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Abstract

Canadaishewor | d' s | argest pr ods(eisamsabumb). exporter

Plant productivity can be greatly reduced by biotic and abiotic stressdsding fungal
diseases and drought. Biotechnological toolsaaeglablefor enhancing tolerance against
these stresses. Wevelopedh putative drought tolerant transgepea AC EARLY

STAR coexpressingR10afrom potato §olanum tuberosumn) and transcription factor
DREB2Afrom rice Oryza sativd..) usingadicistronic vector througAgrobacterium
mediated gene transformation. Gene expresamaysisusing RFPCR was onducted on
the PCR positive transgenic plants (wattransformation efficiency of 3.65%). A
preliminary drought bioassay under laboratory conditions showed enhanced drought
tolerance of the developed transgenic lines compared tiraosgenic linesT3

generation has been obtained and imported to Calmdddition, atifungal genes were
previously transformed in pea in Germany and tested for their field efficacy in Canada.
Transgenic lines with four antifungal ger(@s3 -1H3 glucanaseendochitinasg
polygalacturonase inhibiting proteirandstilbeng, were tested for their efficacy against
Fusarium root rot and Mycosphaerella blight in two different confined trials over three
years (2013 to 2018ndin compaedsonwith two parental German lines and three
Canadian linesn Edmonton, AB. In both field trialsonductedn Albertaover three
years, no consistedifferences irpattern of superior emergence, higher fresh weight or
yield benefit, lower disease ratingstweenof transgenic lines in presencepzithogen
inoculum wereas observed when compared to the parental and Cariagisim the
presence gbathogennoculum. No indication of an advantage of stacked genes over

single genes was observed. Most transgknés had lower relative gene expression in



roots than leavesuggesting the role of promoters chosen or silencing of genes. Due to
concerns about unintended consequences oftamgat organisms including beneficial

soil associates, pe¢ensformed witHour antifungal were tested in confined field tsiad
2013,these transgento determine the impact of disease tolerant pea or gene products on
colonization by nodinestargetdid not show differences in root colonization by

arbuscular mycorrhizae fgius (AMF) and nodulation byRhizobium. Transgene

insertion, as single gene or stacked genes, did not alter root colonization by AMF or root
nodulation byRhizobiuminoculation in the field. We found reffects of transgenes on

the plant growth performamaverenoted, althougltmaving a dual inoculant with both

AMF andRhizobiumyielded higher shoetib-root ratio in all the lines tested. Field trials

are crucial in testing agronomic and ecological relevaneagiheeredraits of interest

from laboratorystudies
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Chapter One: Introduction

1. 1. Background

Grain legumes, next to cereals, are valuable worldwide for their health and nutritional
benefits and their role in sustainable cropmggtemgAraujo et al. 2015)Pulses are
defined as the edible seeds from grain legumes such as dry pea, lentil, chickpeas and
beangMacWilliam et al. 2014)Membersof the Fabaceae family were domesticated as
grain legumes a similar time as cereals and were an important dietary component of
early civilizations. Pea was among the first grain legumes domesticated-ertite
Crescen{Smykal et al. 2014; Smykal et al. 201%p date, grain legumes are integrated
in cropping systems of temperate regions worldwide as sbofegrobiodiversity,

protein dietary resource, phytosanitary effects in cob@tion and as a source of nitrogen
for succeeding crop®oring 2015; Peoples et al. 2009he United Nations declared
2016 as théInternational Year of Pulsé$o simulate research.dglectinglegumes has
compromised human health and sustainable food prody&yer et al. 2016)

Among grain legumes, peRiéum sativuni..) stands next to soybeans and beans
in economic importance worldde (FAOSTAT 2015) Pea is also the largest pulse crop
in Canada and accounts for most of our pulse exports in the multiaiikber industry
(AAFC 2016) Canadian pulse growers hadentified improved yield, seed quality and
better abiotic and biotic stress tolerance as their major research pri@uexkert et al.
2015b; Tayeh atl. 2015; Warkentin et al. 201%)lowever, researchers, agronomists, end
users and producers have several challenges to overcome, two being the two major fungal

endemic disease complexasluding Fusarium root rotRusariumspp.) and



Mycosphaerella/Asathyta blight complexReyronellaea pinodgsvhich affects pea
yield (Xue et al. 1997)Fusarium root rot control is reliant on crop rotation although the
pathogerspecies involved in the complex may survive for sewarats in soi(Bailey
2003; Feng et al. 201L0Mycosphaerella blight complex can also survivéhe soil as
sclerotia and chlamydospores for several y@arstag et al. 2006 nd control strategies
include crop rotation and seed treatm@ssen et al. 2011fror both theses complexes,
fungicides are either partially effective and/or not cost effective foreiegno adopt. No
complete genetic resistance has been identified in the pea gerniplacan et al. 2016;
Conner et al. 2012; Khan et al. 2013)

Disease resistance ingpwould have a benefit for the pulse industry. An
alternative to conventional breeding of resistant cultivars is genetic transforiiziten
et al. 2006; Khan et al. 2013; Rubiales et al. 2015; Warkentin et al..204b effective
gene conferring disease resistance could be identified and stably incorporated into the
genome, the economic benefits a GM (genetically modified) crop @eltino surpass the
regulatory costs, and not cause disruption to Canadian markets. The traits may not be
transferred to native or weed species through pollen. Additionally, GM pea may not
cause notarget effects that may inadvertent harm other organisms.

Recent developmesdf transgenic pea in European cultivars in Germany,
expressing four antifungal genemmelyl-3 3 glucanase, endochitinafgelonging to
PR (pathogenesizlated) family) polygalacturonaseshibiting proteins(PGIPs) and
stilbene sgthasesingly and stacked, with enhanced tolerance to fungal growtitro,
sugges disease resistance could be conferred via genetic modification. However, field

testing is imperative to establish trait efficacy, agronomic capacity and pertinence,



espeially with soil pathogensdue to the complexity and high degree of temporal and
spatial variation in soibased ecosysteniBirch et al. 2007h)and to test the traitn
intended environmes({Wozniak and McHughen 2012Jhese GM plants could not be
tested in confined field trials in Germany because of thetramsparent GM crop
legislation(Nelissen et al. 2014yvhereas Canada regulates products derived from
genetic transformations as “novel products”
under the auspices of Canadian Food Inspection Agency (CFIA), Health Canada and
Environment Canad@CFIA 2017a) However, as with any PNT, effects of these genes or
gene products on nemarget species must be quantified prior to the release of Cfelp
2017a)

Genetic improvement of pea with abiotic streseriaht cultivars is desired to
enhance productiofsudheesh et al. 20135 ecurring droughts ithe Canadian prairies
have been one of the principal reasons for pea productionddaclime 2000’ s and 201
(Agriculture and AgriFood Canada 2016; Hickling 2003; Mdset al. 2016; Ross et al.
2015 Sun et al. 20129nd enhancing drought tolerance may increase crop productivity
(Daryanto et al. 2015; Dita et al. 2008)mongst various approaches used for
improvement of drought stress tolerance,regpion of PR proteins and transcription
factors hold promis€El-Bama et al. 2010; Jain et al. 2012; Liu and Ekramoddoullah
2006a; Mizoi et al. 2012; Pellegrineschi et al. 2004; YamagBhbhiozaki and Shinozaki
2006) however Canadian pulse industry is yet to evaluate the option of creating drought
tolerant pea cultivawith success. Drought tolerance has been successfully released as a
GM trait in corn (Genuity® DroughtGard®) in the U{Bastiglioni et al. 2008;

Kreimeyer et al. 2015)



1.2. Reseech objectives

1.2.1 Conduct genetic transformation of Canadian pea cultivars using drought
tolerant genes

As a novel approach for creating drought tolerant pea, Canadian pgarcAlG Early

Star was used foAgrobacteriummediated genetic transformat, using coexpression of
PR10a from potatdSolanum tuberosoin) and transcription factor DREB2A from rice
(Oryza sativa..) at an experienced German lab with established protocols. Focus was on
guantification of stable genomic integration and inhecéanf introduced genes while

maintaining transformation efficacy and is covere@lvapter 3.

1.2.2. Quantify disease resistance of transgenic pea lines to Fusarium root rot
(Fusarium spp) under field conditions

To determine the viability of antifungakges as an option for disease tolerance, field
efficacy trials depicting the tolerance of PNT line$-tsariumspp underfield

conditions are necessaryhese genes are publically available for use and are not patent
protectedHowever, the trials nedgd be conducted with utmost care to confine the PNT
seed movement in order to keep Canadian pulse industnyexposure to PNTTo

address this, three years of confined field trials were established and PNT lines were
challenged witHrusariumspp. (Chapte4) and following hypothes were made:

i) The transgenic pea lines will have enhanced disease resistance in comparison to
conventional pea to Fusarium root rot under field conditions

i) Transgenic lines with stacked genes will hamadvantage oversgle gene insertions

in response to Fusarium root rot in field.

1.2.3. Quantify disease resistance of transgenic pea lines to Mycosphaerella blight
(P. pinode% under field conditions



Similar totheabove research objective, in order to determine theaeffi of antifungal

genes against Mycosphaerella blight, field trials are necessary. Confined field trials for
three years under auspices of CFIA were established and PNT lines were challenged with
P. pinodegChapter 5) and following hypotheswere made:

i) The transgenic pea lines will have enhanced disease resistance in comparison to
conventional pea to Mycosphaerella blight under field conditions

i) Transgenic lines with stacked genes will have advastag® single gene insertions

in response to Myasphaerella blight in field.

1.2.4. Quantify potential non target effects of the antfungal genes to beneficial soil
associates

CFIA regulates the environmental release of PNTs in Canada. Hence, these PNTs
(disease tolerant pea lines) must be quantgigat to release for theeffects ofgene
products on nottarget species ithefield as part of environmental risk assessment
(CFIA 2017a) Confined field trial was established in 2013 to determine the effect of
diseasdolerant peas on beneficial soil asswesarbuscular mycorrhiza ardhizobium
(Chapter 6) anthefollowing hypothess were made:

i) The transgenic pea lines will hame adverse effeston root colonizatiotby arbuscular
mycorrhiza and root nodulatiory [Rhizobiumin the field.

i) Transgenic lines with stacked and single genes will have different responses to root

colonization and nodulation.
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Chapter Two: Literature Review

2.1 Pea

Pea Pisum sativuni.) is a cool season annual legume that belongisetbabaceae
family (formerly known as Legumirsae family) and is among the first domesticated
crops(Harlan 1992)Pea is grown wrldwide because afs exceptional nutritional
benefits (reviewed bRurstin et al(2011); Dahl et al(2012), capacity to fix atmospheric
nitrogen, leave soil nutrient benefits for succeeding<(&je et al. 2017pand a role as a
break crop for reducing pest press(ivacWilliam et al. 2014)hence peas aran
essential part of sustainable cropping systelassen et al. 2012 articularly for human
nutrition, peacan be used inigerse forms: fresh seedlings, immature pods and dry
seeds cooked in various dist{@ayeh et al. 2015)he pea genome is organized into 7
pairs of chromosomes (2n=14) and the mature seed phenotype for field prand
(geneticallyRR and yellow, green and red cotyledon varie@ieist(\Warkentin et al.
2015 Amongst its various benefits, pea al so

of heredity that fans the basis of modern day plant gengfateson and Mendel 2013)

2.1.1 Pea production in Canada

Canada is the largest producer and exporter of field (83e&MT), and production has

been consistently ineasing in the prairie provinces of Saskatchewan, Alberta and
Manitoba br thepast two decadg®aghunathan et al. 2017; Statistics Canada 2016;
Taheri et & 2016) Since prairies play an important role in Canadian agriculture (85% of

Canadian farmland), agronomic benefits of including pulse crops in rotations in otherwise

1C



monoculture cereand canolaroppingsystemareimproved returns to farmers, redut

inputs and optimized crop managem@iacWilliam et al. 2014)

2.1.2 Major uses

Pea is avaluable crop, its seeds are an exceptional diet with a diverse nutrient profile:
major constituents are starch (frd®.6 to 54.1%) and proteins (1532.1%), followed

by fiber (5.9-12.7%), sucrose (1-2.1%), and oil (0.65.5%) and minerals, vitamins and
micronutrients which makes thesmexcellent source for human consumption and
livestock feed Tayeh et al. 2015)Their capacity to fix atmospheric nitrogen promotes
better environmental stewardship leadinglforeductioninput costs such as fertilizers 2)
reduced greenhouse gas emissions and 3) imttadsogen availabilityfor subsequent
crops( Luce et al . 2015.;Whé&inizgratea in eotatior, pea @dpis 201 4)
highly desired, as frovides fertility(Beckie et al. 1997)soil tilth improvemen{Grant

and Lafond 1993; McPhee 2008npedes disease cycl@drkegaard et al. 2008)
decreasefungal diversity and composition of soil fungal commuiiBginard et al.

2017) and can improve yield and quality of succeeding £(Bpss et al. 20)5Canada
primarily grows yellow and green pgand smaller quantities of maple, marrowfat and

Austrian winter pea are also growmvw.pulsecanada.comPea production in western

Canada is limited by various factpiscludingbiotic gressesncludingfungal diseases,

insects, weeds and abiotic stresses such as drought.

2.2. Diseases of pea in Western Canada

Pea production has been increasing in the three prairie provinces consistently and disease

pressure hasicreasedTaheri et al. 2016)The o major endemifungaldisease

11


http://www.pulsecanada.com/

complexes of pea have been identified as major gi@aiea industry by Canadian pea
growers- theseare Fusarium root roE(sarium avenaceungFr.) Sacc., (syrGibberella
avenaced. J. Cook)Xue 20@) and Mycosphaerella/Ascochyta blight complex
(Peyronella pinodggBerk. & A. Bloxam) Aveskamp, Gruyter & Verkley
(syn.Mycosphaerella pinodg8erk. & A. Bloxam) Vesterg) (Xue et al. 1997)Some

other minor fungal or oomycete caused diseases also prevail in pea crops grown in the
prairies for example, powdery mildevEfysiphe pisiSyd.) and bacterial blight
(Pseudomonas syringg. pisi (Sackett) Young, Dye & Wilki€Gossen et al. 20138nd
downy mildew Peronospora viciaé sp.pisi) (Chang et al. 2013)'he two major

disease complexes are discusiseldw.

2.2.1. Fusarium root rot complex

Fusariumis a cosmopolitan genus of filamentous fungi belonginge@dscomycota
(Sodariomyctes: Hypocreales: Nectriaced&)sariumspp. includes many toxin
producing plant pathogens of agricultural importaftcieelkowski 2014; Ma et al. 2013)
whose relative significance can vary by soil type, host gpladtnanagement practices
(Taheri et al. 2016; Xue 2003fusariumpathogens can cause symptoms acting
individually or synergistically, such as seed rot, root rot, foot rot, seedling blight, wilt,
cankers, blights, reduction in stand establishnredtjcecditrogen fixationin

horticultural, field, ornamental and forest crops of agricultural and natural ecosystems
(Hwang et al2001; Ma et al. 2013; Xue 20P3-usaria can infect healthy host tissue
empoying various strategie3.hey are ofterclassified as hemibiotrophs, as the infection
process resembles that of a pathogen relying on living flmstrophic)but eventually

growing into ad killing and consuming host csl{necrotrophicYMa et al. 2013)
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Fusariumspp. often have extended host ranges and many are found in natural habitats as
competitive saprotrophs on crop debris or resting spbezge, growing several crops in
rotation may not be able to redube disease potential of the fundxon and Tilston
2010) On disintegration of infected tissue, hyphae and conidia become long living
chlamydospores, which can survive in soil for several y@asg et al. 2010; Gossen et
al. 2016) Also, host specificity varies amorgisariumspeciesfor exampleF.
oxysporumnspecies complex can cause wilt diseases in over a hundred agronomic plant
speciesFurthermore, the genome Blisariumis compartmentalized and there are
specified regions for critical functions and for host specialization and pathogen virulence,
making it very adaptable to various niches (eg., virulence on specific hosts, growth in
various environmeni®tc) (Ma et al. 2013)

The Fusarium root rot compl@n peass often associated with various causal
organisms such dusarium solaniF. avenaceunt.oxysporumF.redolensF.
culmorum Alternaria spp, Phomaspp.,Sclerotinia sclerotiorumPythiumspp., andnost
recently,Aphanomyces euteich@Shatterton et al. 2015; Esmaeili Taheri et al. 2011,
Esmaeili Taheri et al. 2017; Feng et2010; Xu et al. 2012a; Xue 2003However,
Fusariumspecies and especialy avenaceunmas been identified as chief causal agent
of pea rootot in Alberta(Chang et al. @)7; Feng et al. 2010; Xue 200%ield losses of
upto 30:57% of pea crophave been reported in commercially and manually inoculated
plots in Camada(Basu et al. 1976 5ymptoms appear as brown to blackish lesions with
red discoloration of the vascular system of soBtne rootsan becompletely
demolishedesulting in lowerroot nodulationF. avenaceuns ageneralist necrotrophic

fungus whose isolates have shown great genetic and ecological plasticity and hence can
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affect root tissues of legumes, head and root tissues of ceza(g\bdellatif et al.
2010)leading to root rots associated with common prairie crops like cd@bian et al.

2014) wheat(Tyburski et al. 2014)faba bearfCharg et al. 2014and lentil(Hwang et

al. 2000) The fungus can produce toxins such as fusarin C, moniliformin and beauvercin
however, because the fungus is usually limited to roots (underground parts), it is not
consdered as a threat to human or livestock consumigiieng et al. 2010 Current
management strategies are reliant majorly on crop rotation as no fungicides are effective

and only partial disease resistance exists amgemplasniBodah et al. 2016)

2.2.2. Mycosphaerella blight complex

Under cool and wet conditions, this disease complexaasean average of 50% vyield
losses in commercial peéXue et al. 1997)Often, threespeciesAscochyta pisiPhoma
medicaginisvar. pinodellaandPeyronella pinodeare associated with Mycosphaerella
blight complex(Bretag et al. 2006; Kumar and Banniza 20TiweverPeyronella
pinodess the most widelylistributedand damaging pathogen of all in Can@é@assen

et al 2011; Khan et al. 2013; Liu et al. 2013; Tivoli et al. 1996)ecent surveys in
Canadian prairie9%% of tested isolates, belongedRo pinodesn recent surveys in
Canadian prairies and their aggressiveness is on an imgyéabmed et al. 2015)O0ther
species oPeyronellaare known to cause Ascochyta blight of chickpea and I@Hiiilli

et al. 2016; Owati et al. 2017)his foliar hemibotrophic fungus penetrates the host
epidermal cells directl{Suzuki et al. 2017)attacking all plant parts i.e. leaves, stems,
flowers and pods. Symptoms include small characteristic purplish black lesions with
irregularmargins, whicHater coalesce to form bigger lesions and eventually blighting

the whole plant starting from foot rot hence lowering the quéBtyssen et al. 2011)
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harvestability and lodging here is asignificant reduction in seed number and size
affecting the overall yieldTivoli et al. 1996; Xue et al. 199.7)he chlamydospores can
survive for yearsmaking the control even hard@retag et al. 2006Western Canadian
farmers rely on cultural management strategies like crop rotation and seed treatment
(Gossen et al. 2011Most available fungicides are partiallyetfive or not cost effective
(Khan et al. 2013)however, the quest for chemical option continiBsvness et al.

2016) So far, only partial resistance has been fountempea germplasCarrillo et al.
2013; Conner et al. 2012; Fondevilla et al. 2008; Zhang et al. 28@Yugh breeding
efforts utilizing quatitative trait loci are currently in progreé¥ha et al. 2017)

Repetitive growing of pea crefn same field¢Bainard et al. 20173nd variation in
virulence inP. pinodespopulations in prairies are contributing to the complex nature of

selection for resistance trgkhan et al. 2013)

2.3 Droughtresponsen pea

Pea is considered a cool season crop, but its producticediae steady increase in dry

warm regions of Canad&luang et al. 2017Pea is highly sensitive to climatic

conditions during its growing cycl@énézit et al. 2017gndyield can easilype affected

by abiotic stresses such as drou@dryanto et al. 2015; IglesigBarcia et al. 2015)n

Canadian prairies, drought has been a recurring phemamiSun et al. 2012and caused

pea productiondeclise n 2000’ s and 20 JAyficelture amd Agre st er n Ca
Food Canada 2016iickling 2003; Ross et al. 20L5The occurrence of frequent drought

and heat waves especially during reproductive phases has led to consideration of drought
tolerance into pea improvement prograi&arkentin et al. 2015nder drought stress

peacan decrease photosynthesis, reduce the plant root/shoot ratio, reduce transpiration,
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increase epicular waxes and reduce transpiration rate, produce reactive oxygen species
(ROS) and ecumulate osmotically active metaboliteach as amino acids like proline,
valine and sugars (for a reviesgeAraujo et al. 2019) Many stressnduced genes and
gene productareactivated in the plant asrasponse to drought, such as
activation/crosstalk of ROS detoxification enzymes, phytohormones, transcription
factors, protein kinasepathogenesis related (PR)10 proterts (for a reviewseeRejeb

et al. 2@4). Hence overexpression of stress induced genes and transcription factors etc.
(Kumar et al. 2003¢an enhance drought tolerance in.péawever, owing to the narrow
gene of pool of pulse croggumar et al. 2003)such intricate characteristics such as
abiotic stress tolerance are difficult to select for and incorp{dte et al. 2006; Moran

et al. 1994, Pellegrineschi et al. 200Bhhancing pea for drought tolerance can

positively affect crop productivitgDaryarto et al. 2015; Dita et al. 2006; MagyBabori

et al. 2011)however, most efforts are currently restricted to evaluations of molecular
markers to select tolerant genotyglegesiasGarcia et al. 2015nd exploring

possibilities in wild germplasrifMufioz et al. 2017; Nairkeil et al. 2017)

2.4 Biotechnological approaches

Although breeding efforts for biotic and abiotic stressqsem are in placBVarkentin et

al. 2015) genetic transformation could aid in classical breeding program. Despite the

advent of transgenic technologythe1 98 0’ s and thedévelopsdentofae por t of
GM pulse crop.e. moth bean¥igna aconitifoliaL. Jacq merely 7 years latdEapen et

al. 1987; Kohler et al. 1987a; Kohler et al. 1981 advancement in case of legumes

are notasremarkable as that of cereélisapen 2008)The arcity of efficient

reproducible genetic transformation meth¢@arlos Popelka et al. 20Q4)navailability
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of complete nuclear genonfi€osterin 2016)and cost of regulatory process that needs to
be amortized for a relatively minor créigalaitzandonakes et al. 200&e major reasons

for alag in GM pulse crop development.

2.4.1Transformation Methods in Pulse crops
The process of genetic transformation involves choosing a trait, identégohgolating
the gene(s) and eventuednskr of those gene(s) into th@ant. The DNA sequences
introduced into the plant must integrate, express and maintain themselves in the genome
for subsequent generations and be competent of regeneration in the wholAtglant
al. 2013) Amonggst various gene delivery systems used in pulses, direct gene transfer
methods (mediated by physical and chemical force to be delivered into the target tissues,
such as electroporatigRuontiKaerlas et al. 1992; Warkentin et al. 1992)
electroporation and PEG mediated transformation together (Kohler et al. 1987a; Kohler et
al. 1987b) andAgrobacteriummediated gene transfer (utilizing the inherent capacity of
vector bacterim Agrobacterium tumefacierts transfect genes into plag8chroeder et
al. 1993; Schroeder et al. 1998re commonly used. Particularly for péatumefaciens
mediated gene transferssgm (because of higher transformation efficacy) has been
historically utilizedbecause of higher transformation efficgEapen 2008; Somers et al.
2003) Since most of the fabaceae familyeegrates from young embryonic tissues,
embryonic axegHassan et al. 2009; Krishnamurthy et al. 200) cotyledonary nodes
(Kumar et al. 2004remost favored explants for transformation.

Three pathwaysef de novaorganogenesis, somatic embryogenesis and
reproduction of shoot meristems from vicinity of shoot buds, are generally employed for

plant regeneration in pulséiwal and Singh 2013Among these, mettematic areas of
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cotyledonary nodes atkemost reliable explant source fh sativumPniewski and
Kapusta 2005)Major selectable marker genes eaygd in pea, for selection of
transgenic cells and plants anepmycin phosphotransferasgfl) gene (conferring
resistance to kanamyci(PuontiKaerlas et al. 1990; Schroeder etl®93) hygromycin
phosphotransferasbif) gene (resistant to hygromycin B){ontiKaerlas et al. 1990)

andbar gene (resistant to herbicid@ichter et al. 2006c¢)

2.4.2 Successes in pulse crops

Genes of ecomic importance have been intrashd to various pulse crops via
Agrobacteriummediated gene transfer method (reviewedAtif et al. 2013; Dita et al.
2006; Eapen 2008; Somers et al. 20@R)spite the recalcitrant natuidguyen et al.

2016; Polowick et al. 2000p3ome pulses are easier to transform than ofBersers et

al. 2003) The major focuses have been herbicide resistance and insect resistance
date,no registered GM pea is available to farmers (ISAAA 2@d)eration of insect
resistant genetically modified p€achroeder et all995 Shade et al. 1994; Teressa
Negawo et al. 2016jransgenic pea with improved sowsiak partitioning(Zhang et al.
2015)and drought tolerant pea (Kahlon et al., 2017 unpublished, discussed in chapter 3)
have been reported, but no field trials to test the efficacy o &nagtin pipeline.

However, theilseedlegume, transgenic glyphosate resisteamiggenic soybean
(Padgette et al. 1998 to date, the most successful genetic modificatidhefrabaceae
family (Arruda et al. 2013)Another recent success the release of Bean Golden Mosaic
Virus resistahtransgenic bean cultivars in Bragiiragdo and Faria 2009; Aragéo et al.

2013) andis indeed encouraging.
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2.5 Traits of interest

Continued enharmnentof grain yield is important for pe#o remain a lucrative option

in comparison to cereals in crop rotations for farnjBrsc et al. 2015; Foyer et &016)
Meanwhile, fungal disease$ peasare the major biotic stress, followed by insects and
viruses whereas main abiotic stresses are drought and heat stress especially during
flowering, frost and salinityTayeh et al. 2015)Canadian pulse growers have identified
improving biotic and abiotic stress tolerance and enhancing yields components and seed
guality as the priority research areas for pea crop improvefBaatkert et al. 2015b;

Tayeh et al. 2015; Warkentin et al. 201B)ere isalsoa lot of interest in optimization of
pea interactions with beneficial organisrits example rhizobia and mycorrhiaawell

ascrop stresses, modification of plant morphology and phenology to novel cropping
systems, adaption of seed composition for novel end(Dseset al. 2015; Tayeh et al.
2015) Two maja Canadian programs are pivotal in pea improvememely University

of Saskatchewan at Saskatoon, SK and Agriculture andfégui Canada at Lacombe,

AB and are currently working on targets of early maturing, liglling pea cultivars

with resistancea powdery mildew, Mycosphaerella bligimidlodging andwith

exceptional quality for export and domestic ventures. More focus is on yellow and green
cotyledon pea (60% and 30% of activity focus respectively), whereas specialty field pea
markets (for exanlp, marrowfat, dun, maple and forage) makenly 10%(Warkentin

et al. 2015)In Canada and worldwide, amidst the issues of food security and climate
change, abiotic and biotic stress tolerance remainsitis¢ desired trait to incorporate in

pea(Considine et al. 2017)
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2.5.1 Disease tolerance

Acquiring disease resistance/tolerance is deemed as the most effective strategy of
controlling diseas®in a plant However, with many pathogens when no source of
effective resistance or tolerance exists, genetic engineering nonagea solution
(Collinge et al. 2016)Among severajenetic engineeringtrategies to cobat fungal
plantpathogens, three are commonly utilizedhaplant world:

1) Direct interference with pathogen physiology

la) constitutive expression of amticrobial factors (for example, oxalate oxidase)

1b) pathogen induced gene expression in tranisgeant (for example, stilbene synthase)

2) Regulation of innate induced host defenses
2a) altering the recognition of the pathogen (for example, R genes)

2b) downstream regulatory pathways (for example, SAR), including transcription factors

Pathogen minery (often utilized in viral resistancéfollinge et al. 2008)
The nmost commercially important traits of interest, their biological functions and anti

pathogen activityarediscussed below:

2.5.1.1 Pathogeesis related proteins

Compounds that inhibit fungal growth are abundantly present and are a great source of
natural resistance in pla(Hegedis and Marx 2013; van der &en, Nicole L et al.

2013) Genes encoding for such compounds are often screened and inserted in plants to
enhance fungal disease resistance. Among these, pathogenesis related proteins (PR) are
proteinsproducedn host plant as a result of specific lpalbgical situation and are

induced systemically, often associated with systemic acquired resistance (SAR) against
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pathogen infectiofVan Loon and Van Strien 1999 hitinase and glucanase are the two
most pivotalenzymes in area of plant and fungal populations that belaihg RR

protein family. Both catalyze the hydrolysis of two major structural components of fungal
cell walls, chitin and glucajrespectively(Sahararet al. 2016)

Chitinases have been identified from many plants and microorganisms and are
broadly known as PR, PR4,PR8,PR1 1 cl ass of proteildgs. They
gl ycoside bonds of <«lha4}inkedN{acetylglucaamimeo | y mer o f
(GlcNAC) units present abundantly in cell walls of living organisms) and chitooligomers
(Collinge et al. 1993; Neuhaus et al. 199¢hitinases perform various physiologieald
ecological roles in living organisn{&rover 2012)For instance, they digest chitin for
usage as carbon and nitrogen sosiicdacteria, modify cell wall and aid in daughter cell
separation in yeasandaid in conjugation with proteases to help insects rf@letus et
al. 2013) When expressed constitutively, they participate in cell division, flower
development, somatic embryogenesis, seed development and progreefindedth.

Induced expression of chitinaseg@sponse tabiotic stresses (osmotic pressure,

drought, salinity, heavy metals or wounding) and biotic stresses (bacteria, fungi or virus
attacks) have been obsery@letus et al. 2013; Collinge et al. 1993; Van Loon et al.
2006) Chitinases recognize benign microbes such as root nodulating bacteria
(Rhizobiumspp.) and mycorrhizal fungi and allow symbiotic relasibips with host
plant(Cletus et al. 2013)Since chitin is not present in mammals and plants, chitin
metabolism could b&argetedwith chitinases against agriculturally important fungi and
insectg(Nagpure et al. 2014Yariousin vitro studies with purified chitinases amdvivo

studies with transgenic plants overexpressing chitinases have shown that these enzymes
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play anantifungal roleby directly hydrolyzing chitirand indirectly by activation of SAR
(Arlorio et al. 1992; Collinge et al. 1993; Sandhu et al. 20CHA)tinass are also known
for their antifungal effect on ptopathogenic fungi belonging to Phyla Ascomycota and
BasidiomycotgPunja 2004)

Another PR family (PR2 class) member glucanase are inducible and expressed
under stresses suchdsingpathogen attack, wourrdj andotherphysiochemical
changegVan Loon et al. 1994)Glucanasebave direcentifungal activities directly by
catalyzing the hydr og¢glucans of fungal celbwaddrmwn of [ 1, 3
indirectly by partially digesting glucans and chitin, leading to cell lysis and death
(Balasubramanian et al. 2012; Yan et al. 20Apart from anfiungalactivity, they have
important rolsin cell division, trafficking of materials through plasmodesmata, flower
formation, seed maturation, fruit ripening and comlgpéihiotic stresses
(Balasubramanian et al. 201R) addition,the two PRproteinfamilies(chitinase and
glucanaseindirectly inducep | ant def ense mech-glmcanaml by r el ea
chitin oligosaccharides (elicitors) that are
and systemic defense systefBsmssich and Hahlbrock 1998)

Together, chitinases and glucanases are probably the most frequently researched
PR proteingMoosa et al. 2017)Synergistic effects of chitinase and glucanase against
fungal pathogens are well demonstraeaduch et al. 1988nd utilized for improving
plant defens¢Anand et al. 2003; Ceasar and Ignacimuthu 2012; Zhu et al..19K) of
chitin in plans and associated induction of chitinase, glucanase and fungal resistance in
plant suggests the role of these hydrolytic enzymes in systemically induced resistance

(Mauch and Staehal 1989; SeleBuurlage et al. 1993However, the effectiveness of
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one hydrolase is suggested to be dependent on concurrent activity of another to hydrolyze
chitin-glucan polymers of fungal cell wal{Stintzi et al.1993) Table 1 summarizes the
transgenic legume crops developed for disease resistance against various pathogens
utilizing chitinases, glucanases and combinatmirboth. For usage as antifungal
strategy in other crops, please see latest revieSaoghu et al2017)

Defensins and thionins are small, cysteine rich PR antifungal microbial peptides
belonging to PRL2 family and PR13 familyespectivelyand cause membrane
disruption by pore formation in kenembranes, ultimately leading to cell de@¥foosa
et al. 2017)For example, Drr230a (a defensisdlated from peaxhibited in vitro
sctiviity against fungal growth and germination of the soybean pathégsasium
tucumaniaeandColletotrichum gossypirar. cephalosporioide¢§lLacerda et al. 2016)
Another classof PB f a mi | y ’-like ptoteiasiomoantoiiiike proteins have also
shown promises of éirfungal activity in various cropgdr example, in potatfAcharya
et al. 2013pnd wild peanuSingh et al. 2013PR proteins can behave as food
allergens, leex allergens and pollen allergens, which can be a concern for public
acceptance when transgenic crops expressing PR proteins become commercially
available(Sinha et al. 2014; Van Loon et al. B)OApart from this, lower expression
levels of chitinase and glucanase transgenes rely on host internal system (for example,
intracellular pH, cellular localization and environmental st(8staBuurlage etl.
1993) and hence isolation and selection processes for different chitinases and glucanases
becomes very important for expression in the target (3aparan et al. 2016)he
continuous interest in PR prateexpressed singly or synergistically with more than one

gene, for their antifungal activitiestinguisheshem as a promising and plausible
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strategy for combating phytopathogens (reviewe{Myosa et al. 201, Sandhuet al.

2017).

2.5.1.2 Phytoalexins
Phytoalexins are antimicrobial, low molecular weight compounds that are induced in
plant after infection or stress. The greatest number of phytoalexins has been derived
from Leguminsae(now known as FabaceaddB0)(Kuc 1995) Most phytoalexins
inhibit phytopathogenic fungal growth but some are also toxic to bacteria, nematodes and
other organisms and often considered markers for plant disesistancéleandet et al.
2002; Singh and Chandrawat 201Bjochemically, they are derived frotime shikimic-
polymalonic acid pathway ardifferentplant families are known to produdédferent
type of phytoalexins. For exampleoaceadorms mostly diterpenoidé,eguminosae
forms isoflavones anditaceaeproduce stilbene@ercks et al. 1995; Singh and
Chandrawat 2017Even though most phytoalexins are less toxic than commercial
fungicides they caraccumulate in huge quantities within plant tissues, with
concentrations more than necessary to inhibit fungal grGledgindeet al. 2002)
Various groups of phytoalexins are availabl e
amongst the most studied for transgenic disease resigBanaresco et al. 2009)

Even with a huge chemikdiversity, phytoalexins fronvitaceae family
constitute a rather restricted group of molecules belonging to stilbene family and that
have a transesveratrol based structui#andet et al. 2002; Sotheeswaran and Pasupathy
1993) The ability of grapevine to induce its defense mechanisms against some pathogens
is often connected to the synthesis of tregsveratrol and its oligomers such as inducible

viniferins (Bavaresco et al. 2016piologically, stilbenes are formed the
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phenylalanine/polymalonate pathwahe last step of this biosynthesis pathusay
catalyzed by stilbene synthase, which produces the simple stilbenelpkiyto@n one
enzymatic reaction from coenzymeeAters of cinnamic acid derivativesgpumarow
CoA in the case of resveratrol synthesis (detd@andet et al. 2002)Resveratrol
inhibits or reducgconidal germination of various funghowever, the mechanism
leading to stilbene toxicity in fungal cells is not well underst@dulja et al. 2012;
Chong et al. 2009Apart from fungal attaclgbiotic stress, ultra violet (UMjradiation
is known as a trigger for stilbene synthéBavaresco et al. 2009ptilbene synthase is
closely related to chalcone synthase, the key enzyme in flavtypedonpound
biosynthesigSchréder 1990)as theyshare a 70 to 75% identity at the protein level and
use the same substrates and catalyze the same conegpsig enzyme reaction, but
form two different productschalcone and stilbengespectivelySchroder et al. 1988)
Stilbene synthase naturally synthesized in grape berri@eandet et al. 1991)
where cis and tans isomers of resveratrol are produced during all stages of
development in the skin but none in the fl€ghrsari et al. 2001)Different monomers,
oligomers and tetramers of resveratrol are constitutivegemt in healthy grapevine
stem and roote@Chong et al. 2009)n addition to their role in plant pathogen interactions,
constitutive stilbenes can also act as allelochem(Easentino et al. 2008nd have
antioxidant activitiegPrivat et al. 2002)Transgenic plants have been created using the
anti-fungal properties of stilbene genes in numerous clapsever sdar, they have
been utilized only in transgenic pea development fronfrét@mceadamily (Amian A et

al. 2011; Richter et al. 2006c¢)

2.5.1.3 PGIPs
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Cell wall degrading enzymes such as endoexttepolygalacturonases (PGs) are secreted
by fungusatthe penetratiostageby phytopathogenic fungi and this forms an important
step in pathogenesiPe Lorenzoetal. 2001) These PGHgl4Alinkagey e t he «a
between the main element of pectthe D-galacturonic acid residues of
homogalacturonan, causing cell partition and maceration giamehost tissu€éKalunke

et al.2015) PGs can be induced by pectin and polygalacturonic(&cidicek et al.
2014)and are highly variable in their primary structure, specific activity, pH and mode of
action(D'Ovidio et al. 2004)Toretard fungal growth and colonization, a plant may
produce inhibitors of these cell wall degrading fungal enzymes to retard fungal growth
and colonizationsuch as Polygalacturonasibiting proteins (PGIPshat inhibit the
pectindepolymerizing activity of PG&alunke et al. 2015)The occurrence of PGIPs

has been reported in many plamteludingdicotyledon and moncotyledon crops

(Kubicek et al. 2014)PGIPs are ubiquitous leucine rich repeat (LRR) glycoproteins that
counteract the action of fungal PGs but are ineffective against other microbial or plant
derived pectic enzymdé®e Lorenzo and Ferrari 2009GIPs (depending on each
member in a gene family), may express in response to stress stimuli, wounding, elicitor
treatment and/or pathogen attack. Apart from their role in plant protePt@iRsaid

with signaltransduction, cell adhesion, DNA repair, recombination, transcription and
RNA processingD'Ovidio et al. 2004; Protsenko et al. 2008Is0, the interaction

between PGs and PGIPs enhemthe formation of oligogalacturonides that are elicitors
of varied defense activitig&errari et al. 2013)The usage dPGIPs for crop protection
requires deciphering the inhibitors with broad specificities agéie various PGs of

fungus and/or the construction of novel PGIPs with stronger and broader antifungal
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activity. A review by(Kalunke et al. 2013)ighlights therange oftransgenic crops
expressing PGIPsom various sourcds various crops. Particularly for legume crops,
PGIPs have been transformed only in two cropsi(Beznter et al. 2006agnd chickpea
(Senthil et al. 2004)Bean PGIPhowever, has been expressed transgenicalBaimla
Brassica napugAkhgari et al. 2012andtobacco(BorrasHidalgo et al. 2012xgainst

Rhizot¢onia solaniand in wheat again&ipolaris sorokiniangJanni et al. 2008)

2.5.2 Drought tolerance

Long-term efforts in developing legume crops with enhanced drought tolerance through
conventional breeding havad limited success mainly because of inadequate knowledge
of the underlying physiological mechanisms and genetic basis of drought resistance and
lack of sufficientpolymorphism and/or appropriate genes to confer drought tolerance trait
(BhatnagatMathur et al. 2009; Mitra 2001pften, genes responsible for low molecular
weight metabolites are utilized in stress tolerance strategies, because such metabolic traits
are more compliarto changes than structural and developmental (litatnagar

Mathur et al. 2009)Amongst various strategies used in genetic engineering for stress
tolerance include expression of genes encodingrisymes required for biosynthesis of
osmoprotectanté/inocur and Altman 20059nd modification of membrane lipids

(Vinocur and Altman 2005)ate embryogenesis abundant (LEBpartels and Sunkar

2005) ROS detoxification enzymégblmezawa et al. 2006protein kinases and enzymes
involved in phosphoinositide metaboligiXu et al. 2014)cis and transacting elements
(Dubouzet et al. 2003)ranscription factoréAgarwal and Jha 2010; Hussain et al. 2011)
and PR10 poteins(Dubos and Plomion 2001;Blanna et al. 2010; Jain et al. 2012; Liu

and Ekramoddoullah 20064d) is difficult to achieve doughttoleranceas it is acomplex
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phenomenon controlled by multiple genes and regulatory pathways. Hence, many genes
involved in stress response, are often simultaneously expmegbedhan usingasingle
gene(BhatnagaiMathur et al. 2009; Deikman et al. 201Zhe traits relevant to this

study are discussed in detail below:

2.5.2.1 Pathogenesis related proteins
PR proteins are induced de novo in pdantresponse to stress, pathogen &ttacabiotic
stimuli, or are developmentally regulated, giving abiotic and biotic stress toletlanse,
playa cruci al rol e i @aneiakh2012! Van Ldon etaln2606) sy st em
Among various PR families, PR10 is the largest with more than 100 measbess 70
plant speciegncluding pegLebel et al. 2010; Liu and Ekramoddoullah 2006a)
Although commonly ideiified as allergengMidoro-Horiuti et al. 2001)PR10 proteins
have various functions in plants. For instaribey havearole in regulation of plant
architecture and developmd@Srivastava et al. 200,/3exual reproductiofLebel et al.
2010)and storage proteins with antibacterial and antifungal propéFieses et al.
2002). They have also been employed as promatkosher genes in various transgenic
crops (for example, in bedalter et al. 1996)PR10proteinshave been detected in
various parts of plastand at varioa growth stagegor example, in flowering organs,
pollen grains, fruit, seed, root and leayiessi and Ekramoddoullah 2006a)

It is now well established that PR10 protects the plant during pathogen infection
(Liu and Ekramoddoullah 2006ajrought(Dubos and Plomion 20013alinity and cold
stresgKav et al. 2004g)high temperaturéBahramnejad et al. 201()erbicidegCastro
et al. 2005) ultraviolet radiation and heavy met@iRgakwal et al. 1999)Although hey

have a weldescribed role against abiotic and biotic stresses, their mechanism of action is
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sparsely describgdain and Kumar 2015)t has been postulated that PR10 protein
mediates stress tolerance through ABW/ar JA mediated signaling cascades or by
virtue of their ability to bind with cytokinins which has a role of protecting pldating
drought stresgJain et al. 2012)Various PR10 proteins were induced follog/uirought
in vitro in potato(El-Banna et al. 201G&nd rice(Hashimoto et al. 2004PR10 from
peanut, when expressed transgenically, in ba(Ruastagi et al. 2015jrom potato in
faba bear{El-Banna et al. 201@)nd from peanut to tobac¢dain et al. 2012pd to

enhanced drought and stdterance (for a reviewee(Jain and Kumar 2015)

2.5.2.2 DREB

Transcription factors are important regulators of gene expression and stress responses in
theenvironment. To cater the multigenicity of plant responsgress, transcription

factors are attractive targets as they tend to target multiple pathamayparticipate in
manipulation of regulatory elemer{tdussain et al. 2011Many genes inducetliring

osmudic stress, have a conserved drought responsive element (DRE) in their promoters
(Shinozaki and Yamagucldhinozaki 200Q)Transcription factors belonging to

ERF/AP2 family, whicharespecific to plants and thaind to dehydration responsive
element/GRepeaT (DRE/CRT) elements are called DREBL1 (induced by cold stress) and
DREB2 (induced by dehydration stress) and their products may activate other genes
involved in drought stress toleran@au et al. 1998; Yamaguctshinozaki and

Shinozaki 2006)The DREB2 protein is expressed during normal growth conditions and
activated by osmotic stress through pwahslational modification in the daistages of
osmotic stress, for example, drougBhinozaki and Yamaguci3hinozaki 2007)

However, not much is known about their tissue specific expretagarwal andJha
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2010) Transgeni@rabidopsisexpressing DREB2ALiu et al. 1998; Sakuma et al. 2006)
and VIDREB2A(Chen et al. 2016and GmDREBZChen et al. Jesulted in significant
drought stress tolerance. Similarly, DREB2A in rice, led to drought tole(@utmuzet

et al. 2003)DREB2 being the ethylene responsive element bindingra(ERF) family,
binds to GCC box DNA motif (AGCCGCC) which is also present in several PR genes
conferring ethylene responsiveness and the DRE/CRT -alstfs involved in the
expression of osmotic stress responsive géhgarwal and Jha 2010; Sakuma et al.
2006)

Co-expression of several transcription factors along with PR proteins suggests
enhanced expression of PR geoasconfer osmotic stress tolerance. For example, basic
domain/Leu ziper bZIP family(Johnson et al. 2003; Kesarwani et al. 2007 WRKY
protein family(Robatzek and Somssich 20@2)hance PR genesAmabidopsis
Co-expression of transcription factor and PR protein in glaatld have an additive
effect in conferring drought tolerance. Although very few GM crops with drought
tolerance traghave been approved (according to ISAAA 2017, only two events Verdeca
HB4 soylranandsenui t y® Drought Gard™ mai ze have
immense progress happening in transgenic approaches for drought tolerant crops. Also,
current focus is on translating results from models in laboratories to crops in field

(Deikman et al. 2012)

2.5.3 Stacking of traits
The term gene stacking (often used as a synonym to gene pyramiding)iis used
agricultural research to describe breeding and/or genetic modification techniques to

achieve multipd targets at the same time. For example, gene stacking could be a way to
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identify and introduce multiple genes (acting on multiple pathways, protein complexes
and quantitative traits) in a plant that confers resistance to an independent
insect/pest/weed @ combination of abiotic/biotic stre€Baverniers et al. 20087 his

can be done by a) introduction of several genes of interest simultaneously b) iterative
procedures such as retransformation or conveaticnossing of GM plants with different
genes of interest, or a combination of these(tdalpin 2005; Taverniers et al. 2008)
Many GM crops with stacked traits are commercializedl @anrently inuse byfarmers

field (most recent list at ISAAA 2017; reviewed baverniers et al. 2008However,

there are bottlenecks of developing multiple genes or traitsasughgenesarestacked
usng iterative procedurdkatare not linked and can get inserted at different loci in plant
genomeandsegregate again in subsequent generatipneed of multiple selectable
markers for each gene inserted or in case dfammsformation, transgenesutd be
incorporated in high copy humbers leading to gene silencingipméhders regulatory
approval proces@Halpin 2005) With newer technologies being tested for the multiple
gene delivery systems, geneckiag may come into more usagethe future (Que et al.

2010)

2.5.4 Role of promoters

Promoters used to drive and regulate transgenes form an important part offsligcess
depoloyingtransgenidechnology. Hene, the strength and inducibility (stress induced or
constitutive developmental stage or tissue specific) of the promoter are crucial for gene
expression and plant respor{Bajaj et al. 199; Qu and Takaiwa 2004ome genes

need stronger promoters as they are required in large quantities (such as LEA3), whereas

some genes/gene products (such as enzymes for polyamine synthesis) may require
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moderate strength and inducible promd@iinatnagaMathur et al. 2009vhile

transiently needed trajtsuch as herbicide resistanoay function best witishemically
induced promoterfDaniell 2002) Some stwng promotersfor examplethe Cauliflower

mosaic virus (CaMV))have also been known to retard plant growth under normal growth
conditions(Kasuga et al. 1999palthough doubling of this promoter alsloowsevidence

of enhanced activitfKay et al. 1987)Inducible promoters, especiallyhen used

pathogen resistance, can limit harmful or toxic protein accumulation in plants as well as
in theenvironmen{GonzalesSalazar et al. 2017A constitutivep r omot er ° s act i vi f
the other hand, can differ substantially depending on plant developmental stage, species
and target orga(Samac eal. 2004) Hencetheappropriate choiceof promoters used in
creating transgenics is crucial for the maximum expression of desired trait and selection

of promoter is casto-case dependent.

2.5.5 Field efficacy trials

Under laboratory conditions or ewolled environment conditions, differences amongst

the transgenic lines being evaluated may be eastBsdernas a single challenganbe
imposedand testedfor example one pathogen or drought streskgreas in field trials,

the number of pathogenweather, soil conditions and/or number of stresses are not
controllable. Hence, fieltkesting could better depictal worldeffecs of transgenes.

Long term fieldtesting is key to test the agronomic performance and ecological relevance
of the previouly determined positive effects under laboratory/controlled conditions
(Wozniak and McHughen 201Z)actical field experiments catentify genotype x

environment interactions. New genes when evaluated in bdoeaonment will help to
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evaluate yield compromise (if anfohen 2005)issues around stability, pleotropic
effects(Pons et al. 20129nd satisfy regulatory agenciegysral location and actual area

of cultivation testing is encourage@@omeis et al. 2008Nevertheless ecological risks

and benefits of transgenic crops need to be evaluated by regulatory agencies before their

unconfined release is warrant@d/olfenbarger and Phifer 20Q0)

2.6 Environmental risk assessments

Genetically modified (GM) crops, classified as plants with novel traits (PNTs) in Canada,

are evaluated for fah feed and environmental biosafety before being approved for
unconfined release in Canada. A PNT is defin
one or more traits that are novel to that sp
to be new tmtherwise stably cultivated populations of the plant species in Canada and

has capacity to cause an environmental effeEtA 2017a) Two government agencies

share the responsibilityf regulating PNT cropsCanadian Fow Inspection Agency

(CFIA) and Health Canad&he PlantBiosafetyOffice (PBO) of CFIA and animal feed

division of CFIA carries the environmental and feed safety testsgectively. PBO

also manages post commercialization and monitoring activities ©f.ADécision

documents are published (publically) after CFIA has made regulatory decisions. Canada

has a unique produbtiased regulatory system for PNTs where irrespective of the method

used (for example, PNT may be developed using mutagenesis, somsaaloatain,

intraspecific and interspecific breeding, recombinant DNA technology Atty plant

with a novel trait will be a subject to notification and authorization requirenferi#\

2016) The five major categories dar which PNTs are assessed for environmental

safety assessment by CFIA are:
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1 Altered weediness potential of the PNT, in agricultural land or be invasive of
natural habitat
1 ThePNT' s potential for causing gene flow t
1 TheP N T ’otentigd to become an plant pest
1 Impact ofthe PNT or its gene products on ntarget species

T ThePNT’ s i mpact on biodiversity

Before a PNT is released infoe environment, determination dierisk to environment
is required. These risk assessments ahguarantee absence of risk but can assess
relative risk in the situation. Ri sk assessn
approach to identify a GM crop’s potential t
the seriousness and likelihood of fthe@ t e n t i (léekse &t alr2ai4Regulatory
decisions are made following comparative risk assessments to quantify the risk and
defining the ground for comparisofihe PBO is responsible for authorization ofe@se
of PNT as confined (release for research purposes with conditions such as reproductive
isolation, harvested material restrictions and monitoring of field plots in following field
seasons) or unconfined (with no restrictions watpotential commerailization)(CFIA
2016)
Risk assessments are analytical tools which help making science based regulatory
decisiongGarciaAlonso et al. 2014and each risk assessmexntarriedouton a case
by-case basifConner et al. 2003alRisk assessments must examine not only the
potential risk of PNT under consideration, but also the likelihood that harm will occur.
Risk is hence, efined as a function (f) of hazard and its probability of exposure:

Risk = f (hazard, exposure)
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If formulated accurately, a risk assessment can provide high confidence with minimal
risk (Raybould 2006)however, itgeliability can only be guaranteed by empirical
validation, determined by comparing predictions with observed outcfi{eese et al.

2014)

2.6.1 Tiered risk assessments
Tiered tests are designed and executdzetbme and input efficient and limit the

unnecessary collection of excess ddallory-Smith et al. 2015)Tiered tests begin with

artificial wor st case
(Raybould and Cooper 2005; Romeis et al. 2008; Wilkinson et al. 2A&&)y principle

for conducting tiered test approach is that particular studeescaducted only when they

work to reduce uncertainty of risk assessment. Hendbeirase of no hazard (or risk)
detection, tiered tests prevent costly and superfluous data colléRbareis et al. 2008)

In general, lower tiers are based off of conservative assumptions anecasest

conditions and if risks determined at each step are deemed negligible or acceptable within
reason, or insufficient information is available to make a regulatory decision, the
assssment can be halted. However, in saglkere uncertainty remains or initial tier
testingidentifiesrisks, further tiers can be investigai&hrciaAlonso et al. 2006)

Thei rst tier (TiemubDatisesnastepoblemi €b
trait of interest, the receiving environment and hazards associated with the introduction
and assures that conclusions will be appropriate to guide the decision making process
(GarciaAlonso et al. 2006)Information gathered from this tier is kept for synthesis and

interpretation of further tiers. The first experimental tier (Tier I) is the analytical phase of

any risk assessment, whi cohditions(Ragbouddndc t e d
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Cooper 2005)It is designed to conservatively address broader questions using simple
experimental tools (Wolt 2009Fhe am of tier | is to maximize the chance for detection
of hazard occuance and minimize the chance of committing false negatives (Type Il
errors). Laboratory or greenhouse conditions are generally preferred over field studies in
tier I, as they eradicate environmental factors that may confound/complicate observations
andres |l ts. | f this stage’'s testing still warra
recommended to refine the risk assessr{®atciaAlonso et al. 2006)

Tier Il experiments may include additional laboratagntrolled environment or
greenhouse experiments, or progress to sphallfield experiment$Raybould and
Cooper 2005; Romeis et al. 200Blowever, if results from Tier Il are shown to be a
potential risk, higher tiered tests will be continuetherwise, the assessment can stop.
Tier Il tests are designed to incorporate more natural conditions, and may be conducted
as medium to largscale field experiments or elaborate laboratory {€&ybould and
Cooper 2005)These studies are often data heavy and labor intensive, and the results
yielded can be difficult to interpret withou
other tiers, if the assessmeffitom Tier Il indicate the risk level to be acceptable,
assessmestould be deemed complete. However, if the results from Tier Il confirm a
potential risk exists, further refinement may be required, or a decision of unacceptable
risk may be madéGarciaAlonso et al. 2006)One can always return to lower tiers to
conduct additional studies or use alternative degignmeis et al. 2008)

The tiered approach is itena, systematic, scientific and flexible, where
knowledge obtained in lower tiers directs data collection at higheratielis designed to

provide information to support a regulatory decision as rigorously as po&Sdiaa
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Alonso et al. 2006; Romeis et al. 2008; Wilkinson et al. 20@3jered approach to risk
assessment provides a scientific rationale for environmental risk assessment and assists
with subgquent regulatory decisianaking(Romeis et al. 2008Risk assessment

considerations specific for peare discussed below.

2.6.2 Gene flow in pea

Gene flow is defined as alterations in population dubeéonovement of gametes,
extranuclear segments of DNA, such as mitochondria, plasmids and viruses, individuals,
or group of individuals from one place to anott@&iarkin 1985) Pea is predominantly a
selfpollinating crop(Fehr 1987)and has cleistogamous flowehattend to open only

for 24 h postpollination (Cousin 1997)The rate of outcrossing in pea has been reported
asaround 1% Gritton 1980) but withtheadvent of transgenic peas ahe potential for
future commercialization, there are concerns about genebétbweertransgenics and
commercial, wild relative@Bhowmik and Basu 2008 Canada, transgenic pea (PLP1)
was studied for transgene movement (using normal leaf form and overexpressed gusA
gene as markers for pollen migration) to three-transgenic lines (Carneval, Montana
andTipu) in 1997 and 1999. Only 0.06% of plants sampled from a population of over
9,000 plants scored positive for both markers and an outcrossing rate of 0.07% was
recorded in trap plants growing subsequent to transgenic lines with no outcrossing
reported irplots at 5m from the outcrossing plots in presence of wind and pollinators
(Polowick et al. 2002)Based on this studthe possibility of transgene flow from
transgenic pea lines to related crops andtramsgenic pea is relatively loyBhowmik

and Basu 2008)yet another study using ngbM pea cv. Zekon (trap cv.) and Arvika

(pollen donor), after screening 40,000 F1 plants for two years, it was concludtdgbthat

37



probability of outcrossing in commercial pea varieti@sextremely low(Dostalova et
al. 2005) In another study, about 2% fertile ovules were obtain¢deifield and 8% in
greenhouse betweétisum sativunx Vicia fabacross in comparison to 26% and 48% for
Pisum sativunx Pisum sativunin thefield and greenhouseespectively(Gritton and
Wierzbicka 1975)However, thd?isum sativunx Vicia fabacross eventually had
collapsed embryos and did not develop properly. Also, the wild relatives in primary and
secondary gene pools can be crossed with pea but their hybrids, due to crossability
barriers, may be partially sterile and depict limited genetic recombin@iaumr 2010
Ladizinsky et al. 1988)

The soil seed bank &total of all viable seeds at or below the soil surface at a
given time and place. Seed bank formation aids plant populations to buffestdgaish
and/or unfavorable environmental events and persist over time. Mechanisms of dormancy
and seed germination impacts seed bank compos$flmwmpson and Grime 197%ea
is a wak competitor with weed@_emerle et al. 2006; Neil Harker 200dnd displays
indehiscent pods and little seed dormancy, which are among the major traits pea was bred
for (Warkentin et al. 2015Along with a large seed size, little dormancy and a transient
seed bank, lower outcrossing makes pea an easy crop in terms of isolation and

containment of gene movement for risk assessments pert&rtiagsgenic pea.

2.6.3 Effecton non-target organisms

Il n Canada, CFI'A deems ‘the impacgeodtf sPpETies’
one of the five environmental safety assessment cr{efA 2016). Consequences of

growing GM crops irthefield have consequences to ecosystem and environment

(Conner et al. 2003pparticularly their environmental impact on R@mget organisms
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(NTOs) remains pendin@evoset al. 2016)Like pesticides, they can lead to a direct

effect on NTOs (for example, toxicity due to gene or gene product), indirect effect (such

as trophic interactions) and cause chamgesil ecosystem (effecting soil organisms

(NTOs))(Birch et al. 2007a; Meyer et al. 2018)ence, for a complete risk assessment, it

becomes crucial that investigator has developed and tested a risk hypothesis addressing

negative effectsf GM and GM products on NT(®ale et al. 2002; Devos et al. 2016)
Particularly inthe case of pea, two symbiotic relationships i.e. nitrogen fixing

bacteria belonging to gen&hizobiumandarbuscular mycorrhiza fungus (AMF)

belonging to genu&lomus (Long 1989; Smith and Read 20X0jm an important part

in the environmental risk assessment focusing on sffédTOs. Most ofthe biological

nitrogen fixation in agrecosystems comes from symbiotic relationsbipnitrogen

fixing bacteria with legume crof¥ang et al. 2017)AMF on other hand facilitates

phosphorus uptake and improvesistance to various biotic stresgearniske 2008;

Smith and Read 2010 return, they receive carbohydrates from the plant and hence are

excellent indicators of any changes ocawgrin the host plariHannula et al. 2014Pea

producers in Canada commonly use AMF &tnilzobiumas inoculants for their crop

(Lupwayi et al. 2006)Because AMF, patgenic fungi andRhizobiumshare common

genetic and signaling pathways in plagAtrecht et al. 1999; Vierheiligetal. 1994) i t ' s

apparent that they might be influenced with transgaddition of antifungal genes into

the plant. Hence, it is crucial to identify (if any) adverse effects of the transgenic genes on

beneficial soil associations of pea.

2.6.4Process of conducting field trials of PNT pea in Canada
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I n Canada, eSearc¢h fielddrialfofiPNTes & the release of a PNT in the
environment, for research purposes, under terms andtcondins of conf i nement
2016). Confined field trials of a PNT crop allow developers and researchers to asses the
field performance offte PNT and to gather science based information to address the
environmental safety criteria for an application for unconfined release or for academic
researclor analytical needsl'he confined research field trial program is conducted under
auspicesof CW’ s Pl ant Biosafety Office (PBO). Re s ¢
grow PNT br research purposes under stiértns and conditions of confinement, which
are in place to minimize the exposure of PNT to the environment. They include but are
not restrictedo reproductive isolation, monitoring during and after the growing season
and post harvest land use restrictions. Many components can lead to a breach in
confinement from species/trait under test itself, methods of isolation and confinement
chosen by theroponent, or when the PNT in confinement poses an unacceptable risk to
the environment, which may cause the refusal or restriction for the rese&atier.
confined field trial application submission is also subjected to restrictions on size and
total nunber of sites per province to limit the exposure of PNT material to environment
(CFIA 20119
The application procedure for PNT pea confined field trials can be found under
Directive 200909: Plants with novel trait regulated under Part V of the seedsatemd
and Directive 200@7: Conducting Research field trials of Plants with Novel Traits in

Canadand athttp://www.inspection.gc.ca/ahts/plantsvith-novet

traits/applicants/eng/1300208718953/1300208874TH6 applicant has to be a

per manent resident of Canada-Marked appl i cati on
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Application Submissions Office (PASO), Ottawa, ON. The application must beedce

30 days before the expected plantinted&€FIA 201D). Brfiely, the application must
contain applicant saformation(address, affiliation etc,,ith background information

with supporting literature for the origin of the transgene, plant spdugtsry, trait
introduction and selection methods, name of the plasmid with genetic map, gene
construct, regulatory elements, gene products;traorslated DNA sequences and

affected maabolic pathways. Apart from this, the applicant also needs to prthade
following information: spatial and temporal trait expression for each of the transgene
inserted in pea, any known toxicity and allergencity of the novel trait, altered plant
characterstics (known and expected) for example, dormancy, weediness, saed/pol
dispersal etc. The application must also provide information on the trail protdcdl s t i t | e
and purpose. Reproduction isolation, method of seeding and harvest, anticipated chemical
usage need to be presented in details. Proponent must list thegyenayiplans in case of
unexpected spread of PNT material, extent and frequency of trial monitoring, during
course of field trial and post tridh the particular case of PNT pea, terms and conditions
for confined field trials of pea are summarizgdCFIA (2017c) Briefly, following

points need to bensured by the proponent for carrying out successful PNT pea confined
field trials:

1) Safe transportation and cleaning of equipment

Plant material (PNT pea seed and#0MT pea seed to be used as controls in

experiment) to be transported in clearly identifidiskecuré containers and kept isolated
from other seed material. To prevent dispersal of novel plant material, all machinery and

equipment used during the trial, for example f@ding, site maintenanead
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harvestingmust bewell cleanedwell for removal of alresidual plant material at the trial
sitebeforebeing moved

2) Reproductive isolation

Seeded pea plants at the confined field trial must be reproductively isolated from other
Pisum sativunplants as well as prohibited spechigia faba(faba beans), by a

minimum distance of 10 metrd3ea and prohibited species must be removed before seed
set from the 10metres isolation distance. Inttiz site and 10 metre zone (50 metres if a
commercialscale combine war harvest)perhipheringhe trial site Pisum

sativumor Vicia fabashould not be growfor one year following harvest of the trial. All
volunteersif found, during the postrial growing season must be removed frdra trial

site befoe flowering.

3) Field trial site location

Clearly identifiable markers (e.g. corner posts) should be placed at each corner of the trial
site to identify the boundaries during growing season andhaosest restriction period.
Fences with trial site prototinformation and details for person of contact can be put
around the trial site. Global Positioning System (GPS) coordinates must be recorded
precisely at all corners of the site and submitted to the PBO within seven days of seeding.
In case chemicateatment is used on the trial site a sign must be posted antiyeto

the trial withthe date and time of spraying as well as theftilateuntil safe entry.

4) Harvest and disposal

Pea plants should be harvested before full maturity to ensure mininattarsig and

seed dispersal. All seed and other propagable material includiAgMdmaterial must

be harvested. Any remang plant material (PNT or neRNT) after harvest or the
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propagable material from PNT trial that is not be retained, is to be yedtdisposed off

(by burning, autoclaving or burial at a depth of one me&# non-propagable plant
materialafter harvestiemaining on theonfined field trial site must be either

incorporatedn the soilor destroyed by incineratido ash.

5) PostHarvest storage

Containers | abeled “PNT MATERI AL DO NOT MI X”
PNT and other seed material from the trial site and should be kept separate from other
seed and plant material. Triple containment is required offering three Giyenatection.

6) Monitoring of trial site

Monitoring of trial site and the reproductive isolation distance (10m or 50m in case of
combine usage) should be ensunede every two weeks to ensure that all pea plants and
prohibited species are removed befeeed set.

7) Record keeping and reporting

A detailed trial log boolshould be maintained witlecords of the confined research field
trial, includingprotocols, maps of the site, seeding and in season activites, seed transport,
current season and pdsdrvest site monitoring, cleaning of machinefigposition and
storage of alkeedmust be maintained by the applicant and made avaitabl

the CFIA upon requesin case of accidental release of seed in environment, PBO should
be notified immediately ahthe site should be marked and monitored. Within 15 working
days after harvest of trial site, the applicant has to report to the PBO about the date of
harvest, quantity and storage location of seed and plant material harvested, quantity of

seed disposedocation, method, date and quantity of disposal).
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2.7 Developing a GM crop

Bringing a new GM crop as a commercialized product is a long term, resource and time
intensive and requires a lot of capital investn{&atiaitzandonakes et al. 200%jarious

steps/ activity stages are recognized for biotech crop discovery and develdpment
example, the discovery phase (many genes/ideagears), proof of concept (construct
optimization, early efficacyrials; 2+years), early development (commercial events;
2+years), advanced development and pre launch introgression, breeding, wide area
testing and regulatory approval 7+yedidrDougall 2011) Confined field trids are

designed to screen/select events, test even efficacy, increase seed/GM product for safety
or compositional testing and gather data for an environmental risk assessment. Confined
field trials put the proponent and crop industry at; e cethe chief goal remains to
minimize the gene flowTherefore the receiving market has to be large and valuable
enough to warrant the investment and risk involved in product discovery, development
and a satisfactory regulatory approaiado et al. 2014Dverall, from conceptualizing

the idea to product development and regulatory approvals, a GM crop can tm&i:ip

$136 million andtake13 year§yMcDougall 2011) The widely successful and
commercialized Roundup Ready (glyphosate tolerant) soybears asraa excellent

example of whethe market for such a trait was large enough to deploy the investment
and a viable technical solution was available, the GM soybeans warstant hit

(Kishore et al. 1992)'he high cost involved in development and achieving regulatory
approval for GM crops has been a limiting factor in crop improvement in minor or staple

crops in developingauntries(Prado et al. 2014)
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Table 2-1. Transgenic expression of PR proteins (chitinase and glucanase) in legumes

Transgenic legume

Source gene

Target pathogen

Reference

Peanut Arachis hypoged..)

Rice chitinaseRCG3

Cercospora arachidicolaearly leaf spot

(Igbal et al. 2012a)

Peanut Arachis hypoged.)

Rice chitinaseRchit

Aspergillus flavusaflotoxin Cercosporidium
personatumlate leaf spoandPuccinia
arachidis rust

(Prasad et al. 2013)

Peanut Arachis hypogeé&.)

Tobacco chitinaseChi-V

Cercospora arachidicolgleaf spot

(Rohini and Rao 2001)

Black gram ¥igna mungd..)

Barley chitinase (AAA56786)

Corynespora cassicol@eaf spot)

(Chopra and Saini 2014)

Pigeonpeaajanus cajarl..)

Rice chitinaseRchit

Fusarium oxysporum

(Kumar et al. 2004)

SoybeanGlycine max..)

Bean chitinaseChi

Sheath blight

(Li et al. 2004)

Peanut Arachis hypogeé&.)

Rice chitinase

Aspergillus flavus

(Sharna 2006)

Pea Pisum sativunt..)

Streptomyces olivaceoviridis, Chit3|

T. harzianum

(Hassan et al. 2009)

Alfalfa (Medicago sativd..)

T. harzianunthitinase ech42

Phoma medicaginjsColletotrichum trifolii

(Tedaye et al. 2005)

Peanut Arachis hypoged..)

Tobacco gl uglueanases

Cercospora personanta

(Qiao et al. 2014)

Peanut Arachis hypoged..)

Tobacco glucanase, tgducanase

C.arachidicolg Aflotoxin, A. Flavus

(Sundaresha et al. 2010)

Pea Pisum sativunt..)

Barley[3-1,3-glucanasedluc),

chitinase Chit30)

T. harzianum, C. acutatum, B. cinerea &
Ascochyta pisi

(Amian et al. 2011)
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Chapter Three: Drought tolerant transgenicpea development by co
expressingDREB2Afrom Oryza sativa.. and PR10afrom Solanum

tuberosumL.

3.1 Introduction

Grain legumes are valuable worldwide for nutritional baedlth benefits and their impact
on agricultural sustainabilitfAraudjo et al. 2015and are only second to cereals in
ensuring food securitfAkibode and Maredia 20)J1Among grain legumes, pea is
economically important next only to soybeans and beans in production worldwide
(FAOSTAT 2015) mostly grown in temperate regiof@mykal et al. 202). Canada is
the world’ s | argest pr Bigsumsagvuni. a(lPAOSTAK por t er of
2015) Pea production is severely affected by abiotic stresses such as d@aryanto

et al. 2015IglesiasGarcia et al. 2015hose occurrence is more frequent owing to
climatic fluctuationdSchmidhuber and Tubiello 200Drought has been a recurring
phenomenon in the Canadian praili®sn et al. 2012Masud et al. 2016nd the
principal reason for pegeld declinesin 20012002 (Hickling 2003) 2008(Ross et al.
2015 and in 2015Agriculture and AgriFood Canada 201@) western Canada. Crop
prodictivity may be enhanced by improving drought tolerafizaryanto et al. 2015;

Dita et al. 2006; Magyarabori et al. 2011)

Drought stress causes lovgtomatal conductance, Gfixation and
photosynthetic rategicreasephotorespiration and induces oxidative sti@ésran et al.
1994) consequently reducing yield especially during flowe(iBgeckert et al. 2015a;
Saskatchewan Ministry of Agriculture 201B)ants respond to drought stresthat
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physiobiochemical level by induction of stomatal closure, repression ofjaeiith and
photosynthesiglglesiasGarcia et al. 2015%)r at molecular and cellular levels by
expression of stress induced gefiagram and Bartels 1996; Liu et al. 1998; Shinozaki
and YamaguchShinozaki 1997; Stockinger et al. 19@r)coding for protein and gene
products that can plagnimportant role in protecting plant cells from drought. Sintyla
pearespond to drought stress by decreased photosynthesis, reduced root/shoot ratio,
reduced transpiration, increased epimlar waxes and reduced residual transpiration
rate, production of ROS (reactive oxygen species) and accumulation of odisnatitae
metabolitessuch as amino acids like proline, valine and sugars (reviewAdayo et
al. 2015.

Stressinduced genes and gene products includingdatbryogenesiabundant
(LEA) proteins, ROS dexification enzymegUmezawa et al. 2006)ranscription
factors, protein kinases and enzymes involved in phosphoinositide metgXolistral.
2014) cis and transacting elementgDubouzet et al. 2003andPR10proteins(Dubos
and Plomion 2001; HBanna et al. 2010aih et al. 2012; Liu and Ekramoddoullah
2006b)play a role in protecting plants from drought. Among thB$&l Oproteins belong
to widely distributed PR (pathogenesis related proteins) family which are induced due to
stress (biotic and abioti¢El-Banna et al. 2010as well as expressed constitutively
(33,34)and are regulated developmentally and environmer(tiallyand
Ekramoddoullah 2006bYhey have been isolateain both mono and dico{slashimoto
et al. 2004)ncluding pedSrivastava et al. 2004; Tewari et al. 2QG8)d have a possible
role in plant protection(Liu and Ekramoddoullah 2006Bpainst biotic and abiotic

stresses including drought tolerarfemnafy et al. 2013; Rustagi et 2015) salt
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tolerancgEl-Banna et al. 2010; Jain et al. 201&)Id (Lee et al. 2012)osmotic
tolerancgVaas et al. 20123nd pathogen infectiofMcGee et al. 2001)

Transcription factors are the main regulatory elements that bind to specific cis regulatory
elements in the promoter region of abiotic stresgedlgenes, individually or in gene
networks, and activate the expression of secondary genes resulting in stress tolerance
(Agarwal and Jha 2010; Naika et al. 2Q1Barticularly, transcription féors such as
DREB(dehydration responsive element binding) proteins, belonging to AP2/ERF family,
have rapid and transient gene expression amidst drought, salinity and col(Mizess

et al. 2012; YamaguciBhinozaki and Shinozaki 2006)he strategioverexpression of
constitutive activédDREB2Aresulted in significant drought stress tolerance but relatively
less freezing tolerand&akuna et al. 2006andVrDREB2Aactivated the expression of
downstream genes, resulting in enhanced tolerance to drought arghhigtiesses

(Chen et al. 2016bh transgeniArabidopsis.

Various strategies haveén utilized for improvement of drought stress tolerance
in plants. For instance, in maize, successes with modulating ethylene which regulates
plants under stress as in the development of Drougligandize utilizing expression of
a cold shock protein Csp&hcoding gene from bacteiacillus subtilis(Castiglioni et
al. 2008; Kreimeyer et al. 201&jhd transgenic gene silencing approach to down regulate
ACC synthase to decrease etm@diosynthesi§Habben et al. 2014)as been used.

Similar targeting of ethylene pathway by overexpressing Hatdbhiomeodomain
leucine zipper (HEzip) transcription factor from sunflowelong with an Hahb#ative
promoter has led to the development of drought tolerant soyfidanavella et al. 2006)

In case of wheaDREB1Atranscription factor under the control of rd29A promoter
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(Kasuga et al. 1999@ndHVAL(member of late embryogenesis abundant (LEA)
protein) gene from barleiBahieldin et al. 2005have been introduced. Development of
drought tolerant tomato using oegpressing osmotiencoding genes under the control
of 35SCaMV (cauliflower mosaic virus) promoter is in developméabel et al. 2010)
Overexpression of stress induced genes and transcription factors can bd utipea
crop improvement for enhancing tolerance to drought and other abiotic s{i2itaex

al. 2006; Moran et al. 1994; Pellegrineschi et al. 200kthods for genetic
transformation of pea have been develoffgmowick et al. 2000a; Schroeder et al.
1993) however, theefforts have mainlyransgéed pea development efforts haveee
targeting mainly disease resistariéeian A et al. 2011; Hassan et al. 2009; Richter et
al. 2006c)or insect resistand®egawo et al. 2013)n the present study, we report the
development of putative drought tolerant transgenic pea expré2Rit@gafrom potato
(Solanum tuberosuin.) and transcription factdbREB2Afrom rice Oryza sativa..)
usingAgrobacteriummediated gene transfer method. The genomic integration and
inheritance 0PR10aandDREB2AIn peawasbeen validated by molecular analyses. The
preliminary drought bioassay under laboratory conditions showed bettanizéeof the

developed transgenic lines as compared tetreamsgenic lines.

3.2. Materials and methods

3.2.1 Plant materials and transformation vector

Embryo axis excised from mature seed of Canadian pea cvaAZ3ar (P. sativuni.
cv. AC Early Starwere used as explants fagrobacteriummediated transformation
usingAgrobacteriunstrain EHA105 harboring a helper plasmid pSoup and

transformation vector pGPR10&pl4OREB2A(Figure 6.1). The vector harlsm

72



codon optimized for drought toleraBR1& gene from potatoSolanum tuberosum)
(ElI-Banna et al. 2010jranscription factoDREB2Agene from rice@ryza sativa..)
(Dubouzet et al. 2003nd herbicideesistanbar gene (selectable marker) from
Streptomyces hygroscopic{Murakami et al. 1986; Thompson et al. 198%). Fathi

Hassan designed the vectdthe PR10aandDREB2Agenes wee connected by cp148

IRES from TM\(Ivanov et al. 1997; Skulachev et al. 1998)ich enables their eo
expression under the control of the single promoter (mannopine synthase promoter from
Agrobacterium tumefaciehgnd terminator (35S from cauliflower mosaic virus). The

bar gene is under the control of nopaline synthase) (promoter and terminator from

Agrobacterium tumefaciens

3.2.2.Agrobacteriummediatedtransformation of explants and recovery of putative
transgenic shoots

The putative transgenic plants were developed at the Plant Biotechnology Department
(Institute of Plant genetics, Leibniz University of Hannover, Germany) using
transformation protocols of Schroeder ef{(A895 with modification according to
Richteret al (2006¢) Mature pea seedPRisum sativunk.. cv. AC Early Star) were
surface sterilized in 70% (v/v) ethanol for 1 min followed By $odium hypochlorite for
15 min and thoroughly washed with sterile distilled watdrtBnes to remove the sodium
hypochlorite and imbibed overnight in sterile distilled water. Then, embryos were
extracted, longitudinally sliced and inoculated wAitirobacteriumsuspension (O§o -

1.0) for 60 min. After three days of-@ultivation inthedark, explants were washed
thoroughly in sterile distilled water followed by a final wash for 15 minutes in antibiotic
solution (100 mg/L ticarcillin) to eliminatdgrobacteriumcells. Explants were then

placed on shoot induction medium for 10 days and finally transferred to selective
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regeneration medium supplemented with increased concensratiBPT

(phosphinothricin) (2.5, 5, 7.5 and &@/L) every three weekshe nmediumsused have

been described in Schroeder e1@93) In vitro putative transgenic shoots were

recovered by micro graftin@Pickardt et al. 1995)nto seedling rootstock grown on soil
substrate and leaf s@hes were collected for PCR (polymerase chain reaction) analysis

of the -DNA region integratiorwhen they were twéhree node stag®CR positive

putative transgenic shoots were maintained to collect T1 seeds which were then grown in
thegreenhouse for fther PCR analysis and leaf paint assay of transgene inheritance and

expression.

3.2.3. Genomic DNA isolation and PCR analysis

Genomic DNA was extracted using CTAB (cetryltrimethyl ammonium bromide) method
(Doyle andDoyle 1990)from young leaves and used for PCR analysis using transgene
specific primersThe PCR program includete initial denaturation step of 94°C for five
min followed by 30 cycles of 94°C for one min denaturation step, primers specific
temperatue with one min annealing step and 72°C for one min extension step and the
final extension steps at 72°C for 10 min.

The following primers were used fBIR10agene (PR1d-or:5 -
ATGGGTGTCACTAGCTATACACATG3 andPR10aRev:5 -
TTAAGCGTAGACAGAAGGATTGGGC3 ' ,th 480 bp expected PCR product ¥ize
annealing temperature was 57°C andd&EB2Agene (Drek~or: 5 -
AGGGGAGATTGCTCCGTGE3 and DrebRev:5 - CCCATCATCTCCCTCTTGG

3, with 780 bp )anxpaegeneéBdfor’5S CR pr oduct

CTACCATGAGCCCAGAACGACGS3 ‘ard BarRev:5 -
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CTGCCAGAAACCCACGTCATGCCAGTTES * , with 499 bp )expected
annealing temperatukeas 62°C. (HMGFor: 5 -ATGGCAACAAGAGAGGTTAA-3 "’

and HMGRev:5 -TGGTGCATTAGGATCCTTAG3 ) were the primers used for pea
housekeeping gene (high mobilityogiphmgl/Y) (Gupta et al. 1997and wasused as
internal control to check the quality of DNA and amplifying a PCR product of (570 bp
from genomic DNA and 370 bp from cDNA), which hetfto monitor the contaminatn

of RNA by genomic DNA during expression analysis. For monitoring the persistence of
Agrobacteriuncells in the tissue of putative transgenic shodtgpbacterium

chromosomal DNA specific primers (Pid?or: -

ATGCGGATGAGGCTCGTCTTCGAG3 and PicARev:5*-
GACGCAACGCATCCTCGATCAGCT3;, with 550 bp expected PCR product) were
used at 63°C annealing temperature. Agarose gel (1 %, w/v) was prepared in 1X TAE
buffer and used for separation of PCR productsisafé™ Nucleic Acid staining solution
(INtRON Biotechntogy) was used as a DNA stain to help gel documentation under

ultra-violet illumination.

3.2.4.Leaf paint functional assay

In addition to PCR analysis, leaf paint functional assay was conducted on T1 plants to
verify the expression dfar gene (plant sectable marker gene) accordinglchroeder

et al.(1993) A BASTA® (Aventis GmbH) herbicide solution (600 mg/L, with a drop of
Tween20) was prepared and applied thoroughly onto the upper surface of a four week
old leaflet while another opposite leaflet was marked as control. The effect of herbicide
on the leaflet was evaluated one week after application. The plants were classified as

tolerant when the leaf did not show wilting and susceptible when the leaf dlaosign
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of wilting. Non-transgenic plants were also treated with the herbicide solution as a

negative control.

3.2.5. Preliminary water stress experiment

In order to assess potential drought tolerand@RifOaexpressing plants, a preliminary
water stres experiment was conducted. Transgenic anetramsgenic (control) pea

seeds were germinated in perlite (Perligran G, Knauf) in a greenhouse (16/8 h day/night
photoperiod) at 20 £2°C. Transgenic (T2 generation) and control plants were grown in
pots and weered every 2 days for 4 weeks. For drought stress, at week 5, the control and
transgenic plants were watered once and subjected to 3 weeks of water withholding
followed by resuming of regular watering. The responses of the plants to drought stress
were olserved. Leaf samples were collected from the transgenic and control plants prior
to water withholding and again after three weeks of water withholdingRda0agene
expression analysi§urther information on number of plants used in experiment is

unavaihble.

3.2.6. RNA isolation and RFPCR analysis of gene expression

For expression analysis, total RNA was isolated from young leaves before and after water
withholding as described above, using NucleoSpin® RNA plant (Machieel) kit
accordingtothemnuf acturer’s instruction. The isol a
cDNA usingRevertAidM H Minus cDNA synthesis kit (MBI Fermentas). The cDNA

was used as a template in PCR detection of the transgene expression using gene specific
primers. The expressioavel ofPR10agene was determined using Quantitative real time

PCR (qPCR) usingrimers rPR10L F -ASGGGTGTCACTAGCTATAG3’ and

rPR102 R1 2-BAARCATTCTTAACATTTGGC-3 '’ as ddHacafyetlaled i n
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2013) Primes HMGIII-F o r -AGEBSGTAGGCCGAAGAAGAT3’ and -RéWMGI |
5 -TGAGGCTTCACCTTAGGAGG3®' f or pea h V6B ©epmitn g

al. 1997)were used as internal reference to normalize the expresdriRldlagene.

3.3 Results

3.3.1. Genomic integration of TDNA region

Transgenic pea lines @xpressin®’R10aandDREB2Agenes using dicistronic vector
were developed throughgrobacteriuramediated transformation. The result of PCR
analysis demonstrated the stag@gomic integration of the introduced transgene in the
developed transgenic pea lines (Figuz5). Based on the PCR analysis, 25 transgenic
shoots were obtained from a total of 684 explants giving a transformation efficiency of
3.65 %. PCR analysis ugjprimers specific té\grobacteriunchromosomal DNA and
vector backbone indicated absenc@gfobacteriumpersistence and backbone

integration in the regenerated putative transgenic shoots.

3.3.2. Inheritance of the FTDNA region

To study the inheritancaf the introduced transgene, first generation (T1) seeds collected
from PCR positive TO transgenic shoots were growth@égreenhouse. The grown plants
were characterized by PCR analysis feDNA presence and leaf paint assay for

herbicide tolerance. Biresuls indicated the inheritance of theONA region to the next
generation. Accordingly, 21 transgenic T1 plants from nine different clones were
obtained. Figure 3.6 shows the PCR result for eight T1 plants. Confirmed transgenic T1
plants were maintaed to produce T2 seeds. PCR analysis of T2 plants of selected lines
showed the presence of the transgenes in some of the randomly analyzed plants (Figure

3.7). Using data from PCR and leaf paint assayssghare (X) analysis of T2 plants
77
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showed Mendeliasegregation of the introducedDNA region (Table 3.1)The lines

with stable expression in T2 as well were advanced to T3.

3.3.3 Leaf paint (LP) functional characterization of segregating progenies

Segregating progenies of transgenic plants were desizer by LP assay using Ba&sta
(glufosinate) herbicide solution. The result of LP assay was in line with expectation
(Figure 3.8 and Table 3.1) where both herbicide resistant (partial or complete) and

susceptible plants were observed in the progenigamggenic plants.

3.3.4. Expression of the IDNA region in transgenic lines

RT-PCR expression analysis of the transgeR&510a480bp;DREB2A780bp) and
housekeeping gene (3BP) on selected PCR positive transgenic plants led to detection
of both trangenes in cDNA of the T2 transgenic plants (lines 2: PR1Q, 3: PR1122-

4; 4: PR112-6, 5: PR1131-6, 6: PR1221-5, 7: PR*2-1,8: PR1231-2, 9: b1-2, 10: b5
1-1, 11: PR1€r-3), while no amplification was observed in the negative@18DNA of
norrtransgenic pea plants) and water controls (Figure 3.9).

Preliminary water stress assessment was conducted on T2 plants by withholding
water for three weeks and the expression levBIRitOagene was estimated using gRT
PCR before and after the water stredse &ffect of water withholding was more
pronounced on the control plants as compared to the developed transgenic lines which
showed fewer siggof wilting (Figure 3.10) and remained green. The expression level of
PR10agene was very low (less than efoéd for nine plants and 1.26 fold for one plant)
when the plants were grown under sufficient watering condition (Figure 3.11). The

expression level d?PR10agene increased up 4.5 fold after withholding water for three
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weeks (Figure 3.11) in transgenic nesuggesting that tifR10agene was being

expressed and conferring drought tolerance.

3.4. Discussion

We report the first successful integration of drought tolerant géRé8aandDREB2A

into peacv. AC Early Star, using cultivar independeAgrobacterum-mediated genetic
transformation system with a transformation efficiency of 3.6b#tch isa significant
improvement over the earlier gene transfer methods for legumes which had
transformation efficienesranging from 1.1%Bean et al. 1997Ap 2.5%(Schroeder et

al. 1993) We followed their performance for stable integration, inheritance and
expression using PCR, leaf paint assay anédPRR and found all of the transgepiea

lines expressin@R10aandDREB2Awere fertile and advanced to the T3 generation
without any visible detrimental effect on plant growth. Expressid?R#0aand

improved performance of transgenic pea plants in a-thiesk water withholding
experimenwas demonstrated. Increases froi8 ftbld of expression level d{R10agene
(normalized to pea housekeeping gene), were observed among different lines upon
withholding water for three weeks. The gene expression analysis of transgenic lines with
PR10agenein the current study as well as previous work AR10geneqEl-Banna et

al. 2010; Hanaf et al. 2013; Hashimoto et al. 2004; Jain et al. 2012; Rustagi et al. 2015;
Vaas et al. 2013uggests that its levels are increased by drought conditions and support
the hypothesis that this protein has a plausible role in protection of plant cellular
components from detrimental effects of drou@tbos and Plomion 2001; Kav et al.

2004b) Similar effect ofPR10aexpression in enhancing tolerarioesalinity and drought
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as compared to nemangyenic lines has been observed in faba b@dasafy et al. 2013)
andoverexpression d?PR10aenhanced survival under salt and osmotic s{elsBanna
et al. 2010)pnd during cryopreservation of potato cell cult(vMaas et al. 2012)
Expression level dbREB2Abefore and after water withholding was not
qguantified in this particular experimeidiowever, previos research shalbatDREB2A
was expressefbllowing dehydration irArabidopsis(Liu et al. 1998) after dehydration
and highsalinity in rice(Dubouzet et al. 2003nd following dehydrigon, high salt
concentration and abscisic acid treatment in mung (&aen et al. 2016apdicating its
role in stress tolerancBREB2transcription factors belong to the ERF (ethylene
responsive element bindjrfactors family). These ERF proteins are known to bind to the
GCC box DNA motif (AGCCGCC) which is also found in promoters of se\Riral
(pathogenesiselated genes conferring ethylene responsiveness, and-tepdat
(CRT)/dehydratiorresponsive elemeiiDRE) motif, which is involved in the expression
of dehydration and low temperature responsive géhgarwal and Jha 2010; Sakuma et
al. 2002) In Arabidopsis TGA transcription factors fromasic domain/Leu zipper
(bzIP) family have been found to have positive contribitiorexpression of PR genes
(Johnson et al. 2003; Kesarwani et al. 20BfYWRKY18, a transcription factor from
WRKY proteins family in moderate levels resulted in enhanced expresskRiRgg#nes
(Robatzek and Somssich 20@2)d, a novel transcriptional factor, Whirly (StWhy1),
binding to a singlestranded DNA element (GTCA®A) of the PR-10apromoter, has
been implicated in the regulation of pot&B-10agene(Desveaux et al. 2004yhich

indicate an additive effect 8 R10aandDREB2AIn conferring drought tolerance.
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Transgenicdéchnologies have not been commercialized in minor crop grain
legumes like pea, despite their environmental and ssmoomic importancglames
2011) Owing to the narrow gene pool of pulses, intricate charactersstatsas abiotic
stress tolerance are difficult to select fikumar et al. 2003)Genetic improvement by
incorporation of traits that can contribute to yield under drought intcaselpted
genotypes is suggestedide a viable alternativ@Vasson et al. 2012However progress
in testing of genetically engineered drought tolerant(ficelaka et al. 2015jomato,
wheat(Waltz2014)and acceptance of drought tolerant
reflected by 15 fold increase jplanting areaincei t intreduction in 2013 (also
expected tdereleasd in Africa in 2017)(James 2015)and the recent regulatory
approval of drought tolerant soybe@ialtz 2015)in Argentina, is encouraging. The lag
in case of legume crops is a combination of lack of efficient gmddecible genetic
transformation method€arlos Popelka et al. 20Q4poncentration of efforts in creating
a specialty crop to mostly developing count(iearisiet al. 2016)and the costs of the
regulatory process that must be amortized over a relatively mino(Katgaitzandonakes
et al. 2007)

Our results suggest that coexpressdiREB2Aand PR10agene in pea plants
could be a promising approach to improve drought tolerance and this technology could be
used for improvement of related legumes as well. However, for demonstrating
commercial pertinence of drought tolerance, validation of fifidaey of such traits is
critical (Liang 2016)and commercial adoption of drought tolerant peas will depend on

adequate safety assessment and public acceptance.
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Table 3-1. Chi-square (X) segregation analystf T2 plants (against test ratio of 3:1)

Code of LP* result for T2 plants T2 plants PCR** for PR10 gene |PCR for DREB2Agene
T1 plants N

++ x( HN\®- Total B O E(-) X2 + - Total E(+) E(-) X2 + - Total E(+) E(-) X?
PR1G2 31 4 26 4.5 15 0637 |5 16 45 15 0637 |5 16 45 15 0.637
PR1064 7 13 20 0 20 15 5.0 0.010 |20 0 20 15.0 5.0 0.010 |20 0 20 15.0 5.0 0.010
PR1112 |1 4 5 510 75 25 0.068 |5 5 10 75 25 0.068 |5 5 10 75 25 0.068
PR1122 |2 7 9 211 8.2 28 0602 (9 211 82 28 0602 |9 211 83 23 0.602
PR1131 |2 12 14 0 14 10.5 3.5 0.031 |14 0 14 105 35 0.031 {14 0 14 105 3.5 0.031
PR1221 |3 7 10 0 10 7.5 25 0.068 |10 0 10 75 25 0.068 |10 0 10 75 25 0.068
PR1231 |6 17 23 9 32 24 8.0 0.683 (23 9 32 240 8.0 0.683 |23 9 32 240 8.0 0.683
PR*-2 77 14 0 14 10.5 3.5 0.031 |14 0 14 105 35 0.031 {14 0 14 105 3.5 0.031
b-1 06 6 39 6.8 23 0564 |9 09 6.8 23 0.0831|9 009 6.8 23 0.083
b5-1 6 8 14 4 18 13.5 45 0.785 |14 4 18 135 45 0.785 (14 4 18 13.5 45 0.785
S: sum: E: diapelanddtdf1T3841t r a

*LP assay- susceptible, + partially resistant & + resistant;

*PCR result: + positive for the gene of interest (GOI} Begative for the GOI
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Figure 3-1. Functional map of the transformati construct.

LB: left border, Fnos: terminator sequence of the nopaline synthase gene, bar: bar-gese, P
promoter sequence of nopaline synthas®AS: manopine synthase promoter, PR10a:
pathogenesiselated proteins from potato, cpl148: internabsbme entry site (IRES) from

tobacco mosaic virus, DREB2a: dehydration responsive element binding sequence from rice, T

35S: terminator sequence of the cauliflower mosaic virus and RB: right border.
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1000 bp

HMG-570 bp
500 bp

PR10a-480 bp

Figure 3-2. Multiplex PCR analysis for detection BRLOatransgene and HMG housekeeping

gene in the putative transgenic shoots.

L: GeneRulel™ 100 bp plus DNA ladder; +C: plasmid (08R10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea plants as a negative control; W: water control
andlane 119: gDNA from TO shoots (1: PR1, 2: PR2, 3: PR3, 4: PR4, 5: PR5, 6: PR6, 7: PR7,
8: PRS§, 9: PRY9, 10: PR10, 11: PR111, 12: PR112, 13: PR113, 14: PR121, 15: PR122, 16:

PR123, 17: b, 18: b5, 19: PR*)
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L+ -CW1 2 3 4 56 7 8 910111213141516171819+C

1000 bp
Dreb2a-780 bp
500 bp

Figure 3-3. PCR analysis for detectioi DPREB2Agene in the putative transgenic shoots.

L: GeneRulel™ 100 bp plus DNA ladder; +C: plasmid (08R10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea plants as a negative control; W: water control
and lane 118: gDNA fromTO shoots (1: PR1, 2: PR2, 3: PR3, 4: PR4, 5: PR5, 6: PR6, 7: PR7,
8: PRS§, 9: PRY9, 10: PR10, 11: PR111, 12: PR112, 13: PR113, 14: PR121, 15: PR122, 16:

PR123, 17: b, 18: b5).
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LC+CW 1 2 345678 910111213141516171819+C

- Eli_i_-‘ C N NS s

1000 bp
500 bp

Bar-499 bp
Figure 3-4. PCR analysis for detection b&r gene in the putative tragenic shoots.

L: GeneRulef™ 100 bp plus DNA ladder; +C: plasmid (08R10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea plants as a negative control; W: water control
and lane 118: gDNA from TO shoots (1: PR1, 2: PR2, 3: PR3R4, 5: PR5, 6: PR6, 7: PR7,

8: PR8, 9: PR9, 10: PR10, 11: PR111, 12: PR112, 13: PR113, 14: PR121, 15: PR122, 16:

PR123, 17: b, 18: b5).
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L +« C W 1 2 3 4 5 6 7 8% 9 1011 12 13 14 15 16 17 18 19 +C

1000 bp

500bp 550bp

Figure 3-5. Detection ofAgrobacteriuncells persistence in the regenerated putative transgenic
shoots using\grobacteriunchromosome specific primer set.

L: GeneRulef™ 100 bp plus DNA ladder; +@igrobacteriumgtrain EHA105) DNA as a

positive control-C: gDNA of nontransgenic pea plants as a negative control; W: water control
and lane 119:gDNA from TO shoot$l: PR1, 2: PR2, 3: PR3, 4: PR4, 5: PR5, 6: PR6, 7: PR7, 8:
PRS, 9: PR9, 10: PR10, 11: PR111, 12: PR112, 13: PR113, 14: PR121, 15: PR122, 16: PR123,

17: b, 18: b5. 19: PR*).
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L+C CW 1 2 3 4

N
N

1
]

480 bp

780 bp

Figure 3-6. PCR analysis to confirm the inheritance of thiBNA region usingrtansgene
specific primers in the genome of randomly selected T1 generation plaf&1@Gagene and

(b) DREB2Agene.

L: GeneRulef™ 100 bp plus DNA ladder; +C: plasmid (08R10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea ghts as a negative control; W: water control;
lane 18: gDNA from T1 plants of different clones (1: PR402: PR1116, 3: PR1122, 4:

PR1131, 5: PR1221, 6: PR1231, 7: PR*2, 8: b1l).
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L+C-CW 1 2 3 45 6 7 8 L 910 11 12

1000 bp 780 bp
500 bp S70bp
480 bp

Figure 3-7. Multiplex PCR analysis foPR10a(480 bp),DREB2A(780bp) andHGM (570 bp)

genes in T2 transgenic generation.

L: GeneRulef™ 100 bp plus DNA ladder; +C: plasmid (08R10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea plants as a negative control; W: water control
and lane 112: gDNA from T2 plants of different clones (1: PR4@L, 2: PR1112-5, 3: PR112
2-5, 4: PR1131-7, 5: PR12212, 6: PR1231-15, 7: PR1231-20, 8: PR*2-7, 9: b1-3, 10:b51-1,

11: PR162-1 and 12: PR1@2-3).
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Figure 3-8. Herbicide tolerance of T2 tnagenic pea plants.

(A) herbicide resistant (+), (B) partially herbicide resistant (£), (C) herbicide susceptiafel(

(D) herbicide susceptible)(leaves of nofiransgenic control plants
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L +C -C W | 2 3 4 3 B T &8 9 10 11 12

1000 bp

500 bp 480 bp
370 bp

1000 by 780 bp
500 bp 370bp

Figure 3-9. Expression analysis of Housekeeping g&¥® bp from cDNA and 570 bp from

gDNA) PR10agene (480 bp) anDREB2Agene (780 bpin selected T2 transgenic plants.

L: GeneRulef™ 100 bp plus DNA ladderC: plasmid (pGIPR10acp148DREB2A DNA as a
positive control-C: gDNA of nontransgenic pea ahts as a negative control; W: water control;
lane 1: cDNA from control plants; lanel2: cDNA from T2 transgenic plants (2: PR4Q2, 3:
PR1112-4; 4: PR112-6, 5: PR1131-6, 6: PR1221-5, 7: PR*2-1,8: PR1231-2, 9: b1-2, 10:
b5-1-1, 11: PR1eR-3) ard lane 12: cDNA from TO plants of Navarro cultivar (Floansgenic

pea cultivar).
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Transgenic line

Control plant

Figure 3-10. Effect of three weeks water withholding on transgenic and control plants. The

wilting of leaves was more pronounced in the control plant compared torisgdrac plant.
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& Expression of PR10a gene before water withholding u Expression PR10a gene after water withholding
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Figure 3-11. The expression level ¢fR10agene normalized to pea housekeeping gene before
and after withholding for three weeks. The expressidPREOagene increased3 fold upon

withholding water for three weeks.
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Chapter Four: Efficacy of transgenic pea Pisum sativumlL.) stably
expressing antifungal genes againgtusarium spp. in three years of

confined field trials

4.1 Introduction

Grain legumes are valuable worldwide for their nutritional and health benefits and
contribution towardsgricultural sustainabilitfAradjo et al. 2015)Among grain
legumes, peaRisum sativunt..) is economically important next only to soybean and
bean worldwidd FAOSTAT 2015 and are mostly grown in temperate regions sRea
the largest pulse crop in the mdtiilion dollar Canadian pulse industry, grown primarily
in the prairie provinces of Saskatchewan, Alberta and Manitobaahahvested area of
1.68 M ha in 201§Statistics Canada 2016)he ability of peato fix nitrogen promotes
environmental stewardship by decreasing fertilizer applicateztucing greenhouse gas
emissionsvhile increasing nitrogen availability f@ubsequent crops. Development of
field pea cultivars with improved yield, disease resistance, abiotic stress tolerance and
seed quality have been identified as major research priorities by Canadian pulse growers
(Warkentin et al. 2015However, further improvement to yield and seed quality is
severely limited by pea diseases, particularly the fungal endemic, Fusarium root rot
(Fusariumspp) caused by a pathogen comp(ue 2M3) which could be responsible
for upto 60% vyield losses in pea crops commercially in Caljgdau et al. 1976)

Recent disease surveys in Alberta have pinpoiRtesdriumspecies
asso@ted with pea root rot compléChang et al. 2007ith F. avenaceunas the
primary causal agent, whose increassog populations may have been benefitted by the

10z



crop rotations with canol@eng et al. 20103nd frequent planting of pea (Bainard et al.
2017).Fusarium avenaceuisolates show genetic and ecological plasticity, occupying
various ecological niches such as root tissues of legumes, head and root tissues of cereals
(Abdellatif et al. 2010and hence, is also the causal agent for root rots associated with
other common crops in the prairi@scludingcanola(Chen et al. 20149nd wheat

(Tyburski et al. 2014)Currently, no fungicides are effective against Fusarium root rot of
pea and only partial disease resistance has been ide(B@ddh et al2016)

Management strategies are reliant on crop rotation, although species involved in this
fungal complex can survive for several years in @ehg et al. 2010Disease resistance
would have positive economic imgtaon the pea industry ithe prairies. Genetic
transformation could aid classical breeding techniques, by overcoming sexual
incompatibility of related species and lack of natural source of resistance in pea. Because
of its selfpollinating nature, low dgree of outcrossing and low allergenicity, pea is a

good candidate for genetic modificati(RRubiales et al. 2015; Warkentin et al. 2015)
However, the economic benefits of gendhcenodified (GM) pea will need to surpass

the regulatory costs, time and labor involved in bringing a GM crop to m@&@ikmstth et

al. 2017)

Despitethe effort in crop improvement via transgenic technologyrdtere few
examples of commercially successful transgenic legumes besides s(iapan 2008)
Particularly inthecase of pea, biotechnological approaches have been restricted to
development of insect resistancaitt(Negawo etl. 2013; Schroeder et al. 199%
drought tolerance (Kahlon et al. 2017 unpublished). Successful examples of commercial

release of GM disease resistant crapgieneral, are rare, currently limited to the
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example of papaya genetically modified with thegspotcoat proteins from mild virus
strains of the pathogdonsalves and Ferreira 2003e lack of GM disase resistant
crops could be attributed to lower lesef disease resistance conferred (compared to
other traits such as herbicide resistance), which is below economic threshold for
producers or high level of resistance but only to a very specific patljdgdly and
Punja 2010)

Several approaches have been used to engineer plants for fungal refistance
reviews, see refunja 2001; Saharan et al. 2016; Wally and Punja 281€l) as
introduction of resistanegenes (Rgenes)utilizing plants basal defense responses
(Gururani et al. 2012} etoxification of virulence facts (Wally and Punja 2010)
expression of antimicrobial secondary metabolites like phytoalexins and pathogenesis
related (PR) proteins (inhibiting the pathog
within cell wall @ RNA) (Moosa et al. 2017; Wally and Punja 201&)d modification of
plant signaling pathways including transcription factors. It is notablddghathieving
enhanced disease tolerance, vimgkon pathogens with a wide host rangar{icularly
for seedling infecting pathogensave been more succesgfatnja 2001)Fusarium
spp. are often classified as hemibiotrophs because their infection paitiaty
resembles that of a biotrophic pathogen (relying on living host) and gradually transitions
into a necrotropic pathogen (consumer of host cells after killing tiidmkt al. 2013)

Such pathogens invadeilng plant cells and subvert the metabolism in favor of their own
growth hence, wth such specialized plafiemibiotrophic pathogen interactions, even
minor changes in either host or pathogen can upset the bétaroenondKosack and

Jones 1997)Achieving genetic resistance/tolerance becomes even more difficult when
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pathogens are genatity variable, as has been reported in casés gfaminearum
( O’ Do na.2004)andt avenaceunfHoltz et al. 20115and othelFusarium
species, because variation facilitates rapid evolution of resisteang et al. 2010)
Often, disease resistamis a highly complex multigenic trait, and thus single gene
transformations may be insufficient and/or offer limited spectrum disease resistance
(Anand et al. 2003)or single gene resistance could be circumventealroytation
reducing the function of the introduced gé@eirr and Rushton 2005ence,
stacking/pyramiding more than one gene decreases the risk of development of resistance
(Halpin 2005) However, coordinated expression of several genes in one plant could pose
an additionalchallenggHalpin 2005; Que et al. 2010)

Recently, Europeafield pea cultivars expressing four antifungal gerfe;3
glucanase (G)endochitinas€C) (belonging to PR proteins family)plygalacturonase
inhibiting proteins(PGIPs) (P) andtilbene synthas@/) have been transformed for
disease toleranqg@mian A et al. 2011; Hassan et al. 2009; Richter et al. 2006&) PR

proteins(d -1,3 glucanasandendochitinasedegrade microbial cell wall components

(i.e. glucan and chitinjVan Loon et al. 2006and PGIPs can inhibit fungal
endopolygalacturonasesausing fungal wall degradation and plant tissue macer@en
Lorenzo et al. 2001 )poth aremportant components of quantitative plant defense
responsesStilbene synthadeelongs to the phytoalexins class of secondary metabolites
that possess biological activity against a wide range of path¢demslet et al. 2002)
Transgenic plants showed enhanced tolerance to fuimgvitro testing (inhibition of
fungal spore germination dfrichoderma harzianur(ir12 strain)Amian A et al. 2011)
However, fieldtesting iscrucial to establish trait efficacy, especially with soil dwelling
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pathogens because of the complexity and high degree of temporal and spatial variation in
soil based ecosyster(Birch et al. 2007bh)However the fieldtesting of GM crops in
Germany is complicated due to nsansparent legislation of GM crofidelissen et al.
2014) An experienced regulatory framework exists in Canada and Canada regulates
productsd er i ved from biotechnology prGMcesses
plants are known as Plant with Novel Trait (PNT) and regulated under the auspices of
Canadian Food Inspection Agency (CFIA), Health Canada and Environment Canada
(CFIA 2017a)

We report here our investigation of three years of confined field tial
transgenic pea stably expressing antifungal genes single and stackedragsirsim
avenaceunm comparison to parental lines and well adapted Canadiatines. Our
hypothesis was that pea transformed with antifungal proteins would tolerate Fusarium
root rot better than Canadian conventional pea lines and parental lines. We also
hypothesize that transgenic lines with stacked genes will have an advanégingle

gene insertions in response to Fusarium root rot in the field.

4.2. Materials and Methods

4.2.1. Plant material

Four antifungal genes V, P, G, C encoding for disease resistance were inserted into

und

European pea cul t i vsaorrdheltsBtate ofPtamt &eetics,and “ Spon

Department of Plant Biotechnology, Leibniz Universiyannover, Germany. Embryo
axis excised from mature seeds using the modified profog@chroeder et al. 1993)
sened as explants fakgrobacteriummediated transformation usidgyrobacterium

strain EHA105Hood et al. 1993)European pea cvBaroness(P. sativuni. cv.
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‘Baronesy was usedor transformation with V, PG genes (V had inducible Vst
promoter, P, G had constitutive D35S promoter), and similarly, European pea cv.
‘Sponsor (P. sativunL. cv. ‘Sponsor) was employed for transformation with C gene
(promoter D35Sjsee Chapter 3Herbicide resistarttar gene fom Streptomyces
hygroscopicusvas present along with the genesiaslectable markgMurakami et al.
1986; Thompson et al. 198{#pr functional map of each transgene, details ofaghof
promoters, sources of genes, please refatdon et al(2017) Two singlechitinase

gene lines have either D35SP (double 35S promoter from CaMV {Cauliflower Mosaic
Virus}) (line 18) orVst(Stilbene synthagdrom grape (line 20). Conventional breeding
was employed to incorporate genes into a single line (Ri¢hter et al. 20060y G:C

(Amian A et al. 2011¥ V:P:G:C(Hassan et al. 2010)

4.2.2. Gene expression

To determine if gene expression in transgenic andtramsgenic lines used in the field
experiment was maintained in subsequent generations, they were grown inn@gseen

in a separate experiment. Plants (10 plantst)imere seeded in prautoclaved
vermiculiteperlite mixture (Sunshine MB#4, Sun Gro Horticulture, Canada) and
retained at 2% 2 °C with a 16/8h light/dark photoperiod for four weeks after whicltro
and leaf samples were removed and cleaned thrice with RNAse free water. Actording
Qiagen(Canada 'recommended protocdltal RNAwasextracted from tissues using
the Qiagen RNeasy Plant MiNit. Briefly, frozen tissues were groundadine powde

with liquid nitrogen in baked (25WC, 3 hr) and chilled-80 °C) mortar and pestle and
100mg of the powder was taken and mixedwithgs50 of buf fer -RLT (cont

ME) and vortexed to obtamslurry, incubated at 58C for 3 min, passed through the
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QIAshredder column and centrifuged at 21,@Qpfor 2 min. In a new tube (with flow
through), 20Qul of absolute ethanol was added and the mix applied to RNeasy column
and centrifuged at 10,000qg for 30 sec. The flowthrough was dispensed off and colum
washed by adding 350 RW1 buffer, centrifuged again and subjected teolimn

DNA digestion using RNase free DNase set (Qiagen) by adding 27.27U DNasglin 80
RDD buffer to the column and incubated at room temperature for 15Ttmgwas
followed byadditions of 70Qul RW1, 500ul RPE and 5@l RPE and centrifugation at
10,000x g and discarding of the flosmhrough to the column at each step. In a newl 2
collection tube, the column was centrifuged at 12060or 2 min and finally,

transferred t@ 1.5ml microfuge tube, 5@ of nuclease free water was added to the
centre of the column, and the RNA eluted by centrifugation at 12030r 30 sec.
NanoDrog™ spectrophotometer (Thermo Fisher Scientifjowas used to quanyithe
extracted RNA andtored at80 °C until further analysis.

cDNA synthesis

In a 20pl volume, complimentary DNA (cDNA) was synthesized using 1ug of total RNA
from RevertAid RT kit (Thermo Fisher Scientifi) as per the recommended protocol.
Briefly, 1 pug of total RNA was usd as the template in a f0reaction containing 100
nmole of random hexamer primer, 20U/pl of RiboLock RNase inhibitor, 10 nmole of
dNTP and 200U/ul of RevertAid reverse transcriptase in 1x reaction buffer. The contents
were mixed, centrifuged and incued at 25°C for 5 min, followed by 60 min at 42

for cDNA synthesis and then heating the tubes t&C7@br 5min. Products were stored
at-80°C.

Quantitation of gene expression by Redime PCR
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Gene expression levels (of V, P, G, and C) in transgeradissug(from root and leaf),

were quantified using SYBR Green baseBT+PCR on a StepOnePllismstrument

(Applied Biosysten®® Canada) wi t h quammethod withimeltn e mp |l oy
curve. A 10 pl reaction contained 5 pl of 2 x KAPA SYBRast Master Mix (Kapa

Biosystems, Boston, MA, USA), 1 ul of 1:15 diluted cDNA, and 5 pmol of each (forward

and reverse) gene specific prirm@vhich were designed using either Primer Express 3.0

(Applied Biosystems) or PrimerQuest (Integrated DRéchnologies, Coralville, lowa)

with Tm of 60°C and amplicon sizes between 1D@0bp. Elongation factor 1a was used

as endogenous control. Primers ed are “P” forward: 5’
CTTCGAAATCAAGACAGCCTTCA3 " ; re-verse: 5’
GGGATCACACTCGACGCAGTA3 ' ; “V” -forward: 5
AGAAATGCCCGGTGCAGAT3 ’ , r e-VI€ECACETGCATAGCAACCTT3 ' ;

“G” f orAATCIGEG CAE'AAC TAC AA-3', reverse: 5CTC GTT GAA CAT

GGC GAATATG-3' ; “ C”" -GAACEE@ GAA:.CTGCTT CTA CAGSI,

reverse: 5TCC TGC TTC TTG GTG GTG3 * and endogenous control
GATGGATGCTACCACCCCTAAG3 ' , reverse: 5’
GAGATGGGAACGAAGGGAATT-3 ). Every reaction was carried out in triplicate,

using 6 cDNAsamples from individual plants from each line, and the averagalGes

were used for calculating gene expression. The detection limit for the plasmid copies was

obtained with a dilution series betweerl #0d 13 copies per reaction, and linear range

of detection was established and were added to the German parentaBpwes(rand

‘Baronesy ' s CcDNA sample to serve as the baselini

These methods are previously publisfi€dhlon et al. 2017)
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4.2.3. Field trials

A confined field trial was established at a secure field site located at the Crop
Diversification Center (CDC) North, Alberta Agriculture and Forestry (AAF), north east
of Edmonton, AB (lat. 5383 8 * N, F202ngW)1,130on a bl ack chernozen
soil in spring of 20132014 and2015following the guidelines for field testing of PNTs
outlined by the CFIASeventeen treatments comprised of nine transgenic lines (five lines
with single gene insertions {5(G)8(C), 20(C), 21(V) and 23(P)} one line with double
gene insertion {4(V:P)}, one line with triple gene insertion {11(P:C:G)}, two lines with
four gene insertions {8(V:P:G:C), 10(V:P:G:C)} and as comparator, four lines including
two German parental linesSponsorand’Baronessand three Canadian lines

with/without pathogerinoculum :*Agassiz (resistant tgpowdery mildew Erysiphe pisi

Syd.) and moderately susceptible to Mycosphaerella biiitdsphaerella pinodes)

(CFIA (Canadian Food Inspection Agency 201 7AC Earlystar (resistant to powdery
mildew, moderately resistant to Mycosphaerella blight and FusariumRugtafrium
oxysporuni (CFIA (Canadian Food Inspection Agency 20)#b)d AAC Royce

(resistant to powdery mildew, moderately susceptible to Mycosphaerella blight and
Fusarium wilt(Bing et al. 201% Seeds were indidually planted by hand at 30 seeds

plot? (1 x 0.5m) at ©m depthEach plot was separated by seeded rows of conventional AC
Ultima triticale to better delineate one genetic compositiom another and limit tangling of
pea lines between plotall plots were inoculated witRhizobiunleguminosaruniov.

viciae (1.6 x10° viable cells ¢f)(GallowaySeeds Ltd, Fort Saskatchewan, ARt a rate

of 291.58 g hd. @ 0.004g for 2.5 seeds for promoting root nodulation. All transgenic

lines, German parentabotrols and three Canadian lines were also treatedrughrium
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avenaceunmoculum @5gnmi*r ow, ground into fine power
wheat plants and was applied in contact with the seed at the time of Jestlumgder the
seed rowto promote disease establishment. After soil testing each year, appropriate
fertilizers were added and plots were hand weeded throughout the growing season. The
plots were arranged in randomized complete block design with pea lines as treatment

randomly arrangd in blockswith six replicates per treatment.

4.2.4. Confirmation of pathogen presence

Pea roots, thEusarium avenaceuimoculum and random soil samples from the field site
for 2013, 2014 and 2015 trials were used for characterization of the patisiggagar
plating and polymerase chain reaction (PCR).

Inoculum plating

Approximately Img of groundrusarium avenaceumoculum used in the field
experiment each year was plated onto potato dextrose agar (PDA) with antibiotics on
petri dishes. Platesexe incubated for-10 days at room temperature, and resulting
cultures were sub cultured and confirmedraavenaceurbased on the colony
morphology using culture identification techniques outline@iaheriet al.(2017)

Root sample plating

Five random roots pldtwere selected and tap roots showing necrosis were cut amo 1
pieces and 3 pieces pfowvere randomly selected each field season, transferred irfto
ml culture tube and surface sterilizesing 70% ethanol for 3®followed by 0.5%

NaOCI (10% bleach) for 2 min, rinséarice indistilled water and blotted dry on sterile
filter paper. Three root pieces plowere plated on acidified potato dextrose agar

(APDA) in 90mm Petri disksand incipated on the laboratory benchtop forl® days
111
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(8 h light, 16 h dark, 22C). Colonies growing from the root were transferred to a new
APDA plate, using hyphal tip transfer under a dissecting scope. Presumptive
identification ofF. avenaceunt. solanj F. redolensandF. oxysporunwere then made

based on the distinct morphologichlaracteristicef these species (pink/yellow/dark

red/or purple pigmentation and shape of macroconidia under microscope) when possible,
and in comparison to stock cultures asTeneri et al(2017) and confirmed with PCR.
Number of roots plateyielding aFusariumculture was recorded. In 2014 and 2015, the
symptomatic areas of roots were also used in a series of multiplex BE&Rms to

assess for presence of ROsariumspecies anéd\phanomyces euteich@mnother

pathogen commonly associated with root rots in prairies). Briefbt,samples were
lyophilized for 48 h (4.5L FreeZone, LabConco, Kansas City, Missouri, USA) and the

30 mg of tissue transferred to collection microtubes in-a@bplate format. Samples

were then ground using a TissueLyzer Il (Qiagen, Carlsbad, California, USA) and DNA
extracted using the Plant DNABiosprint kit ac
(Qiagen). The multiplex reactions were performed using the Qiagen Multiplex PCR Kit
according to manuf allLbfDNAand 0s2(]M of eaehtimero ns  wi t h
(details of primersequences and expected amplisaesused for pathogen detection

from rootwere obtained from the literature as followsavenaceumQoohan et al.,

1998; Turner et al., 1998F. graminearunmandF. culmorum(Nicholson et al., 1998F;.
sporotrichoidegDemeke et al., 2005, equisitiandF. oxysporun{Mishra et al., 203);

F. poae(Parry and Nicholson, 1996}, acuminatun{Williams et al., 2002)F. redolens
(Bogale et al., 2007); aml. euteiche¢Gangnuex et al., 2014Yultiplex combinations

were as follows: 1. graminearumF. poae F. oxysporunandA. euteiches?) F.
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acuminatumF. solaniandF. equisiti 3) F. culmorumF. redolensF. sporotrichoides

andA. euteichesand 4)F. avenaceuni2 primer pairs). A positive DNA standard from
stock cultures of all species was included with all multiplex reactionsstorethere was

no crossreactivity between primer pairs. There was cnesgctivity between thE.
avenaceunprimer pairs withF. acuminatunDNA. A combination of the twé-.
avenaceunandF. acuminatunprimers could usually differentiate between these two
species, but in some cases the reaction was scored as miggdriaceum/acuminatum
when results were not clear.

Soil sample plating

Soil samples were collected from randomly chosen plots immediately prior to seeding of
the trials each year. Soils werduted 1:50 in sterile distilled water, andr was plated

onto potato dextrose agar (PDA) with antibiotics on petri dishes. Plates were incubated
for 7-10 days at room temperature, and the resulting mixture of cultures were scraped
from theagar surfacand subjected to DNA extractions using a multiplex PCR, as

described above.

4.2.5. Plant growth assessment and disease ratings

Data was collected for seedling emergence (14 days after plddii), plant height

and root diameter (28, 42 DAP, 5 plantstp). The disease symptoms and severity for
aboveground symptoménfantino et al. 2006and belowground symptomgBilgi et al.
2008)(Table 4.1) was recorded on all plaum each plot after destructive sampling at 8
weeks DAP. Fresh weight (gm pfotwas recorded as an indicator of the potential yield,

because of the destructive nature of sampling for disease severity ratings.
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4.2.6. Statistical analysis

Data generateftom field experimergwas analyzed using analysis of variance
(ANOVA) using PROC MIXED in SAS 9.4SAS Institute Inc. 2014where lines and
years were used as fixed effects and blocks as random effectabSwere compared

using preplanned orthogonal contrasts statements.

4.3. Results

4.3.1. Gene expressioanalysis

The relative gene expressiofs higher in leaf tissge¢han root tissugin all of the
transgenic pea lines except where expression wasnilar in leaf and root tissse
(Table 3.2, previously published, in péfiahlon et al. 2017)Gene expressidior
differentgenes and lines was highly variable. Relative V exgioesvas significantly
higher (p< 0.05) in leaves compared to roots for line 21(V) (p=0.0011) and line 10
(V:P:G:C) (p=<0.0001). It was highest in line M P:G:C) followed by line 21 and line
4, and negligible in line 8 (V:P:G:C). Interestingly, P had significantly lower xedatot
expression than in leaf, for line {@:P:G:C) (p=<0.0001). Highest relative P expression
was observed in leaf tissues of line(YOP:G:C) followed by line 4V:P), 11(P:C:G) but
lower in roots of these lines and negligible in root tisafdine 8 (V:P:G:C). Relative G
expressionn root tissus of line 10(V:P:G:C) was significantly lower than leaf tissue
(p=<0.0001) which is a forgene line, but was not significantly differentliime 8,
anotherother fourgene stacked lin€V:P:G:C) andn line 11(P:C:G) a threegene
stacked lineas well as single gene lingG). All lines tested for relative expression
levels of Cwere not significantly different between leaf and root tisshewever, line

18 (C) had some low, relative gene expressibh§2+4.01in leaf andl8.01+2.56n
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root) in comparison to negligible expression in stacked lines IR G:C), 10

(V:P:G:C) and 1XP:C:G) and same gene but a different promoter lingC20Variable
relative gene expression among various genetigositions of pea lines suggests gene
silencing or possibly unequal efficacy of promoters. All transgenic lines were confirmed

for homozygosity (data not shown).

4.3.2. Confirmation of pathogen

In 2013, the majority of culturexiginatingfrom the root saples were identified and
confirmed by PCR aBusariumspp. The mogprevalent~usariumspecies identified
wereF. solani F. avenaceumandF. redolenswhile otherFusariumspeciesfor
exampleF. acuminatumwere relatively less abundant. Presence loéiotommon soil
inhabiting fung like Rhizoctoniaspp.,Rhizopusspp.,Trichodermaspp. and
Clonostachys roseaere also recorded. The solil plating followed simitzoverytrends
andF. redolens, F. solarandF. avenaceunwere the predominafusariumspecies
present in the soil. In the 2014 and 20R5redolensandF. solaniwere the most
abundant in soil samplesith lesser. avenaceurthan in 2013. The root plating and
PCR confirmations for 2014 and 2015 resulted in fédwesariumspp identified from alll
samples than in 2013. For 2014 samples, najeariumspp. identified and confirmed
wereF. solanij F. equisitj F. oxysporumandF. avenaceumFor 2015, pathogens present

were characterized &usariumspp. and were not found in all the sampéetdd.

4.3.3.Plant growth assessment
Therainfall accumulated during the growing period for three years at the trial location

was 58.43%, 75.59% and 60.17% of the long term average (LTA) for 2013, 2014 and
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2015 (Table 3.3¥espectively. The percentagmergence of plants pfétl4 DAP are
summarized in Figure 4.1. The line*year interaction was significant (p<0.0001) at 0.05%
level of significance and hence data is presented per year. Overall, all transgenic, parental
and Canadian lines which receiiedavenaceunmoculum showed reduced emergence
(%) plot! than the Canadian lines that did not receive the inoguhimich indicates that
pathogennoculum challengedrowth ofpea seedlings.
In 2013, transgenic lines were significantly different from Gerparental lines 24
(Sponsor) and 2fBaroness) (p=0.0095) and Canadian lines (with inocu @)
(Agassiz), 28AC Earlystar) and 3QAAC Royce) (p=<0.0001xhe highest emergence
(%) being for lines 28P) & 21 (V) of the transgenic lines. However, thisrid did not
continue in 2014 and 201&here transgenic lines were not significantly different than
the parental lines 2@6ponsor) and 2@Baroness) and Canadian lines (with inoculum), 26
(Agassiz), 28§AC Earlystar) and 3QAAC Royce). We observed sigitant differences
among some genes in 203dr instance, two genes stacked lin@/4P) had significantly
lower percent emergence than three genes stacked |{ire@.G) (p=0.0054) and four
genes stacked lines 8 and(A0P:G:C) (p=0.0007). In 2015, theghestpercent
emergence in presence of disease was recorded with transgeni¢MiRe@.C) but it
was not significantly different from parental lines(&ponsor) and 2@Baroness) and
Canadian lines (with inoculum), ZB8.gassiz), 2§ AC Earlystar) an@®0 (AAC Royce). In
conclusion, we did not obseraeonsistent pattern of superior emergence of transgenic
line(s) inthepresence of disease in the three years of field experiments.

Pea plants were tallest (heightcm) in 2013 followed by 2014 and 28 but not

statistically significant and no stunting or dwarfing was observed in plants that received
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inoculum compared to those that did not (data not shown). Becatissdeftructive

nature of the experiment and as an indication of yield, fresh wgghplot?) was

recorded in three years and all lines, years and line*year interaction were significant
(p=<0.001) at 0.05% level of significandeence data is presented separately for each
year. Fresh weight (gm piéf production was highest for lin@4 (V) and 23(P),
respectivelyfor 2013 and 20L4owevert hi s pattern wasn’t consi st
line 5(G) had the highest fresh weight (Figure 4.2). All transgenic lines had significantly
higher fresh weight than their parents in 2013 (p=0,001t not in 2014 and 201&nd

higher than Canadian lines that receipathogerinoculation in 2013 (p=<0.0001) and
2015 (p=0.0396) but not in 2014. We observed th#iampresence of disease, single

gene lins 5 (G), 18(C), 20(C), 21(V) and 23(P) had significantly higher fresh weight
than four genes stacked lines 8,(¥0P:G:C) in 2013 (p=0.0222) and 2014 (p=0.0304)

but not in 2015. Transgenic lines were significantly different in all three years (2013 and
2015 (p=<0.0001), 2014 (p=0.014)) fronet@anadian lines that did not receive

inoculum (lines 27, 29 and 3Q)asserting thgbathogernnoculum was effective. In

general, fresh weighmeasuremenamong the three years did not identify any transgenic
line producinga significantly higher fresh wight among others or compatto parents

and Canadian lines in presence of disgaisandicating an advantage of stacked genes
over single genes. Interestinggxpressing theame chitinase gene with two different
promoters (line 18(C)D35S) and 2@C) (Vst), did not yield any significant differences
among the two transgenic lines for emergence (%) and fresh weight (g plot

throughout the three field seasons. Ample precipitation in 2014 possibly explains the



higher emergence percent pfoand highefresh weight production plotin comparison

to 2013 and 2015 which received lesser precipitation.

4.3.4. Disease severitatings
The line*year interaction for disease severity ratings was significant (p<0.0001) at 0.05%
and hence data is presentsceach year (Figure 4.3 (abay®und and Figure 4.4
(belowground). Transgenic lines had significantly lower above ground disease ratings
than German parental lines (€8ponsor), 2%Baroness)) in 2013 (p=0.0016) but not in
2014 or 2015 and Canadiands that receiveplathogerinoculum (26(Agassiz), 2§AC
Earlystar, 3QAAC Royce)) in 2013 and 2015 (p=<0.0001) but not in 2014. No
significant differences were observed among transgenicdx@essing aingle or two,
threeor four genes stacked in 28, but there were some significant differences between
single or multiple gene lines in 2014 and 2015. For instance, single gene l{Ggs18
(©), 20(C) and 21(V)) had significantly lower above ground disease ratingws gene
line 4(V:P) in 2014(p=0.0016) and two gene ling(¥:P) (p=0.0308) and three gene line
11 (P:C:G) (p=0.0334) in 2015.

Similar results were recorded for disease ratings below ground. Transgenic lines
had significantly lower below ground disease severity ratings than Geanamntal lines
(24 (Sponsor), 2%Baroness)) in 2013 (p=0.0311), but not in 2014 and 2015 and lower
than Canadian lines that receiyeathogerninoculum (26(Agassiz), 2§AC Earlystar, 30
(AAC Royce)) in 2013 (p=<0.0001), 2014 (p=0.0165) and 2015 (p=0)007V8013, no
significant advantage of single vs multiple genes in transgenic lines for disease severity
ratings below ground was recorgdédwever, differences were observed in 2014 and

2015. For example, in 201dvo gene line 4V:P) had significanthjhigher below ground
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disease ratings than single gene (li&) 18(C), 20(C), 21(V) and 23P)) (p=0.0273)
and four gene lines 8, 1¥:P:G:C) (p=0.0254) and single gene lineg3, 18(C), 20

(©), 21(V) and 23(P) had significantly lower disease sety ratings than two gene line

4 (V:P) (p=0.0238) and four gene lines1® (V:P:G:C) (p=0.0324) in 2015.

Interestingly, throughout the three trial years (except above ground disease ratings in
2014), disease severity ratings above and below groundsigaiécantly lower thann

the Canadian lines (4@\gassiz), 2§AC Earlystar, 3AAC Royce)) that received
pathogennoculum and had some genetic advantage of partial disease resistance. It is
notable that the Canadian lines have been selected inetbenpe (inadvertently) of
similar strainsof these pathogens, whereas the German breeding efforts would have
occurred under different selection pressure. As observed for growth parameters, lines
with chitinases genes with two different promoters (lind@8D35S) and 2QC) (Vst),

did notshowsignificant differences for disease severity ratings (above and below)
throughout the three field seasons. Overall, contrary to our expectation, we did not
observe any transgenic line or gene combination that pextbbatter than parental lines

for disease tolerance performance in three consecutive years of fiedd trial

4.4. Discussion

In this study, confined field trials weo®nductedor three consecutive years to test nine
transgenic pea lines with four antiigal genes, singly or stackedjainst Fusarium root
rot and were compared to their parental lines as well as Canadian pea lines in
presence/absence mdthogerinoculum. The variability found ithetransgenic lines
throughout the three years of fieldalmeveaédthe complexity of the disease tolerance

traits and their interaction with variable environmental conditargsmultiple
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pathogensConsequentlywe were not able to identify transgenic pea lines that
outperformed parental lines or well adap@ahadian lines in presence of disease over
the course of three consequent field seasons. Although some tiansgesifor

example, line21(V) and 23P) in 2013 and 2014) ddiemonstratdetter performance
(higher emergence, more biomass productiahlawer disease ratings) thepresence

of the pathogen than other transgenic lines, that did not translate into consistent
performance or statistidglsignificart differences/s comparators over the three trial
years. No advantage of gene pyramidingrondividual genes was recorded, contrary to
our initial hypothesis. Our results are consistent with other researchers who found that
transgene insertions can have variable or no effect on disease tolerance or resistance. For
example, higHevel expressionf tobacco chitinases geneNlicotiana sylvestrislid not
increase resistance @ercospora nicotiangNeuhaus et al. 1991¢ene PGIP2
expressed in transgenic wheat did not redCie@iceps purpureaymptans (Volpi et al.
2013)a n d1,3[@lucanase constitutively expressed in alfalfa did not decrease root
severity of fungi containing chitiMasoud et al. 1996alHowever, contrary to what we
observed, many successful transgdinies particularly in legumes, have been reported
to enhanceantifungal activity. For example, rice chitinases under control of CaMV35S
promoter improved resistanoé peanuiArachis hypogaed.) against leaf spot
(Cercospora arachidicolg(lgbal et al. 2012band late leaf spoPhaeoisariopsis
personatd, rust Puccinia arachidisSpeg.) andispergillus flavugPrasad et al. 201.3)
Similarly, barley chitinases (AAA&786) improved resistance to Corynespora leaf spot
diseaseorynespora cassiicojan blackgram Yigna mungd.. Hepper)(Chopra and

Saini 2014) Resveratrol synthase (a stilbene) from peanut decréksgdstemand leaf
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spot diseasePhoma medicaginjdan alfalfa (Medicago sativd..) (Hipskind and Paiva
20000 Over expr es sl;3glucanase in transgemic mpeanut fed to enhanced
protection againsCercospora arachidicolandAspergillus flavugSundaresha et al.
2010)andCercosporgersonantgQiao et al. 2014)All of these reports, however, were
conductedunderlaboratory conditions and agairssingle pathogen. Under laboratory
conditions, differences between tested lines may be easier to differentiate as a single
pathogenchallenge could be imposed whereas in field trials, the number of pathogens,
differences in soil moisture and weather variance more accurately represent the true
agroromic effect of transgenes. Also, having multiple pathogens acting on the plhat at t
same time (as observed iretfield tria) canincrease occurrence of disease symptoms
(Willsey et al. 2016)

Gene pyramiding did not consistentignferresistance advantages in trials
conducted in the field as suggested by other resaardher instancdflor av i kova et &
(2004)observed n@nhancedesistance t&khizoctonia solann a hyphal extension assay
using extracts fronransgenigotato with chitinases and glucanase gemeansgene
combinations ofte result in successful inhibition of fungal growthvitro, but fail to
translate the same successlergreenhouse or field conditions, as was the taseur
transgenes. Oilseed rape transfor medd with do
glucanae genes from barley both driven by CaMV 35S promoter did not increase fungal
resistance againgtiternaria brassicagA. brassicolaVerticillium longisporumandL.
maculansvhen assayed ithegr eenhouse whereas-1Buri fied chi:
glucanase di reduce fungal grown in vitr@velander et al. 2006)his can be attributed

to PR protein’s differenti aprovigdiogvaeryvi ty agains
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specific resistance agairgimepathogenyet completely ineffective against others in
respect to same crpthus not providingontinuous and sustainable resistafMeosa et
al. 2017) For example, no known PGIP is able to inhibit polygalacturonasesqaddy
the fungal pathogeR. verticillioides(Kalunke et al. 2015dnd PGIP1 which is unable to
inhibit F. moniliforme partially inhibitsF. oxysporunt. sp.lycopersici
polygalacturonases in bedPh@sealis vulgarig (Desiderio et al. 1997nd chitinases
obtained fromTrichodermasp. are considered more effective in conferring disease
resistancéSandhu et al. 2017Jhe capacity of many fungal pathogens suchusarium
spp, to change their genetic structure in the face of selection forces such as resistance
genes and environmental fact@Puinja 2001)when they possessghi inherent genetic
variation(Feng et al. 2010xoupled with their hemibiotrophic natuida et al. 2013)

can also contribute to difficuéisto achieve disease resistance. iEotvnental variation
has been attributed as the most important factor contributing to disease poogreds
resistance responses in Fusarium root rot, making this trait highly challenging to
acconplish (Foroud ¢ al. 2014)

Genes used in hresearcthad variable relative expressitmvelsin transgenic
lines and a lower relative gene expression in the roots as compared to the shoots in
general. In particulaC had very low gene expression in both root armbstissues,
which might have contributed to lack of resistance. No significant differences amongst
single or stacked genes, or choice of promoters for samewereerecorded. The major
constraint in ceexpression of different transgenes is that the g&peession remains
uncoordinated even with physically linked ge(sagbool and Christou 1998@nd

transcriptional silencing of transgesTeayoccur(Matzkeand Matzke 1998)Other
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factors, for instance choice of promoters, which can affect the strength, tissue specificity,
timing (Qu and Takaiwa 2004 unexpected gene silenci(igaxinger et al. 2008)r
transgene copy number and epigenetic effiestz-Pfeilstetter 2010; Finnegan and
McElroy 1994; Jaenisch and Bir@@3)can contribute to variedangene expression.
However,usingtwo different promotero drive the same chitinases gene (line 18 with

Vst from Stilbene synthasand line 20 with D35SP from CamV) in the current

experiment did not yield any differerdgponses antifungal activity.

Many genes encoding for antifungal proteins have been isolated, cloned,
sequenced and expressed in plants agdifistentphytopathogenic fungwith some
success (for a latest review, gdtoosa et al. 2017Examples of a synergistic effect of
pyramiding genes on combating fungal diseasesep@ted/Amian et al. 2011; Anand
et al. 2003; Richter et al. 2006a; Ziaei et al. 206)vever, most of these results were
obtainedunderin vitro and/or greenhouse testing and few crops have d@emercially
released employing this strated8AAA 2017). Long term field testing is required to test
the agronomic performance and ecological relevance of the promansgeneffects
detected under laboratory conditions in the complex environméetéld especially
in the local environmer({tVozniak and McHughen 201Zjield studies can help to
evaluate any yield reduction which can occur due to introduction of new @&olesn
2005)or to study the interactions émnterplay between various biotic and abiotic
stresses in their natural forfBostock et al. 2014}o identify and rectify issues with
stability and resultant pleotropic effe¢Bons et al. 2012nd lastly, to satisfy regulatory
agencies who rely on results from field trials conducted at several locations and are

representative of the actual target area of crop cultivéiomeis et al. 2008)Since the
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goal of such research programs is improving grower yield and produ¢@®otyfray et
al. 2010) strategic field trial experimesallowing realistic evaluatiaof genotype x
environment interactios, become crucial.

Research efforts legume crop improvement shouwdntinue sincg@ublic
acceptance and high costs incurred in developinglergulating transgenic crops
(Kalaitzardonakes et al. 200ake it difficult to fitthemi nt o a f ar mer’ s di ve
strategy(Rubiales et al. 2015)deally, for addressing efficacy of transgenic disease
resistant plants, multiyear, multicetion field trials are desired. However, the limited
seedavailabilityand cost oflevelopinga transgenic cropuch agpeas is beyond the
budgetary scope ohostpublic institutiongParisi et al. 2016)Often,researctdata
without significant differences between treatmeares not publishedyet are very
important for the scientific communifiKnight 2003) especially considering the

resourcesisedto conduct confiad release trials.
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Table 4-1. Aboveground(adapted fronfinfantino et al. 200§)and below ground disease rating scale (adapted(Bdgi et al.

2008)

Tissue used | Obsevations recorded Rating

Above Healthy plant 1

ground Slight yellowing of lower leaves 2
Yellowing of lower leaves upto the 3rd or 4th node, some stunting 3
Necrosis of at least half or more of the plants with some stunting 4
All plants dead or nearly so 5

Below Lesions (%) Root Root mass

discoloration | reduction

ground 0 0 0 1
0.1-0.2cm, small reddish brown at hypocotyl base 0 0 2
Coalescing of localized root/hypocotyl lesions from-0csn, around the stem 10-20% 0 3
Lesions extending and completelyoircling the stem 95% 5-10% 4
Increasingly discolored and extended hypocotyl lesions 100% 20-50% 5
Hypocotyl lesions encircling the stem extending up to 2 cm 100% 50-80% 6
Pithy or hollow hypocotyl with very extended lesions Dead Dead 7

12t



Table 4-2. Relative gene expressiarnstandard error (SE)f each gene in roots and leaves, for each transgenic line in field

Relative gene expression
Gene Line
Root + SE Leaf + SE
v 4(V:P) 1687+2.45 44.42+4.40
21(V) 32.85+2.36 558.48+84.99
8(V:P:G:C) 0.02+0.00 1.17+0.35
10(V:P:G:C) 40.47+12.54 699.14+220.76
4(V:P) 268.79+159.53 32963+14166.04
P 23(P) * *
11(P:C:G) 122.66+69.40 11892.53+6171.69
8(V:P:G:C) 3.58+0.47 469.48+93.35
10(V:P:G:C) 614.05+£72.30 111577.50£27728.24
G 5(G) 127.21+71.77 452.07+214.25
11(P:C:G) 1.53+0.40 4.26+1.03
8(V:P:G:C) 0.32+0.20 1.77+0.32
10(V:P:G:C) 94.94+31.61 1566.15+462.75
C 18(C) 18.01+2.56 14.62+4.01
20(C) 0.10+0.02 0.19+003
11(P:C:G) 0.25+0.04 0.08+0.01
8(V:P:G:C) 0.24+0.03 0.10+0.01
10(V:P:G:C) 0.08+0.01 0.09+0.01

* data not available

experiments
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Table 4-3. Precipitation at field trial location in three sequential years

Location Accumulated from  Long term Average (LTA) % of LTA
May-October
mm: --p--
2013 201.3 344.5 58.43
2014 260.4 344.5 75.59
2015 207.3 344.5 60.17
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Percent emergence plot
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Contrasts p-value
24,25 vs 26,28,30 <0.0001
24,25 vs 27,29,31 <0.0001
4,5,8,10,18,20,21,23 vs 24,25 0.0095

4,5,8,10,18,20,21,23 vs 26,28,3(<0.0001
4,5,8,10,18,20,21,23 vs 27,29,31<0.0001

5,18,20,21,23 vs 4 ns
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11 vs 8,10 ns
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24,25 vs 27,29,31 0.013
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5,18,20,21,23 s 4 <0.0001
5,18,20,21,23 vs 11 ns
5,18,20,21,23 vs 8,10 ns

4vs 11 0.0054
4 vs 8,10 0.0007
11 vs 8,10 ns
24,25 vs 26,28,30 ns
24,25 vs 27,29,31 <0.0001

4,58,10,18,20,21,23 vs 24,25 ns
4,5,8,10,18,20,21,23 vs 26,28,3Cns
4,5,8,10,18,20,21,23 vs 27,29,31<0.0001

5,18,20,21,23 vs 4 ns
5,18,20,21,23 vs 11 ns
5,18,20,21,23 vs 8,10 ns
4vs 11 ns
4vs 8,10 ns
11 vs 8,10 ns

Figure 4-1 Emergence percent (pittin presence or absencepathogerinoculum, of

transgenic lines and conventional pea lines (transgenic lines: 21(V), 23(P), 5(G), 18(C),

20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C), 24(Sponsor), 25(Baroness),
26(Agassiz), 27(Agassiz)*, 28(AC Earlystar), 29(AC Earlystar)*, 30(AAC Rqyce)

31(AAC Royce)* in three year confined field tigal

* Pathogennoculum was not provided
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2500
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Figure 4-2 Fresh weight biomass ptb{gm) in presence or absencepathogen

inoculum, of transgenic lines and conventional pea lines (transgenic lines: 23(N),

5(G), 18(C), 20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C), 24(Sponsor),
25(Baroness), 26(Agassiz), 27(Agassiz)*, 28(AC Earlystar), 29(AC Earlystar)*, 30(AAC
Royce), 31(AAC Royce)* in three year confined field sial
* Pathogennoculum was noprovided
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Figure 4-3 Disease severity ratings above ground (plat presence or absence of
pathogennoculum, of transgenic lines and conventional pea lines (transgenic lines:
21(V), 23(P), 5(G), 18(C), 20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P):C

24(Sponsor), 25(Baroness), 26(Agassiz), 27(Agassiz)*, 28(AC Earlystar), 29(AC

Earlystar)*, 30(AAC Royce), 31(AAC Royce)* in three year confined fielddrial
*Pathogeninoculum was not provided
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Figure 4-4 Disease severity ratings below ground (pJah presence or absence of
pathogennoculum, of transgenic lines and conventional pea lines (transgenic lines:
21(V), 23(P), 5(G), 18(C), 20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C),
24(Sponsor), 25(Baroness), 26(Agassiz), 27(Agassiz)*, 28(ACdHtar)y29(AC
Earlystar)*, 30(AAC Royce), 31(AAC Royce)* in three year confined fielddrial

* Pathogennoculum was not provided
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Chapter Five: Performance of antifungal genes expressed in transgenic
pea Pisum sativumlL.) against Mycosphaerella blight in three years of
confined field trials

5.1. Introduction

The legume familyincludes41 domesticated species known for their nutritional and
health benfits and contribution towards agricultural sustainabilfyaujo et al. 2015)
Among these, pegPisum sativuni..) rank secon@&conomically only to soybeans and
beans worldwidéFAOSTAT 2015) The western Canadian praiprovincesre the
largest producerof field pea (3.4 million tonnes (MTgndproduction has been
consistently increasingverthe past two decadéRaghunathan et al. 2017; Taheri et al.
2016) Canadian pulse growers have established field pea cultivar research priorities
aimed aimproving yields, seed quality amolerance tabiotic and biotic stress
(Bueckert et al. 2015b; Tayeh et al. 2015; Warkentin et al. 26ihyever, pea diseases,
particularly Mycosphaerella/Ascochyta blight complex causeddyyonellaea
pinodegBerk. & A. Bloxam) Aveskamp, Gruyter & Verkley (syMycosphaerella
pinodegBerk. & A. Bloxam) Vestergr.) (teleomorpBidymella pinodesalso known
asAscochyta pinodéseverelyeducesield under wet conditions in most pea producing
regions in the worl@Xue et al. 1997)

AlthoughMycopshaerella Blight Complexf pea has several associated fungal
pathogensP. pinodess the most widespread and damaging in Calj@dasen et al.
2011; Khan et al. 2013; Liu et al. 2013; Tivoli and Banniza 2@@d)worldwide(Bretag
et al. 2006; Skoglund et al. 201Recent surveys ithe Canadian prairies have

reinforced thaP. pinodess the most prevalent pathogenvlycopshaerella Blight
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Complex(99% of the tested isolateshd its aggressiveness on the host plants has
increased over tim@Ahmed et al. 2015)TheMycopshaerella Blight Compleag present

in almost every pea field annually (McLaren et al. 2CGri¥) disease isfluenced by

pathogen frequency, distribution aaavironmen{May et al. 2005and is known to

reduce seed yield up to 50% (Xue et al 1997). This foliar necrotrophic fungus attacks
almost all parts of the plant i.e. leaves, stems, flowers, and pods of field pea. Initially,
small distinct purplish blaclesions with irregular margins develop on leaves, stems and
pods which enlarge and coalesce as the season progresses. These lesions cause extensive
blight and root rot, weaken stems, increase lodging and cause shrunken or discolored
seeds, ultimately lowerg quality(Gossen et al. 2011¥%evere disease on leaves and
internodes of the basal part of the plants reduces both the number of seeds per stem and
seed size, contributing to lower yidl@arry et al. 1998; Tivoli et al. 1996; Xue et al.

1997) P. pinodesan survive as mycelium on diseased pea trash, or in the soil as
sclerotia and chlamydospores for several years and moist conditices|aired for

infection and sprea(Bretag et al. 2006)

The majority ofdiseasenanagement strategies in Western Canada rely on crop
rotation and seed treatmeg@ossen et aR011)because of the lack of effective and/or
costeffective fungicidegKhan et al. 2013)Although partially resistant cultivars are
available in pea germplasm, they cordaty incomplete or partial resistan(@arrillo et
al. 2013; Conner et al. 2012; Fondevilla et al. 2008; Zhang et al..20@7ation in the
virulence ofP. pinodegopulatiorsin wedern Canada contributes substantially to the
complexity of selection for resistant®u et al. 2006)As suggested bighan et al.

(2013) stacking of broad antifungal genes on currenderately resistant varieties using
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biotechnological tools and/or GM technologies may provide effective contial of
pinodes

Pea is an excellent candidate for genetic transformation because of its self
pollinating nature, low allergenicity and lowgegree of outcrossing, and transformation
could aid in classical breeding techniques by overcoming sexual incompatibility between
species of intere¢Dita et al. 2006; Rubiales et al. 2015; Warkentin et al. 2015)
However, the economic advantages of disease resistaawiliezeed to be weighed over
the costs, time and labor involved in the regulatory procedures required to bring a
genetically modified (GMcrop to marketBiotechnological approaches have been used
on legume crops and successfully implemented in soyliegren 2008)but have been
restricted to the development of insect resistgMmaton etal. 2000; Schroeder et al.
1995 Shade et al. 1994; Timmerma&faughan et al. 200Dr drought tolerance (Kahlon
et al., 2017 unpublisicg in field pea. Commercially released GM disease resistant crops,
in general, are few (ISAAA 2017). This low success rate could be attributed to the
transgenes not being sufficiently effective, or they confer highdeveksistance but
only to a very pecific pathogerfWally and Punja 2010)

Approaches used to engineer plants for fungal resistance mainly include
insertions of resistanegenes (Rgenes) (that utilize plants basal defense responses),
detoxificatian of virulence factors, antimicrobial peptides such as protein and

pathogenesiselated (PR) protein expression (which inhthkf ungus’ s capacity
degrade polysaccharides within the cell wall or RNA) and plant signaling pathway
modifications(Gururani et al. 2012; Moosa et al. 2017; Pandolfi et al. 2017; Saharan et

al. 2016; Sreerad Rajam 2015; Wally and Punja 201Djsease resistance is a very
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complex multigenic trajthence, single gene transformations may not be sufficient to
deliverbroadspectrum disease resistari@é@and et al. 2003)or could be lost by a single
mutation causing the introduced gene to be ineffe¢®war and Rushton 2005)

Therefore, stacking/pyramiding more than one gene of a desire(Hapin 2005;

Mundt 2014)hroughcoordinated expression of many genes in one plant at a time could
be challenging and issues with durability of genes remain the same as breeding for
resistancéHalpin 2005; Mundt 2014, Que et al. 201B¥ppecially irthecase of PR
proteins, their ectopic expression can cause defense responses in the absence of
pathogens that could leaal teductios in yield (Moosa et al. 2017r a fitness penalty
(Tian et al. 2003)

Recently, four antifungal genagpresentindg®R proteinsb-1,3 glucanas€G),
endochitinas€C), polygalacturonase inhibiting proteifGIPs) (P) andtilbene
synthas€V) were transformed and expressed in EuropeanRisar( sativuni..)
cultivars for disease toleran¢gdmian A et al. 2011; Hassan et al. 2009; Richter et al.
2006a)(Table 1) as individual insertions and stacked as two, three or four genes in one
line (stacked using conventional breeding (V&chter et al. 208a)x G:C (Amian A et
al. 2011¥ V:P:G:C(Hassan et al. 2010)These genes provide resistance against fungal
pathogens using different strategifes examplethe PR proeins(b-1,3 glucanasand
endochitinaspdegrademicrobial cell wall componenid/an Loon et al. 2006PGIPs
inhibit fungal endopolygalacturonasesreduceplant tissue maceration and fungal cell
wall degradatiorfDe Lorenzo et al. 2001andStilbene synthasa phytoalexinclassof
secondary metabolites that exhdbtological activity against a range of pathogens

(Jeandeet al. 2002)In vitro testing showed enhanced tolerance to fungi in transgenic
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pea plant§Amian A et al. 2011; Selatsa et al. 2008)wever, fieldtesting is pivotal to
establish trdiefficacy under complex and varying environments. Due tetraorsparent
legislation of GM cropgNelissen et al. 2014jield-testing of GM crops in Germany is

not possible. Canada is a gdodationto test hese genes in the field as products derived
from biotechnological processes known as Plants with Novel Traits (PNT) are regulated
under the auspices of the Canadian Food Inspection Agency (CFIA), Health Canada and
Environment Canad@CFIA 2017a)ust the same as conventionally bred products.

We report here three years of confined field trials evaluating transgenic disease
tolerant pea stably expressing antifungal genes as single and stackedrRagaimsiesn
comparisorto parental lines and well adapted Canadian pea lines (bred in and adapted to
Alberta growing conditions). Owr priori hypothess are:1) antifungal genes expressed
in transgenic pea plants will exhibit improved tolerance to Mycosphaerella blight
complexthan Canadian conventional pea lines and parental Bhé®nsgenic lines with
stacked genes will have an advantage over single gene insertions in response to

Mycosphaerella blight complex in field trials

5.2. Materials and Methods

5.2.1. Plant materid

European pea cultivars “Baroness” and *“ Spons
genes V, P, G, C #belnstitute of Plant Genetics, Department of Plant Biotechnology,

Leibniz University Hannover, Germany. Using a modified protocol by Schreedér

(1993) embryo axis excised from mature seeds of EuropeaiBaeanesswere used as

explants forAgrobacteriummediated transformation using strain EHAXB®od et al.

1993)for insertion ofV,P,G genes (V had inducible Vst promoter, P, G had constitutive
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D35S promoter), and similarly, European p8ponsorwas used for transformation with
C gene (driven by D35S promotésee Chapter 3Herbicide resistariiar gene
(selectable marker) frofdtreptomyces hygroscopicwas inserted along with the genes
(Murakami et al. 1986; Thompson et al. 1963y details on functional maps of the

geneaused, see Kahlon et al. 2017).

5.2.2. Gene expression

Transgenic and netmransgenic lines were grown in the greenhouse at the Department of
Agricultural, Food and Nutritional Sciences, University of Alberta, Edmonton, AB,
Canada, in prautoclaved vermidite-perlite soilless medim (Sunshine Mi&#4, Sun

Gro Horticulture, Canada). Each plant (10 plantsi)neere seeded in pots and kept at

25+ 2 °C with a 16/8h light/dark photoperiod for four weeks. Root and leaf samples

were removed and cleaned thtmees with RNAse free water. The methods for

guantitation and statistical analysis of gene expression have been described in Kahlon et

al. 2017.

5.2.3. Field trials

A secure field site located at the Crop Diversification Center (CDC) North, Alberta

Agriculture and Forestry (AAF), in norbast of Edmonton, AB (lat. 33 8 ' N,

long.1132 2’ W), was used for establishing confine
2014 and 2015 under the auspices of CFIA, following the guidelines for field testing of

PNTs (CFA authorization numbers 130A1-257-PEA, 14 UOA1-257-PEA and 15

UOAL1-257-PEA). The site haaBlack Chernozemic sandy loam soil and annual soil

tests were conducted to determine the amount of phosphorus to be added at seeding.

Seventeen treatments, conged of nine transgenic lines (five lines with single gene
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insertions {5(G), 18(C), 20(C), 21(V) and 23(P)}, one line with double gene insertion
{4(V:P)}, one line with triple gene insertion {11(P:C:G)}, two lines with four gene

insertions {8 (V:P:G:C), 1QV:P:G:C)}, and as comparators, five lines including the two
German parental line§§ponsorand‘Baronessand three Canadidored lines Agassiz
(resistant tgpowdery mildew Erysiphe pisiSyd.) and moderately susceptible to
Mycosphaerella blightH. pinodes) Canadian Food Inspection Agern29173, ‘AC

Earlystar (resistant to powdery mildew, moderately resistant to Mycosphaerella blight

and Fusarium wiltRusarium oxysporuin(Canadian Food Inspection Agency 20),7b
and‘AAC Roycé (resistant to powdery mildew, moderately susceptible to

Mycosphaerella blight and Fusarium wilging et al. 2015 All lines tested, except one

each of the three Canadian linesceived seed treatment with Apron Maxx FTA

Syngenta, Canada (@0.01 mL per 30 seeds). Seeds were individually planted at 30 seeds
plot! (1 m x 0.5m) ata’5 cm depthEach plot was separated by conventionsC Ultima’
triticale. All plots were inoculated witRRhizobiuneguminosarunbv. viciae for root

nodulation promotion (1.6 x 109 viable celi$ @t a rate of 22y ha! (@0.004g for 2.5

seeds) (CellTech® Novozymedll transgenic lines, German parental controls and three
Canadian lines were provided wihpinodesnfected peainesf r om t he pr evi ous
confirmed diseased pea vines from research trials from Alberta Agriculture and Forestry,
Lacombe, AB, apahogeninoculum. Diseased vines were spread by hand on the plot at

the 610 node stage. The plots were arranged in a randomized complete block design with

six replicates per treatment.

5.2.4. Plant growth assessment



Data was collected for seedling emange plot (14 DAP, days after planting), plant
heights (28, 42 DAP, 5 plants pfgtto ensure uniformity of growth among transgenic

lines.

5.2.5. Disease severity ratings

Plots were assessed weekly for Mycosphaerella blight severity after the applafati
diseased vines each year and continued until pea physiological maturity. Visual disease
estimates were taken on foliage in a plot, dividing the plant into three sections: upper,
middle and lower, using a scale of 0 (no disease) to 9 (whole plaetelyehlighted) as

described byu et al.(1996)

5.2.6. Yield

Plants were hand harvested and threshed using a single plant thresh2A(SPT
Agriculex Inc., Guelph, ON) on the site at harvest. Lines were carefullyskpprate and
the thresher thoroughly cleaned using a hand held air blowehaftezst oleach line to
avoid mixing genotypes. Seed yield per plot was recorded on site using an electronic
scale and samples were triplackagednd brought to a secure roat the Laird W
McElroy Environmental and Metabolism Resea@dntre, University of Alberta,
Edmonton, AB (to confine the transgenic seed movement). Seed numberaot
recorded using an electronic seed counter (Model#945M&atyequipment Co. nk, St.
Charles, IL, USA), which was also cleaned in a similar manner as described above to

avoid mixing genotypes

5.2.7. Statistical analysis
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Data acquired from the field experiments were analyzed using analysis of variance
(ANOVA) with PROC MIXED in SAS 9 (SAS Institute Inc. 20143t 0.05 probability.
Lines and years were fixed effects and blocks were randorpl@reed orthogonal

contrasts statements were used to compare LSmeans for lines of interest.

5.3 Results

5.3.1. Gene expressioanalysis
Overall, the relative gene expressigas higher in leaf tissseompared to root tissa@
all of the transgenic pea lines exc€pfsingle gene which had similar expression levels

in leaf and root tissge (Table 41). For details, see chapter 4 section 4.3.1.

5.3.2. Plant growth assessment

Plant emergence (percent plants plb# DAP) are summarized in Figure 5.1. The

|l ine*year interaction was significant (p<O0.

therefore data is presented by year. In 2013, all transgenic lines had significantly more
emergence (%) pldt than the untreated Canadian lines (27, 29, 31) (p<0.0001) but not
significantly different than the Canadian lines which received seed treatnteatiabe

of seeding (26, 28, 30). This trend continued in 2014 but not in 2015 when the transgenic
lines had significantly more emergence (%) plitan both treated and untreated lines
(p<0.0001). The emergence (%) plédr the transgenic lines rang&dm 72 to 95% in

2013, 67 to 93% in 2014 and 72 to 90% in 2015, which suggests similar seedling
emergence in all three years. Also, we observed that with seed treatment, Canadian lines
(26, 28, 30) had more emergence (%) pthan their counterparts, v did not receive

seed treatment in 2013, 2014 and 2015 (with the exception of lines 26 and 27 in 2015).

We did not observe any transgenic line or a single vs. stacked line, having superior
14¢
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emergence in the three years of field experiments. All peasphaidt uniform heights in
2013, 2014, and 2015 and no stunting or dwarfing was observed in any plants (data not
presented).

Disease rating observations consistently increased over the three years of field
trials from application of inoculum until maturityhich reinforces that artificial
inoculation was resulting in disease, which challenged the pea lines. Characteristic
purplish lesions coalescing to fotargerlesions were observed on the entire plant
starting athebottom and progressing upwards avele observed on all plant parts
(leaves, stems, stipules, tendrils, flowers). However, transgenic lines were not
significantly less diseased than the Canadian lines which received seed treatment (26, 28,
30) in 2013 and 2014 when assessed at 15 and 2laftay inoculation (DAI) but were
significantly different than parental lines (28) (p=0.0167 at 15 DAI and p=0.0059 at
21 DAI), as well as Canadian lines with seed treatment (26, 28, 30)(p<0.0001 at 15 DAI
and at 21 DAI) in 2015 (Figure 5.2). It isalear why 2015 was different, although the
amount of moisture in the pea canopy at the time of disease spread may have been higher
and therefore may have contributed to differences observed among lines and genes.
However, no consishtpattern was observed three years of study in single vs. stacked
genes and there was no particular transgenic line that tolerated the disease better
compared to the Canadian or parental lines.

The transgenic lines had significantly higher seed yields (gri)diothe
preence of disease than Canadian lines that weretsested (26, 28,30) (p=<0.0001) in
2013 and 2014 (p=<0.0001) but not in 2015 (Figure 5.3) in the presence of disease.

However, they were not significantly different from their parental lines (24, 25)
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consstently in all three years. There was no significant advantage of having two, three or
four genes over a single gene, as was the initial expectation. Similarly, while seed
numbers plot showed some differences among various gene combinations in three year
they were not significantly differefitom their parents (24, 25) (Figure 5.4) consistently
across three years, which was counter to our initial expectations. The seed from all three
field trialshad very low lesiomumbersbut some seed shrinkage vediserved in the
transgenic lines, as well as the parental and Canadian lines without seed treatment,
although this was not consistent in all replications. Growing season precipitation was
consistently below the long term average (LTA) precipitation forglgen in all three

years (58, 76 and 60% of the LTA precipitaticgspectivelyfor 2013, 2014 and 2015)

(Table 42). This might have affected how the disease progressed each yeadared

our ability to observe differences between treatments. Alth@0d.4 had reasonable
precipitation (76% of LTA), the previous year (2013), had only 58% of LTA, which
indicates the possibility that moisture reserves in the soil were depleted. In years with
higher moisture availability, larger differences may have lobserved but disease was

sufficiently present to reduce yieldspathogerinoculated plants.

5.4. Discussion

We established confined field trials for three consecutive years théedficacy of nine
transgenic pea lines transformed with four antifal genes, present singly or stacked

againstP. pinodesn comparison to their parental lines and Canadian pea lirites in
presence/absence of seed treatment. We were not able to identify transgenic pea lines that
surpassed the parentizesor partially disease tolerant Canadian lines in the presence of
disease over the course of three different field seasons when evaluating their growth,
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disease tolerance and yield. The variability observed within transgenic lines over the
course of three consecutivears of fieldtesting reinforces the complexity of disease
tolerance traits. We did nobservea benefit of antifungal gene stacking over individual
genes, refuting our initial hypothesis. Our results corroborate the findings of other
researchex,where tansgene insertions have inconsistent or no effect on disease tolerance
or resistance. For example, expression of PGIP2 gene in transgenic wheat from bean
(Phaseolus vulgar)did not reduc€laviceps purpureaymptomgVolpi et al. 2013)
chitinase genes expressedNicotiana sylvestrislid not confer resistance @ercospora
nicotiana(Neuhaus etal. 1991) and const i t ult3iglucanase diggrmote s si on o
decease fungal growth severity in alfalfa ro@itéasoud et al. 1996alHowevercontrary

to our results, many transgenics expressing antifungalsgpasdicularly in legumes,
exhibited successful disease resistart-or example, in rice, chitinases under CaMV35S
improved resistance against leaf sgogrcospora arachidicolg(lgbal et al. 2012band

in peanut Arachis hypogaed.), against late leaf spoPfhaeoisaiopsis personatg rust
(Puccinia arachidisSpeg.) and\spergillus flavugPrasad et al. 201.3) Wh-23 [
glucanase from tobacco was overexpressed in transgenic peanut, there was improved
protection againsCercospora arachidicolandAspergillus flavugSundaresha et al.
2010)andCercosporgersonantgQiao et al. 2014)Similarly, improved resistance to
Corynespora leaf spot diseaS€ofynespora cassiicojan blackgram Yigna mungd..
Hepper) was achieved by expressing barley chitinases (AAA5§Z86)pra and Saini
2014) A peanut resveratrol synthase (a stilbene) decreased sevdtaglostem and

leaf spot diseas€’homa medicaginjgn alfalfa (Medicago sativd..) (Hipskindand

Paiva 2000)However, all of these results are from research on single pathogens tested
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under laboratory conditions, where it is relatively easier to differentiate susceptibility and
resistance than under field conditions where the number of pathegédnaoisture and
climate more accurately represent how the crop will be grown and realistically test the
efficacy of the transgenes.

Recent modeling experiments with gene deployment strategies have indicated that
gene stacking can provide the mostgéasting solutionLof and van der Werf 2017)
However, gene stacking does not always have advantages against pathogens as we
observed in our research and has been suggested by other researchers. Forrexample,
resistance t&khizoctonia solanivasobserved in a hyphal extension assay using extracts
from transgenigotato with chitinase and glucanase ggheMor av ¢i kov.a et al
Transgene insertions often result in inhibition of fungal grawtitro but often theselo
notto translateo the same result whestudied undegreenhouse or field conditions, as
was the caseinoure s ear ¢ h. For i nst a-h&gucanagewreducédi ed c hi
fungal growthin vitro; however, when transformed with a double gene construct of
c hi t i nak3glscarmasedends from barley (both driven by CaMV 35S promoter),
and tested ithe greenhousahey werenot able to impart fungal resistanoeoilseed
rapeagainstAlternaria brassicagA. brassicolaVerticillium longisporumandL.
maculangMelander etal. 2006) PR pr ot dial acsvitysan desuft froe theirm
specificity against a few pathogens, but be completely ineffective against some others
pathogens even within the same ¢nopich poses a challenge for continuous and
sustainable resistan¢®loosa et al. 2017 Alternately, the source of gene itself could be
a challenggfor example, chitinases obtained frdmchodermaspp. are considered more

effective in conferring disease resistaf®andhu et al. 2017As with breeding efforts in
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P. pinodegesistance, it is suggested that resistance to leaf and stem infection may be
controlled by different gendXue and Warkentin 200Bndless is known abouhe role

of soil, rhizosphere, and root fungal communities in disease development in pea roots
(Xu et al. 2012h)More research is required in these areas to reveal patiageted
strategies rather than expressingdaranti-fungal genes.

Co-expression of different transgenes can algsemany problems. Some issues
include the uncoordinated expression even with physically linked ¢&taegpool and
Christou 1999pandtranscriptional silencing of transgen@dsatzke and Matzke 1998)

The choice of promoters (affecting the strength, tissue specificity, tif@uagnd

Takaiwa 2004), unexpected gene silencifiDaxinger et al. 2008}Yransgene copy

number and epigenetic effe¢Bietz-Pfeistetter 2010; Finnegan and McElroy 1994;
Jaenisch and Bird 2008an contribute to uneven gene expression, as well. We found that
genes used in this experiment, with two different promoters driving the same chitinases
gene (line 18 with Vst frorstilbenesynthasend line 20 with D35SP from CamV)

showed no difference in antifungal activity agaiRspinodesAdditionally, they

exhibited variable gene expression in transgenic lines and a lower gene expression in the
roots in general, as compared to theath, which may explain why they did not exhibit
differences in disease response agdmgtinodesn field.

The amount of chitinase enzyme produced and the proportion of chitin present in
phytopathogenifungal cell walls maylso contribute tthelower disease reduction
(Punja and Raharjp996. Necrotrophsuch ad>. pinodesusually secrete a large amount
of cell wall-degrading enzymes to degrade cell wall polymershemtecause significant

cell damage it is possibtbatexpression of two specific cell degrading genes such as
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chitinase and glucanase may not pose a solutiorb@chet al. 2011)In our experimen
higher relative gene expression in leasligsnot lead to disease resistance agdirest

foliar P. pinodesWe postulatéhe pathogen waserhapswell equipped with various

plant cell wall degrading enzymes to deal with tvwo specific cell wall degding
genesAlso, acidic chitinasegsuch as Chit30 as used in transformations of our antifungal
genes)whichaimthe cell wallare less effectivat decreasinglisease caused by
necrotrophic pathogerssich as?. pinodesthan intracellular basic chitinagoforms
(Ferreira et al2007 Prasad et al. 2018unja and Raharjp996 Wally et al 2009%.

There are many examples of success where antifungal proteins as transgenes in
various plant species express resistance against langeensi of fungal pathogens (for
latest reviews, seg@abar et al. 2014; Eapen 2008; Jacob et al. 2016; Moosa et al. 2017)
Stacked gees have been reported to be successful in combating fungal didesisesA
et al. 2011; Anand &ll. 2003; Richter et al. 2006a; Rivero et al. 2012; Szankowski et al.
2003; Ziaei et al. 2016Nevertheless, the majority of these results were acquired via
testingin vitro and/or under greenhouse conditions rather than under field testing. It is
crucid to test the transgene efficacy and the agronomic performance of the transformed
crop in order to determine the relevance for a particulardragg combination,
particularly under the local environmgiYozniak and McHughen 2012field trials that
target evaluation of genotype x environment interactions and efficacy of tested traits like
the ones evaluated here are imperative for the ultimate goal of improving yield and
productivity (Godfray et al. 2010)it is even more important to test these traits under
local environmental conditions and with local pathogen strains to examine the

interactions between abiotic and biotic stresses in the(Balstock et al. 2014Only
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under field settings can researchers gauge any negative implications from this
technology, for example yield reductiof@@ohen 2005pr pleotropic effectgPons et al.
2012) and satisfy regulatory requirements for testing trait efficacy in target environments
(Romeis et al. 2008)

Multiyear, multilocation field trials are ideabf challenging efficacy of
transgenic disease tolerant plants, however, limited seed amounts from greenhouse
increases and the high cost of bringing a transgenic crop such as pea to market is beyond
the budgetary scope of public institutiqiRarisi et al. 2016)Reporting negative results
contributes critical information to the scientific community to provide perspective on
single gene insertions or modificatioffisanelli 2011; Knight 2003)Transgenic crops are
more difficult for a grower to fit into their crop rotatigRubiales et al. 201%)ecause of
their low level of public approval and thegh cost associated with developing them
(gene identification, transformation process, trait efficacy experiments, establishment of
their environmental biosafety and deregulating transgenic cfidpigitzandonakes et al.
2007) However, research efforts for pea disease tolerance to Mycosphaerella blight
should be encouraged since there is inadequacy in natural genetic source of resistance

available(Fondevila et al. 2008)
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31 (AAC Royce) * A 1 CONTRASTS p-value

30 (AAC Royce) 4 H 24,25 vs 26,28,30 ns
29 (AC Earlystar) * 1~
28 (AC Earlystar) -| 1 24,25 vs 27,29,31 <.0001
27 (Agassiz) " 1 H 4,5,8,10,11,18,20,21,23 vs 24,25 ns
26 (Agassiz) H
25 (Baroness) - 1 4,5,8,10,11,18,20,21,23 vs 26,28,30 ns
24 (Sponsar) 1 H 4,5,8,10,11,18,20,21,23 vs 27,29,31 <.0001
10 (V:P:G:C) A H
8 (V:P:G:C) 1 5,18,20,21 v 4 0.0017
11 (P:C:G) H 5,18,20,21 vs 11 0.0035
4 (VP) 1
20 (C) = 5,18,20,21 vs 8,10 ns
18 (C) 1 H 4vs 11 ns
5(G) H
23 (P) 1 1 2013 4 vs 8,10 ns
21(V) A H 11 vs 8,10 ns
31 (AAC Royce) * 4 1
30 (AAC Royce) >—| 24,25 vs 26,28,30 ns
29 (AG Earlystar) * 1 H 24,25 vs 27,29,31 ns
28 (AC Earlystar) 1 g 1&d,
27 (Agassiz) * H 4,5,8,10,11,18,20,21,23 vs 24,25 ns
26 (Agassiz) | 4,5,8,10,11,18,20,21,23 vs 26,28,30 0.0004
25 (Baroness) H
24 (Sponsor) - 1 4,5,8,10,11,18,20,21,23 vs 27,29,31 ns
10 (V:P:G:C) | H 5,18,20,21 vs 4 <.0001
8 (V:P:G:C) 4 ]
11 (P:C:G) 1 5,18,20,21 vs 11 ns
SANERIS H 5,18,20,21 vs 8,10 0.0367
20 (C) 4 —
18.(0) - 4vs 11 <.0001
5(6) A H o 4vs 8,10 <.0001
23 (P} A H
21 (V) — 11vs 8,10 ns
31 (AAC Royce) * —|
30 (AAC Royce) A — 24,25 vs 26,28,30 <.0001
29 (AC Earlystar) * | H 24,25 s 27,29,31 <.0001
28 (AC Earlystar) 1 ’ e, .
27 (Agassiz) * — 4,5,8,10,11,18,20,21,23 vs 24,25 ns
26 (Agassiz) i 4,5,8,10,11,18,20,21,23 vs 26,28,30 <.0001
25 (Baroness) —
24 (Sponsor) — 4,5,8,10,11,18,20,21,23 vs 27,29,31 <.0001
10 (VP:GC) H 5,18,20,21 vs 4 0.048
8 (V:P:G:C) 1 H
11 (P:C:G) A — 5,18,20,21 vs 11 ns
4 (V:P) 1 — 5,18,20,21 vs 8,10 ns
20(C) —
18 (C) - 4vs 11 ns
5(G) 1 — 4 vs 8,10 ns
23 (P) A 2015
21 (V) - - 11 vs 8,10 ns
0 2|o 46 elo 30 160

emergence percent pIm"I

Figure 5-1. Emergence percent (pitt of transgenic lines and conventional pea lines
(transgenic lines: 21(V), 23(P), 5(G), 18(C), 20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C),
10(V:P:G:C), 24(Sponsor), 25(Baroness), 26(Agassiz), 27(AD4as8B(AC Earlystar),
29(AC Earlystar)*, 30(AAC Royce), 31(AAC Royce)*

* Seed treatment was not provided



— CONTRASTS p-value @
31 (AAC Royce) * !
30 (AAC Royce) | 15DAI  21DAI
29 (AC Earlystar) * ——— { 24,25 vs 26,28,30 ns ns
28 (AC Earlystar) g 24,25 vs 27,29,31
27 (Agassiz) * | 22 VS ) ns ns
26 (Agassiz) i 4,5,8,10,11,18,20,21,23 vs 24,25 ns  0.0008
25 (Baroness) i 4,58,10,11,18,20,21,23 vs 26,28,30 ns ns
24 (Sponsor) |
10 (V:P:G:C) | 4,5,8,10,11,18,20,21,23 vs 27,29,31 0.0125 0.0541
8 (V:P:G:C) { 5,18,20,21 v 4 ns ns
11 (P:C:G) i 5,18,20,21 vs 11 ns ns
4 (V:P) !
20(C) . | 5,18,20,21 vs 8,10 ns ns
18 (C) i 4w 11 ns ns
5(G) {
23(P) ; 4vs 8,10 ns ns
21 (V) { 11 vs 8,10 ns ns
31 (AAC Royce) * - —| 2014
30 (AAC Royce) 24,25 vs 26,28,30 ns ns
29 (AC Earlystar) *
28 (AC Earlystar) 24,25 vs 27,29,31 ns ns
27 (Agassiz) * T — 4,58,10,11,18,20,21,23 vs 24,25 ns ns
26 (Agassiz) 4,5810,11,18,20,21,23 vs 26,28,30 ns ns
25 (Baroness)
24 (Sponsor) 4,5,8,10,11,18,20,21,23 vs 27,29,31 ns ns
10 (V:P:G:C) 5,18,20,21 ws 4 ns ns
8 (V:P:G:C)
1 (PC.G) 5,18,20,21 vs 11 ns ns
4 (V:P) 5,18,20,21 vs 8,10 ns ns
20(C) f - 4w 11 ns ns
18(C)
5(G) 4vs 8,10 ns ns
23 (P) 11 vs 8,10 ns ns
21(V) 5 ; —|
|
3;0@':;3;:3’“9) - 2015 24,25 vs 26,28,30 0.0292 ns
20 (AC Eartyon 24,25 s 27,29,31 nsns
28 (AC Earlystar) T o 4,5,8,10,11,18,20,21,23 vs 24,25 0.0167 0.0059
27 (Agassiz) * 4,5,8,10,11,18,20,21,23 vs 26,28,30 <0.0001<0.0001
26 (Agassiz)
25 (Baroness) 4,5,8,10,11,18,20,21,23 vs 27,29,31 0.0003 0.0311
24 (Sponsor) ! 5,18,20,21 vs 4 0.0018 0.0134
10 (V:P:G:C)
8 (VPGC) 5,18,20,21 vs 11 0.0006 0.0056
11 (P:C:G) 5,18,20,21 vs 8,10 <0.0001<0.0001
4(V:P) — 4 11 ns ns
20(C)
18 (C) 4vs 8,10 ns ns
5(G) 11 vs 8,10 ns ns
23 (P) I 15 days
21(V) [ 21 days
0 2 4 6 8 10

Disease ratings plot-1 at 15 days and 21 days after inoculum application

Figure 5-2. Disease severity ratings (pfotin presence gbathogerinoculum, of
transgenic lines and conventional pea lines (transgenic B4ég), 23(P), 5(G), 18(C),
20(C), 4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C), 24(Sponsor), 25(Baroness),
26(Agassiz), 27(Agassiz)*, 28(AC Earlystar), 29(AC Earlystar)*, 30(AAC Royce),
31(AAC Royce)*

*Seed treatment was not provided
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31 (AAC Royce) * —i CONTRASTS p-value
30 (AAC Royes) — 24,25 vs 26,28,30 0.0237
29 (AC Earlystar) * —
28 (AC Earlystar) i 24,25 vs 27,29,31 ns
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el ool — 458,10,11,18,20,21,23 5 26,2830  ns
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8 (VP:GC) - - 5,18,20,21 v 4 ns
11 (P:C:G) - — 5,18,20,21 v 11 ns
4 (V:P) —
20 () — 5,18,20,21 vs 8,10 ns
18(C) — 4vs 11 ns
5(6) 1 i
23 (P) - — s 4vs 8,10 ns
21 (V) —i 11 vs 8,10 ns
0 5'0 1c|;o 1éo 2c|;o 250

Seed weight (gms plot'1)

Figure 5-3. Seed waght plot! (gm) in presence gfathogerinoculum, of transgenic

lines and conventional pea lines (transgenic lines: 21(V), 23(P), 5(G), 18(C), 20(C),
4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C), 24(Sponsor), 25(Baroness), 26(Agassiz),
27(Agassiz)*, 28(AC grlystar), 29(AC Earlystar)*, 30(AAC Royce), 31(AAC Royce)*

* Seed treatment was not provided



31 (AAC Royce) * A —i CONTRASTS p-value
o ey — 24,25 vs 26,28,30 0.0313

29 (AC Earlystar) * —

28 (AC Earlystar) 24,25 vs 27,29,31 ns
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Figure 5-4. Seed number pldt(gm) in presence gfathogerinoculum, of transgenic

lines and conventional pea lines (transgenic lines: 21(V), 23(P), 5(®&), 1%)(C),

4(V:P), 11(P:C:G), 8(V:P:G:C), 10(V:P:G:C), 24(Sponsor), 25(Baroness), 26(Agassiz),
27(Agassiz)*, 28(AC Earlystar), 29(AC Earlystar)*, 30(AAC Royce), 31(AAC Royce)*
*Seed treatment was not provided
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Chapter Six: Antifungal genes expressed in transgenic pea do not affect
root colonization of arbuscular mycorrhizae fungi

6.1.Introduction

Genetically modified (GMgrops are now planted in 28 countries globally #ed
cumulative planted area has increased more thatficl®®om 1.7 million hectares in
1996 to 2.1 billion hectares in 2016, making GM crops the fastest accepted crop
technology (ISAAA 2016). Of the @lcommercial GM traits registered for crops, most
are for herbicide tolerance (256), followed by insect resistance (conferred by expression
of cry genes fronBacillus thuringiensigBT)) (209), while a few aréor disease

resistance (28), of which only & are registered for fungal disease resistance (ISAAA
2017). Concerns over unintended consequences of growing GM criyadield, to the
ecosystem and environmg@onner et al2003b; Wolfenbarger and Phifer 2008hd

the paucity of information on their potential environmental impact, particudartyors
target organisms (NTOg)emain unresolve(Devos et al. 2016; Turrini et al. 2019M
crops may influence soil ecosystebeneficially, adversely or neutrally, impacting
productivity and sustainability of cropping system above and below g(@iroth et al.
2007a; Ogr et al. 1997)Like pesticides themselves, they can potentially cause a direct
effect on NTOs (e.qg., toxicity due to product of gene or gene product totangeh

species), indirect (i.e. via trophic interactions), metabolic (i.e clietngmodepositn

A version of this chapter has been published&ahlon JG, Jacobsen H, Cahill JF, Hall
LM (2017) Antifungal geng expressed in transgenic pBas(m sativunt..) do not affect
root colonization of arbusculanycorrhizae fungi. Mycorrhiza 27.68384
https://doi.org/10.1007/s00512L7-0781-0



due to unintended chargy@ plant metabolism), management (changes due to unique
GM crop cultivation practices) and/or changes to the soil ecosystem, where beneficial
soil microorganisms (NTOs) dwdBirch et al. 2007a; Meyer et al. 2018)ence, during

the environmental risk assessment of GM plants intended for cultivation, a testable risk
hypothesis addressing adverse effects on NTOs, is p(\@aéé et al. 2002; Devos et al.
2016)

Soil microorganisms are crucial components for many ecosystem processes
including nitrogen and carbon cycling, plant nutrient acquisition and improvement of
agricutural soil fertility (Hayat et al. 2010; van der Heijden et al. 201%yo major plant
health and growth promoting microorganisms in soil that form mutualistic, symbiotic
relaionships with agricultural plants, including legume crops (e.g., fasum sativum
L.)) are the nitrogefiixing bacteria belonging to gen&hizobiumand arbuscular
mycorrhiza fungus (AMFjLong 1989; Smith and Read 200Reduction in shoot to root
ratio is observed in plants when growth is restricted by mineral nutrients (Marschner et
al.1996) especially N or P supply (Andrews 1993; Andrews et al. 1R8®obiunfixes
atmospheric nitrogefor plants(Mylona et al. 1995)whereas AMF facilitates nutrient
uptake, especially phosphorous, and enhances resistevemgous biotic stresses
including diseasg(Jin et al. 2013; Parniske 2008; Smith and R&aiD).In return,AMF
receive carbohydrates from plamatsdhence are more sensitive to changes in the host
plant than frediving soil fungi (Hannula et al. 2014)'his makes them excellent
indicators of unintendkeffects of genetically modified crops with antifungal gelhés

2010; Turrini et al. 2015)
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Recently, European peRiSum sativunh.) cultivars expressing four antifungal
genes singly or stacked-1,3glucanas€G), endochitinas€C) (belonging to
pathogenesis related (PR) proteins famibglygalacturonase inhibiting proteins
(PGIPs) (P) under the constitutid85Spromoter from cauliflower mosaic virus
(CAMV) and antimicrobialgraperesveratrol synthase gene (M9t(Stilbene syntha3e
(V) under its own inducible promot&tilbene synthaseom grape Vitis vinifera) which
can be induced by UV light, pathogen attack and stress (Figure 6.1 and Table 6.1) have
been trasformed for disease toleran@emian A et al. 2011; Hassan et al. 2009; Richter

et al. 2006a)The PR proteinsd - 1,3 glucanaseandendochitinasgdegrade microbial

cell wall componentg§van Loon et al. 2006while PGIPs can inhibit fungal
endopolygalacturonasésatcau® fungal wall degradation and plant tissue macerati
(De Lorenzo et al. 200lhence providing resistance against fungal pathogens.
Resveratrolthe product of chemical synthesized®tjlbene syntha3éelongs to
phytoalexin class of secondary metabolitest possess biological activity against a wide
range of pathoger(Seandet et al. 2002)ransgenic plants show enhanced tolerance to
fungi inin vitro testing(Amian A et al. 2011; Selatsa et al. 20@8y are currently
undergoing field trials for efficacy against fungal diseases in Camad&anadian Food
Inspection Agency (CFIA) regulates the environmental release of a Plant with Novel
Trait (PNT) in Canada. As with any PINdffects of the transgenic disease tolerant peas
or their gene products on ntarget species must be quantified prior to releasleeof
transgenic crofCFIA 2017a) Similar assessmenft unintended effects is required by

other regulatory authorities for safety determination of GM crops.
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Recent surveys indicatbe Glomeraceae family is the most abundant type of
arbuscular mycorrhizal fungi iagriculturalareasof the Canadian prairieg¢Dai et al.
2013). Pea producers in Canada commonly inoculate seeds with AMFhawbium
(Lupwayi et al. 2006)Particularly,Glomus intraradicegnow Rhizophagus intraradices
(Schibler and Walker 2010)) andRhizobiumleguminosarunbov viceaeare commercially
available as inoculants and known to increase phosphorus uptake and nodulation,
respectively, in pea (Bagdker et al. 1998; Geneva et al. 2006). The molecular similarity
between legumes/rlobia and legumes/AMF symbiosis and a possible sharing of
common signal transduction pathwgallas been an important concept in
plant/microorganism interaction studi@alestrini and Bonfaet2005; Hirsch and
Kapulnik 1998) The infection process by AMF, pathogenic fungi &Mmizobiumin
plants, share some common genetic and signaling ele(d¢btscht et al. 1999;

Vierheilig et al. 1995nnd may be influenced by the transigeaddition of antfungal

genes. AMF have cel |l w8d¢luca whichmadybec ont ai n

susceptible to damal3gludanases ds would $apraphyticarsde s

pathogenic funig(Vierheilig et al. 1995)Similarly, some chitinases are known to show
lysozyme activity in hydrolyzing the peptidoglycan of bacterial cell walls although root
nodule chitinases might symbiotically protect roots from external pathogen infection
(Minic et al. 1998; Zhang et al. 201@xperimental evidence also suggests that AMF
have a significant impact on host plant gene expresgjostress and defense response,
in the roots, vicinity of colonizedetls as well as elsewheretime plant Balestrini and
Bonfante 2005; Liu et al. 200;Avhich could pose difficulty in predicting the effect of

introduced transgenes.

174

chit

and



The majority of research on GM impact on NTOs have been conducted on maize,
potatoes, tbacco and cotton and the changes in diversity of rhizospatssaciated
fungal and bacterial communities were reported to show minor or no effect of GM plant
on NTOs examine(Hannula et al. 2014; Stefani and Hamelin 2010; Weinert et al.
2010) Responses monitored included mycorrhizal growth and rate of colonibgtion
AMF (Stefani and Hamelin 2010y number of nodules formédxy Rhizobiunmspp.
(Powell et al. 2007)Testing each GM crop of commercial interest for its effect on NTOs
is required to complete risk assessmnieéatics et al. 20156 It has not been established if
antifungal genes expressed in transgenic pea can affetaryat AMF andRhizobium

Oura priori expectation ishatantifungal proteins, when expressed in transgenic
pea plants, will havanadverse effect on root anlizationby arbuscular mycorrhiza and
root nodulation byrRhizobiumin the field. A reduced fresh weight shdotroot ratio
may be observed if transgenes affect the associations of AMRlamdbium We also
hypothesize that stacked genes and single igseetions in transgenic plants will have
different responseand in particular, glucanases and chitinases may dangge
pronounced effect on AMF colonization becatisgrcellwallsc ont ain bot h chiti
-1,3glucan. Our testable risk hypothesisswantifungal gerswill have not have an
effect on root colonization and nodulation by AMF fungR#zobiumin peas and on
the growth of peas in the absencdurfgal pathogen infection. We report our
investigation of gene expression levels in rootssmabts of transgenic pea lineshe
greenhouse and the effect of four antifungal genes stably expressed in transgenic pea
expressing on arbuscular mycorrhizal colonizationRhizobiumnodulation in

comparison to notransgenic Canadian pea lines aret@an parental lines in the field.
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6.2. Materials and methods

6.2.1. Plant material and transformation

Disease resistance genes encoding four antifungal genes V, P, G, C were inserted into
European pea cul ti varthelnstiBite d Plant&enstits, or “ Sponso
Department of Plant Biotechnology, Leibniz University Hannover, Germany. Embryo
axis excised from mature seeds of Europear Basnesswere used as explants for
Agrobacteriuramediated transformation using strain EHAYB®od et al. 1993jfor
transformation with VP, G genes and similarly, European pea‘8ponsorwas used

for transformation with C gene, usiagnodified protocobf Schroedeet al (1993)(see
Chapter 3)Herbicide resistartiar gene (selectable marker) frdbtreptomyces
hygroscopicusvas inserted along with the ger{&urakami et al. 1986; Thompson et al.
1987) (Figure 1). Using conventional breeding, the four genes were stacked in pea lines
as single, three and four genes (Vichter et al. 2006ax G:C Amian A.A. et al.

2011) = V:P:G:C (Hassan et al. 2010)

6.2.2. Gene expression in root and leaf tissu

In a separate experiment, the transgenic lines andransgenic lines used in the field
experiment were grown in a greenhouse in the Department of Agricultural, Food and
Nutritional Sciences, University of Alberta, Edmonton, AB, Canada, in 2014.#ach
(10 plants lind) were seeded in autoclaved vermicuperlite mixture (Sunshine

Mix ®#4, Sun Gro Horticulture, Canada) and maintained &t 25%C with a 16/8h
light/dark photoperiod in a greenhouse four weeksafter which root and leaf sample
were removed and triple cleaned in RNAse free waiaal RNAwasextracted from

tissues using the Qiagen RNeasy Plant Mih(Qiagen, Canada) according
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manufacturer’”s recommended prot ol . Briefly
powder withliquid nitrogen in baked (25TC, 3 hr) and chilled-80 °C) mortar and

pestle. To the frozen tissue powdukywag 100 mg) ,
added to and vortexed to obtain slurry, incubated 4C5@®r 3 min, passed through the

QIAshredler column and centrifuged at 21,89®@or 2 min. To a new tube containing the

flow through, 200pl of absolute ethanol was added and the mix applied to RNeasy

column and centrifuged at 10,0@Pfor 30 sec. The flovthrough was discarded and the

column waskd by adding 350ul RW1 buffer, centrifuged again and subjected to on

column DNA digestion using RNase free DNase set (Qiagen) by adding 27.27U DNase

in 80ul RDD buffer to the column and incubating at room temperature for 15 min.

Subsequent additions of JARW1, 500ul RPE and 50ul RPE with and centrifugation at

10,00g and discarding of the flosthrough to the column followed at each step. In a

new 2ml collection tube, the column was centrifuged at 1Z@fa® 2 min and finally,

transferred to a 1.5ml mriofuge tube, 50ul of nuclease free water was added to the centre

of the column, and the RNA eluted by centrifugation at 12,0@@x30 sec. The

extracted RNA was quantified with NanoDf¥pspectrophotometer (Thermo Fisher

Scientific™) and then stored a80 °C until further analysis.

6.2.3. cDNA synthesis

Complimentary DNA (cDNA) was synthesized in ai#/olume using lug of total

RNA employing RevertAid RT kit (Thermo Fisher Scientifi¢ accordingo

ma n u f a adcammended protocol. Briefly, g of total RNA was used as the
template in a 2@l reaction containing 100 nmole of random hexamer primer, 20U/pl of

RiboLock RNase inhibitor, 10 nmole of dNTP and 200U/ul of RevertAid reverse
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transcriptase in 1x reaction buffer. The components were geixgdnbriefly
centrifuged and incubated at 25 for 5 min followed by 60 min at 42 for cDNA
synthesis. The reaction was terminated by heating the tubes@f@05min, and the

products stored aB80 °C until further use.

6.2.4. Quantitation of geneexpression by Reallime PCR

Levels of gene expression (of V, P, G, and C
were determined using SYBR Green bas@®TgPCR on a StepOnePiUmstrument

(Applied Biosystem¥, Canada) using comparative quantitatn e mp | emethodg A AC

with melt curve. A 10 pl reaction contained 5 pl of 2 x KAPA SYBRast Master Mix

(Kapa Biosystems, Boston, MA, USA), 1 ul of 1:15 diluted cDNA, and 5 pmol of each

(forward and reverse) gene specific primers which were desigiegl either Primer

Express 3.0 (Applied biosystems) or PrimerQuest (Integrated DNA technologies,

Coralville, lowa) with Tm of 60C and amplicon sizes between 1D0bp. Elongation

factor la was used as endogenous control. Pr
CTTCGAAATCAAGACAGCCTTCA3’ ; reverse: 5’
GGGATCACACTCGACGCAGTA3 ' ; “V" -forward: 5
AGAAATGCCCGGTGCAGAT3 ’ , r e-VI€ECACETGCATAGCAACCTT3 ' ;

“G” f oS- AMATIGEG CGG AAC TAC AA-3', reverse: 5CTC GTT GAA CAT

GGC GAATATG-3 ' ; “C” -GAACEG GAM.CTGCTT CTA CAGS,

reverse: 5’TCC TGC TTC TTG GTG GTG3 ' and endogenous control
GATGGATGCTACCACCCCTAAGS ' reverse: 5’
GAGATGGGAACGAAGGGAATT-3). All reactions were carried out in triplicate,

employing 6 cDNA samples from individuplants from each line, and the average C
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values were used for calculating gene expression. The detection limit for the plasmid

copies was carried out with a dilution series betweéran0 10 copies per reaction, and

linear range of detection was deténed. These numbers of copies were added to the

Ger man parental l i nes (Sponsor and Baroness)

for calculating relative expression.

6.2.5. Field trial

A confined field trial was established at a secure field staténl at the Crop

Diversification Center North, Alberta Agriculture and Forestry, in north east of
Edmonton, AB (lat. 5383 8 ° N, F202n'gW)1,13o0n a bl ack cher nozemi
in summer of 2013. Soil nutrient reports fro0 s o i | d e pdtptiortwe r e obt ai |
seeding and indicated adequate nutrients, especially P. Ten treatments, comprised of

seven transgenic lines (three lines with single gene insertions {5(G), 15(C), 21(V)} one

line with triple gene insertion {11(P:C:G)}, two lines with four gensertions {8

(V:P:G:C), 10 (V:P:G:C)} and as comparator four lines including two German parental

lines (Sponsor and Baroness) and two Canadian lines (AC Early Star, Agassiz). Seeds

were individually planted by hand at 10 seeds per plot (0.5m x 0.5m)c8ated with

peat based MYKE® PRO PS3+R by Premier Tech Technologies (RDieteoup, QC)

- a dual inoculant with endomycorrhizal fun@lémus intraradice$2750 viable spores

g?) for the plots receiving AMFRhizobiuminoculation and rest of plots wenoiculated

with only Rhizobiurmeguminosarunbv. viciae (1.6 x 18viable cells ¢f) (Cel-Tech®

Novozymes) at a rate of 291.58 g'H{&@0.004g for 2.5g seeds). No nitrogen was applied

to alter the nodulation of pea plants and no disease was introdubedpiots. The plots



were arranged in split plot design with cultivars as main plot, inoculation as sub plot and

four replicates per treatment.

6.2.6. Plant growth assessment

Seedling emergence 14 days after planting (DAP) and plant heights 28 and 43 DAP
plants plot) was obtained to quantify uniformity in density and plant growth among
plots. Plant roots and shoots were harvested 7 weeks after planting (the beginning of
flowering) (Hassan et al. 2012). Plant roots were rinsed with deionized watetithes

to remove debris and dried on paper in the field. For fresh weight, 5 plantsvelat

divided into the part above the hypocotyl (shoot) and below (root) in the field.

6.2.7. Nodulation ratings

Whole roots from all 10 plants in a plot were cledm@nd root nodulation was quantified

by assessing nodules on roots randomly chosen from 5 plantsaptmirding to the scale
used by 20/20 Seed Labs Inc., (available at:
http://www.2020seedlabs.ca/sites/default/files/Pulse%20Crop%20Nodulation%20Guide.
pdf). Briefly, after cleaning with deionized water three times, roots were rated on three
assessment criteriplant growth and vigor, nodule color/number and nodule position and

a total score (1.3) was obtained (Table 6.2).

6.2.8. Root colonization by arbscular mycorrhizae

For estimation of root colonization by arbuscular mycorrhizae, arbuscules were more
clearly visible and differentiable under the microscope than vesicles or fungal hgphae
the stagef harvest. The root systems (5 plant roots (whplet') were processed using

the procedure outlined by Pitet et &Pitet et al. 2009)Five roots plot (from randomly
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selected five plants) were cleaned thoroughly with deionized water and air dried on paper
on alaboratory bench. Nodules and other debris were carefully removed, secondary and
tertiary roots were excised incin pieces and stored in 70% v/v ethanol in glass vials
(Fisher Scientific, PA, USA) until further processing. For clearing, roots wereviedrie

from vials and placed into three tissue cassettes (Fisheftfrtissue path” IV tissue
cassette, Fisher Scientific, PA, USA) per plot making three subsamples for each plot.
Cassettes were put into 2% (w/v) KOH solution sufficient to cover rootshekes for

24 hours at room temperature for clearing and submerged in 5% acetic acid solution for
acidification for an hour. Acidified roots in cassettes were immersed 0.025% (v/v) trypan
blue in acetoglycerol solution for 4 hr and then in acetoglycenptégbl 500ml:HO 450

ml and 5% (v/v) acetic acid solution &) for 48 hours at ambient room temperature for
destaining. Cassettes were thoroughly washed with deionized water three times between
each step. Roots were mounted in glycerin on a slide, abwatie coverslips and viewed
underacompound microscope using magnified intersection mefiadGonigle et al.

1990) with theroots aligned parallel to the long axis of the slides at 400x magnification
(higher than generally used for determining fi@pigh colonization to reduce uncertainty

in identification of fungal structureghd 100 intersections between roots and the vertical
eyepiece crosshair per sam@eiefly, when the verticabyepiececrosshair crossed a
structure (for example, arbuscule)de the microscopéat was noted at each intersection.
The same root length was used for each measurement and out of all structres identified
under theeyepiececrosssection (n the 100ntersections) total arbuscules were

expressed as percent.
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6.2.9. Statstical analysis

Relative gene expression of each gene in roots and leaves for each transgenic line was

analyzed using oneay analysis of variance ANOVA, lines as fixed effects, with PROC

MIXED in SAS 9.4(SAS Institute Inc. 2014)Tukey adjustment was used for

comparisons between lines, within a gene group. Data generated from field experiment

were analyzed using twway ANOVA with PROC MIXED in SAS 9.4, where lines and

inoculation were used as fixed effeend blocks as random effect. Normality and

homogeneity of variance were assessed using SRafird ks and Levene’s tes
and raw data was used. Least squares (LS) means estimates were compared using pre

planned orthogonal contrasts.

6.3. Results

6.3.1. Gene expression analysis

The relative gene expression afieRT-PCRanalysis wagonsistently higher in leaf
tissues as compared to the root tissue all of the transgenic pea lines exc€ptwhich
was the only gene which was at comparable lawndisaf and root tissisgTable 6.3). For
V, the relative gene expression was found highest in line 10 (V:P:G:C) (&220.Z6 in
leaf and 40.4¥12.54 in root) followed by line 21 (558.484.99 in leaf and 32.82.36

in root) and negligible in line 8 (V:B:C). Relative V expression was significantly
higher at 0.05% level of significance in leaves as compared to roots for line 21(V)
(p=0.0011) and line 10(V:P:G:C) (p=<0.0001). Interestingly, P had highest relative
expression in leaf tissues of line 10 (V&) (111577.5827728.24) followed by line 11
(P:C:G) (11892.586171.69) but lower in roots of both these lines as well as root tissue

of line 8 (V:P:G:C) whose leaf had P relative expression at 4693485. Significantly
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lower relative root P expressidiman in leaf, was recorded for line 10 (V:

P:G:C) (p=<0.0001). Line 5(G) exhibited high levels of relativex@ression
(452.0%214.25 in leaf and 127.2171.77 in root) but lower than in line 10 (V:P:G:C)
(1566.14462.75 in leaf and 94.981.61 in rootl four gene line. Relative G expression
of root tissue of line 10(V:P:G:C) was significantly lower than leaf tissue (p=<0.0001).
However, the relative G expression was negligible in another four genes stacked line 8
(V:P:G:C) and three genes stacked lidt¢P:C:G). Higher relative expression levels of C
were found in line 15 (C)(59.#8.88 in leaf and 76.28.83 in root) in comparison to
negligible expression in stacked lines like 8 (V:P:G:C), 10 (V:P:G:C) and 11 (P:C:G).
However, none of these had sigrdfittly different relative C expression between root and
leaf tissue. This variable relative gene expression among various genetic compositions of

pea lines suggests gene silencing or possible role of the choice of promoters.

6.3.2. Plant growth

Growth oftransgenic pea lines was characterized on percent emergence, heights and

shootto-root fresh weight rat®in comparison with notransgenic pea lines in the

presence of two inoculants. There was no significant difference recorded for the

emergence and hgdits of pea plants itihe presence of dual inoculant MYKE® PRO

PS3+R andRhizobiumonly inoculants, at P < 0.05 significance level (data not

presented). Similarly, for fresh weight sha@otrootratiQ* pea | i nes x i nocul at
interaction was not significa, but pea lines (p=<0.0001) and inoculation (p=<0.0001)

were significant. All transgenic lines had significantly more fresh weight gbeaobt

ratio overall than parents (contrasts p =0.0057) and Canadian lines (contrasts p=0.0243)

however, theduahiocul ant MYKE® PRO PS3+R’s treat ment
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fresh weight shoeto-root ratio (p= < 0.0001) in all pea lines. In general, non transgenic
Canadian lines had higher fresh weight skoeaot ratio than German parental lines
(contrasts p <0.0001). Although line 21 (V) had significantly higher fresh weight shoot
to-root ratio than other transgenic lines, it was not significantly different than its parents
or Canadian lines (Figure 6.2). Interestingly, using contrasts, we observed linté 11 w
three genes (P:C:G) had significantly higher stioabot ratio fresh weight (p= 0.0256),
than lines 8, 10 with four genes (V:P:G:C) but was not significantly different than lines
with single gene insertionmcluding line 5(G) and line 21(V) (p=0.23), indicating that
stacked genes lines did not enhance fresh weight-$txoobt ratio more than the single

gene lines.

6.3.3. Root nodulation

In general, transgenes did not affect the root nodulation among all transgenic lines in the
presence of botthe inoculants, as compared to the German parental lines and Canadian
lines in the field. Higher nodulation ratings were observed when AMF was not provided
as inoculant (p <0.0001). The genetic makeup of lines (p=0.0021) and inoculation
(p<0.0001) were sigficantly different for nodulation ratings but the interaction of lines

X inoculation was not significant. Overall, nodules looked pink and healthy in all lines.
Nodulation ratings were not significantly different among transgenic lines containing
singlegene (line 5(G), 15(C), 21(V)) vihree genes (line 11(P:C:G)) or four genes (line
8,10(V:P:G:(C)); three genes (line 11(P:C:G)) vs four genes (line 8,10(V:P:G:C));
transgenic lines (5(G), 8(V:P:G:C), 10(V:P:G:C), 11(P:C:G), 15(C),21(V)) vs German
parentalines (Sponsor, Baroness) or Canadian lines (Agassiz, AC Earlystar). Line 21

(V) alone had significantly lower root nodulation ratings when inoculated with
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AMF+Rhizobium in comparison to Canadian lines Agassiz and AC Earlystar (p=0.0007)

(Figure 6.3).

6.3.4. Root colonization

We measured the percent colonization in roots of all lines for arbuscular, vesicular and
hyphal colonization and did not identify any effect of transgenes in comparison to
Canadian lines and German parental lines when inoculatedwvithout AMF. Welt
developedArumtype arbuscular mycorrhizae, well connected with hyphae were observed
in all AMF inoculated and neAMF (Rhizobiumonly) inoculated plots as well. We

observed more arbuscular colonization (percentage) when inocwi#tedual inoculant
MYKE® PRO PS3+R (ranging from 21.5%to 29.4%for transgenic lines; 25.58%to
27.83% German parental lines and 19.0% to 29.12% for Canadian liriRsizedium

only inoculant (ranging from 14.5% to 20.5% for transgenic lines; 16.7% to %@r4%
German parental lines and 15.57% to 17.83% for Canadian lines (p<0.0001) (Figure 6.4).
However, no significant differences were detected among the lines or the interaction
between the lines and inoculation. There were no significant differenceslietvelen
arbuscular colonization ratings in presence of inoculants among transgenic lines
containing single gene (line 5(G), 15(C), 21(V)) vs three genes (line 11(P:C:G)) or four
genes (line 8,10(V:P:G:C)); three genes (line 11(P:C:G)) vs four genes (line
8,10(V:P:G:C)); transgenic lines (5(G),8(V:P:G:C),10(V:P:G:C),11(P:C:G),15(C),21(V))
vs German parental lines (Sponsor, Baroness) or Canadian lines (Agassiz, AC Earlystar).
Similar observations were recorded for vesicular and hyphal colonization percentage

(data not presented). Comparing with the nodulation ratings (which were higher when
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AMF was absent (Figure 6.3)), the arbuscular colonization was higher when AMF was

included in inoculant (Figure 6.4).

6.4. Discussion

Here we reporthe results oé field study, aimed at comparing the impact of antifungal

genes, expressed in GM pea, on plant colonization by beneficial AMF and nodulation by

Rhizobiumwith the noaRGM pea. Transgene insertion, whether as single gene or stacked

genes, did not alter the rootlanization by AMF or root nodulation bighizobium

inoculation in the field. We did not observe any differences of the transgenes on plant

growth and performance. Having a dual inoculant with both AMFRinidobiumyielded

higher fresh weight shodb-rootratio in all the lines. Line 21 (V) had significantly

higher biomass than other transgenic lines but not Canadian lines or German parental

lines. This gene is under a wound, pathogen or UV inducible promoteBtjistne

synthasfLangcake and Pryce 197&)d may not have been induced in root tissue. In

greenhouse experiments, the relative gene expression of antifungal gen&Mbesie

synthasen line 21 was found lower in roots (32:8536) and stacked genadis for

exampl e, in Line 1#08125%4VLowerl8elcfantfsingageaeot (40. 47

expression in roots for all transgenic lines may have effected their activity rendering no

adverse effect on AMF drhizobiumi s i nt eractions with pea.
AMF are ubiquious in the soi{Smith and Read 201@nd hence, it was not

surprising that colonization was also observed in theAldi (Rhizobiumonly)

inoculant as well, although the dual inoculant (AMRkizobiun) treatmeihhad

significantly more arbuscular colonization than Rtgzobiumonly inoculant. The

reverse was true with nodulation as we recorded significantly more root nodulation in all
18¢€



lines when inoculated witRhizobiumonly inoculant in comparison to the
AMF+Rhizobium which suggests a possible competition between these two organisms
for photosynthases and reinforces the complexity of the interactions between pea,
mycorrhizal and nodulation related symbig$iso et al. 2016)However, it is known
that the interaction between these two symbionts in legumes can depend on a number of
factors, such as stage of development inside the host plant (Mortimer et al. 2008), light
conditions (Ballhorn et al. 2016), abiotic stressesdit@ight (Franzini 2010) and the
compatibility of strains of symbionts involved (Azcon et al. 1991; Redecker et al. 1997),
that needs further exploration which is beyond the scope of this paper.

Our results also indicate a lower gene expression in roatsnagared to leaves,
in general. The transgenes C, G, P were under the same d35S cauliflower mosaic virus
(CaMV) promoter however the relative gene expression was lower in leaves and roots
for C and G as compared to the P. This promoter has enhancexliptéorsal activity
(Kay et al. 1987put can also induce transgene rearrangements in some circumstances
(Konhli et al., 2010). A number of factors contribute to the variation in expression level of
genes in plants includg choice of promoter which can contribute to strength, tissue
specificity, timing(Qu and Takaiwa 2004dr unexpected silencing of gen@saxinger et
al. 2008)and otler factors unrelated to transformation methods, including local
chromatin structure and regulatory sequences at the site of intedrglésnas et al.
1997; Thomson and Blechl 201%jansgene copy and epigenetic effects like
transcriptional gene silencing and pasinscriptional gene silencir{@ietz-Pfeilstetter
2010; Finnegan and McElroy 1994; Jaenisch and Bird 2003; Matzke and Matzke 1998)

The unbalanced gene expression among one or more genes expressed together can occur
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even if transgenes are physically linked or unlinked and/or are driven leygsamoter
(Ferrer et al. 2016)

Many researchers examining unintended effects of transgenic crops to beneficial
organisms have reported similar results, for instance, in case of transgenic disease

resistant torato plants expressing endochitinase dnd.,3 glucanasander the control

of CaMV 35Spromoter had no statistically significant difference in mycorrhization
frequency, intensity or quality in the root system of transgenic andransgenic
controls(Girlanda et al. 20085imilarly, wheat expressimgm3bmildew resistance
transgene had minor differences in AMF colonizafigieyer et al. 2013)and flax

conferring impoved fibre quality and resistance to pathogens incluilib@ glucanase
transgene among others, did not negatively affect AMF coloniz@tioabel

Kwiatkowska et al. 2012Reduced presymbiotic AM hyphal growth and development of
appresoria was observeddefensin expressing transgenic aubergingrini et al. 2004)

and tobacco plants constitutively expressing the acidic isoform of tobacco pathogenesis
related protein (PR2 had delayed root colonization with AMWierheilig et al. 1995)

In case of transgenic alfalfa aRthizobiuminteraction, transgenic alfalfa expressing pea
seed lectin nodulated well when inoculated viRthizobiumeguminosarunbv viciae

(van Rhijn et al. 2001and expression of rice basic chitinases did not negatively affect
the Rhizobiunmeliloti/alfalfa interaction as depicted by number of nodules and plant
vigourin transgenic vs control planfasoud et al. 1996bYransgenes with broad
acting antifungal pr o pléBmlucanase) s¢emtohdvends c hi t i n

deleterious effect on AMF perhaps because the mutualistic fungi adapts to their presence

18¢



as suggested byierheilig et al.(1995)and pathogen specific antifungal proteins may
interact with positive soil microorganisms differently.

Whilst the antifungal genes were reported to have activity against pathogens in
vitro (chitinaseandglucanaséiad inhibitory &ects on spore germination of
Trichoderma harzianurandColletotrichum acutaturand hyphal growth oBotrytis
cinereaandAscochyta pis{Selatsa et al. 2008)they did not affect the ro@ssociated
benefcial organisms in the field. The differential targeting of pathogenic fungus and
beneficial organisms by the antifungal genes in pea lines may also be attributed to
recognition specificitfKhan et al. 2010; Stefani and Hamelin 2Q§®notype related
functional specificity between beneficial soil organigRprdjevic et al. 1987,
GianinazziPearson 1996; Saxena et al. 208&Jbr type of genetic modification and
gene being expressé@iovannetti et al. 2010 he limited expression of transgenes in
roots may also have contributira lack of deleterious effect.

Our field study is unique as it substantiates an absence of unintended effects from
single and multiple antifungal genes expressed in pea, with a direct comparison to their
German parental lines and weltablished notransgenic Canadian pea lines, to two
beneficial soil organisms AMFZlomus intraradicesandRhizobium(Rhizobium
leguminosaruntov. viciae), crucial for pea production. Although our research adds to the
pivotal risk assessmente cannot extrapolate our éiimgs to genetic modifications that
may target other biological or chemical functions in plants or can be functional against
other nortarget organisms that form associations with, feexample Burkholderia
spp. orPseudomonaspp. The estimation of feict of novel transgenes expressed in GM

Crops on noftarget organisms is a loAgrm, resource intensive process with the

18¢



monetary and regulatory constraints, but confined field trial studies are crucial for

environmental risk assessment of GM cr@arciaAlonso et al. 2014)
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Table 6-1. Antifungal genes, their sources, promoters and symbols used in the experiment

Symbol Gene of interest Promoter Source Reference
Vv Vst-Stillbene synthase Vst Stilbene synthase * Grape Vitis vinifera) (Richter et al. 2006a)

Vstl

Polygal(actur)onase d35S from CAMV** RaspberryRubus idaeys (Richter et al. 206a)

P inhibiting proteins

(rPGIP)
G B 1,3glucanase d35S from CAMV Barley Hordeum vulgar  (Richter et al. 2006b)
C Chitinase d35S from CAMV Streptomyces olivaceoviridis (Hassan et al. 2009)

* Inducible promoter (induced by UV light, pathogen attack and stress)
** Constitutive promoter
CAMV - Cauliflower Mosaic Virus
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Table 6-2. Root nodulation assessment codes used to score roots

SNo
1

Criteria
Plant growth and vigour

Nodule colour/number

Nodule position

Assessment

Plants greemand vigorous

Plants green and relatively small
Plants slightly chlorotic

Plants very chlorotic

Greater than 5 groups of pink pigmented roots
3-5 groups of predominantly pink roots
Less than 3 groups of noles

No nodules or white/green nodules
Crown and lateral nodulation

Majority crown nodulation

Generally lateral nodulation

Score

NWORFRWUOUEFEDNWO

 —

Total score

Effective nodulation
Nodulation less effective
Generally unsatfactory nodulation

11-13
7-10
1-6
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Table 6-3. Relative gene expressiarnstandard error (SE)f each gene in roots and leaves, for each transgenic line
* Indicates significant difference between root and leaf gene expression between lines within each gendeated 665%

significance
. . 12
Relative gene expression
Significance
Gene Line at
Root + SE Leaf + SE 0.05%
Vv 21 (V) 32.85 +2.36 558.48+84.99 * p=0.0011
8 (V:P:G:C) 0.02+0.00 1.17+0.35 ns
10 (V:P:G:C) |40.47+12.54 699.14+220.76 * p=<0.0001
P 11 (P:C:G) 122.66+69.40 | 11892.53+6171.69 |ns
8 (V:P:G:C) 3.58+0.47 469.48+93.35 ns
10 (V:P:G:C) 614.05+72.30 111577.50£27728.24 | * p=<0.0001
G 5(G) 127.21+71.77 452.07£214.25 ns
11 (P:C:G) 1.53+0.40 4.26+1.03 ns
8 (V:P:G:C) 0.32:0.20 1.77+0.32 ns
10 (V:P:G:C) |[94.94+31.61 1566.15+462.75 * p=<0.0001
C 15 (C) 76.761+9.83 59.7245.88 ns
11 (P:C:G) 0.25+0.04 0.08+0.01 ns
8 (V:P:G:C) 0.24+0.03 0.10+0.01 ns
10 (V:P:G:C) |0.08+0.01 0.09+0.01 ns
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Chapter Seven: General discussion and @nclusions

7.1. Significance of research

Pea yields are significtlyg affected by biotic andbiotic stresshut there is limited
genetic resistance thegermplasm. Genetic modificaticcuggests a potential solutjon
however the trait(s) shouldemonstrate commercially translatable efficakyplethora

of researcldoaumentingincorporation of PRyenesnto various crops against diseases
hasbeenpublishedn the past 15 yeaf$loosa et al. 2017). l&hough such research
builds our knowledgef genemodificationtechniquesind is an important tool for
understanding theole of PRgenes in combating stressexl their interactionghe lack

of commercializegproducts purports the ided successful disease resistance through
expression oPR proteins

There is a pucity of publications showing negative results (Knight308uch as lack of
efficacy of the inserted transgenesifield environment anih the presence of the stress.
As such, thaleficiencyof publicationssubstantiatinghe efficacyof PR genesgainst
biotic stressem field environmenteaves a gap iour knowledge theonsequencesf
laboratory based experimenkor a commercialized end product, the transgenes must
demonstrate consistent and sustained resistance against stredsdd anvironment.
Researclsuch as ours, i.e. reporting lack of edity of antifungal genes against two
fungal pathogens in the fieldpntribute towards the importancereportingnegative
results, whickcan aid in targeting the focus of research and allocation of monetary

resources



7.2 Results by each research objegt

7.2.1.Genetic transformation of Canadian pea cultivars using drought tolerant
Agroba%?gﬁjmﬂediated genetic transformation of pea waisductedn thePlant
BiotechnologyLaboratory, University of Hannover, Germany. With the successful
integraton of T-DNA, transgenic progeny were maintained after confirmation of
successful gene integration in two generations, quantification of PR10a expression using
gPCR and import of plant material back to Canada. Briefly, Canadian pea cultivar AC
Earlystar wasised to ceexpress PR10A from potato and transcription factor DREB2A
from rice using dicistronic vector througigrobacteriunmediated gene transfer method
practiced at University of Hannover, GermaAgrobacteriunmstrain EHA105 harboring

a helper plasndi pSoup and transformation vector pGIIPR10acpl148DREB2A was
employed for the transformation along with herbicide resistant bar gene (selectable
marker). Ceexpression was enabled by single promoter mannopine synthase and
terminator 35S CaMV. Embryo slicesere subjected to inoculation andaaltivation

with Agrobacteriumselected by selectable marker, recovered by micro grafting onto
seedling rootstock and leaf tissue subjected to PCR confirmationsibrATintegration.
Gene expression using FACR was coducted on PCR positive plants. Subsequent
generations of transgenic pea maintained and confirmed for transgenic inheritance and
later imported to Canada. Transformation efficiency of 3.65% and a ctilinkapendent
method to transform pea were demonsttaA greenhouse water stress experiment
showed greater drought tolerance of transgenic lines compared-taansgenic lines.

Although, southern blot on transgenic plants and gene expression of both the PR10A and

DREB2A would have provided us elaboratéormation however, due to resource



limitations, this could not be accomplished. This research serves as a technology transfer

opportunity for pulse researchers in Canada.

7.2.2. Quantify disease resistance of transgenic pea lines to Fusarium root rot
(Fusarium spp.) under field conditions

GM technology remains unexplored in transgenic disease tolerant pea development.
Previously transformed pea with four antifungal gene$ilk3 glucanas€G),
endochitinas€C), polygalacturonase inhibiting proteif®GIPs) (P) and antinicrobial

small moleculesstilbene synthag€V) with the genes inserted either individually or
stacked through crossing were tested for their efficacy against Fusarium root rot in
confined trials over three years (2013 to 2015) in canspn with two parental German

lines and three Canadian lines. Confined field trials from 2B, 3inder auspices of

CFIA were established. Seventeen treatments, comprised of nine transgenic lines (five
lines with single gene insertions {5(G), 18(C), €p(21(V) and 23(P)} one line with

double gene insertion {4(V:P)}, one line with triple gene insertion {11(P:C:G)}, two

lines with four gene insertions {8(V:P:G:C), 10(V:P:G:C)} and as comparator, four lines
including two German parental lines, Sponsor Batbness and three Canadian lines
with/without pathogerinoculum : Agassiz, AC Earlystar and AAC Royce (each with

some disease resistance against various fungi). Seeds were individually planted by hand
in randomized complete block design with pea linesesgmen{randomly arranged in
blocks, six replicates per treatment. All transgenic lines, German parental controls and
three Canadian lines were also treated witkarium avenaceumoculum, ground into
fine power from pr evlantsarsl wasamlied is contactiwithahe e d
seed at the time of seeding to promote disease establishment. Data was acquired for

verification of pathogen (by plating soil, root tissue and inoculum from the trials and
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PCR confirmations), seedling emergencanpheights, disease severity ratings and fresh
biomass. Plant tissue was also used to test for gene expression in each transgenic line.
Consistent pattesof superior emergence, higher fresh weight or lower disease
ratings above and below ground, of gsganic lines in presence pathogennoculum
were not observed in the three years of field experiments when compared to the parental
and Canadian lines in the presenceathogennoculum. No indication of an advantage
of stacked genes over single genes observed. Most transgenic lines had lower relative
gene expression in the roots than in the leaves in greenlsoggesting a possible
explanation for poor tolerance to Fusarium root rot. There were several pathogens other
than justFusarium avenaceuifthe inoculum), which were detected in the soil and roots
of infected transgenic seedlings, suggesting multiple pathogens were acting at the same
time. The results obtained were against our initial hypothesis that transgenic lines will
have superior disea tolerance than control plants and that stacked genes will have better
disease tolerance. Although multiple years and multiple location data over many years
would perhaps yield different results, but the restrictions in working with GM material

especial regulatory and monetary limits the input resources.

7.2.3. Quantify disease resistance of transgenic pea lines to Mycosphaerella blight
(P. pinode$ under field conditions

Mycosphaerella blight is a commercially important pea disease in Canada anthgarmp
has partial resistan¢€onner et al2012) Disease tolerance traits introduced in
European ped¥1,3 glucanasé€G), endochitinas€C), polygalacturonase inhibiting
proteins(PGIPs) (P) and antnicrobial small moleculessf(ilbene syntha3€V)) were
tested in comparison to partially resistant Canadian lines and parental lines were

evaluated foto Mycosphaerella blighdgeverityin three years (20135) of confined field
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trails. 30 seeds pldwere arranged in randomized complete block design wwith s
replications. Dataverecollected for plant growth assessment (seedling emergence,
heights, seed numbers, yield) and disease severity ratings were obtained. No consistent
superior emergence, higher yietg¢ted numbers and lower disease ratimgs obsered

among the lines tested over three subsequent years of field trials. No benefit of stacking
antifungal genes over individual genes was measured. Most transgenic lines had lower
relative gene expression in roots than leaves suggébareffect of promiers chosen or
silencing of genes. The findings from the experiment refuted the initial hypothesis that
transgenic lines will have superiority for disease tolerancertiative tothe control

lines and that stacked lines will have an enhanced diseasarnoé to Mycosphaerella

blight in field. Field trials where multiple stresses are present are crucial in tbsting

agronomic and ecological relevance of trait of interest such as disease tolerance.

7.2.4. Quantify potential non target effects of the anfungal genes to beneficial soll
associates

This experiment addresses the concern of potentialtagget consequences of antifungal
genes in pea on ndarget organisms including beneficial soil associates. Pea

transformed with four antifungal gen@s1,3 glucanasgendochitinase

polygalacturonase inhibiting proteiradstilbene synthagevere tested i confined

field trial in 2013 for their effects on root nodulation and colonization by two commonly
used inocwnts,Rhizobiumand arbuscular gtorrhizaefungus (AMF)respectively.

Transgenes were tested for gene expression from greenhouse grown material and lower
expression in the roots than leaves was found. To determine the impact of disease tolerant
pea or gene products on colonization by-temget AMF and nodulation byRhizobium

field trial with asplit plot design (5 plants plét cultivars as main plot and inoculation as
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subplot, replicated four times per treatment) was established. Datacquareddor

seedling emergencBhizobiumnodulaton ratings and root colonization potential by
arbuscular mycorrhizae. Transgene insertion, as single gene or stacked genes, did not
alter root colonization by AMF or root nodulation Bizobiuminoculation in the field.

No effect of transgenes on the migrowth and performance were obsenadthough

having a dal inoculant with both AMF an&hizobiumyielded higher fresh weight
shootto-root ratio in all the lines tested. This initial risk assessment of transgenic peas
expressing antifungal genes showe deleterious effect on ndarget organisms. The
results from this part of project provide the crucial information, which will be required by
CFIA, should transgenic pea were to move towards commercialization. Howewver, non
target effects on other bemzél soil associates likBseudomonaspp., which have
synergistic relationship with pea need further exploration and testing. The lower gene
expression in chapters 4,5 and 6 seems to be consistent and perhaps a contributor towards

lack of disease resistae.

7.3Conclusion

The scope of our research has akows toassess thefficacy of four antifungal PR
genedn field in confering disease resistance presence diiemibiotrophicand
necrotrophidungalpathogensThe PR genes were insertecbash sngle and stacked
geneswith inducible and constitutiveromotas andwere being expressetifferentially

in root and leaf tissue. Ouvesultsreinforce that disease resistance, usingsgenes from
single or multiple PR protesmprovides insufficient ptectionagainst biotic stresses

testedto confer consistent efficacy in the field.
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Hemibiotrophic fungi (such dsusariumspp.) can have differential gene
expressionn response to plant defenshging the two phasdse. biotrophic and
necrotrophig it undergoes during its life cycknd requires cordinated and ordered
expression of diversgefensesignaling pathways (Ding et al. 2011).biotrophic phase,
specific proteingargetcell wall degradation and mask fungal cell surfaces to avoid plant
defenses however, during the nectrotrophic phase, the fungus undergoes life style change
of not only protecting itself from the plant defenses but atsively releasingnymes
and toxins to attack the plant cell walls and utlize plant nutrients releagad dell
degradatiorfMeinhardt et al. 2014; Yang et al. 2013). Hertbe,lowgene expressions
of antifungal geneander investigation in our field trialgere perhaps, not able to
terminatethe activity of the hemibiotrophiEusariumspp. because affs specializd way
of combating plant defense

Often, disease resistance conferred due to chitinolytic activity of transgenic plants
expressing chitinase is attributed not only to chitinase itselthledtiggering of other
defenserelated mechanisms duo presence of chitinase in the cell (Jayraj and Punja
2007) Lowergeneexpres®n levels repoed in our field experimentsay have been
insufficient to trigger the responseie amount of chitinase enzyme produced and the
proportion of chitin present phytopathogenitungal cell walls maylso contribute to
thelower disease reductiom our field trials Acidic chitinasesuch as Chit3Qused in
transformatiorfor chitinase genel}hat aimthe cell wallare less effectivatreducing
disease causda/ necrotrophic pathogemssich ad. pinodesthan intracellular basic
chitinase isoformsHerreira et al2007 Prasad et al. 2013 unja and Raharjp996

Wally et al 2009. Recently, bitosanhas been postulated to be presenthe surface of
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the cell walls of fungal infection structuresiggesng thatchitinasesalthough
effectively degrading cell walls of vegetative fungal hyphae, may not be sufficient for the
digestion of cell walls of infection hyphatone(El Gueddari etl. 2003) Thismay have
contributed to lack of disease resistari¢ecrotrophsuch a$. pinodesisually secrete a
large amount of cell walllegrading enzymes to degragalantcell wall polymerscausing
significantcell damagé€Horbachet al. 2011)It is conceival®@ thatexpressig two cell
degrading genes such as chitinase and glucanase may not pose a Sudg@Estinghat
with higher gene expressiontiransgenideaves, the foliar necrotroph pinodesvas
perhaps well equipped with plethorapd@nt cell wall degrading enzymés deal with
our antifungal genes

Mutualistic fungi such as AMF, is suggestedhawve capacity to adafu presence
of antifungal propertiesf transgeneéVierheilig et al.1995).The differential targeting of
pathogenidungus Fusariumspp. andP. pinodeschapter 4 and 5) and beneficsail
organisms (AMF and Rzobium; chapter 6) by the antifungal genes in pea lines may also
be ascribed to recognition specific{tghan et al. 2010; Stefani and Hamelin 2Q10)
genotype related functional specificity between beneficial soil orgar{Bjodjevic et
al. 1987; GianinazzPearson 1996; Saxena et al. 208&Jbr type of genetic
modification and gene being expres¢&ibvannetti et al. 2010However, n wake of
these results from chapter 4 an@ir@bility of our transgenes to confer disease
resistance)our results for absence of deleterious effects of antifungal pathogens on
arbuscular mycorrhizal colaation and root nodulation bytizobium (chapter 6) should

beviewedwith caution.
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Chapter 3 desibes a cultivar independent methodology for Agrobacterium
mediated gene transfer to pea ultilizing drought tolerance traits. This serves as a
technology transfer opportunity researchers engaged with pulse research in Canada
Especially in case dafiseae resistance where maywars of breeding efforts have only
resulted in partial disease tolerant pea vari¢ta@ssgnetictechnologiesnay pose a
solutionor be used as a research tool to identify putative genes of intdceiingicides
or cultural catrol methods have been able to combat the disease spread in pea. Although
researchgunderway for identification of natural resistance resources through breeding
and chemical options are being sought, this was a proactive step to test the efficacy of
geretically modified diseaseesistanpeas in field against two commercially relevant
croppathogendn their target environment in comparisorbest Canadian lines in
market Acknowledging that genetic modification can be a resource and time consuming
venure, a company can only commercialize a trait if return surpasses the time and
resources required to create, test and validate genes of interest in sup@ransciihis
research evaluatdéise utility of GM technology usinggrobacteriunmediated gene
transfer for pulse crops in Cana@acked genes are of a great interest and believed to
stay in commercial interest in near future as \(dirisi et al. 2016)Also, with the
advent of incorporating differemintifungal genes transgenically, especially PR proteins
in various cropgMoosa et al. 2017}his research can serve to identify barrier to success
that may aid in appropriate resource allocation by academic dustiial stakeholders.
Especially with an example of French pea industry whose root rot epidemic is seen as the

biggestchallengeo the industry since 19938Vicker et al. 2001yvith no apparent
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solution in sight, tts research was a proactive approach for safety of Canadian pulse

industry.

7 4 Future research

74.1. Transgenic stress tolerant pea
PR proteindave been incorporated in various crapsa tool against pathogenic fuhgi
over 15years(Moosa et al. 207), yet no registered transgenic product is commercially
available for any cromlthough disease in crapis a significant constraint farop
production. CFIA has not received a submission for approval of a disease resistance PNT
crop in past 13 yeal€FIA 2017b) Worldwide, the International Service for the
Acquisition of Agribiotech Applications (ISAAA) reports only three similar fungal
disease events (in potatdglanum tuberosuin) transgenically expressing labight
resi st-amt 1™ fapdnding foma coiled coil nucleotidending leucinerich
repeat protein fronsolanum venturiijegistered for fungal disease resistance, a few for
viral resistance (in potato, bean and sdrogicultural crops)yet nane utilizesPR
proteins (ISAAA 2017). Even in the case of the most commerciéillged legume crop,
soybean, no disease resistant cultivar has been registered to date in Canada or USA
(CFIA 2017b; USDAAPHIS 2017) Lack of field trials or agrbiotech applications in
case of PR proteinsuggest lack oftheevidence of efficacy, other than laboratory or
controlled environment experiments. Future research is warranted only if there is an
evidence of pyof of concept for the gene(s) under consideration.

Since the ultimate goal of research programs pattentialcrop improvement it
enhaneyield and productivitfGodfray et al. 201Q)strategic field trial exgriment

allowing realistic evaluation of genotype x environment interaction like ours, become
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crucial. Field testing is importam test the agronomic performance and ecological
relevance of trait in the in the local environm@Mozniak and McHughen 2012)
Transgenes must be evaluated for yield trade offs, their interactions and interplay with
various biotic and abiotic stresses in their natural fBostock et h 2014) to identify
issues with stability and resultant pleotropic efféBtsns et al. 2012)nd to satisfy
regulatory agencieggRomeis et al. 2008Yhe antifungal trag examined in peas did not
consistently impart disease tolerance in transgenic pea in our experiments when scaled to
field environment andchencethe resultglo not justify of the investment of time and labor
further testing these events. However, we hag one trial site and limited seed for the
experiment. Multiyear and multlocation trials are highly desirable, however, the
regulatory conditions such as confinement, isolation and monitoring, make them unique,
to be handled by highly specialized pensel and under the auspices of CFIA, in Canada.
In the caseof pea, with these antifungal gene/gene combinations, and in Canadian
conditions, we have lack of evidence to support further investigation for
commercialization of the trait. With other pathogans other crop species, these genes
may be useful and will need further testing. Nevertheless, such trials are capital and labor
intensive, yet crucial for GM crop commercialization and hence should be encouraged.
Other transgenic approaches should h@ard beyond classical antifungal PR
genes (such as glucanases and chitinases) including exploration of other antifungal
strategies such as targeted use of basal resistance against specific pathdigens i.e.
possibility to enhance the perception and taton of induced resistance without
metabolic costéCollinge et al. 2016r the use of transcription factof®obon et al.

2015; Wang et al. 201@)nd effectorgVlieeshouwers and Oliver 201d9uld be the
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future of biotic and abiotic stress tolerance in crops. Even within the realm of PR
proteins, other PR proteinsweh have receiverkecent inerest against abiotic and biotic
stresses such as thaumatin like proteins (TIiR8)et al. 2017)osmotin(Sripriya et al.
2017)and/or their combinations withréiad acting PR proteins such as chitinase and
glucanase also need to be explored as tools against the fungal patifqgems

Diseaseaesistances never complete and the level of disease reduction depends on
the strategy deployed and the characterstiof the pathogen(¢Punja 2004)For
examplelife strategies of the pathogdre., whether they are hemibiotrophic (such as
Fusariumspp.), necrotrophic pathogens (suctvggsosphaerellapp.) or biotrophse(g.,
Blumeriaspp.) mayaffect the choice ahegenes to be introduced. Often when
pathogens are genetically variable, as has been reported in cksgsavhinearum
( O" Donnel | andFtaveadceuniHdler @t4l) 2011and othelFusarium
species, disease resistance becomes extremely difficult due to facilitation of rapid
evolution of resistanc@~eng et al. 2010Also, the ger being expressed could have
specific properties under certain circumstances, which can affect the disease reduction.
For example, chitinase expression based on the source of gene can vary in specificity to
substrate binding, optimal pH, and localizatidrcell and hence have a varied antifungal
activity (Punja 2004; Sandhu et al. 201Hence, if compared to the demonstrable
scientific and economic success in genetically modified plapts for resistance to
herbicides, insect pests, and virus diseases, enhanced disease resistance has lagged behind
(Punja 2004)

Since multiple pathogens seemed to contribute towards disease pressure

developnent inChapter 4, it is possible a step back towards more controlled environment



experiments (in greenhouse etc.,) in presence of single and/or multiple disease causal
organisms at the same tinghould be able to give us more information on the pathogen
pathogen interactions and hence contribute towards strategies required to combat these
pathogens more effectively.

Successfuhgrobacteriuramediated gene transfer methodology in the rather
recalcitrant pea, has been described in chapter 3. Hov&mehernblotting will further
elaborate the gene expression and subsequent protein forma@Bi@AandDREB2A
genes. In the future, field trials with confirmed homozygous progeny of transgenic
drought tolerant pea should be helpful in determining the effiohthye trait for pea
crops in drought conditions/here the environment x genotype interaction prevails.
Since the methodology described is cultivar independent, future research could utilize
many other gene combinations (for example, other transcriaiaré such aherecent
success with MYB and bHLH family transcription factor in sugar¢@he et al. 2017)
andArabidopsis(Le Hir et al. 2017jor creating drought tolerapea.

As discussed i€hapter6, no deleterious effects of antifungal genes on beneficial
associations of arbuscular mycorrhizae Riizobiumwith transgenic pea were
recorded. However, as every risk assessment should be carrucaseby-case basis
(CFIA 2016; Conner et al. 20p3his information cannot be interpreted for other
transgenic pea with new or similar gemeshoseused in this research. For example, the
drought tolerant peatescribed in chapter 6 will need to be evaluated for thehtauget
effects on such soil beneficial associations and previousdatotbe extrapolated.
Similarly, the findings in the case of arbuscular mycorrhizaRimdobiumcannot be

extrapolatedo other peaion target organism associations sucBakholderiaspp.,
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Pseudomonaspp. or endophytic root colonizing fungi suchFasarium equisetiwith
the advent of next generation sequencing in biomonitpvitigch givesus insight into
the ecosygmwide biotic responses, the quantification of #iarget effects of various
genes should become easier.

Issues witltheexpression of multiple genes and possibly gene silencing over the
generations of transgenic plants are describ&hapters4, 5 ands. With the advent of
newer technologies for eexpression of multiple plant genes for example, plastid
genome engineeringdrerrer et al. 2016}he futureof GM crop development could be
expected to have a impred system to incorporate several genes at once and could be

utilized for abiotic or biotic stress tolerant pea development.

7.4.2. Novel technologies for improving stress tolerance

Pulse crops, especially pea, are ydigaefit fromnewer technologies PNT crop
development, such as site directed nuclease (SDN), transgenesis, RNAI, zinc finger
nucleases (ZFN), transcription activator like effector nucleases (TALENH)stered
regularly interspaced short palindromic repeats (CRISPR(B¢pgter et al. 2016; van
de Wiel et al. 2017)With these in use, production of high quality transgenic events (as
they are highly targeted due to their integration specificity and souglg insertionsjs
expected. These techniques could overcome the currentlytersstoveapproach to
generate several events with random transgene insertions, and theneeedrtts be
selected, screened, and evaluated over many subsequent gentyaimse stabiljt

and effiacy(Altpeter et al. 2016)However, many of these are geneetiting techniques
that may have limited applicability due to tissue culture and regeneration issues and

resultant poor plant performanfean de Wiel et al. 2017While there is worldwide a
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debate if genomedited crops will fall under existing regulatory systems that have been
designed for transgenic plants (for an overview,Smink et al(2016) Canada’ s
trait based regulatory system will evaluate genome edited crops just as another PNT
(CFIA 2016)

We examinedwo different type of pathogengihemibiotrghic Fusarium spp
and nectrotrophi®. pinodesand mechanisms underlying resistatecéhese in plast is
compkx. Multiple layers of active and passive defense are activa@glantduring a
pathogen attack as responses at cellular level bEgeniming and strengtlof these
defense reaction activatisdetermine the resistance level (Ding et al. 2011). The first
defense system ignate immunity(alsoknown as pathogeassociated molecular
patterns (PAMP), or PAMRiggered immunity (PT)) whichtriggersmicrobe
associated molecular patterns (MAMR®)ludingactivation ofcascades such as
mitogenactivated protein kinase (MAPK), production of reactive oxygen species (ROS)
and activation of transcription factaisusubel2005; Boller and He 2009%econd
defense system is tleéfectortriggered immunity (ETI), which occurs after recognition
of the pathogen eft@ors by host resistance proteincludingdefense responsesch as
local programmed cell death, known as the hypersensitive responséNidiRhuket al.
2003).Both these defense systems triggamilar processesuch asaccumulation of
ROS,generatiorof antimicrobial secondary metabolites and-eall reinforcement via
the oxidative crossinking of cellwall componentg¢KishiZKaboshietal. 2010;
Nurnbergeet al. 2004) Cellular responses duriragtivation ofthese defense systems are
proposed to beegulated by concentration gradieritsalicyclic acid (SA) and jasmonic

acid(JA) (Betsuyakwet al. 2017)A number of studies have demtnaged that JA and
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ethylene (ET) signaling pathways plpiyotal roles in resistance against necrotrophic
pathogens ahhemibiotrophic pathogens such &0I11 gene(mutuation of JA receptor
protein)alters resistance to necrotrophic pathogens suéltasaria
brassicicolaandBotrytis cineregThomma et al. 1998)r in case of Arabisposide

ERF1 and ORAS9 transcription factors integrd®ET pathways and activate expression
of defenseaelated genes such B®F1.2against nectrotrophic pathoge(fseé et al.

2008) Similarly, in Arabidopsis DELLA stabilization contributes to flg2@lagellin-
derived peptidginduced growth inhibitiomndpromotes susceptibility to virulent
biotrophs and resistance to necrotrophs, partly by altering the relative Istoé8dt and

JA signaling(Navarro et al. 2008). Perhaps a similar approach can be used for targeting
Fusarium sp@ndP. pinodesby upregulating genes that contribute to the SA/JA/ET
signaling rather than relying on end products of defense response sasoetias
chitinase and glucanase as attempted in our research.

Among other strategiesu t i | i zi ng pl ant ,sterspeaesat e | mmun «
transfer of pattern recognition receptors (PRRS) are being used to confer responsiveness
to previously unrecognéd elicitors(Boutrot and Zipfel 2017)Progress of enhancirige
innate immune system by transfer of dicotyledonous elongation fact@t al. 2015)
andArabidopsiselongdion factor inserted in wheébchoonbeek et al. 201&8)e
encouraging and hopefully more progress will be seen in pea as well. Recent interest in
utilizing ergosterol (a common component of many plant fungi essential for fungal
growth) as an antifungal tool alone or imdaination with PRL proteingBreen et al.

2017; Kazan and Gardiner 20X0uld be another interesting tool in the gdesgenetic

modification of pea for disease tolerance, but it@deen yet utilized in pea yet.
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One of the biggest constraints in engineering novel cultivars for disease resistance
is the choice of promoters. As suggested by Colletgd. (2016) promoters with organ
and responsespecificity can avoid expressiontime tissues where they are consumed
hence avoiding any allergenicity risks associated with the resultant prdtensgenic
peas expressed antifungal genader D35S from CAMV o6tilbene synthaggromoters
in thecurrent experimenHowevermrepetitiveuse of, D35S coulthcrease probability of
gene silencingMatzke and Matzke 1995Perhaps transformation wighstronger,
constitutiveand ubiquitously express@domoterfor exampleubiquitin (Christensen and
Quail 1996)(most commonly deriveftom maize (Ma and Xiu 2016)sugarcane (Wei et
al. 2003) and several other plants for exansplgbean iiernandezGarciaet al. 2009))
can provide pea with more stable gene expressioarice ubiquitin promoterRUBQ1
or RUB2 drove highel8- to 35fold highe) constitutive levels of GUS expression in all
of the rice tissues studi@scompared to the 35S promot¥vang and Oard 2003).
JCcUEP- a ubiquitin promoter derived frodatropha curcasetained its activity under
stress conditions in low temperature,hgglt, dehydration and exogenous ABA
treatmentsuggesting constitutive as well as inducible activity of ubiquitin promoters
(Tao et al. 2015However, with newer genes being discovered and engineered into plant
tissues, some shortcomings sucla sk of consensus of biosafety around the wathe,
allergenicity of some common promoters and their lack of specificity of expression sites
remain. The ongoing focusonthenéded ef f ect i ve” bi osafety regul
evidence based considerations ehéfits and risks of disease tolerant GM crops under
experimental conditions coufttovidemore avenues for creation thie GM disease

tolerant peas in future. Very few examples of registered disease resistant crops are
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available worldwideNo minor crop ach as pea has been effectively released with
disease tolerant traifScott et al. 2016)Regulatory systems worldwide need to work
collectively so as to have a balanced regulatory system in teritssaairkability and

costs, so that they do not unduly restrain the benefits of innovative plant products and

technologies with potential advantages to agricultural sustainability.
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