviewed Wang et al. 2003, Bhatnagar-Mathur ef al. 2008, Warwick et al.
2009, Mantri ef al. 2012). But, based on an extensive search of the literature, none of these
numerous studies of abiotic stress tolerance enhanced transgenic plants were, to our knowledge,
performed in competition with wild-type plants as would be necessary for transgene
establishment in natural populations.

This study examined the competitive fitness effects of over-expression of three genes
shown to confer salinity tolerance. C-repeat binding factor 3/drought responsive element binding
factor 1a (CBF3/DREB]Ia) 1s an abiotic stress associated transcription factor that activates a
regulon of stress responsive genes (Kasuga et al. 1999, Gilmour et al. 2000). Salt Overly-
Sensitive 1 (SOST) is a plasma membrane bound Na+/H+ antiporter that facilitates removal of
toxic Na+ ions from the cytoplasm (Shi et al. 2000 &2002). The biosynthetic enzyme mannose-
6-phosphate reductase (M6PR) allows the production of the sugar alcohol mannitol, which acts
as a compatible solute and osmoprotectant (Zhifang and Loescher 2003, Sickler ef al. 2007). The
ability to increase salinity tolerance makes these genes candidates for crop abiotic stress
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tolerance improvement, but this could also raise ecological concerns during the risk assessment
process.

Each of these three transgenes has been demonstrated to confer increased salinity stress
tolerance under growth chamber conditions (Chan et al. 2012), and these transgenic Arabidopsis
thaliana lines were also assessed previously for secondary effects in the field for six growing
seasons (spring and autumn for 3 years) in Michigan (Chapter 2). These field studies measured
transgene effects on plant development and productivity with a focus on transgene influences on
fitness relative to wild-type, as well as fitness under direct competition with wild-type, across a
diverse range of environmental conditions. The multigenerational field assessment determined
that relative fitness, as determined by pure line performance relative to wild-type, was a poor
predictor of a transgenic plant’s ability to compete and establish within a population in the field.
However, these experiments did not assess the competitive performance of the transgenic lines in
the presence of salinity, the stress they had been engineered to better tolerate.

For this study, these three abiotic stress tolerance enhancing transgenes were examined
for secondary fitness effects while under salinity stress and in the presence and absence of
competition from wild-type plants in the greenhouse. Salinity impacts were more severe than
observed in the growth chamber and significant differences were observed in the transgene
effects in pure populations between the two growing conditions, with growth chamber results for
all three transgenes predicting greater relative fitness under salinity stress than was observed in
the greenhouse. Additionally, gains in fitness relative to wild-type observed in salinity-stressed
pure populations in either the growth chamber or greenhouse did not translate into a competitive
advantage against wild-type plants when grown together under salinity stress. Together these
results indicate that non-competitive assessments may poorly predict the fitness impacts of
abiotic stress enhancing transgenes under competitive conditions and emphasize the importance
of the effects of interplant competition.

Materials and Methods
Arabidopsis lines
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Mixed and pure line populations of transgenic Arabidopsis thaliana were grown in
replicated greenhouse experiments to assess transgene fitness impacts under saline and control
treatments. SOS1 overexpression lines 1-1 and 7-6, with Columbia glabrous (Col(gl)) parents,
were supplied by Dr. Huazhong Shi from Texas Technological University (Shi et al. 2003).
MG6PR overexpression lines M2-1 and M5-1, with a Columbia (Col) background, were provided
by Dr. Wayne Loescher of Michigan State University (Zhifang and Loescher 2003). Three lines,
A28, A30 and A40, which overexpress the CBF3/DREB1a transcription factor in the
Wassilewskija ecotype (WS) were provided by Dr. Michael Thomashow of Michigan State
University (Gilmour et al. 2000). Each line resulted from separate transformation events and all
constructs used the Cauliflower Mosaic Virus (CaMV) 35S promoter for constitutive expression
of the abiotic stress resistance transgene. The selectable marker gene neomycin
phosphotransferase I (NPTII) for kanamycin resistance under the control of the nopaline
synthase (NOS) promoter was also present in all transgenic lines. The three wild-type
backgrounds are rapid-cycling Arabidopsis thaliana ecotypes and were utilized in each
greenhouse experiment for both competitive and non-competitive phenotypic comparisons
between each untransformed background and the transgenic lines.

The initial parent plants used for seed production were first verified to contain and
express their transgene (and only their intended transgene) by PCR, Southern and northern blot
analysis (see chapter 2, Figure 2.1). All seeds used for the three replicated greenhouse
experiments were from greenhouse grown seed stocks produced during the winter of 2008.
Experimental design and salt treatment

The greenhouse salinity stress experiments used a randomized complete block design.
Twenty-eight replicate competitive populations were planted for each transgenic line with a
50/50 mix of the transgenic line and its background ecotype. Ten non-competitive replicate
populations were planted for each transgenic and WT line for comparison. Planting density (at
2600 seeds/mz) and planting method were the same as described in chapter two. Once the plants
reached the rosette stage (5-6 true leaves) half of the populations were randomly selected for the
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salinity stress treatment while the remaining half continued to be watered normally as described
below. A total of 167 populations were maintained for each treatment: 112 mixed populations (8
transgenic lines x 14 replicate populations/line) and 50 pure populations (10 genotypes
(transgenic and wild-type) x 5 replicates/genotype) (Table 3.1).

Growth conditions used in the greenhouse were based on our established growth chamber
conditions with respect to seed stratification, direct seeding to soil, and subsurface irrigation
(Chan et al. 2011) and an assessment of optimal conditions for Arabidopsis thaliana in the
greenhouse using a factorial design for two soil media and a range of pot-sizes (appendix). All
greenhouse plantings were performed using 26x26x6 cm trays with perforated bottoms (L-HFT
NCR, Landmark Plastics Corporation; Akron, OH), 4.0 L Baccto potting soil (Michigan Peat
Company) mixed with 2 g/L slow-release (3-4 month) 14-14-14 Osmocote Classic® fertilizer
(The Scotts Company LLC, Marysville, Ohio), pre-moistened and lightly compacted via rolling a
1 kg cylinder across the soil surface to create a firm seed bed. Seeds were counted as described
in chapter two, stratified at 4°C for 24-48 hours and then directly seeded onto the damp soil
surface. Subsoil irrigation was used for all watering by placing the 26x26x6 cm trays into larger
trays (L-1020-NCR, Landmark Plastics Corporation; Akron, OH), maintained with
approximately 2.5 cm of water to ensure sufficient soil moisture for germination. After
germination, but prior to the beginning of salt treatment, watering was performed on an as
needed basis, approximately every 1-2 days until soil was saturated. To minimize greenhouse
positional effects, pot locations were re-randomized three times each week. Salt treatment was
initiated once the majority of plants reached the rosette stage (5-6 true leaves). All saline
solutions were diluted to the desired concentration from 3.2 M NacCl stock solution. Salinity
stress treatment populations were incrementally exposed to salinity stress beginning with a
25mM NaCl solution applied via subsoil and increased by 25mM every two days until 75SmM
NaCl was reached. The decision to use 75mM as the concentration of the salinity stress treatment
was based on previous growth chamber work and preliminary greenhouse studies using 50, 75,
and 100mM NacCl treatments (Chan et al. 2012 and appendix). Once the final concentration of
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Table 3.1. Transgenic lines of Arabidopsis thaliana and the number of
replicate populations tested in three greenhouse experiments under
control and salinity stressed conditions (75mM NaCl)

Number Number of Initial
Wild-

1 Transgenic of Reps Reps Mix
type Transgene line +salt -salt Ratio

WS CBF3 A28 14 14 1:1

WS CBF3 A30 14 14 1:1

WS CBF3 A40 14 14 1:1

Col(gl) SOS1 S1-1 14 14 1:1

Col(gl) SOS1 S7-6 14 14 1:1

Col M6PR M2-1 14 14 1:1

Col M6PR M5-1 14 14 1:1

WS 5 5 Unmixed

Col 5 5 Unmixed

Col(gl) 5 5 Unmixed
CBF3 A28 5 5 Unmixed
CBF3 A30 5 5 Unmixed
CBF3 A40 5 5 Unmixed
SOS1 S1-1 5 5 Unmixed
SOSI1 S7-6 5 5 Unmixed
M6PR M2-1 5 5 Unmixed
M6PR M5-1 5 5 Unmixed

1Wild-types are Wassilewskija (WS) ecotype, Columbia glabrous (Col(gl))
ecotype and Columbia (Col) ecotype
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75mM NaCl was reached, further treatments were applied as needed to ensure that the soil
remained well watered. Each 75mM salt treatment was performed in two stages. First, the 7SmM
NaCl solution was applied via sub-soil irrigation and after 20 minutes any excess unabsorbed
solution was dumped out of the bottom trays. Then 1 L of 75SmM NaCl was applied gently from
above to leach any excess NaCl from the soil. All leachate was then removed. This reduced a
buildup of excess salt in the topsoil that would have occurred due to evaporation. All control
populations were watered via sub-soil irrigation each time a salt treatment was performed on the
other populations to ensure equal saturation between treatments so that differences in
performance between treatments would be due to the presence of the salt and not soil water
content.

Lifecycle parameters including: the number of days until germination, initial and majority
bolting, initial and majority flowering and maturation was collected on all populations. All
lifecycle stages were scored in the same manner as the field experiment (Chapter 2). After
harvest, total population aboveground dry weight and seed mass were measured as described in
chapter 2. Progeny seed viability was determined during the kanamycin screening described
below. Pure population relative fitness was calculated as seed yield of each transgenic line
compared to its wild-type background under the same treatment. The full greenhouse salinity
experiment was repeated three times.

For comparison purposes, two transgenic lines from each of the three transgenes (CBF3
lines A40 and A30, SOS1 lines S1-1 and S7-6, M6PR lines M2-1 and M5-1) and the three wild-
type backgrounds were grown in the growth chamber under control and salinity stressed (100
mM NaCl) conditions as described by Chan ef al. 2011. These experiments were performed by
Zhulong Chan.

Genotyping progeny from competitive populations via kanamycin screening

Genotyping of the progeny seed from competitive populations was based on phenotypic
assessment for the presence of the neomycin phosphotransferase I (NPTII) selectable marker
gene for kanamycin resistance present in all transgenic lines following the protocol described in
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chapter two. In cases of low germination the screening procedure was repeated with increased
numbers of seeds plated with the objective to score 300 seedlings. Competitive fitness was
calculated as the transgene frequency within the progeny seed from each population relative to
the planted transgene frequency (50%). Mean competitive fitness was the mean fitness across the
14 replicate competitive populations for each transgenic line for each treatment.
Determination of selective pressure under competitive conditions

To determine if changes in transgene frequency in competitive populations were due to
selective pressure or genetic drift, the following formulas were used to calculate 95% confidence
intervals. Mean transgene frequencies outside these intervals would indicate selection on the
transgene, either negative or positive. Based on theoretical drift distributions, the following
formula Vs = qo*po*(1-(1-1/(2N))"t) (Falconer & Mackay 1996) calculates the variance in
mean transgene frequencies predicted to be associated with random genetic drift after ¢
generations. The frequencies of transgenic and wild-type plants in the initial population are ¢
and p respectively while the effective population size is N,. From the starting frequency of 0.5,
and assuming no selection effects, with 14 replicate populations, the confidence intervals are
then derived as 0.5 = (1.96*(Vgt/14)"0.5).
Statistical Analysis

All statistical analyses were performed with the SAS (version 9.3) and R (version 2.14.0)
statistical programs (SAS Institute Inc., Cary, NC and R Foundation for Statistical Computing,
Vienna, Austria). To reduce heteroscedasticity in the data and meet the normality assumptions
required for regression analysis, Box Cox transformations were performed and productivity
values were transformed according to the resulting A values. For dry weight, seed yield and
partitioning to seed values were transformed (xo'zs), while viability of progeny seed values were
transformed (xO'S). Mean separation was performed with Duncan’s Multiple Range Test on these
transformed values and differences were considered statistically significant at P<0.05. Mean

values were back-transformed for clarity in all tables and figures.
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Results
Effects of salinity stress on plant development and productivity

The levels of salinity stress applied in the greenhouse experiments (75mM NaCl) was
chosen to be comparable to effects observed in our prior growth chamber experiments (100mM;
Chan et al. 2011, 2012). The growth chamber experiments were performed at 23/18°C and 70%
relative humidity with a 12 h light/12 h dark cycle providing 350 umol m_2 s_1 (Chan et al. 2011,
2012). Similar conditions were used by other laboratories working with these transgenes (e.g.
Gilmour et al. 2000, Shi et al. 2002, Sickler ef al. 2007). In the greenhouse supplemental lighting
was used to provide a minimum 12h daylength, but variations in sunlight resulted in differing
levels of mean maximum daily solar flux density ranging from 522 to 837 W/mz.

The performance of the transgenic lines in the presence or absence of salinity stress was
tested in three repeated greenhouse experiments. These experiments included both pure line
populations and competitive populations with a mixture of transgenic and wild-type plants. The
planting density of both non-competitive pure populations and mixed competitive populations
was 2600 seeds/mz. This density was same as that used previously in field studies of these
transgenic line (Chapter 2) and within the range of natural Arabidopsis thaliana population
densities in Michigan (appendix). Due to variable environmental conditions among the three
greenhouse experiments (such as light intensity and temperature), the environmental capacity for
viable seed yield per pure population (the mean for all genotypes transgenic and wild-type)
ranged from 0.6 to 2.26 g under control conditions and from <0.01 g to 0.46 g under salinity
stress (Figure 3.1). Despite these differing conditions, fitness values of the transgenic lines
relative to wild-type (as measured by viable seed yield comparisons) were equivalent between
experiments (all P>0.05). For all subsequent analyses, unless specifically mentioned, all data
were pooled between the repeated experiments.

The timing of early reproductive stages, bolting through flowering, were not significantly
affected by salinity stress in the greenhouse (all P>0.05); however, salinity-stressed plants
exhibited a more rapid maturation of siliques, observed as a decrease in the number of days until
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75% of siliques had begun to dry down (Table 3.2). In the growth chamber, salinity stress
delayed reproductive development for both days to bolting as well as flowering (Chan ef al.
2012). Regardless of genotype, wild-type or transgenic, salinity stress decreased above ground
dry weight and seed yield in the greenhouse (Figure 3.2ab, Table 3.2, all P<0.05). Mean dry
weight for all genotypes was reduced by 52%, while overall mean seed yield decreased 73%.
Mean biomass partitioning to seed was also decreased by salinity stress by 66% (Figure 3.2¢,
Table 3.2, all P<0.001). Progeny seed viability was also markedly reduced by salinity stress,
regardless of genotype (Figure 3.2d, Table 3.2, P<0.01).

Salinity stress in the growth chamber (100mM NaCl) resulted in decreases in dry weight
(by 64%) and seed yield (by 72%), comparable to those observed under 75mM NaCl stress in the
greenhouse (Figure 3.3ab, all P<0.05). Mean partitioning of biomass to seed decreased 45%
(Figure 3.3c¢). Progeny seed viability in the growth chamber was reduced under 100mM NaCl
salinity stress for all genotypes, except CBF3 line A40 and SOSI1 line S7-6 (Figure 3.3d, P<0.01
and P>0.05 respectively). Averaged across all genotypes, the reduction in progeny seed viability
due to salinity stress in the growth chamber was considerably less severe (an 11% reduction)
than that observed in the greenhouse (a 47% reduction).
Effects of transgene expression on plant development and productivity in the absence of
salinity stress

The three CBF3 overexpression lines exhibited delayed reproductive development at all
stages from initial bolting to maturation of the siliques under greenhouse and growth chamber
conditions in the absence of salinity stress (Figure 3.4a, Table 3.3, Chan et al. 2012, all P<0.05).
The delayed development, dwarf phenotype and change in leaf architecture described in previous

CBF studies was strongest in the fully dwarfed A28 and A30 lines, while the semi-dwarf A40
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Figure 3.1. Viable seed yield of pure populations of transgenic and wild type plants in relation to
yield capacity of the environment for six growing conditions, three seasons *salt (closed and
open symbols respectively). The environmental yield capacity was calculated as the mean viable
seed yield of all genotypes wild-type and transgenic (n=50, gray solid line). The yield capacity
for specific genotypes was the mean viable seed yield for each transgenic line (n=5, black dashed
lines) and wild-type background (n=5, black solid line). The three CBF3 lines and their WS
wild-type background (A), the two SOS1 lines and their wild-type Col(gl), and the two M6PR
lines and their wild-type Col (C).
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Figure 3.1 (cont’d)
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Table 3.2. Salinity treatment effect on development and productivity averaged across all lines, populations and experiments.

Days after planting to reach lifecycle stage1 Measures of productivity1
Treatment  First Majority First Majority Mature Dry Seed yield Partitioning Seed
bolting bolting flowering flowering (75% dry weight (g to seed viability
(75%) (75%) siliques) (g)
Control 38.6a 49.1a 45.3a 59.7a 94.3b 11.73a 1.58a 0.14a 0.81a
Salt 40.1a 48.8a 45.1a 61.2a 85.5a 5.61b 0.43b 0.05b 0.40b

I . . . . .

Each value is the mean of five replicate populations per genotype per treatment per experiment. Data are pooled from three replicate
experiments; equivalent trends were observed in each experiment. Mean values with the same letter were not significantly different
from each other at P<(.05.
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Figure 3.2. Mean productivity measures for greenhouse-grown pure line populations under
control and salinity stress (75mM NaCl); aboveground dry weight (A), viable seed yield based
on germination rates of progeny seed (B), partitioning to seed (C) and progeny seed germination
rate (D). Salt treatment reduced dry weight, seed yield, partitioning to seed and progeny seed
viability across all genotypes (P<0.01). Each value is the mean from five replicate populations
per genotype per treatment per experiment. Data are pooled from three replicate experiments;
equivalent trends were observed in each experiment. Mean values with the same letter were not
significantly different from each other at P<0.05. (Duncan’s).
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Figure 3.2 (cont’d)
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Figure 3.3. Mean productivity measures for growth chamber grown pure line populations under
control and salinity stress (100mM NaCl); aboveground dry weight (A), viable seed yield based
on germination rates of progeny seed (B), partitioning to seed (C) and progeny seed germination
rate (D). Each value is the mean relative fitness from three replicate populations per genotype per
treatment . Mean values with the same letter were not significantly different from each other at
P<0.05. (Duncan’s). The dry weight data for Col and M6PR lines were previously included in
Chan ef al. 2011 and were gathered by Zhulong Chan.
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Figure 3.3 (cont’d)

+salt

-salt

+salt

-salt

poasoN

poas oN

2.5

o
< b

hi

ab
cde

de

abc bed abe
bede

L]

o~ 5 L LY

—
(8) pro1A paas ajgei

S o o 9o
2JeJ UOIIBUILIAY

wo PadsoON

)
ef

o
=
o
bed

B pPoas ON

(8) Bem Aug

®
o —l 3] Ly
198765432 = : o~
=

o

T T T I T T

L i Ly

-7 o <9
o

0.2 -

o
paas 03 Sujuoniued

T
o o T ™~ o

T-SIN
T-ZdIN
190

9-/S
T-15

ovrv
(113

T-SIN
T-ZdIN
190

9-/S
T-15

ovrv
(113

97



Figure 3.4. Mean days to reach various lifecycle stages under control (black line) and salt treated
(75mM NaCl, grey lines) conditions for pure populations of wild-type (solid) and transgenic
plants (dashed). The development of CBF3 overexpression lines (A40, A30, A28) and their
background ecotype WS (A), M6PR lines (M2-1, M5-1, M7-6) and their wild-type Col (B), and
SOSI lines (S1-1, S7-6) with their wild-type Col(gl) (C). Values are the mean of three
experiments with five replicate populations per genotype. The stages are days to: first
germination (1), 75% of the population with two true leaves (2), five to six true leaves forming a
rosette (3), first bolting (4), first flowering (5), 75% reaching bolting , flowering and
maturation(6, 7 & 8 respectively).
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Figure 3.4 (cont’d)

-salt +salt
7] A 'M ; '
v 7 » 7 'T_ﬂ_:'_-—-—-x
g 25 2o
= 24 —o—WS-salt 24 —o— WS +salt
m o3 -3- A28-salt '3 -3¢ - A28 +salt
d e 2 --&- A30-salt 5 2 - 7% - A30 +salt
: -0-Ad0salt o -0 - Ad0 +salt
0 20 40 60 80 100120140160 0 20 40 60 80 100 120 140 160
Average days after planting Average days after planting
8 8
w7 w7
. 28 P 6
v =5 25
= % 4 % 4
g z3 —o—Col(gl) salt 3 —o— Col{gl) +salt
» £ 2 -3- $1-1-salt 2 - > - §1-1 +salt
é - & - §7-6-salt 3 - £x- §7-6 +salt
0 20 40 60 80 100120140160 0 20 40 60 80 100 120 140 160
Average days after planting Average days after planting
8 8 S0
7 C 7
o 46 & 6
£ g5 £s
2 § 3 —o— Col -salt § 3 —o— Col +salt
52 - &3- M2-1-salt 3 2 - - M2-1 +salt
; - -& - M5-1-salt ; | -5~ M5-1 +salt

0 20 40 60 80 100120140160

Average days after planting

0

20 40 60 80 100120140160
Average days after planting

99



line was more intermediate to the WS wild-type (Figure 3.4a). The mean seed yield from pure
CBF3 populations in each of the six greenhouse environments (three repeated experiments +salt)
only marginally increased as environmental conditions improved, falling well below both the
environmental yield capacity and their wild-type background (Figure 3.1, P<0.05). In almost all
cases mean dry weight, viable seed yield and partitioning to seed of the CBF3 overexpression
lines were reduced compared to WS wild-type in both the greenhouse and growth chamber
(Table 3.3, Figures 3.2abc & 3.3abc, all P<0.05). Progeny seed viability was equal to wild-type
under control conditions in the greenhouse, while line A30 was reduced relative to wild-type in
the growth chamber (Figures 3.2d & 3.3d, Table 3.3, P>0.05 and P<0.05 respectively).

The sodium antiporter SOS1overexpression lines had wild-type development except for a
delay in initial bolting and days to maturity (Figure 3.4b, Table 3.3, P<0.05). In the growth
chamber SOSI1 lines were unaffected in development compared to their respective wild-type
Col(gl) (Chan et al. 2012). The seed yield of SOSI lines was not significantly different from the
environmental yield capacity measured across the six greenhouse growth conditions (Figure 3.1,
P>0.05). Averaged over all environments, lines overexpressing the salt antiporter
SOSImaintained wild-type levels of dry weight, seed partitioning and progeny seed viability in
the greenhouse (Figures 3.2acd, Table 3.3, P>0.05). Viable seed yield trended to be lower than
Col(gl) wild-type (Figures 3.2b, Table 3.3, P<0.1). In the growth chamber, in the absence of
salinity stress, SOS1lines were comparable to wild-type across all measures of productivity
(Figure 3.3abcd, all P>0.05). Under the highest yielding environment in the absence of salinity
stress, the wild-type line Col(gl) exceeded the yield of the SOSI lines (Figure 3.1b, all P<0.05).

The mannitol biosynthetic enzyme M6PR had no effect on development under control
conditions in either the greenhouse (Figures 3.4c, Table 3.3, all P>0.05) or growth chamber
(Chan et al. 2012). M6PR seed yield was not significantly different from the environmental yield
capacity measured across the six greenhouse growth conditions (Figure 3.1, P>0.05). Likewise
MG6PR expression lines were overall not significantly different from their Columbia wild-type in
the absence of salinity stress in dry weight, viable seed yield, or partitioning to seed in either the
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Table 3.3.

Transgene effect on development and productivity averaged across lines and populations.

1
Days to reach lifecycle stage

1
Measures of productivity

Treat- Trans-gene First Majority First Majority Majority Dry Seed Partitio Seed viability
ment bolting bolting flower- flower- mature weight  yield ning to
(75%) ing ing (75% dry (g (2 seed
(75%) siliques)

Control ~ WS-WT 31.7a 39.0a 38.7a 46.1a 80.4a 15.1a 2.6a 0.184a 0.70a
CBF3 44.3d 60.8d 52.5¢ 75.5f 120.2f S5.4c 0.54c 0.101bc  0.74a
Col(g)-WT 35.5ab 43.7ab 41.6ab 53.5bc 85.9abced 14.5a 2.3ab 0.158ab  0.88a
SOS1 40.2¢ 46.1b 45.8b 54.8bed 92.9¢ 13.0a 1.46b 0.146ab 0.87a
Col-WT 36.7bc 44.5b 42.7ab 54.8bed 89.4cde 14.9a 2.76ab 0.174a  0.78a
M6PR 34.6abc 44.5b 41.6ab 55.4bcd 89.4cde 15.3a 1.89ab 0.155a  0.88a

Salt WS-WT 31.8a 39.0a 38.3a 50.1ab 82.2ab 7.9b 0.61c 0.076cd  0.49b
CBF3 49.3e 56.1c 53.4c 75.4f 91.2de 1.7d 0.05d 0.014e  0.26¢
Col(g)-WT 35.0ab 48.4b 41.5ab 60.2de 83.5ab 8.1b 0.75¢c 0.059cd  0.5b
SOS1 38.4bc 47.4b 44.8b 58.1cde 86.1bcd 8.4b 0.64c 0.056d  0.43b
Col-WT 38.3bc 47.8b 44.8b 63.5¢ 82.7ab 6.0bc 0.38¢c 0.056d  0.42b
M6PR 35.2bc 46.1b 41.8ab 60.9de 85.1abc 6.4bc 0.62c 0.064cd  0.39b

| . . . . .
Each value is the mean of five replicate populations per genotype per treatment per experiment. Data are pooled from three replicate
experiments, equivalent trends were observed in each experiment. Mean values with the same letter were not significantly different

from each other at P<(0.05 (Duncan’s).
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greenhouse or growth chamber (Figures 3.2abcd, 3.3abc, Table 3.3, all P>0.05). As was
observed for SOS1, in the highest yielding environment, seed yield of wild-type Col exceeded
the M6PR lines (Figure 3.1c¢, all P<0.05). In the growth chamber, progeny seed viability was
increased relative to wild-type (Figure 3.3d, P<0.05).

Viable progeny seed yield is the measure for plant fitness in a self-pollinated, seed-
propagated species like Arabidopsis thaliana. The relative fitness of the transgenic lines was
determined by comparing the viable seed yield between pure transgenic and pure wild-type
populations. In the absence of salinity stress in the greenhouse and growth chamber, CBF3 lines
overall had reduced fitness relative to their WS wild-type (Figures 3.5ab, all P<0.05). SOS1 lines
trended to be lower in relative fitness in the greenhouse (P<0.1) while maintaining wild-type
fitness in the growth chamber (P>0.05). In the greenhouse, M6PR lines had a relative fitness
comparable to wild-type under the same conditions (all P>0.05); however, in the growth

chamber line M2-1 exceeded wild-type fitness (P<0.05).

Effects of transgene expression on plant development and productivity in the presence of
salinity stress

In the presence of salinity stress, whether imposed in the greenhouse (at 7SmM NaCl) or
growth chamber (at 100mM NaCl), CBF3 lines were delayed in all reproductive stages (Figures
3.4a, Table 3.3, Chan ef al. 2012, P<0.05). Under salinity stress in the greenhouse, the three
CBF3 overexpression lines also had reduced mean dry weight, viable seed yield and partitioning
to seed relative to WS wild-type (Figure 3.2abc, Table 3.3, all P<0.05). CBF3 lines were the only
transgenic lines to have greater reductions in progeny seed viability under salinity stress in the
greenhouse than their wild-type counterpart (Figure 3.2d, Table 3.3, P<0.05). Performance under
salinity stress in the growth chamber showed some differences from the greenhouse, where the

semi-dwarf line A40 had increased dry weight, viable seed yield and
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Figure 3.5. Mean relative fitness for pure populations of CBF3 (lines A40, A30 and A28 ), SOS1
(lines 1-1 and 7-6) , and M6PR (lines M2-1 and M5-1) transgenic plants under control and salt
treated (75mM NaCl) conditions in the greenhouse (A) and control and salt treated condions in
the growth chamber (100 mM NaCl) (B). Relative fitness was calculated as the proportion of
viable transgenic seed yield to viable wild-type seed yield under the same treatment. The relative
fitness of SOS1 and M6PR lines under salinity stress in the growth chamber exceeded 20 and
were cut off for figure clarity. Each value is the mean relative fitness from replicate populations,
with n=15 in the greenhouse and n=3 in the growth chamber. Mean fitness values which differ
from wild-type at P<0.1 or P<0.05 are marked by ( .) or (¥) respectively.
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Figure 3.5 (cont’d)
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partitioning to seed relative to wild-type and had no significant reduction in progeny seed
viability (Figure 3.3abcd).

In the greenhouse in the presence of salinity stress, pure populations of lines
overexpressing the Na+/H+ antiporter SOS1 had wild-type development as well as wild-type
levels of dry weight, viable seed yield, partitioning to seed and progeny seed viability (Figure
3.4b, Figure 3.2abcd, Table 3.3, all P>0.05). In the growth chamber under salinity stress, line S7-
6 had increased bolting and flowering relative to wild-type Col(gl) while line S1-1 had wild-type
development (Chan ef al. 2012). In contrast to greenhouse results, in the growth chamber
SOSIconfered an advantage in the presence of salinity stress with markedly increased dry
weight, viable seed yield, partitioning to seed and progeny seed viability relative to wild-type
Col(gl) (Figure 3.3abcd, all P<0.05).

Similar to control conditions, under salinity stress in the greenhouse M6PR lines were not
significantly different from Col wild-type in development, dry weight, viable seed yield,
partitioning to seed or progeny seed viability (Figures 3.4c and 3.2abcd, Table 3.3, all P>0.05).
Under salinity stress in the growth chamber, the M6PR lines had increased bolting and flowering
relative to Col wild-type (Chan et al. 2012) and produced over 4-fold more biomass than wild-
type and yielded viable seed while Col was unable to do so (Figure 3.3abd, all P<0.05).

The relative fitness, as measured by mean viable seed yield of pure transgenic
populations compared to viable yield from pure wild-type populations, of all the transgenic lines
was increased in the presence of salinity stress. While the CBF3 lines under salinity stress in the
greenhouse continued to have reduced fitness relative to the WS wild-type (Figure 3.5a, all
P<0.05), in the growth chamber CBF3 line A40 had increased fitness relative to WS (Figure
3.5b, P<0.05). SOS1lines under salinity stress in the greenhouse had fitness levels equal to wild-
type (Figure 3.5a, all P>0.05), but had significantly increased relative fitness in the growth
chamber under salt stress (Figure 3.5b, all P<0.05). In the greenhouse with salt, M6PR line M2-1

had increased relative fitness while line M5-1 had wild-type fitness (Figure 3.5a, P<0.05 &
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P>0.05 respectively). In the growth chamber with salt both M6PR lines had increased relative
fitness (Figure 3.5b, P<0.05).
Effects of salinity and transgene expression on competitive ability

Competitive advantages conferred by the transgene in the presence of salt stress were
predicted from pure population studies in the growth chamber (Chan et al. 2012). To quantify
competitive advantage each transgenic line was grown in competition in the greenhouse with
their wild-type counterpart in populations (14 replicates/line/treatment in each of 3 repeated
experiments) that were established as 1:1 mixes of each transgenic line and their wild-type
background. Transgene frequencies were determined by selectable marker screening of progeny
seed from all salinity and control populations. To assess whether changes in observed transgene
frequency from the initial 50% were likely the result of selection or genetic drift, 95%
confidence intervals were calculated based on theoretical drift distributions (Falconer & Mackay
1996). Mean transgene frequencies above or below those thresholds indicated a competitive
advantage or disadvantage due to the transgene.

In competition under no salt stress control conditions, CBF3 overexpression lines showed
a significant competitive disadvantage against their WS wild-type background (Figure 3.6,
P<0.05). In contrast, neither SOS1or M6PR lines experienced a competitive advantage or
disadvantage under control conditions in competition (Figure 3.6, P>0.05). Under salinity stress
no transgenic line showed a competitive advantage against wild-type plants. In the presence of
salinity stress, CBF3 lines continued to be disadvantaged (Figure 3.6, P<0.05). SOS1 transgenic
plants under salinity stress experienced a disadvantage in competition with Col(gl), while M6PR
transgenic plants were competitively the equal of Col (Figure 3.6, P<0.05 and P>0.05
respectively).

To determine whether any transgene conferred a competitive advantage under specific
growth environments in the greenhouse, transgenic seed yield was compared to 50% of the mean

seed yield of all mixed populations in that environment (i.e. if all plants from the starting 1:1 mix

106



jry 1.4 -salt +salt
Il
S 1.2
P — N — .
- L I R —— -
- I I % %
= 0.8
3 [ |
_8 *
.g 0.6 I .
®04 ]
Q
; *
02 | .
5 : i
(S 0 z &
D 40 O Mo Ny D A0 O Mo Ny
PR Ho® N I o W
Genotypes

Figure 3.6. Mean competitive fitness of transgenic lines, CBF3 lines (A40, A30 and A28), SOS1
(lines 1-1 and 7-6) and M6PR (lines M2-1, M5-1), in mixed populations under control and salt
treated (75mM NaCl) conditions. All populations were planted as 1:1 wild-type:transgenic
mixes, with each transgenic line planted with its respective wild-type background: WS with
CBF3 lines, Col(gl) with SOS1 lines and Col with M6PR lines. Competitive fitness was
calculated from selectable marker screening of progeny seed. Each value is the mean fitness
from fourteen replicate populations per treatment in three repeated greenhouse experiments.
Mean competitive fitness values outside the 95% confidence intervals, calculated based on
theoretical drift distributions, indicate negative selective pressures (marked by *).
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Figure 3.7. Seed yield of competitive mixed populations of transgenic plants and their wild type
backgrounds in relation to yield capacity of the environment for six growing conditions, 3
seasons *salt (closed and open symbols respectively). The three CBF3 lines in competition with
their WS wild-type background (A), the two SOS1 lines in competition with wild-type Col(gl),
and the two M6PR in competition with wild-type Col (C). All values are the mean of 14 replicate
populations, each planted with an initial transgene frequency of 50%. Overall yield capacity was
calculated as mean seed yield of all genotypes for each of the three experiments multiplied by
50% (the starting transgene frequency). Yield capacity of each transgenic line was calculated as
the mean seed yield multiplied by the mean transgene frequency measured by selectable marker
phenotyping of progeny seed.
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Figure 3.7 (cont’d)
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yielded equivalently; half the seed would be transgenic) (Figure 3.7). CBF3 lines were shown to
be at greater disadvantages vs. their wild-type as the environment improved, while SOS1 and
MG6PR lines generally averaged around that capacity measurement. Thus the fitness increases
under salinity stress seen in some SOS1 and M6PR lines in pure populations in the greenhouse
and growth chamber were not observed while in competition with wild-type plants in the

greenhouse.

Discussion

This study compared the fitness effects of three abiotic stress tolerance transgenes in salt
stress experiments in the greenhouse in the presence and absence of competition with wild-type
parents. Prior field experiments with these transgenic lines indicated the importance of assessing
transgene fitness effects in the presence of competition rather than pure line performance
(Chapter 2). However, the field competitive experiments were not performed with salinity stress.

As expected from previously published growth chamber studies (Chan et al. 2011, 2012),
salinity stress impacted reproductive development rates, and reduced vegetative and reproductive
productivity. Another impact of salinity stress was a marked reduction (>50%) in progeny seed
viability, to the extent that it was not possible to obtain sufficient viable seed to perform multi-
generational fitness assessments as had been done in the field experiments (Chapter 2). As is
most common in the literature, our previous studies in the growth chamber did not measure seed
viability; however, the low viability observed in progeny seed from salt stressed plants in the
greenhouse indicates the importance of this criterion in making accurate fitness assessments.

Transgene impacts on plant development in the greenhouse in the presence and absence
of salt stress were consistent with previous non-competitive growth chamber experiments (Chan
etal. 2011, 2012); however, differences were observed in the effect of the transgenes on
productivity. While CBF3 line A40 showed enhanced dry weight and seed yield under salinity
stress in the growth chamber, it did not in the greenhouse. The significant gains in productivity,

both vegetative and reproductive, from SOS1 and M6PR overexpression shown under salinity
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stress in the growth chamber, were reduced in the greenhouse. SOS1 lines were comparable to
wild-type, and the M6PR plants showed elevated relative fitness in only one line. Interestingly
this was the same line observed to have a competitive advantage over wild-type across six
generations in the field (Chapter 2).

Observed differences between growth chamber- and greenhouse-grown pure populations
may be due to the combinations of stresses that can occur in the less tightly controlled
environment of the greenhouse. Light levels in the greenhouse were 4-fold higher than those in
the growth chamber and peak light levels also corresponded to increased air temperatures in the
greenhouse. Research has shown that the effects of combinations of abiotic stresses can be more
severe than those suffered under the stresses individually (reviewed by Mittler 2006). A recent
transcriptomic analysis of Arabidopsis thaliana ecotypes under paired combinations of abiotic
stresses (such as high light and salt stress or high temperature and salt) revealed that over 60% of
expression patterns under stress combinations were not predicted by their individual stress
expression profiles (Rasmussen et al. 2013). These findings may indicate that the combined
conditions of salinity, high light and temperature contributed to the lower relative fitness of the
greenhouse-grown transgenic plants than was observed in the tightly controlled and relatively
mild environment of the growth chamber.

In competition with their wild-type background in the greenhouse, the performance of the
transgenic lines differed from both growth chamber and greenhouse pure line assessments. No
transgene conferred a competitive advantage over wild-type plants in the presence or absence of
salinity stress. CBF3 and SOSI lines were less competitive in the presence of salinity stress than
they were under control conditions, indicating that competition remains an important factor on
transgene fitness even under significant salinity stress. Competitive assessments of transgenic
plants have been performed previously for traits such as herbicide, virus, and insect resistance.
Transgenic insect resistant hybrids of cultivated, Oryza sativa L., and weedy red rice, O. sativa f.
spontanea, showed an increased seed yield under natural insect pressures in pure populations;
however, in competition with non-transgenic hybrids the transgenic hybrids were equal to wild-
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type (Yang et al. 2011, 2012). Similarly, the increased productivity in disease-stressed pure
populations of virus-resistant sugar beet was reduced when planted in competition with
Chenopodium album (Bartsch et al. 1996). Herbicide tolerant oilseed rape, Brassica napus, has
been shown under interspecific competition in field plots (Fredshavn et al. 1995), field margins
(Warwick et al. 2008) and roadsides (Knispel et al. 2008), to have productivity equal to or less
than wild-type. Thus, in general, first generation transgenic traits conferred significant fitness
gains relative to wild-type under the target stress (reviewed by Warwick et al. 2009), but relative
fitness values were reduced in the presence of competition whether in the presence or absence of
the target stress.

The reduced relative fitness observed from the salt-stressed transgenic lines when in
competition with wild-type plants may be linked to the natural responses of Arabidopsis thaliana
to intraspecific competition, which has been found to be significantly different from abiotic or
biotic stress responses (Geisler et al. 2012). Transcriptomic analysis of Columbia ecotype
Arabidopsis plants at varying levels of competition (i.e. planting densities), found that in
response to increasing competition, the plants down-regulated genes involved in abiotic stress
response, pathogen defense and secondary metabolism, and up-regulated photosynthesis related
genes. Thus, Arabidopsis plants appear to attempt to outgrow their competition at the expense of
defense. These changes in transcriptional responses relative to the absence of competition were
seen in densities ranging from 1400 seeds/m2 to over 15,000 seeds/mz; our plant density of 2600
seeds/m2 was within this range. Given that densities higher than 2600 seeds/m2 were observed in
natural populations in MI, these transcriptional changes in response to competition likely
occurred in our field (Chapter 2) and greenhouse studies as well in natural populations. It is
possible that our transgenic lines, due to constitutive transgene expression, were transcriptionally
locked into an abiotic stress response (Chan et al. 2012), and thus may have been unable to
compete effectively with wild-type plants.

While the transgenic pure line performance vs. competitive performance trends observed
in this study were similar to those observed in transgenic plants expressing first generation traits
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(e.g herbicide or insect resistance), there are some important differences between these traits and
traits increasing abiotic stress tolerance. Herbicide, virus and insect resistance in current
transgenic crops have been conferred by genes encoding alternate forms of existing plant
enzymes, viral coat proteins, or small RNAs, or Bt proteins respectively (Warwick et al. 2009).
These gene products function directly to confer the trait of interest; the introduced genes encode
enzymes that degrade or are unaffected by herbicide, or RNAs and proteins that only interact
with their target pest. Expression of these traits has resulted in few secondary effects on the
transformed plant as measured by the timing of life-cycle parameters, plant architecture,
biomass, and seed yield (Thies and Devare 2007, Cheng et al. 2008, Zolla et al. 2008). However,
microarray analysis of the genes in this study showed that expression of the three transgenes had
complex transcriptional effects; CBF3 and M6PR both affected genes involved in ABA
signaling, cell wall biosynthesis, ion and ABC transport, redox, and osmoprotectant biosynthesis,
while the effect of SOS/caused a general down-regulation of oxidative stress response genes
(Chan et al. 2012). Thus transgenes enhancing abiotic stress tolerance can result in complex
changes to regulatory, signaling, and metabolic pathways that could impact plant fitness.

Furthermore, although both disease and insect pressures can, like abiotic stresses, limit
plant populations (reviewed by Warwick et al. 2009), the fitness gains from resistance to biotic
stresses are density dependent. Each resistant plant, by not serving as a host, reduces the
pressure on its neighbors, as has been observed for insect resistance (Yang et al. 2012). This
effect does not occur in abiotic stress conditions, as all plants in an affected area experience the
stress regardless of how many of their neighbors may be more tolerant to it. This lack of density
dependence in abiotic stress tolerance has important implications on transgene establishment and
further supports the need for competitive assessment of genes enhancing this trait.

Overall, these studies indicate the importance of assessment of abiotic stress tolerance
enhancing transgenes under a range of environmental conditions and corroborate the effects of
competition observed over six generations in the field in the absence of salinity stress (Chapter
2). The secondary fitness effects of transgene expression under salinity stress were influenced by
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the presence of other abiotic stresses, and by the presence of competition. Although significant
fitness gains in the presence of salt stress were observed in pure population relative to wild-type
in the growth chamber, these gains were reduced in greenhouse pure populations. These
differences in fitness relative to wild-type may be the result of possibly differing transcriptomic
and physiological responses under combined abiotic stresses (as occurs in a greenhouse) than
when a stress is experienced individually (as occurs in a growth chamber). In direct competition
with wild-type plants, these small gains were lost, resulting in no transgenic line showing a
competitive advantage under salt stress. These results indicate that risk assessments and
modeling based on non-competitive assessments, especially those under tightly regulated
environmental conditions, may poorly estimate the risks of abiotic stress tolerance enhancing
transgene spread and establishment. Future studies on the secondary fitness impacts of abiotic
stress tolerance enhancing transgenes should strive to more closely mimic natural conditions by
including competition and a range of environmental conditions to gain more accurate and useful

results for risk assessments.
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Chapter 4
Crop improvement utilizing abiotic stress tolerance enhancing transgenes and the

implications for ecological risk assessments.

Introduction

The next generation of transgenic crops will express a range of traits designed to reduce
crop yield loss from the abiotic stresses that can devastate fields today, and to meet the future
challenges of a changing global climate over the next century. The Food and Agriculture
Organization of the United Nations has estimated a world population of 9.1 billion people by the
year 2050 which will require an estimated increase of 70% in total crop yield over 2007 levels
(Bruinsma 2009). Climate modeling predicts that during this same time period farmers will
experience significant increases in the severity and frequency of extreme weather events (e.g.
heatwaves, droughts, or heavy precipitation) (Goodness 2013).

The 2012 drought across much of the United States affected 80% of US agricultural land,
making it the most severe American drought in a half century, with significant reductions in
yield observed in corn, soybean, and sorghum as well as negative impacts on meat and dairy
livestock (ERS 2013). In the 2012 drought, the world’s first commercialized abiotic stress
tolerance enhanced crop, Monsanto’s DroughtGard corn, faced a natural trial by fire alongside
millions of acres of conventional and genetically engineered corn expressing first generation
traits like herbicide and insect resistance. The farms of the next century are predicted to face
even greater challenges from abiotic stress, as climate change is expected to increase the
frequency and severity of extreme weather events such as heat waves, droughts, floods, and
frosts (Goodness 2013). Combining with these climate-imposed threats will be increases in
agricultural soil salinity that will occur in arid and semi-arid regions due to farm irrigation
applied to protect against drought, and from rising sea levels that will push saline waters farther

into coastal regions (Smedema and Shiati 2002, Chinnusamy ef al. 2005). Facing these threats
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and meeting the additional challenge of feeding a growing global population, will require the
planting of crops able to sustain yield under these extreme conditions.

Approaches to developing such crops incorporate both conventional and molecular
breeding techniques, such as marker assisted selection, as well as genetic engineering approaches
(Mittler and Blumwald 2010). While progress has been made in identifying quantitative trait loci
and selectable markers for abiotic stress tolerance traits (Collins et al. 2008, Mittler and
Blumwald 2010, Varshney et al. 2011), breeding for improved varieties has been hindered by the
complex nature of abiotic stress tolerance, the yield drag that commonly results from crosses
with more stress tolerant wild relatives, and the germplasm diversity constraints caused by
reproductive incompatibility (Varshney et al. 2011). Since crops developed using marker
assisted selection do not require ecological risk assessments under the biosafety regulatory
systems of most countries, this chapter will focus on the implications on ecological risk
assessments of abiotic stress tolerant crops developed with genetic engineering.

Analysis of implications for ecological risk assessments
The current status of abiotic stress tolerant crops

Although abiotic stress results from a range of climatic and soil conditions, there is
significant overlap in impacts on plant tissues, resulting in osmotic and oxidative stress at the
cellular level (Wang et al. 2003, Warwick et al. 2009, Mittler and Blumwald 2010). Low water
availability in cells causes a loss of turgor pressure, negative conformational changes to proteins
and RNA, and a reduction in chemical reactions including photosynthesis. Abiotic stress
conditions, such as high temperatures, drought and high salinity, can affect cellular metabolism
resulting in elevated production of damaging reactive oxygen species. These impacts at the
cellular level exert significant selective pressure on plants and have led to complex, targeted and
overlapping plant abiotic stress response mechanisms. This overlap in response indicates the
potential for enhanced resistance to multiple stresses through regulatory, signaling or metabolic

changes.
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Significant interest, both private and public, in the development of enhanced abiotic
stress tolerance is evident in the increasing number of submissions to the USDA for field trials of
abiotic stress related traits over the previous decade (Chapterl). These field trials have examined
a range of candidate genes for abiotic stress tolerance, with an even greater array being assessed
in growth chambers and greenhouse. The functions of these genes range from membrane, protein
and RNA stabilization to stress signaling and transcriptional regulation (Wang et al. 2003, Zhang
et al. 2004a, Sreenivasulu et al. 2007, Bhatnagar-Mathur et a/.2008, Munn & Tester 2008,
Warwick et al. 2009, Hirayama & Shinozaki 2010, Mittler and Blumwald 2010). A number of
these abiotic stress tolerance genes have been transformed into crop species and expressed either
constitutively or under stress inducible promoters resulting in elevated abiotic stress tolerance
relative to untransformed controls or conventional cultivars; a proof of concept critical for the
movement of lab discoveries to the farmer’s field (reviewed by Mittler & Blumwald 2010,
Deikman et al. 2012, Mantri et al. 2012).

Experimentally assessed abiotic stress tolerance enhanced crops include monocots and
dicots, transformed with a broad range of genes with differing resistance mechanisms. The use of
stress responsive transcription factors in crop species to enhanced abiotic stress has been
demonstrated in rice (Hu et al. 2006 &2008, Oh et al. 2009, Xiao et al. 2009), canola (Jalgo et
al. 2001, Savitch et al. 2005), tomato (Hsieh et al. 2002, Zhang et al. 2004b), tobacco (Kasuga et
al. 2004), wheat (Pellegrineschi et al. 2004), potato (Behnam et al. 2006 & 2007) and forage
grass (James et al. 2008). Transgenes encoding ion transporters have been utilized to increase
salinity tolerance in tobacco (Gao et al. 2006, Yue et al. 2012), tomato (Olias et al. 2009),
sweetpotato (Gao ef al. 2012), barley (Mian et al. 2011), and rice (Xiao et al. 2009, Batelli et al.
2007). Introgression of a sodium transporter from a wild relative into durum wheat increased
yields 25% in fields with saline soil compared to the non-introgressed background line (Munn et
al. 2012). Transgenes increasing production of compatible solutes, such as proline, inositol,
sorbitol and glycine betaine, have increased abiotic stress tolerance in tobacco (Sheveleva et al.
1997 & 1998, Konstantinova et al. 2002), wheat (Abebe ef al. 2003), and maize (Wei et al.
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2011). While some of these stress tolerant transgenic crops have been tested in the growth
chamber, greenhouse and field, only two crops have been submitted to the USDA for
deregulation.

The first and currently only commercialized abiotic stress tolerant crop cultivar is
Monsanto’s MON 87460 (APHIS 2011ab). This line expresses the gene CspB which encodes a
cold shock protein from Bacillus subtilis (Reeves 2010). This cold shock protein is naturally
upregulated in response to environmental stress and acts as an RNA chaperone preventing the
misfolding of RNA that can disrupt translation (reviewed by Horn ef al. 2007). CspB has been
demonstrated to increase cold, heat and drought tolerance when constitutively expressed in
Arabidopsis thaliana and rice (Castiglioni et al. 2008). Transgenic maize lines expressing CspB
yielded significantly higher than non-transformed lines by maintaining higher chlorophyll
content and photosynthetic rates under drought stress in the field, while exhibiting no cost of
resistance in high yielding environments (Castiglioni ef al. 2008). In spring 2013, DroughtGard
maize was made available to farmers for wide-scale planting across the Western Great Plains
region of the United States.

At the time of writing, a petition for deregulation had been submitted to the USDA for
only one other abiotic stress tolerant GE crop: freeze-tolerant hybrid Eucalyptus (Eucalyptus
grandis x E. urophylla) (Nehra & Pearson 2011). Eucalyptus is grown in tropical regions around
the world, largely for its high quality fiber used in paper production. Eucalyptus is also being
planted as a source of biomass for celluloisic biofuel production. In temperate climates, its low
freezing tolerance has prevented its planting in managed forest plantations. Constitutive over-
expression of Eucalyptus CBF1a and CBF1b homologs has been shown to increase freezing
tolerance (Navarro et al. 2011), but these lines also showed significant negative phenotypic
effects. To overcome these negative effects, the abiotic stress response transcription factor C-
repeat binding factor 2 (CBF?2) gene was expressed under the stress inducible promoter rd294.
The transgenic Eucalyptus lines submitted for deregulation also express a barnase gene under the
anther-specific promoter, PrM(C2, to cause the production of sterile pollen (Nehra & Pearson
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2011). After 5 years, transgenic lines grown at multiple sites were 40-50 ft tall, while the
background line continued to experience severe winter die-back. The transgenic lines did show a
small but significant cost of resistance, visible as a slower rate of growth under freeze-free
conditions compared to background, as well as the intended male sterile phenotype. The USDA
has begun to assemble an Environmental Impact Statement, indicating that freezing tolerant
Eucalyptus may be the second deregulated abiotic stress tolerant crop in the US (APHIS 2013).
Challenges in the development and implementation of abiotic stress tolerant crops

A number of issues have delayed the successful development and implementation of
transgenic crops with enhanced abiotic stress tolerance. Barriers to market for genetically
engineered crops have been described as: demonstration of trait efficacy in the field,
development of product concepts, intellectual property concerns, establishing support of
stakeholders, recordkeeping requirements, regulatory approval, and consumer communication
and acceptance (Rommens 2010). Importantly only two of these barriers can be directly
addressed through scientific data, demonstrating trait efficacy and regulatory approval.
Regulatory approval, however, does not hinge on scientific evidence alone, as it, like the other
hurdles on the way to market, incorporates legal and socioeconomic concerns. Althought these
barriers are factors affecting the commercialization of all transgenic crops, they have also slowed
the commercialization of abiotic stress tolerant crops.

Abiotic stress tolerance traits face significant hurdles from the first of these barriers to
market, demonstrating trait efficacy in the field. Abiotic stress field trials are expensive to
conduct and suffer from inconsistent stress levels across field sites (Mittler & Blumwald 2010,
Richards et al. 2010, Deikman et al. 2012, Weber et al. 2012). Although greenhouse stress trials
can be used to pre-screen transformed lines, promising transformed lines may not show the same
level of tolerance in the field that was observed in the greenhouse (Deikman et al. 2012, Saint
Pierre et al. 2012, Tavakkoli et al. 2012, Witt et al. 2012). The difficulty in phenotyping for
abiotic stress tolerance traits has hindered plant breeders ability to select resistant germplasm,
although recent technological advances in field-based phenomics (e.g. spectral imaging for leaf
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temperature, water, nitrogen and chlorophyll content) may aid breeders in finding new
selectable phenotypes strongly linked to stress tolerance (White et al. 2012). The next scientific
barrier to the commercialization of abiotic stress tolerant crops is the focus of this chapter, the
ecological risk assessments that occur during the regulatory approval process.

Ecological risks of abiotic stress tolerant crops

The ecological implications of a genetically engineered crop considered during the risk
assessment process are the result of interactions between four factors: the gene inserted, the trait
conferred by that gene, the crop transformed, and the location where the crop will be grown
(Grumet et al. 2011). Environmental risks could result if the transgene affects: non-target
species, the ferality of the transformed crop, the genetic diversity or invasiveness of compatible
wild or weedy relatives, or the ecological range of recipient plants (Tiedje et al. 1989, Hoffman
1990, Hancock et al. 1996, Conner et al. 2003, Ellstrand 2003, Weaver and Morris 2005, Hails
and Morley 2005). Non-target impacts, a concern for insect resistant traits, are not an ecological
risk for abiotic stress tolerance enhancing transgenes. The remaining environmental risks are all
related to the fitness and ecological range of the recipient plants.

Abiotic stress tolerance enhancing transgenes could enable recipient plants to better
tolerate one or multiple abiotic stresses, and thus could confer a fitness advantage over wild-type
plants (Hancock ef al. 1996, Ellstrand 2003). While increased survival and fitness, in terms of
seed yield under agricultural production, is a desired transgene impact in the transformed crop
variety, this attribute could also have implications outside of crop fields. Increased fitness under
abiotic stress could alter the ferality of the crop variety and the invasiveness of recipient wild
relatives that acquire the transgene through pollen-mediated gene flow. Either result could lead
to the displacement of wild, non-recipient competitors reducing ecosystem biodiversity and
possibly resulting in localized extinctions of non-recipient plants (Hancock, 2011). Additionally,
a transgene conferring a strong selective advantage could cause a selective sweep of compatible
wild germplasm. This sweep could reduce the diversity of the recipient plants’ gene pool as the
transgene and other linked crop genes or alleles became introgressed. A transgene conferring a
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significant negative fitness effect (presumably only under non-agricultural conditions or else it
would be unlikely to be planted) could reduce the fitness and genetic diversity of nearby ruderal
recipient populations of compatible wild or weedy relatives resulting in a ‘demographic
swamping’ of the wild germplasm.

Abiotic stress tolerance transgenes could, depending the promoter used, alter the plant’s
response to the environmental conditions experienced from germination to reproduction, and so
could alter the ecological range the recipient plant is able to successfully inhabit (Ellstrand
2003). This change in ecological range could be an intended impact on the transformed crop, as
is the case for freezing-tolerant Eucalyptus, or an unintentional effect on recipient plants if the
transgene enters wild germplasm. The ability of introduced genetic material, through
hybridization and introgression, to cause ecological range expansion has been documented and is
attributed to the acquisition of locally adapted germplasm (Rieseberg et al. 2007). Thus abiotic
stress tolerance transgenes by increasing plant survival and fitness under previously range-
limiting conditions, could confer increased ecological range in recipient plants. Given the
pressures of a changing global climate and rising market demand for food, feed, fiber and fuel
due to a growing world population, the ability to increase crop yield and planting range under
abiotic stressed conditions will be critical to future farmers. On the other hand, these abiotic
stress tolerance transgenes will pose potentially greater environmental risks than the first
generation of genetically engineered crops.

Implications of abiotic stress tolerant GE crops for current ecological risk assessment
methodologies

Around the globe governmental policies on genetically engineered crops are implemented
by regulators who must weigh the potential ecological risks (and in some systems, benefits) of
deregulating a new transgenic crop for the commercial market. Ecological risk assessment alone
does not encompass the full range of factors considered as socio-economic considerations are
also included in the decision-making process for the deregulation of transgenic crops (Devos et
al. 2008). The considered factors differ from country to country, particularly socio-economic
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ones, resulting in a variety of regulatory frameworks for genetically engineered crops.
Nonetheless, all these systems are all built around the same general scientific principles for the
assessment and management of risk (Regal 1994, Hill & Sendashonga 2003, Jaffe 2004).

Risk is defined as the combination of hazard, harms which could result from a given
action, and exposure, which influences the likelihood of the hazard occurring (Suter 1993, EPA
1998, Thies & Devare 2007). The first step in a risk assessment is problem formulation, during
which regulators must define environmental harms and set assessment endpoints which define
what is to be protected from harm (EPA 1998, Suter 2000, Nickson 2008, Wolt et al. 2010).
Although ecological harm has not always been clearly defined, one of the most frequently
addressed harms is the reduction of biodiversity, at both the species and ecosystem level
(Sanvido et al. 2012). As described earlier, the environmental risks from abiotic stress tolerant
crops could negatively impact biodiversity with a scope potentially larger than that of the first
generation transgenes whose target stresses are generally specific to agricultural systems.

Regardless of the regulatory system, the hazard characterization stage of an ecological
risk assessment of transgenic crops attempts to predict the secondary effects of the transgene on
recipient plants, both the transformed crop itself and any future hybrids from intercrosses with
wild or weedy relatives (EPA 1998, EFSA 2010). These predictions incorporate measurable
phenotypic effects of the transgene as well as baseline data pertaining to the crop species. This
baseline data includes the biology of the crop plant, the cropping system currently used with
conventional varieties of that crop and gene flow and hybridization data between the crop and
any compatible wild or weedy relatives. The risk characterization for a transgenic crop
introduction incorporates both the characterized potential hazards and the characterized exposure
level for each of those hazards. In addition, regulators consider risk management; whether the
characterized risks could be reduced or mitigated by certain management practices (e.g. refugia
in insect resistant crop plantings to slow the evolution of resistance in target insect species).
These methods have been highly successful in guiding the deregulation and commercialization of
the first generation of transgenic crops expressing herbicide, insect and virus resistance with little
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negative environmental impact (Thies & Devare 2007). The traits which will be present in the
next generation of transgenic crops, such as abiotic stress tolerance, may however, confer more
complex secondary and fitness effects on the transformed plants than has been examined
previously (Grumet et al. 2011). Questions about the ability of current risk assessment
methodologies to assess the ecological risks from these potentially more complex traits, have led
to suggestions for regulatory changes. These proposed changes include suggestions for altered
field trial requirements to better assess fitness effects, experimental testing of lab created crop-
wild hybrids, and utilizing ‘omic’ approaches to characterize transgene impacts at the transcript,
protein and metabolite level (EFSA 2008). Regulatory changes may be needed address the new
more complex traits; but, as regulatory systems adapt to these new crops they must also continue
protecting their countries’ ecosystems while not placing an undue burden on plant breeders and
farmers. This can be done by ensuring that the regulatory system’s data requirements are
proportionate with the level of potential risk posed by a new submission (Jaffe 2004).
European Food Safety Association guidance report on the ERA of transgenic plants

In June of 2007, a colloquium was held by the European Food Safety Association
(EFSA) to examine the future challenges and approaches for the ecological risk assessment of
transgenic crops (EFSA 2008). The colloquium gathered one hundred stakeholder participants,
including regulators, public and private researchers, industry experts and members of non-
governmental organizations, from 19 EU countries to discuss topics related to risk assessment
and the current EU regulatory system for genetically engineered crops which is based on 2001
legislation (EC 2001). These topics examined how current scientific research addressed aspects
of risk assessment and included: measuring non-target effects, modeling the impacts of GE
cultivation, assessing long-term and large-scale environmental effects, and the consideration of
environmental benefits during risk assessments (EFSA 2008). The recommendations made
during this colloquium could have implications for the ecological risks assessments of future

abiotic stress tolerant crops in the EU.
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Based in part on the recommendations from the 2007 colloquium, the European Food
Safety Association has issued new guidance on the ecological risk assessment of genetically
engineered plants (EFSA 2010). The risk assessment methodology changes addressed in this
report could significantly impact the regulatory burden on the developers of abiotic stress
tolerant crops. The guidance document outlines multiple broad areas to be considered in an
ecological risk assessment: persistence and invasiveness including the effects of plant to plant
gene flow, interactions with target organisms, interactions with non-target organisms, impacts of
cultivation and harvest methods, and effects on biogeochemical processes. Each of these areas of
risk will be examined as they relate to the ecological risk assessment of abiotic stress tolerance
enhanced crops.

Persistence, invasiveness and plant-to-plant gene flow

The 2010 guidance report outlines problem formulation and hazard identification steps to
be used by EU regulators in considering the environmental harm from transgene persistence and
gene flow to compatible wild species. The report establishes a tiered assessment method for this
area of risk which requires more information to be submitted for transgenic crops which
potentially place the ecosystems of the European Union at greater risks (Figure 4.1). According
to the guidance report, in addition to the standard molecular characterization of the transgenic
plant, all applications should provide basic species-specific information including reproductive
biology, known weediness traits or invasiveness, range limiting factors and the presence of
known compatible relatives within the EU (EFSA 2010). This information is then to be used to
determine whether the transformed plant could survive, reproduce, and possibly hybridize, under
the environmental conditions present within the EU (described as stage 1).

For plants that are potentially able to do so, additional transformation event-specific
information is then required (Figure 4.1). This information compares the transformed plant to its
conventional counterpart in terms of: seed viability, germination, and persistence; plant

phenotype under agronomic conditions; response to abiotic and biotic stress; and reproductive
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Figure 4.1. The tiered hazard characterization system used by EFSA to address ecological
concerns related to persistence, ferality, and invasiveness of transgenic plants, whether the
genetically engineered crop itself or recipient wild plants due to gene flow. Reproduced from the
EFSA 2010 report, Guidance on the environmental risk assessment of genetically modified
plants.
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Figure 4.1 (cont’d)
Stage 1 information required to answer questions 1-3.
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Figure 4.1 (cont’d)
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biology. These data are used to answer questions related to the transgenic crop’s fitness and
persistence in agricultural settings and thus its ability to become feral and/or hybridize (stage 2).

If the transformed plant has altered fitness or is more able to persist than its counterpart,
the protocol then examines trait-specific information to address the next two stages of questions.
Stage 3 questions examine whether the transgene would confer altered fitness in semi-natural
settings to either feral crops or recipient plants (hybrids or introgressed wild relatives) (Figure
4.1). This portion also acknowledges that fitness effects may differ outside of agricultural
settings and in the presence of intra- and inter-specific competitors. Multi-year (2-+) field
experiments mimicking the disturbed sites common to ruderal areas are recommended. In
addition, field and greenhouse treatments that include biotic and abiotic stresses should be
performed to test for selective advantages in certain situations with data collection focused on
plant survival and fecundity. Modeling is then incorporated to examine worst case scenarios.

When fitness effects are detected in semi-natural conditions or where the transgene could
increase the range of recipient plants, additional modeling and experiments are suggested to
determine whether the transgene could alter the population size of feral or recipient wild
populations (stage 4, Figure 4.1). The report acknowledges effects on population dynamics from
both enhanced and decreased fitness. Population sizes could increase as recipient plants become
better competitors or gain access to a larger range due to increased fitness under adverse
conditions, while populations could diminish due to outbreeding depression in semi-natural areas
undergoing genetic swamping from nearby agricultural fields. The combination of growth
chamber, field, modeling and background ecological data is then used to assess potential impacts
on ecosystems from changing population sizes in recipient wild species.

Interactions with target and non-target species

As described in the guidance document, target species are generally pests or pathogens of
the transformed crop, so these sections are specifically written for insect and pathogen resistant
transgenic crops. Since generally abiotic stress tolerance transgenes do not impact pest or
pathogen response, this section will not be reviewed in detail in this chapter. However, some
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abiotic stress transgenes involved in regulatory or signaling pathways could activate pest or
pathogen responsive genes. The production of the sugar alcohol mannitol in transgenic
Arabidopsis thaliana lines expressing the biosynthetic enzyme M6PR, was shown to activate
pathogen responsive genes, an unintended impact proposed to be due to the mannitol being
perceived as a signal of fungal infection (Chan ef al. 2011). Transcriptomic analysis could be
utilized to determine whether biotic stress response genes have been affected by abiotic stress
tolerance transgenes, and guide whether biotic stress hypothesis testing should be conducted.
This aspect will be discussed below in greater detail.

Cultivation and management changes

Environmental concerns related to changes in crop cultivation and management could be
significant for abiotic stress tolerant crops that have been engineered to allow successful
cultivation of a crop in a region where it has not been grown previously. Using the freezing
tolerant Eucalyptus example mentioned earlier, regulators would have to consider the
environmental effects of not just the crop itself, but of managed short rotation forestry. Thus
while the transgenic crop and its management system may be new to a country or region,
cultivation, harvest and management practices are likely well established and documented
elsewhere with known and predictable environmental impacts. The EFSA Guidance report
specifies that regulators are to consider scientific and technical literature, field trials, data from
cultivation in other countries and modeling studies in predicting the environmental impacts due
to changes in cultivation methods due to the planting of the genetically engineered crop (EFSA
2010). These possible cultivation impacts are to then be considered in the context of existing
known cultivation impacts on the environment from crop management systems across the EU.

The 2010 EFSA Guidance report on the ERA of genetically engineered plants provides
specific guidelines for each step in an ecological risk assessment from problem formulation to
risk management across multiple broad categories of sources of ecological harm with significant
alterations from the prior system under the 2001 EC directive (EFSA 2010, EC 2001). In 2012
the EFSA GMO Panel issued its first recommendation on an abiotic stress tolerant crop,
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Monsanto’s DroughtGard maize (MON 87460) (EFSA 2012). While the panel did recommend
this crop to the EU member states, the application was for food and feed only and so a full
ecological risk assessment was not performed. Based on the examples discussed in the 2010
Guidance report, although the ecological risk assessment of abiotic stress tolerance enhanced
crops would address multiple sources of environmental risk as detailed earlier, the ERA would
likely focus on the possibility and possible harms from transgene persistence or gene flow to
wild species (EFSA 2010).

The tiered hazard characterization system detailed in the guidance report section
pertaining to persistence, invasiveness and gene flow from transgenic crops is a significant
change from the past method (EC 2001), which has been termed the “bucket” method for the
sheer quantity of detailed information required in a submission for the environmental release of a
transgenic crop (Raybould 2010). This critical mass approach developed as regulators dealt with
the first generation of transgenic crops which were generally one of four crops, maize, soybean,
cotton and oilseed rape, transformed with a limited number of transgenes conferring either
herbicide, insect, or virus resistance (Wilkinson & Tepfer 2009). But, with newer more complex
traits, such an approach of gathering specific detailed data pertaining to every possible risk of
release would significantly slow or halt commercialization efforts and increase the cost of
completing the regulatory process. A tiered regulatory approach has been advocated for at least
the past decade (Hancock 2003, Wilkinson et al. 2003) to focus data collection and analysis on
crops that for which the combination of trait, gene, crop and location present elevated risks to the
environment. For abiotic stress tolerance enhancing transgenes, one of the most critical aspects
for the risk assessment will be the determination of the transgene’s fitness impacts, whether
detrimental, neutral or advantageous (Wilkinson & Tepfer 2009). The importance of this
characterization is stressed in the guidance report as well as prior proposed tiered risk assessment
systems (Hancock 2003, Wilkinson et al. 2003).

Assessing risk of abiotic stress tolerance enhancing transgenes by the measurement of
secondary fitness effects
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Given the importance of fitness to the environmental risks described earlier, such as the
biodiversity, ferality, and invasiveness of recipient plants, the accurate measurement of transgene
fitness impacts is, and will remain, critical for ecological risk assessments regardless of the
method used, whether under current regulatory systems or revised systems like the one proposed
by the EFSA Guidance report. First generation transgenes directly encoded the conferred traits
(e.g. Cry genes encoded Bt toxins for insect resistance, altered enzymes for herbicide tolerance,
viral coat proteins for virus resistance) (reviewed by Warwick et al. 2009). These traits were also
of limited advantage outside of agricultural monocultures that generate the high insect, weed and
disease pressures that necessitated the introduction of the transgenes. Unlike those transgenes,
abiotic stress tolerance enhancing transgenes can operate indirectly by manipulating regulatory,
signaling and metabolic pathways and target the environmental stresses that decrease plant
survival and fitness in both agricultural and natural ecosystems (Grumet ef al. 2011). Fitness
assessments of first generation transgenic crops used a number of developmental and
reproductive parameters to compare the performance of transgenic lines relative to
untransformed lines and conventional cultivars (NRC 2002).

A second approach to measuring fitness involves measuring directly the contribution to
the next generation from known genotypes growing in mixed competitive populations (Bourguet
et al. 2004). This method requires knowing the starting genotypic frequency (i.e. the percent of
each homozygous positive and negative) within the population and a method for determining the
genotype of progeny seed. Used previously to assess the fitness effects of specific T-DNA
insertions and EMS mutations (Gilliland ez al. 1998, Roux et al. 2005), this fitness measurement
method was also utilized to assess three transgenes which confer abiotic stress tolerance through
differing methods (Chapter 2, 3).

The ability of these two fitness measurement approaches to predict the long-term risk of
transgene establishment by three abiotic stress tolerance genes; CBF3, SOS1 and M6PR, was
compared using the model species Arabidopsis thaliana (Chan et al. 2012, Chapter 2, Chapter 3).
These three transgenes were selected for their differing modes of action in conferring increased
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salinity stress tolerance. CBF3 is an AP2 family transcription factor which activates an abiotic
stress response regulon (Gilmour et al. 2000). SOS1 is a plasma membrane bound Na+/H+
antiporter which is activated in response to elevated levels of sodium ions (Shi et a/.2000), and
MG6PR is a biosynthetic enzyme allowing the production of the compatible solute and
osmoprotectant mannitol (Zhifang & Loescher 2003). Multiple independent lines for each
transgene were assessed for fitness impacts in pure non-competitive and mixed populations,
where transgenic competed against wild-type plants, across six field environments and in the
three repeated experiments in the presence and absence of salinity stress. Pure line performance
indicated significantly reduced fitness relative to wild-type in CBF3 overexpression lines, while
SOSI1 had relative fitness equal to WT. The M6PR lines had relative fitness levels which
averaged better than wild-type across the six field seasons (Chapter 2). Either of these transgene
effects on relative fitness, increased or decreased, would necessitate experiments to address stage
3 questions in environmental risk assessment in the EU.

Competition with wild-type plants was shown to alter the observed the fitness effects of
the transgenes, however, with measured competitive fitness lower than predicted by pure line
performance in all CBF3 and SOSI transgenic lines assessed in the field (Chapter 2). In
competition in the field one M6PR line was neutral while the other was observed to confer a
competitive advantage across a range of field conditions. A similar competition effect was
observed in the presence of salinity stress, where fitness gains observed in pure populations were
not observed in competition with wild-type under the same conditions, such that none of the
transgenes showed a competitive advantage against their wild-type competition in repeated
greenhouse studies (Chapter 3). This difference in observed transgene fitness effects highlights a
key factor in ERA field trial designs, and how significantly a difference in design can impact the
data collected.

Given the importance of assessing transgene fitness impacts to the ecological risk
assessment process, regulators will need to carefully consider and provide input on the design of
field trials. The EFSA guidance report details suggestions for field trial location selection, study
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design, choice of conventional comparator, and data analysis (EFSA 2010). It also acknowledges
that the relative fitness effect of a transgene influenced by environment, the presence of inter-
and intra-specific competition and the presence of abiotic or biotic stresses. To examine stage 3
questions pertaining to ferality, the report mandates the inclusion of disturbance field trials, in
which perennial plant species have been removed prior to planting. Further examination of
fitness effects on hybrid or introgressed wild relatives and transgene establishment is also based
on modeling incorporating data from pure line assessments and the disturbance trials.

The study of CBF3, SOS1 and M6PR overexpression lines also compared observed
changes in transgene frequency over six generations to the predicted frequencies from stochastic
models incorporating a range of measured fitness values (Chapter 2). Non-competitive pure line
performance fitness measurements were found to poorly predict transgene frequency, while
models incorporating fitness values observed under competition, produced frequencies similar to
observed trends. Given that transgenic plants that have been characterized to stages 3 and 4 are
considered by the EFSA to be the most ecologically hazardous, these results have strong
implications about the source of the data to be used in the suggested modeling. Based on the data
collected about the fitness effects of the three abiotic stress tolerance transgenes (Chan et al.
2012, Chapters 2 & 3), field trials and modeling that substantially rely on pure line performance
measures could miss critical information needed to predict the long-term performance of
transgenic plants in competitive wild populations. Competitive fitness assessments could be
crucial to predicting whether an abiotic stress tolerance transgene will increase the ferality of the
transgenic crop or the invasiveness of recipient wild relatives, both unintended effects with
significant environmental risks.

Assessing risk of abiotic stress tolerance enhancing transgenes using ‘omic’ approaches

Given the possibility of complex and unintended secondary effects of transgene
expression, a variety of ‘omic’ analyses have been proposed for non-targeted molecular profiling
and assessment of genetically engineered crops (Kuiper ef al. 2003, Cellini et al. 2004,
Hoekenga 2008, Ricroch ef al. 2011). Concerns that these secondary effects could manifest at the
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transcript, protein or metabolic levels has led some to suggest that ecological risk assessments
incorporate transcriptomic, proteomic and metabolomic analyses as unbiased approaches to
examine for unintended effects. These techniques have also been considered as means to confirm
at the molecular level, the ‘substantial equivalence’ of transgenic lines undergoing the risk
assessment process prior to deregulation (Millstone ef al. 1999, Baudo ef al. 2009, Beale et al.
2009).While not required in petitions for deregulation by current regulations, if utilized these
‘omic’ analyses would need to be carefully considered within the context of the varietal range
and phenotypic impacts upon which selection could act.

First generation transgenic crops which utilized simple directly encoded traits were
observed to have less impact at the molecular level than the differences between existing
commercial varies. Transcriptomic analysis, via 9K cDNA microarray, of glutenin
overexpressing wheat lines at multiple stages of development found the differences between the
transformed and untransformed wheat lines was significantly less than the difference between the
untransformed line and a commercial variety (0.06% and 5.59% respectively) (Baudo ef al.
2006). Similar results were observed in transcriptional analysis of two transgenic glyphosate
resistant soybean varieties and three conventional varieties that showed greater differences
between the conventional varieties than between the transgenic varieties and the closest related
conventional variety (Cheng et al. 2008). Greater transcriptomic effects were detected between
radiation mutagenised rice lines and the non-mutagenised control lines, than between
transformed rice lines and their respective controls (Batista et al. 2008). Differences in gene
expression were greater between non-transgenic maize varieties than between insect resistant
crylA(b) expressing maize and its untransformed background (Coll et al. 2009, 2010).
Expression differences due to environment (high and low nitrogen) were also found to exceed
the effect of the transgene. Proteomic comparison of 12 independent transgenic Arabidopsis
thaliana lines to their untransformed background in the presence and absence of cold stress
found that the number of protein differences due to transgene insertion and expression was lower
than the effect of the cold treatment on the wild-type background (Ren ef al. 2009). Thus,
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overall, the first generation transgenic crops caused lower molecular effects than the differences
between conventionally bred varieties, lower than differences due to environment and less than
that caused by mutagenesis. While these results do not directly apply to abiotic stress tolerant
crops, they do indicate the importance of placing all ‘omic’ changes in the correct context.

The next generation of transgenic crops will express traits like abiotic stress tolerance
using genes involved in regulatory, signaling and metabolic pathways, increasing the potential
for unintended secondary effects which could alter a plant’s molecular profile. Overexpression of
the abiotic stress response transcription factor CBF3 in Arabidopsis thaliana results in changes
in expression level for 1350 genes in the absence of salinity stress and 1037 genes in the
presence of salt stress (Chan et al. 2012). Overexpression of the sodium antiporter SOS1 under
the same conditions altered, 619 and 845 transcript levels respectively, corresponding to previous
evidence that the antiporter is stabilized and activated in response to salt stress (Qiu et al. 2003,
Chung et al. 2008). The mannitol biosynthetic enzyme M6PR influenced the expression of 1719
genes in the absence of salt and 1001 in its presence (Chan ef al. 2011). In comparison, salt stress
on three wild-type ecotypes WS, Col and Col(gl) altered the expression levels of 1093, 2552 and
138 genes respectively, indicating that in terms of the number of transcripts affected all three
transgenes were within the range caused by environmental effects (Chan et al. 2012). For CBF3
and M6PR substantial overlap was observed in the genes affected by the transgene and those
affected by salt stress in wild-type plants, again stressing the importance of context, and not
assuming risk purely based on the number of transcriptional changes.

For CBF3 and SOS1, the pathways of genes influenced by transgene expression matched
known target genes and previously researched interactions (Chan et al. 2012). The biosynthetic
enzyme M6PR, however, was shown to activate even more pathways than the transcription
factor CBF3, including pathogen responsive genes. As mentioned earlier, this connection may be
due to mannitol acting as a molecule signaling a fungal attack on the transformed plant (Chan et
al. 2011). Whether the up-regulation of these pathogen responsive genes would confer a

selective advantage under disease pressure has not yet been determined. In addition, the total
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number of transcript expression differences was compared to changes in plant performance to
examine whether transcriptomic analysis could predict the level of secondary phenotypic impact
from transgene expression (Chan ef al. 2011, 2012). But, the magnitude of transcriptomic
changes relative to wild-type in the presence or absence of salinity stress was not indicative of
the performance of a transgenic line relative to wild-type under the same conditions.

The use of transcriptomic analysis to test for unintended effects has also been utilized in
the assessment of drought tolerant Arabidopsis thaliana overexpressing the abiotic stress
responsive transcription factor ABF3 (Abdeen et al. 2010). This analysis found that only under
drought stress did the transcriptome of the transgenic lines differ from wild-type. Significant
overlap was observed between the genes affected by drought stress in wild-type plants and those
affected by drought in the ABF3 transgenic lines, with most showing an enhanced response in
the transgenic plants compared to wild-type. The transgene-affected genes were shown to be in
expected pathways responsive to abiotic stress, indicating no unintended pathway activations or
repressions. The studies of ABF3 and M6PR transgenic plants demonstrate the capacity of
transcriptomic analysis to detect unintended expression changes at the pathway and gene level.
These results indicate that molecular profiling through ‘omic’ approaches may be able to guide
further assessment inquiry but do not by themselves indicate levels of risk, and so must be
considered in the context of the natural range of differences that exist between cultivars and
within the same cultivar across differing environmental conditions.

Discussion

The agricultural challenges of the next century, both in terms of climate change and a
growing world population, will require a diverse tool set. While significant advances in plant
breeding have allowed selection to be performed at the molecular and genetic level and advanced
imaging allows in field selection on a host of new trait linked phenotypes, these approaches are
still limited by the complexity of stress responses and the availability and speed at which stress
tolerance traits can be introgressed from sexually compatible germplasm (Mittler and Blumwald
2010, Varshney et al. 2011). The last decade of research has unveiled a broad suite of abiotic
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stress tolerance genes which operate over many differing cellular and tissue level mechanisms to
confer tolerance (Wang et al. 2003, Zhang et al. 2004a, Sreenivasulu et al. 2007, Bhatnagar-
Mathur et al. 2008, Munn & Tester 2008, Warwick et al. 2009, Hirayama & Shinozaki 2010,
Mittler and Blumwald 2010).

Concerns have been raised that the various national regulatory procedures, which capably
addressed the ecological risks of the first generation of transgenic crops (Thies & Devare 2007),
might not be able to handle to the more complex secondary effects of abiotic stress tolerance.
This analysis examined the implications of abiotic stress tolerance crops on the ecological risk
assessments critical to regulatory decision on transgenic crops. The EU system, considered one
of the most stringent in the world, was examined for how the regulations would address the
ecological risks from abiotic stress tolerant crops, namely the risks of ferality in the transformed
crop, negative impacts on the genetic diversity of compatible wild relatives, enhanced
invasiveness in wild or weedy relatives due to gene flow, or range expansion due to ecological
release of recipient transgenic plants (Tiedje ef al. 1989, Hoffman 1990, Hancock et al. 1996,
Conner et al. 2003, Ellstrand 2003, Weaver and Morris 2005, Hails and Morley 2005).

The EU system addressed perceived weaknesses in its regulatory practices related to next
generation traits and implemented, at least in part, a tiered ecological risk assessment system,
long called for by scientific experts (Hancock 2003, Wilkinson 2003, Raybould 2010). The
implementation of the 2010 system in the ecological risk assessment of abiotic stress tolerant
crops is as of yet untested, as the recent EFSA GMO Panel approval of drought tolerant maize
was a submission for import for feed and food only and so did not require a full ERA. In
addition, the EU system allows for member states to object to EFSA approvals under the
safeguard clause, resulting in protracted legal disputes over the legal status of genetically
engineered crops in specific countries. For example, Austria has invoked the safeguard clause
multiple times over the past five years to prevent the importation of genetically engineered
oilseed rape lines, each time requiring substantial time and resources to examine their concerns,
and each time their concerns have been found to be without scientific merit (EFSA 2013). Thus,
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although the risk assessment system may have improved under the 2010 Guidance report on the
environmental risk assessment of genetically modified plants, the EU system as a whole still
leaves much to be desired from a biotechnological crop developer’s perspective.

The use of ‘omic’ approaches to perform non-targeted review of transgene secondary
effects has merit in guiding further lines of inquiry, but not in directly assessing ecological risk
from phenotypic changes. For CBF3, SOSI and M6PR the total number of genes influenced by a
transgene’s expression in the presence or absence of salinity stress was not indicative of the
performance of the transgenic plant under the same condition (Chan ef al. 2012). This
phenotypic buffering was also observed in an assessment of 162 recombinant inbred Arabidopsis
thaliana lines bred from a cross between two ecotypes which differ genetically by at least
500,000 SNPs (Fu et al. 2009). These lines were assessed for over 40,000 molecular traits
including transcript, protein and metabolite levels and examined for phenotypic changes across
139 morphological, developmental and stress response traits; however, only six loci for systemic
change were found, indicating widespread buffering. The effects of this phenotypic buffering
could decrease the phenotypic impact of almost any genetic change whether due to mutation or
DNA insertion. On the other hand, by detecting the unintended up-regulation of biotic stress
response genes in M6PR lines, transcriptomic analysis did demonstrate the potential for ‘omic’
approaches to guide inquiries into secondary transgene effects (Chan ef al. 2011).

Field trials have been the most critical aspect of ecological risk assessments since the first
transgenic crop was deregulated. The new European system has addressed changing
environmental concerns due to new traits by altering the field trial requirements to better address
transgene fitness effects on both the transformed crop and on wild interfertile recipients (EFSA
2010). Fitness effects are to be assessed across multiple sites and a minimum of two years, and
transgenes which show fitness impacts are required to be examined under a range of field
treatments including disturbance to mimic the effects of growing in disturbed habitats such as
field margins or road sides. Although this treatment addresses interspecific competition, which
affects the persistence and ferality of transgenic crops and has been shown to influence observed
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transgene fitness effects (Fredshavn et al. 1995, Bartsch ef al. 1996), it does not address the
fitness effects under intra-specific competition from wild-type plants of the same species.
Performance under intra-specific competition determines the long-term population dynamics that
will occur after a transgene has introgressed into a wild species (Ellstrand 2003). In regulatory
terms, for any environmental harm to occur the exposure rate has to increase (i.e. the transgene
frequency within the wild population will need to increase). Under the EU system, transgene
fitness effects on wild relatives, due to hybridization or introgression, are to be assessed in
controlled environments (growth chamber or greenhouse) and predicted using models which
incorporate the data collected in the field, greenhouse or growth chamber (EFSA 2010). Given
the fitness differences observed in the study of three abiotic stress tolerance transgenes between
field and controlled environments and between non-competitive and competitive assessments,
and the effects those differences had on the accuracy of model predictions (Chapter 2 & 3),
regulators will need to carefully consider and interpret the results of fitness studies in the context
of realistic agricultural scenarios.

The abiotic stress tolerance traits that have the potential to aid farmers in feeding a
growing world population while encountering increasing climatic uncertainty will pose greater
challenges to the regulatory systems conducting ecological risk assessment than were faced from
the limited and relatively low impact traits of first generation transgenic crops. With the use of
ERAs that incorporate phenotypic and molecular approaches to assess for secondary transgene
effects, the potential ecological risks in terms of ferality, genetic diversity, invasiveness and
range expansion can be manageable. Tiered risk assessments should allow the focusing of
resources on the gene/trait/crop/location combinations that are most likely to cause unintended
environmental effects, without greatly hindering commercialization of transgenic crops which
pose insignificant risks to the environment and potentially substantial benefits to farmers in need

of crops capable of enduring a changing climate.
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Conclusions and future work

The changing global climate will pose significant environmental challenges to the
farmers of the next century. Whether bred through conventional methods including molecular
breeding techniques, or produced using transgenesis, crops better able to tolerant abiotic stress
will be critical to feeding a growing human population under these difficult conditions. While
there have been environmental concerns about all transgenic crops, the genes conferring abiotic
stress tolerance function in more indirect manners (by altering regulatory, signaling or metabolic
pathways) than the transgenes which have been previously commercialized (e.g. herbicide, insect
and virus resistance). These indirect modes of action could result in more complex secondary
effects than those observed with prior transgenic traits. Both the primary and possible secondary
effects of abiotic stress tolerance transgenes raise a number of environmental concerns about the
potential for the transgene to alter the fitness or ecological range of the crop or, through gene
flow, recipient compatible wild species.

This dissertation examined the fitness effects of three abiotic stress tolerance transgenes
which function by differing modes of action to confer increase salinity tolerance to Arabidopsis
thaliana and assessed whether the observed transgene fitness impacts differed between a variety
of environmental conditions and the presence or absence of competition from wild-type plants.
The field studies of Chapter 2 determined that the fitness effects observed in lines from all three
transgenes were significantly reduced in competition from what would be predicted from their
performance relative to wild-type in pure populations. These differences led to significantly
different outcomes in models that predicted the frequency of transgenic plants in simulated
competitive populations. Models incorporating fitness values from non-competitive fitness
values overestimated transgene frequency compared to the transgene frequency trends observed
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across six generations in the field. Ecological risk assessments models designed to predict the
likelihood of transgene establishment could have limited accuracy if they utilize transgene fitness
measurements assessed under non-competitive conditions.

Chapter 3 examined whether the presence of salinity stress would increase the
competitive ability of the transgenic lines. Although significantly increased fitness relative to
wild-type was observed in pure populations subjected to salt stress in the growth chamber (by
Zhulong Chan) and in the greenhouse, the presence of wild-type competitors again limited
transgene fitness, resulting in no transgenes conferring a competitive advantage under
competitive conditions. The lower transgene fitness observed in pure greenhouse populations
compared to pure growth chamber populations may be due to the combinations of stresses (i.e.
salt, high light and temperature) that co-occur in the less tightly controlled greenhouse
environment. Recent transcriptomic analyses indicate that the reduction in fitness observed in the
transgenic lines under competition in the field and greenhouse may be due transcriptional and
physiological changes which occur in Arabidopsis thaliana plants in response to competition,
these include an up-regulation of growth and photosynthesis related genes and the down
regulation of stress response genes. Due to constitutive overexpression of abiotic stress response
genes, our transgenic lines likely would have been unable perform the same changes as wild-type
plants, possibly resulting in differing growth patterns in competition than in pure populations
where all plants have the same genotype.

The implication of this research and abiotic stress tolerance traits in general for
ecological risk assessments were examined in chapter 4 as part of the requirements for my
USDA National Needs Fellowship to examine genetic engineering for abiotic stress tolerance in

a broader societal context. Given the calls for regulatory changes to better assess next generation
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biotechnological traits, the recently updated EFSA system for the environmental risk assessment
of genetically modified plants was examined in the context of abiotic stress tolerant crops. The
recommended adoption of tiered ecological risk assessment systems are intended to allow
greater focus on gene/trait/crop/location combinations that are most risky to the receiving
environment while allowing transgenic crops which pose negligible risks to be commercialized
in a reasonable time span. For example, M6PR overexpression was shown to have the potential
to increase plant fitness compared to wild-type. However, transgenic M6PR maize for planting in
Europe would likely pose insignificant environmental risks due the inability of maize to persist
and become feral and the lack of compatible wild relatives, while planting the same transgenic
cultivar in Mexico, the crop’s center of origin, should necessitate further risk assessment.
Although assessing transgene fitness impacts on recipient plants is critical for an ecological risk
assessment, these results must be considered within the context of all four environmental risk
factors; gene, trait, crop and location.

The results of this dissertation research indicate significant competitive impacts on the
observed fitness of transgenic plants with enhanced abiotic stress tolerance. Although this affect
was observed in the field across six seasons and in the greenhouse in the presence and absence of
salt stress, these results will need to be confirmed in a crop species. The methodology utilized in
this dissertation, designed to mimic a worst case scenario of transgene introgression into a wild
population, can be easily adapted to most crops. The most critical aspect is the ability to
genotype progeny seed from competitive populations. Given that most transgenic plants co-
express some form of selectable marker (e.g antibiotic or herbicide resistance) it should be fairly
simple to adapt this method to a new crop/transgene combination. Corroboration of these

findings in a crop species would strengthen the need to more closely consider the effects of
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competition in ecological risk assessments. Given that, in this study, competition reduced the
observed fitness effects of all three transgenes compared to pure line performance, abiotic stress
tolerance may be a less hazardous trait under competitive non-agronomic conditions than has
previously been assumed from non-competitive assessments.

This methodology has the additional potential for plant breeders utilizing molecular
breeding strategies to enhance abiotic stress tolerance in crop species. Traditional breeding
strategies for this trait have been limited by the uneven abiotic stress levels present in field plots.
This stress heterogeneity and variability reduces the gains from selection and increases the
chance that promising material may be culled due to where and when its plot was located. By
planting with a mix of genotypes at known proportions, all plants will experience the full range
of stress present in that field, regardless of underlying soil variations. The field could then be
harvested normally and a subset of the bulked seed genotyped by either ‘seed chip’ technologies
or screening of progeny seedlings. Changes in the genotypic ratio of progeny seed relative to the
known planting ratios would indicate a yield advantage under the environmental conditions
present in that field site.

Lastly, given that it was the only one of three transgenes which showed beneficial effects
across six field seasons and in the greenhouse, M6PR warrants further inquiry. Pure populations
overexpressing this transgene consistently showed enhanced partitioning to seed resulting in
increased fitness relative to wild-type. M6PR lines were also the only lines which performed
equal to or better than wild-type in direct competition. The prior transcriptomic analysis of
MG6PR lines indicated significant changes in gene expression, resulting in the pre-activation of
stress response genes and an unexpected up-regulation of biotic stress response genes. Whether

this up-regulation confers a disease resistant phenotype remains to be determined, but M6PR, by
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demonstrating increased abiotic stress tolerance with no observed cost of resistance and
enhancement of harvest index, demonstrated its potential for crop improvement and the need for

further research.
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Supplemental material related to field study design

The measurement of plant density in natural Arabidopsis thaliana populations

To determine whether the planting density utilized in the field and greenhouse
experiments (see Chapter 2, 3) was within the range of densities found in natural populations, ten
natural Arabidopsis thaliana populations were located with the assistance of Dr. Brainard in late
September 2009. These populations were distributed in disturbed field margins surrounding a
field of broccoli. All populations were at most ~3 months old, as the entire site was sprayed with
glyphosate prior to planting the vegetable field in mid-June. Since the purpose of the density
measurements was to determine the highest natural population densities, the tem most dense
patches of Arabidopsis thaliana were selected. A 26x26 cm quadrant, matching the pot size
utilized in the field and greenhouse studies, was placed down and all Arabidopsis thaliana plants

from cotyledon to senescence were counted. Population densities ranged from 770 to 3250

plants/mz, with a mean density of 18451219 SEM (Figure S.1). All counted populations

contained plants at multiple stages of vegetative and reproductive development (Figure S.2).
Some populations were visibly younger containing no mature plants (3/10 populations), however
most contained mature plants which were already setting seed. Seedlings were visible beneath
some senesced plants indicating that two generations of plants were present within the
population. Given the time constraint from the vegetable field preparation in June, these
populations contained at least some individuals with no vernalization requirement and low seed

dormancy.
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Figure S.1. The proportion of plants within ten natural Arabidopsis thaliana populations at three
broad developmental and reproductive stages. These categories were: pre-bolting, which
included all plants from the cotyledon to rosette stages of vegetative development; bolted, which
included plants which had bolted but not yet flowered and flowering plants without developed
siliques; and mature, which included flowering plants with well developed siliques and plants
undergoing senescence.
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Figure S.2. The density in plants per square meter of ten natural Arabidopsis thaliana
populations near East Lansing, MI. All ten populations were in disturbed ground along the
margins of a broccoli field at the ‘Sand Hill site’ near the Michigan State University Tree
Research Facility. Populations were distributed over several acres. Population density was
determined by counting all Arabidopsis thaliana plants within a 26x26 cm quadrant.
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Variability study to improve the growth of Arabidopsis thaliana in the growth chamber and
greenhouse
To optimize lab protocols for the growth Arabidopsis thaliana in the growth chamber and

greenhouse, an experiment was performed using two wild-type ecotypes Wassilewskija (WS)
and Columbia (Col), two soil mixtures Baccto potting soil (Michigan Peat Company) and Redi-
Earth Plug & Seedling mix (Sun Gro Horticulture Canada Ltd.), and three pot sizes ranging from
a standard greenhouse flat (L-1020, Landmark Plastics) to small pots which fit 18 (L-1801,
Landmark Plastics) or 36 pots per flat (L-3601, Landmark Plastics) . The seeds were sterilized

using 1 mL 75% ethanol for 1 minute followed by 1 mL 15% bleach with 0.0025% SDS for 15

minutes. After washing five times with sterile dHO, all seed was stratified at 4°C for 4days

prior to planting. Seed from each ecotype was planted into each soil/pot combination. Five seeds
were direct seeded to damp soil in each small pot and then thinned to one after the development
of four true leaves. The experiment was also performed in the growth chamber, excluding the
full sized flats. For the growth chamber seeds were germinated on sterile /2 MS media and
transplanted at the four true leaf stage into damp soil. All watering was performed via subsoil
irrigation using 1/2 strength Hoagland’s solution. Pots were allowed to saturate prior to removal
of excess solution, with watering performed as needed. All pots were randomized after each
watering to reduce location effects.

The days till germination, four-leaf stage, bolting, flowering, and senesce were recorded
for plant. Rosette diameter was measured twice weekly and seed yield determined at harvest.
WS wild-type seed production was found to exceed that of Col by 1.5-2 fold under the same
condition (location, pot size and soil type). While WS performed equally well on either soil mix,
Col yielded ~50% less when grown in Red-Earth than in Baccto. After controlling for the affects

of soil type, pot-size was found to affect fecundity and plant growth with the larger pot-sizes,
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full-tray and 18 pot flats out growing and out yielding the 36 pot flats. To prevent ecotype bias
Baccto potting soil was utilized in all greenhouse and field experiments.
Preliminary field study to assess viability of experimental design and methods

To develop the necessary methodology to perform a large scale field study with
Arabidopsis thaliana, a three-quarters scale field study was performed under APHIS permit in
the summer and fall of 2007 at the Michigan State University Horticultural Teaching and
Research Farm. The design for the greenhouse experiments was adapted for field conditions.
Three CBF3/DREBIa lines (A28, A30, and A40) and three M6PR lines (M2-1, M5-1, M7-6)
were used in the pilot experiment. Lines from a third transgene, the vacuolar sodium transporter
NHX1, were also assessed however these lines were later determined to have been silenced by
Zhulong Chang. Seed from each transgenic line was mixed at a 50/50 ratio with seed from its
corresponding wild-type background, WS for CBF3/DREB1a and Col for M6PR, for a total of
100 seeds per population and a total of 14 replicates were planted for each mixed population. All
seed was stratified at 4°C for 3 days prior planting. Seed mixes were scattered randomly on to
26x26 cm trays in pre-moistened standard Baccto potting soil mix on 7/28/07. Seeded trays were
germinated in a hoop house and then transported to the field after reaching the four-leaf stage of
development.

A tray-in-tray potting method was developed for the field to allow for subsoil irrigation
via trickle hose (Figure S.3a). The larger lower tray also allowed for secure anchoring to the
ground, using 6 inch landscaping stakes, to prevent movement or tipping of the trays. To protect
the exposed plants from extreme weather conditions and prevent movement of plants or seeds
from the trial site, the trays were covered with clear plastic lids secured to the anchor stakes by

bungee cords. The lids were deployed no more than six hours ahead of damaging weather and
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removed once the weather broke. Four drainage holes were drilled into the irrigation tray
approximately 1 inch from the bottom to allow excess rainwater to drain off. This system
successfully protected the plants from driving rains, sleet, early frost, and sustained high winds.

Plants were allowed to mature in the field; mature stems were harvested by hand prior to
shattering of the siliques to prevent in-field seed dispersal. Each tray was harvested 3 to 4 times
from 9/12/07 to the final harvest on 10/24/07. Harvested plant matter was placed into paper bags
and allowed to dry for at least two weeks before the seed was removed. Each bag represented the
mature seed for a single mixed population from a specific date. The seed from each bag of dried
plant material was harvested individually and the seed stored in separate Eppendorf tubes. The
separate seed collections were scored individually to develop a series of time points for each
mixed population to determine the relative seed production of the wild-type and transgenic lines
over time in competitive environments. These data give a record of the average production of
seed over time and enable us to determine the most appropriate time(s) to harvest future studies
for each line.

Soil overheating was considered to be a possible design problem, so a set of trays planted
with wild-type plants, Columbia ecotype, were buried into the soil up to the rims of the trays
while a control set was set up in the manner described earlier. Temperatures of the soil and of the
base trays were recorded on sunny days. The largest difference between buried and unburied
trays was found to be soil temperature difference of 0.5°C. This difference was not considered
significant to necessitate the labor intensive burial process which would significantly slow field
setup if used on the full experiment.

The summer/fall of 2007 field trial demonstrated that the tray-in-tray system could be

utilized to grow populations of Arabidopsis thaliana under field conditions and with some
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modification to the experimental methods was used in all other field trials (see Chapter 2). Due
to the time intensive and potentially damaging process of in-field harvest of mature siliques, the
methods were revised to have populations removed from the field and transferred to the
greenhouse when 75% of the siliques begin turning yellow, the first sign of senescence, to
prevent seed loss in the field. Harvesting of the mixes containing either of the late-maturing
dwarf lines, A28 or A30, would include the removal of mature WS wild-type biomass, prior to
allowing the dwarf material further time to mature. This method was selected to prevent
sampling bias against the dwarf lines which would lead to an underestimation of their
competitive fitness. The removal of mature populations and the in greenhouse harvest method
also reduced in field seed loss, and thus volunteers.

Due to the preliminary nature of this study, only three transgenic lines were selected for
kanamycin screening to determine the transgene frequency of progeny seed, CBF3 lines A28 and
A40 and M6PR line M2-1. All CBF3 populations showed significantly reduced fitness in
competition with WS wild-type (Figure S.4ab), while M6PR line M2-1 showed significant gains

in fitness (Figure S.4c).
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Figure S.3. Photographs of the summer/fall 2007 preliminary field trial. The field layout with the
tray-in-tray design allowing subsoil watering by trickle hose (A) and the protective lids
temporarily deployed prior to inclement weather which could endanger the plot (B).
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Figure S.4. Fitness of transgenic plants in competition with their wild-type background ecotype
in a preliminary field study fall 2007. Fitness was calculated based on selectable marker
screening of progeny seed from mixed populations of CBF3 lines A28 and wild-type WS and
line A40 and WS (A and B respectively) and M6PR line M2-1 and wild-type Col (C). A fitness
of 1 would indicate seed production equal to wild-type (red line). Both CBF3 lines showed
significantly reduced fitness in competition (P<0.05), while M6PR line M2-1 showed increased
fitness (P<0.05).
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Figure S.4 (cont’d)
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