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Résumé

Les conséquences des flux de genes et de l'introgression entre les cultures transgéniques et leurs
apparentés sauvages sont encore au coeur des débats associés a la commercialisation des plantes
génétiquement modifiées. J’ai développé mon étude sur les conséquences écologiques et évolutives
du flux de génes entre le colza (Brassica napus) et ses apparentés, la moutarde brune sauvage (B.
juncea) et la ravenelle (Raphanus raphanistrum), en réalisant une série d’expériences en serre, au
jardin et au champ a Beijing et a Dijon.

En premier, j'ai présenté une revue synthétique de la littérature publiée sur les flux de genes
et ses effets sur la fitness chez les Brassicées. En second, j'ai cherché a mettre en évidence le réle de
la taille des semences hybrides entre du colza transgénique Bt et la moutarde. La petite taille des
semences a réduit les capacités de croissance et de reproduction, mais |'effet sur la fitness était
variable en fonction des fonds génétiques ou spécifiques. Les rétrocroisements sur le colza étaient
plus faciles et productifs que pour les autres types de descendants. La plupart de ces plantes avait
une morphologie de colza. Liée a la résistance a I’herbicide, cette caractéristique pourrait permettre
aux descendants de survivre dans les champs et de disséminer les transgenes aux repousses et aux
autres colzas, ce qui serait peut étre plus génant que de voir I'introgression réelle dans le génome du
parent sauvage. Troisiemement, jai simulé le phénomene d’herbivorie chez la moutarde pour
étudier la compétition entre des plantes résistantes et des plantes sensibles indépendamment des
problémes de fitness des hybrides interspécifiques. Les plantes résistantes ont un avantage
compétitif évident sous la pression d’herbivorie, et cet avantage est exacerbé sous des conditions
difficiles telles que de faibles ressources du milieu et I'intensité de I'herbivorie. L'utilisation d’insectes
pour attaquer des populations mixtes composées de rétrocroisements sensibles et Bt-résistants aux
insectes a confirmé ce résultat et a montré que le transgéne n’avait pas de colt en I'absence
d’insectes. La productivité totale des populations a augmenté avec la proportion de plantes
résistantes. Quatriemement, des populations de ravenelles ont été échantillonnées dans quatre
régions éloignées entre elles, dont une ayant une longue histoire de coexistence avec le colza et donc
ayant plus de chance d’avoir été soumise a I’hybridation interspécifique avec le colza. Jai interprété
la divergence des traits et leur polymorphisme dans le cadre d’une hypothése d’introgression
stabilisée en opposition au simple hasard, bien que les différences avec les autres populations
n’étaient pas assez marquées pour faire sortir ces populations du domaine de variation décrit pour
les ravenelles.

Ces études soulignent plusieurs facteurs qui peuvent accroitre le risque des flux de
transgenes et l'introgression entre les cultures génétiguement modifiées et leurs apparentés
sauvages, et cela doit étre pris en compte dans les procédures d’évaluation des risques de I'usage de
ces plantes. A savoir : la morphologie cultivée qui rend confuse l'identification des introgressants
dans le cadre de la bio-surveillance, les petites semences hybrides avec une dormance et une
dispersion supérieures, et I'intensité de I’herbivorie et de la compétition qui exacerbe I'avantage
adaptatif des plantes transgéniques résistantes aux insectes. Cependant, I’hypothése de la formation
de « super mauvaises herbes » ne semble pas justifiée.

Mots clés: colza (Brassoca napus), moutarde sauvage (Brassica juncea), ravenelle (Raphanus
raphanistrum), competition, valeur adaptative, organisme génétiguement modifié¢ (OGM), flux de
genes, introgression, traits morphologiques, dynamique des populations, transgene.



Abstract

In the framework of commercial release for transgenic crops with novel traits, consequences of gene
flow and introgression are still one main concern. | explored the ecological and evolutionary
consequences of gene flow between oilseed rape (Brassica napus) and its wild relatives, brown
mustard (B. juncea) and wild radish (Raphanus raphanistrum), through several experiments carried
out in greenhouse, common garden and field in Beijing and Dijon.

First, | revised a comprehensive review of the literature about gene flow and its effect on
plant fitness in the Brassiceae. Second, | investigated the effects on gene flow of seed size of hybrids
between Bt-transgenic oilseed rape and mustard. Small seed size significantly reduced plant growth
and reproduction, but its influence on plant fitness varied among genetic backgrounds. Backcrosses
to oilseed rape were easier and more productive than other types of progeny of hybrids. Most of
these plants exhibited oilseed rape morphology. Together with herbicide-resistance, this trait could
help the progeny to survive in the field and disseminate the transgene to volunteers and feral
populations, which could be more troublesome than completing introgression into the genome of
the wild parent species. Third, | simulated herbivory on mustard to study the competition between
insect-resistant and susceptible plants independently to the fitness of the interspecific hybrid.
Resistant plants held a competitive advantage under herbivory pressure, and this advantage was
magnified in harsh conditions, such as low resources and high simulated herbivory pressure. The use
of insects to attack mixed populations composed of transgenic Bt-resistant and susceptible
backcrosses confirmed the same conclusion and provided evidence of no cost due to the transgene
in the absence of insect. The overall population production increased with the increasing proportion
of insect-resistant plants in the presence of insects. Fourth, wild radish populations were sampled
from four geographically distant regions, of which one region had a long history of oilseed rape
cultivation, and, therefore, higher chance to have been submitted to interspecific hybridization with
the crop. Traits divergence and polymorphism in the putative introgressed populations could be
supported as alternate hypothesis to random variation, although the differences were not marked
enough to place these populations out of the range of variation described in wild radish.

These studies pointed out different factors that could enhance the risk of transgenic flow and
introgression from transgenic crops to wild relatives, and they must be taken into account in the risk
assessment of the use of GM crops: crop traits to identify the hybrid progeny and perform
monitoring, small seed size to account for seed dispersal and dormancy, and intensity of herbivory
and competition that magnify the fitness advantage of insect-resistant transgenic plants. However,
the impact of introgression to create super-weeds was not supported.

Key words: oilseed rape (Brassica napus), wild mustard (Brassica juncea), wild radish (Raphanus
raphanistrum), competition, fitness, genetically modified (GM), gene flow, introgression,
morphological traits, population dynamics, seed production, transgene
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INTRODUCTION GENERALE

Dans le cadre de la commercialisation mondiale des cultures transgéniques obtenues par
génie biotechnologique, I'une des réserves le plus souvent soulevées concerne le flux de
geénes entre la culture et ses apparentés sauvages. Ce phénomeéne est d(i aux échanges
polliniques entre ces especes et a la diffusion ultérieure des trangenes par le pollen et les
semences des hybrides. Les descendants transgéniques, hybrides et générations
rétrocroisées, peuvent perdurer dans les champs et d’autres habitats, causer des problémes
agricoles et dans le milieu naturel, et méme représenter une nouvelle source de flux de
transgéne pour d’autres organismes (Hall et al. 2000; Simard et al. 2002; Jorgensen et al.
2007; Colbach et al. 2008; Warwick et al. 2008).

En fait, aussi bien les flux de genes que les introgressions entre espéces sont des
phénoménes naturels qui surviennent spontanément et jouent un réle important dans
I’évolution des plantes et des espéces cultivées. Beaucoup d’espéces végétales sont d’origine
allopolyploide, et les cultures d’aujourd’hui ont souvent connu un épisode de flux de gene et
d’introgression dans leur passé, ce qui a faconné leurs forme et leur devenir. Cependant,
dans le cas des transgénes, le flux de génes apporte des caractéristiques jouant sur la fitness
qui n’étaient pas présentes dans I'espéce sauvage auparavant, et cela peut augmenter sa
vigueur ou sa faculté de colonisation ou au contraire avoir des conséquences nuisibles a sa
survie. On peut craindre que ces genes perdurent pour plusieurs générations dans les
populations sauvages, et effectivement des descendants d’hybrides interspécifiques et des
populations sub-spontannées de repousses des cultures transgéniques ont été trouvé dans
les champs (Jorgensen et al. 2007; Méssean et al. 2007 ; D’Hertefeldt et al. 2008). Ces génes
qui ont des effets neutres ou bénéfiques sur la fitness et ne sont pas liégs a des
caractéristiques cultivées non-adaptatives ont le potentiel pour persister. Aussi, nous devons
nous interroger sur les conséquences écologiques et évolutives de ce phénomeéne aussi bien
a court qu’a long terme.

A court terme, le flux de genes forme des hybrides et des descendants par
rétrocroisement disposant de nouvelles caractéristiques telles que la résistance aux
herbicides, aux insectes, aux virus et aux maladies. Ces nouvelles caractéristiques vont

affecter la croissance et la reproduction des hybrides interspécifiques (Ellstrand et al. 1999;
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Snow et al. 2003; Halfhill et al. 2005; Campbell et al. 2006). Lorsque des plantes résistantes
colonisent une population sensible, ou lorsque le transgene donnant Ila résistance est
transmis a des populations sauvages, la compétition entre les plantes résistantes et sensibles
va affecter la biologie de la population. A cause de I'avantage lié a la résistance, les plantes
résistantes vont s’approprier une partie supplémentaire des ressources locales, entrainant
ainsi un développement réduit des plantes sensibles. La relation entre les deux types
évoluera avec leur proportion car le paysage compétitif de chaque individu va évoluer en
conséquence. Ceci varie bien sir avec le niveau des ressources, les pressions de sélection
exercées par les herbicides, les insectes ou les maladies.

Sur le long terme, la persistance des transgénes dans une population sauvage
pourrait conduire a des modifications de leur structure et de leur dynamique et altérer leur
potentialité d’évolution. La coexistence ou non des types résistant et sensible pourrait
entrainer une meilleure exploitation des ressources du milieu, ou au contraire étre nuisible a
la productivité de la population. On peut aussi se demander si des caractéristiques
morphologiques importantes pour I'écologie des especes peuvent étre affectées concernant
la reproduction (dates de floraison, pollinisation, forme et attractivité des fleurs), la survie
(type de fruit, conditions de germination). L'étude de tels effets sur le long terme est tres
difficile pour des raisons de limitation dans le temps et d’absence de matériel sauvage
transgénique approprié. La modélisation serait une alternative a I'expérimentation, mais il
faut alimenter le modeéle avec des parameétres dont on ne dispose pas. En revanche, la
recherche de populations anciennement introgressées par des genes de plantes cultivées
pourrait nous permettre une telle analyse.

Dans notre travail, nous avons essayé d’aborder ces questions par les deux
extrémités du scénario de l'introgression de caractéristiques d’une culture transgénique
dans une espece sauvage apparentée: l'implantation initiale, et la recherche des
conséquences finales. Nous avons choisi le colza, Brassica napus, comme exemple de culture
transgénique car il produit beaucoup de pollen et son hybridation avec plusieurs Brassicées
sauvage est connue, et des résistances a un herbicide et aux insectes étaient disponibles. Le
choix de Brassica juncea comme cible sauvage a été motivé par sa présence a I'état de

population sauvage en Chine, et donc d’un besoin de connaissance a son sujet. Apres un
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chapitre 1 dressant I’état des connaissances sur les flux de génes chez le colza, nous avons
abordé les questions suivantes que nous avons présentées sous la forme d’articles :

1) Est-ce que la petite taille des semences hybrides représente un obstacle au flux de
geéne (Chapitre 2.2) ?

2) De quelle maniére le croisement B. napus x B. juncea permet-il de diffuser et d’implanter
les transgenes dans les champs (Chapitre 2.3) ?

3) Qu’elle est le bénéfice de la résistance aux insectes pour I'individu et pour la population :
en simulant I"herbivorie (Chapitre 3.2 et 3.3) ou en expérimentation avec les insectes
(Chapitre 3.4)

4) Est-ce que des traces d’introgressions anciennes peuvent étre détectées chez des

populations sauvages et quelles conséquences (Chapitre 4)
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Revue bibliographique sur les conséquences des flux de
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CHAPTER 1

LITERATURE REVIEW ON THE CONSEQUENCES OF
GENE FLOW FROM OILSEED RAPE TO ITS RELATIVES

Gene flow and introgression between transgenic crops and wild relatives is considered one of
undesirable consequences o f commercial release of genetically mo dified (GM) / transgenic
crops ¢ onferring h erbicide, i nsect or vi rus-resistance genes. C ommercialized G M cr ops
involving m any i mportant r esources s pecies, such as s oybean, m aize, ¢ otton, oi Iseed r ape,
squash, papaya, alfalfa and sugarbeet, are cultivated worldwide (James 2009). Most of these
transgenic species could hybridize with their wild relatives (Ellstrand et al. 1999; Armstrong

et al. 2005).

Hybridization is a p rerequisite for gene flow, and ge ne flow is a p rerequisite f or
introgression. B ut, not all h ybridization c ould i nduce gene flow. Hybrids can form w hen
certain conditions are achieved, including s ympatry with a compatible relative (weedy, wild
or crop), overlapping flowering phenology, pollen and seed dispersal, successful fertilization
and viable offspring. Successful gene flow does not necessarily result in gene introgression.
The introgression of transgenes into the receiving species or popul ation de pends mainly on
the barriers to hybridization and introgression, the evolution and fate of inter-specific hybrids,
their fitness, and the potential costs and benefits of transgenes in the offspring under variable
habitat conditions.

Inter-specific gene f low v ia h ybridization a nd s ubsequent i ntrogression pl ays a
biologically imp ortant r ole in th e a cquisition o f g enetic a daptations th rough n atural p lant
populations. It has been recognized that introgression can occur frequently and may produce
viable, e ven hi ghly-adapted, pr ogeny ( e.g., A rnold 1997, 2006; R ieseberge tal. 1999),
although e volutionary s cientists e arly f ocused ont he 1 mportant r ole of r are e vents of
introgression for t he evolution of m any pl ant groups (e.g., Lotsy 191 6; A nderson 1949;
Stebbins 1959; Grant 1981).

We present here a literature survey on the processes and consequences of gene flow
and introgression between oilseed rape and its wild relatives. Such a topic has been ignored

before the release of GM varieties, but many studies have documented this issue to date.
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1.1 Hybridizations between Brassica napus and its wild relatives

In order to understand the possible risks of gene flow from Brassica napus to wild relatives, it
is first important to understand the relationship between the species of its primary gene pool
amongst others belonging to the Brassicaceae, consisting of over 3000 species in 370 genera.
Three species, B. napus (AACC, 2n = 4x=38), B. juncea (AABB, 2n =36), and B. carinata
(BBCC, 2n = 34), are allotetraploids derived from three diploid species B. nigra (AA,2n =
16), B. rapa (CC, 2n = 20), and B. oleracea (BB, 2n = 18) (Fig. 1.1).

Brassica nigra

n=8

BB
Brassica carinata/ \ Brassica juncea

n=17

CcC
—»
n=9

=9, n=10
Brassica oleracea

Brassica rapa

- n=19
Brassica napus

Fig. 1.1. “U-triangle” r epresenting t he genomic relationships b etweenBrassica s pecies ( re-

drawn from U 1935)

Almost a Il h ybridization a mong B. napus and t he five ot her s pecies ¢ ould oc cur,
despite it presented varying di fficulty. T he h ybridization is i nfluenced b y e xternal factors,
including wind direction and s peed, insect movement ( Scheffler et al. 1993), locations and
flowers positions at plants (Becker et al. 1992). Natural crosses can frequently occur among
the three oilseed Brassicas, B. napus, B. rapa and B. juncea (Bing et al. 1991,1996a; Leckie
etal. 1993; Jorgensen and Andersen 1994), and transgene flow from B. napus into B. rapa
(Bing et al. 1991, Leckie et al. 1993) or B. juncea (Bing et al. 1991, Frello et al. 1995) may

occur t hrough n atural p ollination. A Ithough t he f requency of s uccessful c rosses be tween
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oilseed rape and B. oleracea is very low, hybridization could be achieved by hand pollination.
In t he U nited K ingdom, s pontaneous h ybrids be tween B. napus and B. o leracea were
observedi nt he B. oleracea wild popul ation, us ing f low ¢ ytometry a nd ¢ rop-specific
microsatellite markers (Ford et al. 2006). N o natural crosses are reported between the three
species and B. ni gra (Bing etal. 1996 a), but male s terile B. napus produce s pontaneous
hybrids when placed ina B. nigra stand (Wei and D armency 2008), although there is no
indication about the r eciprocal cross. Hybrids formed between B. rapa and B. ni gra was
obtained by ovule culture (Bing et al. 1996b). Hybridization of B. napus x B. carinata and B.
juncea % B. carinata have been achieved by hand pollination (Chang et al. 2007). Hybrids
between B. rapa and B. carinata were only obtained when B. carinata was used as the female
parent (Choudhary et al. 2000).

No natural crosses occurred between the three species and Sinapis arvensis (Bing et al.
1996a, Lefol et al. 1996), indicating that direct transgene escape from B. napus to S. arvensis
appears very unlikely (Moyes et al. 2002).Spontaneous hybridization between B. napus and
wild radish (Raphanus raphanistrum, Rr, 2n=18) could occur in the nature, and some hybrids
were reported on male sterile B. napus as mother in Canada and Denmark (Eber et al. 1994;
Baranger etal. 1995; A mmitzboll a nd J orgensen 2006) a nda tl ow f requency on R .
raphanistrum as mother in Australia and France (Darmency et al. 1998; Chevre et al. , 2000;
Rieger et al. 2001 ). The frequency of hybridization depended on environmental c onditions,
oilseed rape variety, wild radish populations and their density (Eber et al. 1994; Baranger et al.
1995; Darmency et al. 1998; Chevre et al. 1996, 2000; Rieger et al. 200 1; Ammitzboll and
Jorgensen 2006). Genetic pol ymorphism for pollen germination and ovule fertilisation also
represented va riation of pr e-zygotic b arriers to in terspecific h ybridisation ( Guéritaine a nd
Darmency 2001).

Several ove rviews on h ybridization be tween B. napus and its w ild r elatives a nd
associated species are available in Rieger et al. (1999), FitzJohn et al. (2007), Andersson and
de Vicente (2010).

1.2 Dispersal of transgenes

Extensive transgene flow between oilseed rape varieties has been detected in Canada resulting
in the generation of volunteers that contain three types of herbicide resistance (Hall et al. 2000;

Beckie et al. 2003; Knispel et al. 2008). The flow of transgenes could have occurred within a
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given field (sympatry) or a cross fields t hrough I ong di stance di spersal of pol len can be

transmitted either through pollens or seeds from crops to wild relatives.

1.2.1 Seed dispersal

Seed banks of transgenic crops with dormant seeds can build up na turally in the soil. Seed
loss at harvest, shallow cultivation and ploughing timing have been identified as key factors to
prevent incorporation of seeds into the seedbank (Begg et al. 2006). Oilseed rape (B. napus)
possesses ¢ haracteristics that favour the formation and p ersistence of a seed bank, i.e. pod
shattering and inducible secondary dormancy. V olunteer recruitment from oilseed rape field
was observed, suggesting seeds could be dormant in tilled as well as no-tilled fields (Simard
etal. 2002). Beside the actual production area o f transgenic crops and the locations w here
crops gr own, hum ans ¢ an also be a ve ctor for unw anted gene flow dur ing t he t ransport,
processing, and exchange of transgenic seeds. Several GM oilseed rape plants were detected
at major ports and along roadsides in Japan, and these plants probably resulted from imported
GM oilseed rape seeds because these seeds was not commercially cultivated (Saji et al. 2005;
Aono et al. 2006). Similarly, in Korea, a feral plant of GM maize (Zea mays) was detected
along a roadside near a Korean seaport (Kim et al. 2006). Volunteers arise from the seed bank

in subsequent years, which can serve as a source or bridge for pollen flow.

1.2.2 Pollen dispersal
Oilseed rape is self-fertile, with pollen movement by both wind and insects (Williams et al.
1987). Interplant outcrossing rates range from 12 to 47% (Becker et al. 1992; Lavigne et al.
1998). Pollen-mediated gene flow in oilseed rape is affected by a variety of factors, including
flowering time, genotypes, wind speed and direction, distance between donor and recipient
populations. Pollens of oilseed rape were observed 1.5km from source field, and they were
sufficient in number (22 pollens grains m3) to allow seed set (Timmoms et al. 1995). Gene
flow for transgenic oilseed rape could occur at several kilometers from pollen resource (Table
1.1; Rieger et al. 2002; Cai et al. 2008). However, approximately half of the pollen produced
by an individual plant fell within 3 m, and dispersal from whole plots instead of individual
plants would have underestimated the proportion of pollen (Lavigne et al. 1998).

However, the majority of GM crossing fertilization occurs less than 10m (Husken and

Dietz-Pfeilstetter 2007), with a decline over 50m. Generally, the degree of gene flow between
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populations is reduced as the distance between the pollen source and the recipient population
increases (Beckie et al. 2003). However, some results also have found long-distance p ollen
dispersal was random. The rate of long-distance pollen dispersal from 33 to 2000 m did not
present a g radual decrease, and wind significantly affects the pollen dispersal direction and
distance (Cai et al. 200 8). Similarly, a random distribution w ith isolated pol lination e vents
was detected by Rieger et al. (2002), and this could be explained by the multiple pollinating
agents ( wind and i nsects) of oi Iseed rape a nd the | arge s ize of t he s ource. In a ddition,
Cresswell ( 1997) f ound t hat pol linator-mediated ge ne flow w as unr elated t o pl ant s patial
heterogeneity, and the e ffects o f plant aggregation on gene flow will depend on t he spatial

scale of the inter-patch distances.

Table 1.1 Pollen-mediated gene flow (GF) occurred at the m aximum distance from p ollen

resources of GM oilseed rape (B. napus)

References Max. distance Max. distance Gene flow rate GM
studied (m) occurred GF (m) (%)
Scheffler et al. 1995 400 400 0.004 glufosinate
Beckie et al 2003 800 400 0.04-0.05 glyphosate, glufosinate
Cai et al. 2008 2000 2000 <0.015 glufosinate
Rieger et al. 2002 5000 3000 0-0.15 ALS herbicide resistant

1.2.3 Persistence and dispersal of transgenic feral plants and volunteers in field

The pollen source is not always a full field of oilseed rape, but sometimes they are
isolated or pa tchy pl ants not gr own by farmers. V olunteers o r f eral pl ants of t ransgenic
oilseed r ape ( B. napus ) can of ten be obs erved i n s ubsequent s easons i n a nd/ or out of
cultivated fields (Table 1.2; Hall et al. 2000; Simard et al. 2002; Warwick et al. 2008), and
these transgenic plants either arise from seed bank because of pod s hattering (Simard et al.
2002). Outside cultivated areas, in roadside and railway, the occurrence frequency with which
feral transgenic plants was similar to the proportion of the area cultivated transgenic plants in
successive years, and 6 6% o ft he s ampled feral p lants w ere t ransgenic ( Yoshimuraetal.
2006). These results suggest the persistence and dispersal of transgenic oilseed rape in and
outside of cultivated sites, thus making volunteer populations seem to be an important source

of intraspecific gene flow (Jorgensen et al. 2007; Colbach et al. 2008).
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Jorgensen et al. (2007) showed that 6-32% volunteers of other varieties belonged to
varieties cultivated 4-17 years ago. In Canada, F1 and backcross hybrid generations between
of herbicide-resistant Brassica napus and B. rapa were detected over-six years in the field
even in absence of the glyphosate selection pressure (Warwick et al. 2008). Herbicide-tolerant
seedlings o f oi Iseed r ape e merged t en years a fter a field trial c onducted in 1995, w hich
confirmed t he 1 ong-term p ersistence o ft ransgenic s eedsint hes eed ba nki nS weden
(D’Hertefeldt et al. 200 8), and multi-herbicide-resistant oilseed rape volunteers w ere found
five to eight years after the last GM cultivar was grown in a multi-years farm-scale study in

France (Méssean et al., 2007).

Table 1.2. Long-term persistence of volunteers and feral plants in and/ or outside of cultivated

fields

References Years Sites Types GM GM rate

Jorgensen et al. 2007  4-17 oilseedr ape Oilseed rape varieties Non 6-32%
fields

D’Hertefeldte ta 1. 10 oilseedr ape Herbicide-tolerants eedlings Yes 39%

2008 fields from seed bank

Warwick et al. 2008 6 oilseedr ape Herbicide-tolerant h ybrids Yes 2.5%
fields between B.napus and B. rapa

Mg¢ssean et al., 2007  5-8 Convention Herbicide-tolerant volunteers  yes 0-18%

oilseedr ape

fields

1.3 Consequences of the hybridization

Halfhill et al. (2005) found t hat h ybridization, w ith or w ithout B¢-transgene i ntrogression,
resulted in 1 ess ve getative gr owth and s eed pr oduction than B. rapa and le ss c ompetitive
populations. Di et al. (2009) found that transgenic h ybrids between Bt-transgenic B. napus

and B. juncea had intermediate composite fitness compared to their parents without herbivory.

Generally, th e h ybrids s how in termediate mo rphologic characteristics ¢ ompared t o
their parents (e.g. leaf hairness of hybrids formed between B. napus and Hirschfeldia incan by
Lefol et al. 1996; intermediate 1 eaf and flower m orphology of h ybrids formed be tween B.
carinata and B. rapa by Choudhary et al. 2000). The cytoplasm of crops or wilds introgress
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into hybrids would affect the morphology of the progeny (e.g. Lefol et al. 1996; Zhang et al.
2002; Guéritaine et al. 2002; Chang et al. 2007). For example, after seven backcrossing of B.
carinata to B. napus and B. juncea, plants with the cytoplasm of B. napus flowered later, had
shorter filaments and longer pistils, lower pollen amount, lower seed set, lower petal length
and width and di fferent petal color compared with plants with the c ytoplasm of B. juncea,
suggesting that the cytoplasm is involved in the development of flower organs (Chang et al.

2007).

In the case of B napus x R. raphanistrum crosses, F1 hybrids formed between oilseed
rape and wild radish are mainly allotriploids and present low fertility (3. 2 s eeds/ plant for
Darmencyetal 1998; 11s eeds/plantfor C hévreetal.1998). T he F 1 h ybrids s howed
significantly r educed s eedling emergence, emergence d elay, | ower survivalr ate, an d
decreased d ry m atter co mpared w ith t heir p arents ( Guéritaine et al. 2 003). H owever, t he
progeny of F1 (F2, BC1) grew well and produced viable seeds (Darmency et al. 1998), and
the fertility increased after repeated backcross to wild radish. In addition, the progeny having
wild radish cytoplasm were more likely to propagate in agronomic and natural sites and had a

fitness value 100 times more than that having oilseed rape cytoplasm (Guéritaine et al. 2002).

1.4 Consequences of the transgene

A transgene transferred from oilseed rape to wild relatives might be neutral, but it is likely to
increase o r d ecrease t he f itness o fr eceiving hybrid/ b ackcross p lants (Table 1.3) . T his
depends on t he transgenic character, its selection and costs, how and where the transgene is
introgressed in the genome, and the population composition (Felber et al. 2007). In response
to insect herbivory, the Br-transgene for insect resistance was shown to confer high relative
fitness in oi Iseed r ape i n s everal s tudies ( Stewart et al. 1997; R amachandran et al. 2000;
Letourneau and Hagen 2009). In turn, no fitness cost in the absence of the selection pressure
was detected in the Brassiceae (Mason et al. 2003; Ramachandran et al. 2000; Di et al., 2009)

and in sunflower (Snow et al. 2003).
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Table 1.3. The relative performance of transgenic crop-wild relative hybrids as compared to

non-transgenci hybrids (modified according to Hails and Morley 2005)

Crop Wild Hybri Confirmation of Results Ref
relative d hybrid status
Brassica B.rapa F1 PCR an d herbicide Male fitness was frequency and Pertle ta 1.
napus spray density dependent, w ithm ale (2002)
(glufosinate fitness of hybrids (pollinating B.
tolerant) rapa) b eingl ow,e ven when
female fitness was high
B. napus B.rapa Fl Transgenic h ybrids Biomass, flower production and Vacheret al
(with identified us inga  fecundity wereh igherf or (2004)
Bt transgene) GFP transgenic hy brids c ompared t o
marker B.r apai nt hep resence of
herbivores. Biomass and
fecundity werel oweri nt he
absence of herbivores, but
flower p roductionr emained
higher
B. napus B.rapa BC2 Transgenic h ybrids Nod ifferencei n vegetative Masonet al
(with identified us inga  biomass was found between (2003)
Bt transgene) green f luorescent transgenic backcrosses and non-
protein marker transgenic B. rapa and B. napus
at low insect pressure
B. napus B.rapa F1 Not te sted, Modified hybrids showed lower Linder and
(high laurate) transgene i nsertion seed dormancyt hannu II- Schmitt (1995)
assumed o wingt o segregantsa ndB .r apa.
multiple in sertsi n  Germination a nd gr owth was
parental plants similar for t ransgenic a nd no n-
transgenic hybrids and B. rapa
B. napus B.rapa Fl Not te sted; Modified hy bridss howed Linderet al
(high laurate) transgene similar le vels o fd ormancy to  (1998)
insertiona ssumed non-segregants but much lower
owingto multiple dormancyt hanw ild parent.
inserts i np arental Highlaurate hybrids g erminated
plants and grew as fast or faster t han
B. rapa
B. napus B.rapa  BC3  PCR for transgene Pollen fertility, seed production Snow.e ta 1.
(glufosinate and glufosinate test ~ and s urvival were foundtobe (1999)
tolerant) equal to B. rapa parents
B. napus B.rapa  BClI PCR f or transgene Pollen fertility similar to B. rapa  Mikkelsen et al.
(glufosinate and glufosinate test (1996)
tolerant)
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Snowe tal.( 1999) f ound no f itness ¢ ost a ssociated w ith t he e xpression of a
glyphosinate-resistance t ransgene a fter i ntrogressing t he t ransgene from oilseed rapeto B.
rapa. M oreover, Ammitzboll e ta l. (2005) f ound no di fference i n g lyphosate transgene
expression at mRNA level in hybrids compared to their transgenic oilseed rape parents, which
indicates this particular transgene expression was not impacted by genotypic background. Of
course, t his might not be t he c ase for ot her t ransgenes. A fter h ybridization of he rbicide-
resistant Brassica napus (oilseed rape) and Raphanus raphanistrum (wild radish), 18% of the
progeny obtained from resistant hybrids were resistant in each advanced generation (G8-G11)
in the presence of herbicide s election pressure ( Al M ouemar and D armency 2004) , w hich
suggests t he i ntrogression of transgene in wild radish popul ations is unstable. Fordetal.
(2006) have identified one triploid F1 hybrid, nine diploid and two near triploid introgressants
with flow cytometry and crop-specific microsatellite markers in B. oleracea wild populations
where B. napus and B. oleracea grew together, which suggests newly discovered capacity for

spontaneous introgression into B. oleracea.

These results suggest that these transgenes could be introgressed in wild populations.
For example, i n C anada, one i ntrogressed i ndividual of Brassica ra pa was d etected as
displaying r esistance to glyphosate six years after the last GM oilseed rape (B. napus) was
grown on the field even in absence of the glyphosate selection pressure (Warwick et al. 2008).
In United States, W hitton et al. (1997) and Linder et al. (1998) found that introgression o f
cultivar 1 oci w as w idespread i n w ild s unflower ( Helianthus annuus ) popul ations, a nd t he
sympatric wild populations have been replaced by advanced generation hybrids. Snow et al.
(2010) found that crop-specific alleles persisted 10 years in four weedy populations of hybrids
between wild radish (Raphanus raphanistrum) and R. sativus, suggesting that neutral or even

detrimental genes can persist rather frequently in the wild (Table 1.4).
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Table 1.4. Long-term introgression of crop alleles into weed populations

References Years Sites Types GM  GM rate (%)
existed

Whittone ta 1 >5 Wild s unflower Cultivar-specific R APD No 42%

1997 (Helianthus markers
annuus)

Hansen et al. 2001 11 am ixed weedy species-specific AFLP-markers No 50%
population of
oilseed rape and B.
rapa

Snow et al. 2001 3 four a rtificially  white flower color, a dominant, No 8% to 22%
established crop-specific allele
populations

Snow et al. 2010 10 hybrids popu lations  crop-specifical leleso f i n No -
of radish hybridsb etween R  aphanus

raphanistrum and R. sativus
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1.5 Consequences of introgression

Introgression after h ybridization be tween G M crops and their wild r elatives may result in
increasing: (1) genetic variation that promotes adaptive evolution (Rattenbury 1962; Postma
and Noordwijk 2005), (2) weediness of wild species (Darmency 1994; Pilson and Prendeville
2004), ( 3) c ompetitiveness or ¢ olonization a bilities t hrough h ybrid vi gor or ne w t raits
(Ellstrand etal. 1999; Ramachandran et al. 20 00), ( 4) i nvasiveness vi a e nhanced fitness
(Vacher et al. 2004), and (5) the ability to match new e nvironment (Campbell et al. 2006;
Whitney et al. 2006). While transgenes introgressed from G M crops to wild relatives, the
effects of novel genes on receiving wild plants would be detected at several levels, including

possible genetic assimilation of morphologic traits, and population dynamics.

1.5.1 Consequences of interspecific introgression on the morphological traits

As the introgression alters the genetic structure of receiving individuals, their forms and
behavior types, such as plant size, leaf size, petal color, fruit/ seed size, seed dormancy, etc.,
might be altered. There could be a directly relationship to transgenes (pleiotropy) or indirectly
via the successive e volution of advanced ge nerations (for instance by gene hi tch-hiking or
dramatic abundance of hybrids protected by herbicide and insect resistance). Crops are often
sexually compatible with their wild relatives and yet exhibit obviously different life history
traits, thus crop-to-wild gene flow and introgression may serve as a model system to evaluate
the r apid e volution of 1ife hi story and ot her fitness-related tr aits d ue t o th e h ybridization
between c rops and wild relatives. Indeed, in s ome s tudies, m orphology isused as on e of

techniques to measure introgression (Table 1.5, Jarvis and Hodgkin 1999).
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Table 1.5. M orphology was us ed to m easure introgression in doc umented c ases of n atural
hybridization and introgression of crops and wild relatives (One part of Table 1 in Jarvis and

Hodgkin 1999)

Crop References Technique(s) used to measure
introgression

Cabbages, mustards, rapes Jorgensen & Andersen (1994) Morphology, ¢ ytology,i  sozymes,
(Brassic spp.) RAPDs

Perrino & Hammer (1985) Morphology

Snogerup et al. (1990) Morphology

Stace (1991) Morphology

Worede (1986) Morphology
Radish (Raphanus sativus L.) ~ Hammer & Perrino (1995) Morphology

Klinger et al. (1992) Morphology, isozymes

Klinger & Ellstrand (1994) Morphology

The e volution of m orphology t raits i na popul ation de pends a t ] east i n pa rt on
introgression and natural selection. For example, petal color of wild radish, a recessive single-
locus trait (Stanton et al. 1989), could be as an indirect evidence for crop-to-wild gene flow
Lee and Snow 1998; Snow et al. 2001). Wild radish (Raphanus raphanistrum) in California
had yellow petal color, whereas cultivated radish (R. sativus) and their hybrids had white to
pink petals (Lee and Snow 1998; Kercher and Conner 1996). Butterflies ( Pieris rapae) and
syrphid flies pr efer visit yellow flowers ( Stanton et al. 1989; Lee and Snow 1998), w hile
bumble bees show a slight preference for white and pink colors (Lee and Snow 1998). Hence,
pollinators could contribute to the loss of white petal allele when bumble bees were infrequent
at fields, a Ithough Snow etal. (2010) found t his a llele ha ve existed 10 yearin artificial
populations. In addition, Campbell et al. (2009) found that the white petal is linked to late
flowering, a heritable trait. While selection acts against late-flowering plants that failed to set
fruit or never bolted, this linkage also could lose the white petal allele. Lehtild and Holmén

Brénn (2007) found that the lines with l1arger flowers s tarted to flower later and produced
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more flowers and larger plant size than the lines with small flowers. Therefore, if white color
petal allele is lost during the process of introgression when pollinators are selecting for yellow
petals, l arger flower an d larger pl ant will be infrequent in a popul ation. Based on t his, i f
transgenes related with white petal are transferred from the crop to the wild plant, the risk of
transgene in trogression is lo win fields w here p ollinators s elect f or yellow p etals, a nd

inversely, it is high.

Thus, in turn, introgression of transgenes from crops to wild relatives also could be
influenced by morphological traits. Seed size is another example. Gene flow and introgression
might be hampered by small seed size of hybrids between crops and wild relatives (Wei and
Darmency 2008) because certain studies indicated that interspecific hybrids are present only
among seeds with a diameter less than 1.6 mm (eg. Eber et al. 1994; Baranger et al. 1995;
Chevre et al. 2000). F or example, most crosses b etween oilseed rape ( Brassica napus) and
wild r elatives o nly p roduced s mall s eeds, such as B. juncea (Bing etal., 1996), B. rapa
(Jorgensen and Andersen, 1994), Hirschfeldia incana and R. raphanistrum (Eber et al., 1994;
Chadoeufet al., 1998). Wei and Darmency (2008) employed male sterile B. napus and five
wild relatives to obtain hybrids and found all seeds of four hybrids were small. Small seeds
perform d isadvantage b ecause s eed m ass affects t he em ergence and i nitial s eedling s ize
(Aparicio et al. 2002; Westoby et al., 2002). This could decrease the plant fitness of small-
seeded pl ants ( Gardner and va nderlip 1989; V erdu and T raveset, 2005) , e specially und er

particular hazard conditions (such as high density, shade, drought or herbivory).

1.5.2 Consequences of interspecific introgression on population dynamics

Gene f low a nd 1 ntrogression pl ays a c rucial r ole 1 n t he e volution of natural popul ation
(Postma and N oordwijk 2005; Lenormand 2002 ), be cause gene flow c ould ¢ ounteract t he
negative effects of genetic drift, inbreeding (Ebert et al. 2002), genetic differentiation (Postma
and Noordwijk 2005), and local selection (Lenormand 2002), on genetic variation and thus on
the evolution of local adaptations. Over short time-scales, invading h ybrid populations may
experience s trong s election ( Sakaie ta l.,20 01; A llendorf & Lundquist, 2003) . T he
evolutionary t rajectory of w eed popul ations m ay persistently be a ltered b y t he 1 ong-term
introgression of crop alleles into weed popul ations, such as with sunflower (Whitton et al.,

1997), oilseed rape (Hansen et al., 2001) and radish (Snow et al., 200 1). T he i nteraction
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between natural selection and hybridization may significantly alter the p opulation dynamics
of the introgressed taxa, and therein alter patterns of invasion and establishment (Lenormand

2002).

In general, crop-wild hybrid populations are expected to be more diverse than the non-
hybridized pa rental t axa. S ubsequently, h ybridized popul ations w ould d ifferent f rom t heir
parental ta xa o r mo re s imilar to t hem unde r na tural s election a cts, a nd t his pr ocess a Iso
depends o n w hether p henotypes cr eated v ia their g enetic v ariation ar e b eneficial o r
deleterious to fitness. If the phenotype is advantageous, hybridization is expected to result in
long-term introgression. However, studies on whether genotypes of hybridized weeds tend to
converge on or di verge from t hose of their w eedy ancestors, and at w hat r ate, are s cant
(Hegde et al., 2006; W hitney et al., 2006). Gene flow and introgression plays a key role in
maintaining c ohesion among geographically s eparated popul ations in some species, such as
wild radish (Kercher and Conner 1996), maize (Ross-Ibarra et al. 2009), and rice (Zheng and
Ge 2010) . D istance di vergence c ould oc cur w hen na tural s election i s s ufficient s trong t o
overcome gene flow or when gene flow is limited (Ross-Ibarra et al. 2009; Zheng and Ge
2010). A lternatively, gene flow and introgression from crops might result in no c orrelation
between genetic differences and geographic distance of crops (Tokunaga and Ohnishi 1992;

Kercher and Conner 1996).

Haygood e ta 1. ( 2003) f ound t hat g enetic a ssimilation i nvolving t hresholds a nd
hysteresis through performing mathematical models of a wild population recurrently receiving
pollen from an introgressed crop, and that a small increase in immigration can lead to fixation
of'a di sfavoured c rop g ene a nd e ven dr astic s hrinkage of t he w ild popul ation be cause
demographic swamping could give rise to ‘migrational meltdown’. Several studies have found
that h ybrids mi ght replace t heir p arents after crop gene i ntrogression i nto w ild r elatives
(Lindere tal. 1998; C ompelletal. 2006),and e venr esulted i nt he extinction of t heir
progenitors (Hegde et al. 2006). Campbell et al. (2006) showed that hybrid radish population
after crop gene introgression had greater fecundity and survival than wild populations. Hedge
et al. (2006) found that hybrid derived descendants replaced the two local Raphanus species
using m orphological and allozyme evidences in C alifornia, and that C alifornia wild radish
separated f rom bot h of i ts pa rents a s a n e volutionary e ntity, s uggesting t he a ggressive
colonizing be havior of the h ybrids pr obably no t r esulting from genetic va riability of t he

population per se but from the combination of parental traits.
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Moreover, beside the introgression of transgenes affecting the population dynamics of
receiving p lants, it a Iso ¢ ould imp act th e ta rget o r n on-target pr edator popul ations. F or
example, a negative correlation was found between moth densities of Helicoverpa armigera
and the planting years of Bf-cotton in both high and low B¢ density areas, which indicates the
reduction of moth population density of H. armigera with the introduction of Bt cotton (Gao
et al. 2010). The variation of targeted insects will in turn affect the d ynamics of transgenic
and non -transgenic p lants b ecause i nsect p ressure af fects t he p lant r elative f itness an d
competitive capability (Ramachandran et al. 2000; Moon et al. 2007). T hus, the interaction
between transgenic and non-transgenic p lants and enemy-insects is also an imp ortant factor

that affects the consequences of introgressions from transgenic crops to wild relatives.

1.5.3 An applied example focusing on the insect- resistant and susceptible plants in plant

biology and ecology

Herbivory could lead to some phenotypic effects (e. g. chemical and morphological defense),
because pl ants r esponse t 0 he rbivory after da maging t hrough pr oducing ¢ hemicals, | ike
glucosinolates ( Agrawal etal. 1999), or ¢ hanges i n s econdary ¢ hemistry ( Baldwin 1994,

Karban and B aldwin 19 97), r esult i n the variation of m orphologic c haracteristics, such as
trichome density and number (Baur et al. 1991; Agrawal 1999), leaf toughness (Kudo 1996),
flower attributes ( such as p etal le ngth and w idth) ( Cresswell etal. 20 01). F or e xample,
damaged w ild r adish pr oduced 55% hi gher ¢ oncentrations of g lucosinolates c ompared t o
controls with the herbivore, Pieris rapae (Agrawal et al. 2002), and increased density and
total num ber of s etose t richomes on ne wly formed 1 eaves of pr eviously da maged pl ants
(Agrawal 1999). Cresswell et al. (2001) found that the petal length and width and long stamen
length was s horter in d efoliated B. napus than those in controls. In a ddition, Lehtild and
Strauss (1997) showed that leaf damage could reduce the attractiveness to pollinators because
of t he r eduction i n t he num ber a nd s ize of flowers of wild r adish dur ing t he first w eek
observation. Based on this, under herbivory, insect-susceptible wild plants might perform this
response, whereas insect-resistant transgenic plants would not be induced to response. Hence,
this might lead to a divergence in morphological traits of hybrids compared to their parents in

the presence of herbivory.
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In general, herbivory had a negative effect on plant fitness (Escarre et al. 1999; Rogers
and S iemann 2002) , bu t ¢ ertain s tudies s howed no e ffects be cause of t he c ompensatory
growth (Strauss and A grawal 1999; Gadd et al. 2001; Hawkes and Sullivan 2001; Boalt and
Lehtila 2007). In addition, as herbivore attack following artificial leaf damage decreased with
increasing initial 1eaf damage, p lants induced by early-season herbivory had higher relative
fitness than un-induced plants (Agrawal 1998; 1999). Thus, the effect of herbivory on plant
growth and reproduction is uncommon, and it depends on lots of factors such as plant species
(Rogers and Siemann 2002), resource level (Hawkes and Sullivan 2001; Rogers and Siemann

2002), damage time (Agrawal 1998; 1999), and herbivores (Schooler et al .2006).

A cr op-developed Bacillus t huringiensis (Bt) t ransgene i s one of m ost i mportant
transgenes employed in GM crops, because the insecticidal proteins produced by Bt are toxic
to major pests of many of the world’s most important crops such as cotton, rice, corn, oilseed
rape, and sunflower. The gene flow and introgression from Bt crops to wild relatives is likely
toresult in a decrease in herbivore damage, therein h ybrids produced greater pl ant fitness
(survivor, growth and fecundity) c ompared w ith an e quivalent w ild po pulation t hat i s not
protected by Bt based resistance trait (Stewart et al. 1996; Ramachandran et al. 2000; Snow et
al. 2003; V acher et al. 2004) . M oreover, no f itness ¢ ost of e xpressing Bt-transgene w as
detected in the Brassiceae (Mason et al. 2003; Moon et al. 2007) and in sunflower (Snow et al.
2003), although Vacher et al. (2004) found a lower seed output in Bt hybrids than wild plants

in the absence of herbivores.

However, the plant fitness consequences of insect-resistant Bz-transgene on wild plants
are h erbivores de pendant, a nd m ost s tudies s howed a fitness i ncrease w hen pl ants w ere
protected from Bt-susceptible he rbivores. S tewart et al. (1996) d emonstrated a s ignificant
increase in biomass and seed yield in transgenic oilseed rape exposed to diamondback moth
larvae compared to nontransgenic plants in field trials. Snow et al. (2003) found 55% more
seed set on male-sterile, transgenic B¢ sunflower than for a non-transgenic controls. Moon et
al. (2007) showed significantly higher biomass and seed yield in greenhouse conditions with
herbivore additions, using transgenic Bt wild B. rapa and B. rapa % B. napus hybrids (with
and w ithout t he Bt transgene). H owever, i nsect-resistant tr aitd id n ot r esult in a fitness
increase in the absence of or presence of low herbivory (Ramachandran et al. 2000; Moon et
al. 2007) . Sutherland e t al. ( 2006) found t hat s imulated he rbivory (only cotyledons w ere
mechanically damaged) did not have a plant fitness effect for B. napus x B. rapa hybrids and
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their parental plants. Moon et al. (2007) showed that there was no e ffect of Bt-transgene in
field trials with low ambient herbivory levels. Taken together, these studies suggest that Bz-
transgene produces an increased plant fitness consequence under moderate to high herbivore

damage, but not for low or no herbivory pressure.

As the fitness advantage of insect-resistant (Bz-transgene) is detected, especially under
high herbivory, the resistant plants are expected to suppress the growth of susceptible ones in
mixed populations. Accordingly, the competition interaction between resistant and susceptible
plants will determine in part the population dynamics. Ramachandran et al. (2000) found the
insect-resistant transgenic plants were superior competitors in mixed stands with susceptible
individuals. However, the dynamic of mixed populations including resistant and susceptible
plants might be a complex process, because it depends on certain factors, such as intensity of
herbivory, resource level and relative abundance of resistant plants ( Verkaar 1987). As the
invasion and colonization of resistant pl ants (transgenic h ybrids or crops), the competition
between t he t wo classes ( resistant vs . s usceptible) de creased, but t he competition a mong
resistant p lants ( intraclass ¢ ompetition) in creased. T herefore, t he fate o fw ild relatives
depends at least in part on the competition interaction between resistant and susceptible plants.
The population will be either in equilibrium where resistant and susceptible plants coexist in a
stable pr oportion or s usceptible p lants b eing r eplaced b y resistant p lants th at b oost th e
population de mography. T hese d ata gaps face us, althoughitis crucial t o unde rstand t he
ecological and evolutionary consequences in the process of introgression from crops to wild

relative populations.
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Chapter 2

Conditions d’implantation des hybrides interspecifiques
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CHAPTER 2

CONDITIONS D’IMPLANTATION DES HYBRIDES
INTERSPECIFIQUES

2.1 Introduction

La plupart des travaux sur les flux de génes entre une plante cultivée et un apparenté sauvage
s’est concentrée sur I’introgression d’un ou de quelques genes, leur effet sur la fitness et leur
impact s ur l a bi ologie d e 1 ’espece s auvage. Les ¢ onditions de 1’implantation de s h ybrides

interspécifiques ont re¢u moins d’attention.

En pa rticulier, de s ét udes an térieures a yant m is en év idence q ue |l a p lupart d es
hybrides interspécifiques chez les Brassicées étaient produit sous formes de petites semences
(Eber etal. 1994; Chadoeufet al. 1998; W ei and D armency 2008), et puisque |l es pe tites
semences d onnent d es p lantes généralement d ésavantagées d ans 1 eur i mplantation j uvénile
dans la nature (Aparicio et al. 2002; Westoby ef al. 2002), le flux de génes pourrait &tre limité
des 1 e d ébut p ar cet te co rrélation. D ans | a p remicre p artie d e ¢ e ¢ hapitre, n ous n ous
demandons si l es p lantes i ssues d e p etites s emences chez B. juncea ont effectivement une
fitness réduite et si les hybrides transgéniques ou non e ntre B. juncea et le colza, B. napus,

montrent les mémes effets (Article 1).

La floraison des hybrides dans les champs cultivés dans ou a proximité du colza peut
ensuite conduire a d es r étrocroisements, non p as av ec I ’espéce s auvage (le seul cas étudié
jusqu’a m aintenant), m ais a vec l a pl ante c ultivée. C eci pe ut c onduire a 1 ’introgression de
caractéristiques sauvages da ns 1 es popul ations de r epousses ous ubspontannées ( ou
« férales »). Le phénomene est généralement sous-estimé et peu travaillé car le type cultivé et
les f ormes s ’y r approchant s ont co nsidérés comme m al ad aptés au x h abitats s auvages
(Crawley et al. 1993). Les champs et les terrains incultes représentent cependant un habitat
approprié ou la diversité nouvelle de ces plantes rétrocroisées peut leur donner a la fois des
avantages d’ adventices et de s pot entialités d” adaptation que n’ ont pa s I es popul ations de
repousses. La deuxiéme partie de ce chapitre aborde cette possibilité a la suite du croisement

entre le colza, B. napus, et la moutarde brune B. juncea (Article 2).

34



2.2 Article 1: Les effets de la taille des semences sur la fitness des plantes et
son r 0le s ur le s flux d e t ransgenes e ntre le c olza ( Brassica n apus) etla

moutarde brune sauvage (B. juncea)

Des hybrides transgéniques F; (trF1) ont été ob tenus e ntre 1a m outarde s auvage ( Brassica
Jjuncea) et un colza transgénique « Bt » (B. napus, cv. Westar) ainsi que des hybrides F; non
transgéniques (ntrF1) avec le parent conventionnel (cv. Westar). Dans le but de détecter si la
taille de la semence hybride représentait un obstacle dans le flux de génes, les semences des
deux hybrides F; et de leurs parents ont été séparées en trois catégories : grosse, moyenne et
petite. Les trois catégories de moutarde ont été semées a trois densités a Beijing afin de tester
I’interaction a vec I’ intensité d e c ompétition. D ans u n a utre e ssai, le s trois c atégories d e
chacun de s qua tre t ypes de pl ante, m outarde, colza B t, ttF1 et ntrF1, ont été s emées e n
mélange a deux densités. Date de floraison, nombre et poids des semences et biomasse ont été

mesurés pour chaque plante.

La d ensité d es p lantes a s ignificativement a ffecté¢ 1 a b iomasse et 1a p roduction de
semences. La taille des semences a aussi eu une influence sur la croissance et la reproduction,
mais avec des variations selon le type de plante, la densité et le type de voisinage. Les plantes
de colza Bt issues de petites semences ont produit moins de biomasse et de semences que
celles issues de grosses semences. E lles ont s eulement fleuri p lus tard p our 1 a m outarde et
ntrF1, sans autre différence avec celles issues d es grosses semences. Les plantes de p etites

semences et grosses semences de trF1 n’ont pas différence pour toutes les issues.

Ces r ésultats m ontrent quel e fluxd e g ¢énes ned evraitp asét reen travép arl a
production de petites s emences h ybrides du fait d’ une fitness amoindrie. Au contraire, les
petites semences sont plus facilement triées par les moissonneuses et &jectées sur le sol que
les grosses semences (de type colza) lors de la récolte au champ. Elles sont ensuite enfouies
dans le sol ou facilement dispersées a la surface et représentent un risque majeur d’infestation

comme repousse les années suivantes.
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ARTICLE 1

The effect of seed size on plant fitness with implication for transgene flow
between oilseed rape (Brassica napus) and wild brown mustard (Brassica

juncea)

Yongbo LIU, Zhixi TANG, Henri DARMENCY, C. Neal STEWART, Jr., Wei WEI, Keping
MA

Abstract

Recent work has advanced the hypothesis that gene flow could be hampered by small seed
size of hybrids formed between crop cultivars and their wild relatives as small seeds may be
disadvantaged in their early establishment to plants in nature. Herein we report plant fitness of
three seed-size categories in hybrids formed between transgenic oilseed rape (Brassica napus)
and wild B. juncea as well as in their p arents, P lant d ensity is considered as an i mportant
factor. Plant density and seed size significantly affected plant growth and reproduction. The
influence of seed size on plant fitness varied among genetic backgrounds and was affected by
plant density and competing neighbors. Small-seeded transgenic oilseed rape plants had lower
fitness than larger-seeded plants. Plants from small-sized seeds had delayed flowering but did
not ha ve di fferent bi omass and s eed out put in non-transgenic F; and wild B. j uncea, and
small-seeded plants had the same fitness as large-seeded ones in transgenic F;. These results
imply that further gene flow could not be reduced by the production of small-sized seeds in
transgenic hybrids in field. Indeed, considering competition factors and also that small seeds
can persist in soil and/or disperse more easily compared to larger seeds, biosafety and gene

flow could actually be more problematic in small-seeded transgenic hybrids.

Key words: commercial release, competition, gene flow, plant density, seed size, transgenic

crops
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Introduction

One potential risk that is associated with commercial release of transgenic crops, most notably
canola a nd c otton, i s t ransgene f low b etween c rops a nd t heir w ild r elatives ( Pilson &
Prendeville 2004) . E llstrand et a . (1999) reviewed t hat 12 out of t he w orld’s 13 m ost
important crops could h ybridize with wild relatives, suggesting transgene could escape via
spontaneous hybridization with and introgression to wild relatives, even though this full list
has not been realized (Stewart et a/. 2003). The escape of transgenes into wild popul ations
could enhance the weediness or the invasion of new habitats, since the transgenes provide
adaptive traits s uch as resistance t o p ests, h erbicides, d iseases an d v arious en vironmental
stresses ( Darmency 1 994). V olunteers and h ybrids w ere obs erved a groecosystems t ogether
with sown crops and in their neighborhoods (Knispel ef al. 2008; Warwick et al. 2008), and
one of the causes was the occurrence of gene flow via pollen dispersal (Hall ez al. 2000).
Generally, gene flow can occur mainly via pollen and seed. Although more attention has
been pa id t o t he pot ential of pol len di spersal, t he 1 ntentional m ovement of s eed dur ing
harvesting, transportation and commerce may be of greater importance for the long-distance
dispersal of transgenes. Seed loss can oc cur b ecause of the pods s hattering be fore- and/or
post-harvest op eration. The s maller the s eed, the greater the risk of gene flow is through
dispersal m echanism by w ind, a nimals or hum an a ctions. A ctually, m ost h ybrids b etween
oilseed rape (OSR, Brassica napus) and wild relatives produce a plethora of small seeds (Eber
et al. 1994; C hadoeuf etal 1998; W ei & D armency 2008 ). S ome s tudies s howed t hat
interspecific hybrids are present only among seeds with a diameter less than 1.6 mm (Eber e?
al. 1994; Baranger et al. 1995; Chévre et al. 2000). For example, most crosses between OSR
and wild relatives such as B. juncea (Bing et al. 1996), B. rapa (Jorgensen & Andersen 1994),
Hirschfeldia i ncana and Raphanus r aphanistrum (Eber et al. 1994; Chadoeuf ef al. 1998)
only produced small seeds. Wei and Darmency (2008) found all hybrid seeds formed between
amale sterile OSR cultivar and four wild species were small. It was suggested th at s mall
seeds would result in a fitness disadvantage since seed mass would affect the emergence and
initial seedling size (Aparicio et al. 2002; Westoby et al. 2002). Subsequent decrease of plant
fitness o f small-seeded plants might be exacerbated under stressful conditions such as high
density, shade, drought or herbivory (Gardner & V anderlip 1989; Verdu & Traveset 2005).
Thus, the hypothesis was proposed that gene flow might be hampered by small seed size of
hybrids between transgenic crops and wild relatives (Wei & Darmency 2008). In that paper

37



plant growth was evaluated without taking into consideration the competition among plants of
different s eed s izes. T he ef fecto f's eed s ize w as o nly o bservedi nt he f ield ate arly
establishment under direct-sowing of seeds.

Transgenic OSR and wild B. juncea and their hybrids were employed in this study to
test d ifferent p erformance b etween s mall-seeded h ybrids an d 1 arger-seeded on es unde r
competition with each other. OSR is an annual crop species, preferentially self-compatible,
but outcrossing ranges from 12 to 47% (Becker et al. 1992). Both insect and wind-pollination
occurs and plants have the potential to establish outside cultivation (Timmons et al. 1995).
Besides the di spersal of abundant pollen ( Lavigne ef al. 1998), pods s hattering be fore, or
spilling during, harvest encourage s eeds to enter into the s eed bank. S econdary dor mancy
results in the potential survival in s eed banks for years (Gulden ef a/l. 2003). T hese s eeds
potentially give rise to volunteers in the subsequent years that are either a source or a recipient
of transgene introgression events, facilitating transgene escape (Pivard et al. 2008). B. juncea,
an allotetraploid wild relative species, is frequently found as a weed and a ruderal component
of r oadsides a nd w aste pl aces i n C hina. H ybrids a nd s ubsequent ba ckcross g enerations
between B. napus and wild B. juncea were successfully obtained by open pollination (Frello
etal 1995;Bing etal 1996;Song etal 2007;L1iu etal 2010). T her elatively high
compatibility between B. napus and wild B. juncea raises the biosafety concern of transgene
introgression.

In this study, we focus on components of plant fitness of different seed size categories
in t he a gro-ecosystem and t heir 1 nteraction w ith t ransgene i ntrogression. T he w ork w as

conducted in condition of plant competition at different plant densities.

Materials and methods

Plants

Wild brown mustard (Brassica juncea var. gracilis, 2n =36, AABB), transgenic oilseed rape
(B. napus cv. W estar, 2n =38, AACC) and the non-transgenic O SR parent ( Westar) w ere
grown. S eeds of wild br own mustard originated from a local field collection, provided by
Nanjing Agricultural University, China. Brassica napus cv. ‘Westar’, a spring type OSR, was
transformed with the pS AM 12 pl asmid c ontaining genetically linked GFP and Bt CrylAc
cassettes r egulated by independent CaMV 35S promoters ( Halthill ef @/ 2001). T he third

generation of the progenies of transgenic event 1 (GT) was used in this study (Di et al. 2009).
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Transgenic F| hybrids (trF1) were formed between wild mustard (as female) and transgenic
OSR (GT). Non-transgenic F | hybrids (ntrF1) were obtained by crossing wild mustard (as

female) with the non-transgenic parent (Westar).

The seeds of GT were sieved into three categories by seed diameter: larger than 1.6 mm
(L), s maller t han 1.2 mm ( S), a nd m edium-sized be tween 1.2 a nd 1.6 m m ( M). T hese
categories were the same as those used in previous studies on t he hybridization of B. napus
with five wild relatives (Wei & Darmency 2008). The three seed categories of mustard were:
larger than 1.2mm, smaller than 1.0mm and between 1.2-1.0 mm. Because of the seeds of trF1

and ntrF1 were smaller than 1.2 mm, they were separated by 1.0 and 0.9 mm.
Monoculture experiment

The three seed categories of mustard were directly sown in the field on March 19, 2008.
The experimental design consisted in three bl ocks, each having three plots with a di fferent
plant density: 400 plants /m” (high), 100 plants /m? (medium) and 25 plants /m* (low), i.e. the
distance be tween s owing pos itions w as arranged in three levels: 5 ¢ m, 10 c m and 20 ¢ m,
respectively. Each plot had 60 sowing positions in 5 rows and 12 columns. Twenty positions
per plot were taken at random for one seed category and sowed with five seeds each position.

Emerged seedlings were counted, and then randomly thinned to one plant per position.
Multi-culture experiment

In o rder t o s tudy t he i nterspecific competition, t he f our t ypes of pl ants, B.j uncea
(mustard), transgenic B. napus (GT), transgenic F; (trF1), and non-transgenic F; (ntrF1), were
co-cultured together. Seeds of the three categories were directly sown in the field on March
31, 2008. T here were three blocks in this experiment and each block contained two plots of
plant density: 100 plants /m” and 25 plants /m?, i.e. the distance between plants at these two
densities was 10 cm and 20 cm, respectively. Five seeds of every plant type per seed category
combination were sown at 5 pos itions in each plot, with 60 pos itionsin 10 r ows and 12
columns per plot. Emerged seedlings were recorded, and then randomly thinned to one plant

per position as in the monoculture trial above.

Measurements
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These two experiments were kept weed-free by hand weeding, and every plant was labeled.
Field management of the plants was performed identically to normal OSR cultivation. Open

pollination was permitted during the flowering period.

The num ber of flowers w as r ecorded i n t he m onoculture trial. F lowering da te, s eed
number, seed weight and total dried aboveground biomass were measured at harvest for every
plant in the two experiments. Thousand seeds weight (1000*seed weight/ seed number) was
calculated. At harvest, the seeds of each plant type were sieved into three categories by seed
diameter as described above. The number and weight of every seed category were recorded.
The p ercentage o f seed number for each seed category per plant was calculated. T he seed
production pe r uni t bi omass ( Seed num ber/ biomass) w as ¢ alculated a s r eproductive

allocation.
Statistic analysis

A four-way fixed split-plot ANOVA model (Y~D* C+ B+ E) for monoculture e xperiment
including plant density as the main plot (D), seed category (C), block (B), and edge effect (E),
and a five-way fixed split-plot ANOVA model (Y~D* C* T+ B+ E) was employed (T, plant
type ). All data were log transformed for the normality of the residuals. In the monoculture
experiment, as edge effect was significant, the plants in the plot border were omitted. In the
multi-culture experiment, all plants in the plot border and center were included because the
absence of significant edge e ffect. S imilarly, s ome non -significant i nteraction e ffects w ere
included in the residual. The resulting four and three-way ANOVA, respectively, were use to
compare the differences among the four plant types was tested for emergence rate, days to
flowering, biomass, seed number and weight, reproductive allocation, thousand seeds weight
and the descriptors of the three seed categories produced, using data of all seed-sized plants in
both high and low densities. Tukey’s honestly significant difference (Tukey’s HSD) test was
employed f or mu Itiple c omparison.. A 1l s tatistic a nalysis w as ¢ onducted in R s oftware

(http://www.r-project.org/).

Results

Monoculture experiment

40



Effects of plant density Plant density significantly affected the performances of the plants:
increased de nsity d ecreased num ber of f lowers, bi omass, s eed num ber a nd w eight and
percentage of small seeds, and increased thousand seeds weight and the percentage of large
and medium seeds (Table 2.1, Fig. 2.1). Emergence rate, days to flowering and reproductive

allocation were not affected by plant density (Table 2.1).

Performances o f p lants from different s eed categories Seed category significantly
affected the days to flowering, number of flowers, thousand-seed weight and percentage of
medium and small seeds (Table 2.1, Fig. 2.1). There were no differences among different seed
categories for em ergence r ate, b iomass, s eed number, r eproductive al location, s eed w eight
and percentage of large seeds (Table 1, Fig. 2.1). Large-seeded plants flowered earlier than
small-seeded p lants at all the three d ensities ( Fig. 2.1). S mall-seeded pl ants produced 1 ess
flowers at low density and more small seeds at low and medium density than large-seeded
plants, but there was no difference at high density. Thousand seeds weight in small-seeded

plants was lower than that in large-seeded plants only at low density (Fig. 2.1).

There was no interaction between density and seed category effects for all the fitness

components in this experiment (Table 2.1).
Multi-culture experiment

When considering all the conditions, plant density significantly affected the emergence rate,
days to flowering, biomass, seed number and w eight, and percentage of l1arge and medium
seeds, and did not a ffect r eproductive a llocation, t housand-seed w eight and p ercentage o f
small seeds (Table 2.2). Seed category significantly affected the days to flowering, biomass,
seed number and weight, thousand seeds weight and percentage of small seeds, and it did not
affect the emergence rate, reproductive allocation and percentage of large and medium seeds

(Table 2.2).

There were no interactions between density and seed category for all fitness components
except of the reproductive allocation (Table 2.2). Days to flowering, seed weight, thousand-
seed w eight and percentage of 1arge s eeds had interaction be tween density and plant type.
Days t o flowering, s eed num ber, r eproductive allocation a nd t housand s eeds w eight ha d
interaction be tween s eed ¢ ategory and pl antt ype,but it couldb edue t odi fferent

categorization o ft he d ifferent p lantt ypes ( i.e. s eed s ize cr iteria w ere d ifferent). N o
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interactions were found among the three factors, plant density, seed category and plant type,

for all measured fitness components (Table 2.2).

Effect of plant density on performances of plants from different seed categories For
trF;, increased density only delayed flowering of medium-seeded plants (F;4,=5.7, P=0.022)
and increased thousand seeds weight of small-seeded plants (F;35=6.1, P=0.018) (Fig. 2.2).
Flowering d ate ( F;30=5.9, P=0.02 for | arge-seeded p lants; F ; 33=5.2, P=0.028 for m edium;
F134=10.5, P=0.002 for s mall) and bi omass ( F; 4=15.01, P=0.003 for 1 arge-seeded p lants;
Fi35=4.3, P =0.045 f or medium; F ;37=7.2, P =0.01 f or s mall) i n nt rF, were s ignificantly
affected by plant density for all three seed categories. Seed number of small-seeded plants in
ntrF; at low density was higher than at high density (F;37;=7.9, P=0.007), but there were no
differences between plant densities for large- and medium-seeded plants in ntrF,. Thousand-

seed weight was not affected for all seed categories in ntrF; (Fig. 2.2).

Large-, m edium- and s mall-seeded pl ants of m ustard pr oduced hi gher biomass a nd,
more s eeds (P<0.05) in low density than in hi gh de nsity. P lant de nsity did not a ffect the
flowering date of large- and small-seeded plants but affected medium-seeded plants (F; 40=7.7,
P=0.049). T housand-seed w eight in all s eed cat egories o f mustard in I ow d ensity was n ot

different with in high density (P>0.05, Fig. 2.2).

Days t o f lowering, bi omass, s eed num ber and t housand-seed num ber of 1 arge- and
medium-seeded pl ants of G T w as not a ffected by pl ant de nsity ( P>0.05). Increased pl ant
density delayed flowering time (F; 3¢=25.1, P=0.000), decreased biomass (F; 3c=6.7, P=0.014)
and seed number (F; 3¢=15.9, P=0.000) for small-seeded plants of GT (Fig. 2.2).

Performances o f d ifferent s eed ca tegories Small-seeded pl ants of trF; revealed no
difference in fitness components compared to medium- and large-seeded plants in both high
and | ow de nsity popul ations ( Fig. 2.2). T he t hree s eed ¢ ategories of ntrF1 pr oduced no
different s eed num ber a nd bi omass at bot h hi gh and 1 ow de nsity l evels, but s mall-seeded
plants delayed flowering at high density and produced lower thousand-seed weight than large-
seeded pl ants at l ow d ensity ( Fig. 2.2). S mall-seeded pl ants of wild mustard pr oduced no
different biomass, seed number and thousand-seed weight compared with the other two seed

categories, and they flowered later at both high and low density (Fig. 2.2).

The three seed categories of GT performed differently at the two densities (Fig. 2.2). At

high density, small-seeded plants flowering later and produced less biomass and seeds than
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large-seeded plants did, and there was no di fference for thousand-seed weight (Fig. 2.2). At
low density, small-seeded plants of GT produced 1ower biomass and thousand-seed weight
than 1 arge-seeded pl ants, but f lowering t ime and s eed num ber w as not di fferent. The
percentage of large, medium and small seeds produced was not different among the three seed

categories for all four plant types at both high and low density.

Fitness ¢ omparison of f our pl antt ypes All f itness ¢ omponents, e xcept of t he
emergence rate, were significantly different in the four plant types: trF;, ntrF;, mustard and
GT (Tables 2.2, 2.3). Wild mustard flowered the earliest, trF; and GT the latest, and ntrF; was
intermediate. T ransgenic F ; and nt rF; produced hi gher bi omass, | ower s eed num ber a nd
weight and reproductive allocation than mustard and G T, with 1 owest bi omass and hi ghest
seed number and allocation in mustard and highest seed weight in GT (Table 2.3). Thousand-
seed weight of trF; and ntrF; was higher than that of mustard but lower than that of GT. The
percentage o f large seeds, medium seeds and small seeds produced by the four plant types
was significantly different, and trF; and ntrF, produced 77% and 72% large seeds, 54% for
GT and 1% for wild mustard (Table 2.3).

At small seed size level, the seed number and seed weight of small-seeded plants of trF,
were not significantly different compared with their parents, mustard and GT, in high density

population, and they were lower than their parents at low density level.

Discussion
Growth and reproduction of various plant types

Fitness o f h ybrids b etween t ransgenic cr ops an d w ild r elatives i nfluences t he eco logical
consequences of transgene flow from GM crops to their wild relatives (Ellstrand et al. 1999;
Pilson & Prendeville 2004; V acher eta [. 2004). S everal f itness components of t wo
interspecific hybrids (trF; and ntrF;) and the parent plants--transgenic oilseed rape (GT) and B.
juncea (mustard), ar e d escribed at al 1 g rowth stages f rom s eedling e mergence t o s eed
production i n t he c urrent s tudy. T he h ybrids s howed h igher v egetative fitness b ut lo wer
reproductive fitness than their parents, which is consistent with the results of Di ef al. (2009).
There are some cases in which wild-crop hybrids may be as fit (Lefol ez al. 1995; Arriola &
Ellstrand 1997), less fit (Hauser et al. 1998; Gueritaine et al. 2002; A llainguillaume et a /.
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2006) or more fit than their parents ( Klinger & E llstrand 1994; A rnold & H odges 1995;
Linder & Schmitt 1995). Thus, the correlation in plant fitness between interspecific hybrids
and their parents should be studied on a case-by-case basis (Arnold & Hodges 1995).

Influences of seed size on plant fitness

The flowering time and number of flowers of wild mustard was affected by seed category in
the monoculture experiment of B. juncea, but the final seed set was not influenced by seed
size. It is expected that small-seeded plants have lower plant fitness than large-seeded plants
(Ahmed & Zuberi 197 3; W estoby et a l. 2002; M oles & W estoby 20 04), be causeitis
generally accepted that the most obvious influence of seed mass is on the seedling emergence
and development; smaller seeds contain less energy stores for germination and early seedling
growth (Major 1977; Shanmuganathan and Benjamin LR, 1992; Aparico ef al. 2002; Wei &
Darmency 2008). As the strong relationship between seed size and morphological traits of the
seed and the embryo considered (Aparico et al. 2002; Diggle et al., 2010), seed size obviously
affects the initial size of the seedling and the provisions available during early seedling life.
For instance, in R. r aphanistrum, 1 arger s eeds generally p roduce 1 arger p lants w ith m ore
flowers than do s maller s eeds (Stanton 1985, C hoe et al. 1988). However, a fter the e arly
seedling stage, plant growth and development rates are similar regardless of seed size, and the
principal e nergy s ources become phot osynthates from e merged | eaves ( Choe et a /. 1988;
Peterson et al. 1989; Aparico et al. 2002). These studies have suggested that the disadvantage
of s mall s eeds va ry w ith ge netic ba ckground and e nvironmental s tresses s uch a s I imited

resources, high plant density, or herbivory.
Influences of seed size on plant fitness affected by plant density

The influence of seed size on pl ant fitness is a ffected by popul ation de nsity and the
competition of neighboring plants for limited resources. Wei and Darmency (2008) found that
seed size effect was observed in a direct sowing experiment but not in a transplant experiment.
They suggestedt hatt he hom ogeneous e nvironmenti n greenhouse, pr evioust ot he
transplantation in the field, had complemented the disadvantage of small seed at early growth
stage. In th e mo noculture trial, s mall-seeded pl ants of mustard pr oduced I ess flowers and
more small seeds than large-seeded plants at low density, but that was not the case at high
density. In t he m ulti-culture ex periment, s mall-seeded nt rF1, m ustard, and G T pl ants had

delayed flowering co mpared w ith | arge-seeded plants at hi gh d ensity, but t his e ffect w as
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apparent o nly with mustard at 1 ow d ensity. S imilarly, s mall s eed s ize d ecreased t he s eed
number of GT at high density but not at low density. Plant density could cause variation of the
influences o f seed s ize on pl ant growth a nd r eproduction ( Gardner & V anderlip 1989) .
Obviously, the strong competition at high density decreased plant fitness, although the effect
varied through different plant types and seed categories. GT was the plant type more liable to
be affected by plant density and seed category, less for ntrF; and mustard, while trF; was not

affected.
Influences of seed size on plant fitness varied with genetic background

Seed size did not impact the growth and reproduction of trF;, and it also did not affect
the biomass and seed output in ntrF; and wild mustard, with the exception of flowering time.
However, s eed s ize s ignificantly a ffected t he f itness of G T. T he s mall-seeded pl ants of
transgenic F | did not show lower fitness compared to larger-seeded p lants o f transgenic F;.
This is perhaps due to the date of the measurements, w hich were taken at maturity. Since
hybrids p roduce few s eeds, their growth c an surpass that of mustard and O SR, with hi gh
biomass and high per-seed weight, thus hindering any initial difference at the early stage of
life. This is not the case for mustard and OSR that produced copious amounts of seed and thus

ending the vegetative stage as compared with hybrids.

There were no significant differences between trF; and ntrF, in seed set, which indicates
costs associated with the transgene were probably negligible here. Fitness cost of transgene
expression w as obs ervedt o be a ssociated with he rbivore r esistance i ns ome reports
(Bergelson & Purrington 1996; Strauss et al. 2002). Fitness costs depend on not only genetic
background i n w hich r esistance t raits oc cur, b ut a Iso on the e nvironment i n w hich t he
comparisons between resistant and susceptible plants are made and on the ecological context
in which costs are measured (Bergelson & Purrington 1996). In this study, transgenic F;- and
non-transgenic F ;- plants w ere obt ained w ith t he s ame ge netic ba ckground. M ason et a L.
(2003) found no fitness cost of Bt- transgene in transgenic B. napus under low and high insect
pressure. Snow et al. (2003) also found that Bt transgene was not associated with a fitness
cost in sunflower under insect pressure, and transgenic plants produced more seeds since they
experienced r educed he rbivory. M oreover, s mall-seeded pl ants of transgenic F; plants had
high ve getative pe rformance, w hich s uggests Bt resistance p lant mig ht e xhibit s tronger

competitive cap acity and w ould co unterbalance t he d isadvantage o f s mall s eed s ize, since
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they b ear b eneficial t ransgenes t hat m ight p rovide ad aptive ad vantages ( Darmency 1 994).
Ramachandran et al. (2000) found that transgenic plants were more competitive under insect
pressure. Vacher ef al. (2004) showed higher fitness of Bt transgenic hybrids than wild plants
under insect pressure. In addition, both F; hybrids produced the highest percentage of large
seeds, although the difference was not drastic, which could make the second generation with

more chance of establishment than the small-seeded F1 generation.
Implications for gene flow between transgenic B. napus and wild B. juncea

Seed size could affect the emergence and initial seedlings (Major 1977; Aparico et al. 2002),
which further enhance plant fitness (Verdu & Traveset 2005). GT showed significantly seed
size ef fects, an d s mall-seeded pl ants de monstrated | ower fitness t han 1 arge-seeded pl ants.
However, s mall-seeded o f transgenic F ;| did not s how plant fitness di fference c ompared t o
larger-seeded plants of transgenic F;. Small seeds are more easily sieved out by harvesters and
fall onto the soil, and further buried in the seed bank of soil. The complex correlation between
seed size and persistence in the soil is unclear. However, interspecific hybrid seeds survived
as well as seeds of oilseed rape in the soil (Chadoeuf et al. 1998). In addition, the small seed
dispersed more easily through wind and animals, such that the survival of small-sized seeds of
weeds ¢ ould be hi gher i n c onventional t illage s ystems a nd a rable h abitats ( Ghersa &

Martinez-Ghersa, 2000). They might represent the main risk of transgene escape in the field,
and their small size is not a counterbalancing force exposing them to higher competition from

the neighborhood.
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Table 2.1. F-values from a four-way fixed split-plot ANOVA on the fitness of mustard in the

monoculture experiment.

Density Seed Block D*C
(D) category
©)

Emergence rate 0.11™ 0.48™ 1.68™ 233"
Days to flowering 1.59™ 35577 1.09™ 1.44"™
No. of flowers 1087 875 1.10™ 1.13™
Biomass 85.28"" 2.36™ 2.57™ 1.95™
Seed number 69.59 1.77™ 0.98™ 1.16™
Reproductive allocation ~ 1.30™  0.98™ 0.12™ 0.90™
Seed weight 52037 2.97™ 6.30" 1.89™
Thousand seeds weight 5297 9.47 0.42" 0.23"
% of large seeds 315 0.53™ 0.37"™ 0.66"
% of medium seeds 25.89™" 12527 0.61™ 1.30™
% of small seeds 1348 16847  0.52™ 0.68™

*, p<0.05; **P<0.01; ***, P<0.001, ns, not significant, P>0.05.
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Table 2.2. F-values from a f ive-way fixed split-plot ANOVA ont he fitness of trF1, ntrF1,

mustard and GT in the multi-culture experiment.

Density  Seed Plant Block D*C D*P C*p
(D) category type (P)
i (C)

Emergence rate 4.69 2.65™ 2.49"™ 1.42™ 0.33™ 1.09™ 1.08™
Days to flowering ~ 8.78" 6.80" 241.0277 0.71™ 093™ 653 272
Biomass 2798 13.677 355277 1.40™ 04™  051™  2.06™
Seed number 10417 4.99™ 32697 020™ 2.82™ 13™ 278
Reproductive 245" 0.67™ 197.83"" 0.34™ 394" 19™ 288"
allocation
Seed weight 98.37  6.87 99.197"  3.07™ 0.14™ 378  1.8™
Thousand-seed 0.07 ™ 13.98"  283.22"" 025™ 1.79™  7.68 270
weight
% of large seeds 19297 0.39™ 32587 0.05™ 1.02™ 6427  0.28™
%of m edium 19.84°  2.53™ 6457 12.05 1.16™ 1.28™  0.68™
seeds **
% of small seeds ~ 0.01™ 3.34° 118.12°7 0.21™ 030™  3.57™  1.94™

* p<0.05; **P<0.01; *** P<0.001, ns, not significant, P>0.05.
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Table 2.3. M ean ( SE) o f p lant ch aracteristics for four pl ant t ypes i n multi-culture trial a s

analyzed by one-way ANOVA and Tukey’s HSD

trF, ntrF, mustard GT
Emergence rate 0.70 (0.03)*  0.71(0.03)*  0.63(0.03)*" 0.49 (0.03)*
Days to flowering 60 (0.30)" 58 (0.29)° 52(0.29)° 61(0.32)"
Biomass 22.19 (1.66)* 19.29 (1.46)*  5.52(0.51)° 12.54 (1.04)°
Seed number 340 (35)° 231(20)° 1799(185) 1901(181)*

Reproductive
allocation

Seed weight

Thousand-seed

weight

% of large seeds

% of m

seeds

% of small seeds

edium

13.13 (1.28)°

0.38 (0.05)°
1.03 (0.03)°

0.77 (0.01)
0.09 (0.01)°

0.14 (0.01)°

14.65 (2.81)°

0.22 (0.02)
0.96 (0.02)°

0.72 (0.02)™
0.09 (0.01)°

0.19 (0.02)°

427.62 (93.8)"

1.73 (0.20)°
0.84 (0.02)°

0.01 (0.00)°
0.10 (0.01)°

0.89 (0.01)*

128.51 (6.21)°

4.29 (0.39)
2.22 (0.06)

0.54 (0.03)°
0.32 (0.02)*

0.14 (0.02)°

trF;: transgenic h ybrids formed be tween transgenic oilseed rape ( GT) and Brassica juncea

(mustard); nont rF1: non -transgenic h ybrids f ormed be tween non -transgenic o ilseed r ape

‘Westar’ and B. juncea (mustard); mustard: wild mustard (B. juncea); GT: transgenic oilseed

rape. Different letters within a column indicate significantly different value at p<0.05.
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2.3 Article 2: Les rétrocroisements sur Brassica napus des hybrides entre B.
juncea et B. napus comme source de nouvelles populations r ésistantes aux

herbicides ressemblant aux repousses de colza

Dans le but de déterminer la voie préférentielle de transmission du génome des hybrides entre
B. juncea et B. napus, des F 1 entre la moutarde et un colza cv. Brutor présentant un geéne
dominant de résistance au chlorsulfuron ont été pollinisés en rétrocroisement par le pollen des
deux parents ou e ncore laissés en groupe pour produire des F2. Parents, F, et BC| ont ét¢é
plantés ensemble au champ a D ijon et caractérisé pour leur aspect et leur type de fleur, leur
contenu en A DN ( par ¢ ytométrie), le ur fertilité p ollinique ( Alexander) et le ur r ésistance a
I’herbicide. Leur biomasse et 1eur production d e s emences ont ét¢é m esurées ainsi que leur

proportion de descendants résistants a I’herbicide.

Nos résultats montrent que le rétrocroisement avec le pollen de B. napus a produit le
plus de semences qui étaient plus grosses et plus viables que celui avec le pollen de B. juncea.
Le c ontenu en A DN d es B C; suivait une di stribution N ormale e t 1 *hérédité du geéne de
résistance correspondait au rapport M endélien attendu. Les B C; résistants a vaient une plus
forte biomasse et produisaient plus de semences que leurs équivalents sensibles et que les F2,

et ils avaient un aspect plus vigoureux.

Ces résultats permettent de penser que les BC, résistants produits a partir du pollen de
B. napus, qui est abondant dans les champs, sont plus facile a produire et plus compétitifs que
les autres BC1 et les F2 pour s’établir comme une fausse popul ation de repousses dans les
champs et les bordures ou les milieux incultes. L’implantation de ce type de descendance,
proche de 1a morphologie du colza, est facilitée par une large variabilité génétique qui peut
permettre une adaptation rapide aux contraintes du milieu, et elle serait plus rapide qu’ une
introgression v éritable d ans | ’espece s auvage. E lle es t au ssi f avorisée p ar 1 a r ésistance a
I’herbicide dont e lle représente une s ource s econdaire de di ffusion v ers 1 es m outardes
sauvages et les colza non-transgéniques, ce qui pourrait étre source de conflit dans le cadre

des problémes de co-existence entre cultures GM et non GM.

Cetar ticle a ét ¢ acc epté d ans l ar evue P lant S cience s ous 1 e D Ol Plant S cience,

doi:10.1016/j.plantsci.2010.07.005.
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Photo.2.3. S praying chlorsulfuron he rbicide o n s eedlings of B C1, F 2 a nd B. napus

greenhouse to check herbicide-resistance

n
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ARTICLE 2

BACKCROSSES TO BRASSICA N APUS OF HY BRIDS BETWEEN B.
JUNCEA AND B.NA PUS AS AS OURCE O FNE WH ERBICIDE-
RESISTANT VOLUNTEER-LIKE FERAL POPULATIONS

Y. B. Liu, W. Wei, K. P. Ma, H. Darmency

Plant Science (2010), 179: 459-465

Abstract

Introgression be tween ge netically m odified (GM) crops and wild relatives 1s c onsidered to
potentially modify the genetic background of the wild species. The emergence of volunteer-
like feral populations through backcross of hybrids to the crop is also a concern. The progeny
of spontaneous hybrids between mutant herbicide-resistant oilseed rape (Brassica napus) and
wild B. juncea were obtained. Parents, F, and BC; to B. napus were planted together in the
field so as to study their performance. The chromosome number of BC, followed a N ormal
distribution. M endelian ratio of the herbicide-resistance gene was found. Herbicide-resistant
BC, was a ssociated w ith hi gher pl ant w eight, s eed w eight a nd s eed num ber t han t heir
susceptible c ounterparts. M ost of them exhibited B. napus morphology and 1 arger flowers.
Pollen flow to susceptible plants within the mixed stand was observed. As a consequence, the
resistant BC; produced with B. napus pollen could frequently occur and easily establish as a
false feral crop population within fields and along roadsides. Their morphology was similar to
B. napus volunteers but displayed additional genetic variability allowing further a daptation

and propagation of the herbicide-resistance gene.

Keywords: feral crop population, mutant herbicide-resistant, introgression, pollen flow, seed

production, oilseed rape
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Introduction

In the framework o f current r esearch on the risk as sessment o f t he co mmercial release o f
genetically modified (GM) crops, one of main concerns is whether transgenes could persist in
the agro-ecosystem [1]. In the case of oilseed rape (Brassica napus), transgenes could escape
through volunteers plants descended from seeds shattered before or spilled during harvest on
previous years and that can survive for years into the soil seed bank [2] and affect both the
habitat [ 3] and t he qua lity o fc rop h arvest [ 4]. T hey could a Iso e scape vi a s pontaneous
hybridization w ith and i ntrogression to wild relatives [ 5, 6] . V olunteers a nd h ybrids w ere
observed in the agro-ecosystem field together with sown crops and in their neighborhoods [ 7,

8].

The introgression between a genetically modified crop and a wild relative is generally
thought to p otentially modify th e genetic background of t he w ild s pecies, which t hus
generates either concerns about its weediness and competitiveness in the agro-ecosystem or
the risk of its extinction [6, 9, 10 ]. The backcrossing of hybrids with the crop parents could
also oc cur, w hich c ould r esult in th e introgression o fw ild ¢ haracteristics in to f eral a nd
volunteer populations. This process is generally underestimated and little investigated because
the crop type is considered to be unfit to adapt to wild habitats [ 11]. However, the resulting

plants are thought to be too close to volunteers and to deserve separate studies.

Gene flow between B. napus and B. juncea has received less attention compared to the B.
napus / B. rapa case. B. juncea, a wild relative frequently found as a weed and a ruderal
component of roadsides and waste places in China, is a tetraploid species like B. napus and
preferentially s elf-pollinated w ith ¢ onsiderable outcrossing rate. Hybrids a nd s ubsequent
backcross generations b etween B. napus and wild B. juncea were successfully obtained by
open pol lination [ 12-14]. T he r elatively hi gh compatibility be tween B. napus and wild B.
Jjuncea raises the biosafety concern of transgene introgression. Dietal. [15] found that the
hybrids formed be tween B. napus and w ild B.j uncea revealed m aternal effects, h igh
vegetative fitness and seed dormancy, which could increase the probability of the survival of
hybrids a fter the oc currence of gene flow. However, Wei and D armency [ 16] showed t hat
gene flow could be hampered by low seed size of hybrids because of the low emergence, low
survival r ate and d elayed flowering due to s maller s eeds. T herefore, itis not clear under

which form the progeny of interspecific hybrids between these two species could survive and
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then t ransfer t ransgenes t o further g enerations i n t he r ealistic ag ro-ecosystem w here u n-

cropped and cropped areas coexist.

In this study, we aim to investigate the behavior of the progenies of spontaneous hybrids
between wild B. juncea and a he rbicide-resistant g ermplasm o f B. nap us similar to th ose
commercialized cultivars under the Clearfield® technology. We studied the formation of F,
and BC, progenies, whether they may grow and reproduce under field conditions, and whether
their p erformances ar e changed acco rding to the presence o f the herbicide-resistance gene.
Instead of exploring the possibility of transgene introgression into the wild species, which has
been a Iready explored [17],t his w ork f ocused ont he | ikelihood of t he e mergence of

backcrossed plants that could behave like B. napus volunteer-like plants.

Materials and methods
Hybrids

A wild accession of Brassica juncea (2n=36, AABB) from T urkey w as obtained from the
INRA laboratory collection of weeds (ref. X04-021) in Dijon, France. A mutant B. napus cv.
Brutor, ( 2n=38, A ACC), b earing a s ingle-gene dom inant r esistance t o ¢ hlorsulfuron, a

sulfonylurea he rbicide i nhibiting t he A cetoLactate S ynthase (ALS), w as providedby M .
Renard [ 18]. These two species were grown in mixture in insect-proof c ages ¢ ontinuously
provided w ith houseflies, Musca dom estica, in order t o facilitate r andom pol lination. T he
seeds of B. juncea were sown in a greenhouse at 22°C under natural l1ight, and then t wo-
leaved seedlings were sprayed with 2.5 g a.i. ha™' chlorsulfuron in 300 L of water (Glean, Du
Pont de Nemours, France). Eleven out of 8,238 seedlings survived (0.13 %), and these plants
were confirmed t o be interspecific h ybrids s ince t hey s howed m olecular m arkers of both

parents (not shown).

Progeny of hybrids

Branches of all the hybrid plants were cut and planted in the soil to multiply the hybrids.
The hybrid cuttings were grown in the greenhouse and entirely covered by a pollen-proof net.

Anthers of flowers o f2 4 cuttings from all eleven h ybrids were removed and t he s tigmas
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received pollens from wild B. juncea by hand to generate a BC; generation (BC;J). On22
other ¢ uttings, e masculated f lowers r eceived pollens f rom a c¢ onventional he rbicide-
susceptible B. napus cv. Drakkar to obtain a BC; generation (BC;N) segregating for herbicide
resistance and s usceptibility (although not yet i dentified at that stage). The rest o f h ybrid
cuttings were kept isolated by a pollen-proof net and served to get a bulked F, generation (Fig.
2.3). Pollen fertility was checked by staining pollens of 5 flowers of each of 6 h ybrids with
Alexander s olution. N umber of pol linated f lowers, s eed num ber, p er-seed w eight an d
germination were recorded. Five hundred F, seeds, 100 BC;N and 50 BC,J seeds were sown
in t he g reenhouse a nd sprayed w ith t he he rbicide G lean a s de scribed above, a nd t hen

seedlings alive were counted.

2 Wild B. juncea (S) Brassica napus (R)
(AABB, 2n=36) ( AACC, 2n=38)

Spontaneous/Zhybridization

2 . (R) > Wild B. juncea (5) &'
1
P e B. napus (S) cf

Selfing Hand
crossing
\ 4 v
F,(R&S) BGN(R&S) BC,J (R&S)

Fig. 2.3. Crossing chart indicating how the plant material was obtained and its phenotype for

the herbicide-resistance (R or S)
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Field trial

Seeds of ¢ onventional he rbicide-susceptible B. napus cv. D rakkar, wild B. juncea, BC,J,
BC)N, and F, were sown in Giffy 7 pots (Jiffy Prod. Int., Norway) in the greenhouse in order
to promote simultaneous germination, and then the seedlings were transplanted into the field
in Dijon on April 2007. In one experiment, B. juncea, BC,J and F, were randomly planted in a
bare field. In another place, B. napus, B. juncea, BC|N and F, were planted randomly in the
field with four blocks. Each block included three rows 30cm apart and 1 1m long, with one
plant every 0.6 m. The blocks were enclosed in an insect-proof net (12 m wide /15 m large /2
m high, 2 mm mesh) to prevent insect attack, and houseflies were continuously provided in
order to facilitate r andom p ollination. M ost B. j uncea plants f lowered very earlyinthat
experiment so that they were hardly comparable to the other plant types and were no m ore

considered in the following study.

The B. napus versus B. juncea morphology (large versus s mall habit) was visually noted
before fl owering. T he fl ower sizes o fall BC;N and F, plants w ere visually rated in two
categories: as large as that of B. napus and small. In order to estimate the DNA content of the
plants, whenever possible, a piece of fresh leaf was sampled to perform flow ¢ ytometry as
described by Akinerden [19] and estimate (the G1 peak) with B. juncea as the control. When
the first pods were about to open, the surviving plants were harvested. The ve getative parts
were separated from the pods and dried in an oven for 48h at 80°C and weighted. Seed weight
and s eed num ber w ere measured. T he w eight of o ne t housand s eeds was cal culated an d

expressed as per-seed weight.

Up to 2000 seeds of every harvested plant were sown in the greenhouse and sprayed with
chlorsulfuron as described above. In order to assign a phenotype to the BC;N and F; plants,
we considered that a resistant one would ideally produce 75 % of resistant offspring if entirely
self-fertilized, w hile a s usceptible one would p roduce no r esistant s eedlings. Because o f
possible biased segregations after the interspecific h ybridization and the backcrosses on t he
one hand, and be cause of s ome pot ential ¢ ross-pollination that c ould ha ve oc curred in the
field on t he ot her ha nd, w e 1 nterpreted a s s usceptible a 11 t he pl ants s howing a p rogeny
containing less than 5 % resistant seedlings, which could correspond to a maximum rate of

fertilization by resistant pollen. Otherwise the plant was designated as resistant.
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Statistical analysis

Mean values are given with their 95 % confidence limits. Chi-square analysis was employed
to test herbicide-resistant rate of BC; and F, with the expected Mendelian segregation ratios.
Analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test were
carried out t o ¢ ompare pl ant w eight, s eed w eight, s eed num ber, pe r-seed weight an d
germination rate of the plants in the field trial. Bartlett's test was used for testing variance
homogeneity and data were log-transformed to ensure a normal distribution. We followed a
fixed A NOVA m odel including abl ock e ffecta nd pl antt ype ast he unique f actor
(Y~X,+Xpte where Y, biological characteristics; X, plant type; Xy, block effect). Firstly, the
three types, B. napus, BC N and F,, were considered. Secondly, in order to check whether
herbicide-resistance had any effect, BC;N was separated into two phenotypes: resistant plants
(BC{NR) and susceptible plants (BC;NS). F, was separated into herbicide-resistant (F,R) and
-susceptible F, plants (F,S). Contrasts were used to analyze the effect of herbicide-resistance
on growth and reproductive performances. Linear regression functions between seed number
and biomass were constructed for the three plant types: B. napus, BC N and F,. Chi-square
analysis an d Fisher’st est w ere u sed t o co mpare t he d ifference as sociated w ith p lant
morphology and flower s ize a mong di fferent p henotypes in B C;N an d F ;. S hapiro-Wilk
normality t est w as e mployed to te st th e N ormal d istribution o f G 1 p eak v alues o f f low

cytometry. The statistical analysis was conducted using statistical software R.

Results
Hybrids and backcrosses production

The hybrids produced 34 + 3 % viable pollens. T hey produced fewer s eeds per pol linated
flower when backcrossed with B. juncea pollen than when backcrossed with B. napus pollen
(5.9and 12.4 % , r espectively). S elf-pollinated h ybrids pr oduced s eeds ( Table 2.4). T he
backcross with B. napus pollen produced heavier seeds, and they germinated better than the

seeds produced with B. juncea pollen (Chi® = 7.2, significant at p < 0.01).
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Table 2.4. Reproduction of h ybrids a ccording t o t he po llination mo de (BC;J and B C;N:

backcrosses to B. juncea and B. napus, respectively).

Type of No.of  No. of pollinated No.of Backcrossing Per-seed Germination
progeny hybrids  flowers seeds  rate (%) weight (mg) (%)
BCyJ 24 4159 247 59 3.2 30
BCN 22 3392 420 12.4 4.0 45
F, 32 / 238 / 3.3 39
o _
N 19
0 |
13
12
oy
T o 1 1
2 / \
[T
. pd /AN :
77, L2
i / % 1
o - #,
| T T T |
80 90 100 110 120

G1 value: arbitrary units

Fig. 2.4. Histogram of flow ¢ ytometry results a nd e stimated N ormal di stribution c urve of

BC)N (empty bars) and BC,J (hatched bars).
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Characteristics of the backcrosses

G1 peak values of flow cytometry results of BC N plants were Normally distributed: N (m =
101.3, 6 = 8.7, p = 0.82) (Fig. 2.4). The G1 peak values of BC,J plants also fitted a Normal
law distribution, N (m = 95.6, ¢ = 6.7, p=0.36), but the mean value was significantly lower
than that of BC;N by 5.7 units (t = 2.9, P=0.007), very close to that of the control B. juncea
parent (m = 93.7).

Both direct seedling treatment and phenotype i nference from progeny analysis of the
plantsg rowni nt hef ielde xperiments howede xpected M endelianr atios: 3: 1
resistant:susceptible in F,, and 1:1 for both BC;J and BC;N plants(Table 2.5). Some plants
growing in the field and determined as susceptible produced at least one resistant descendant
(Table 2.6): 13 BC;NS i ndividuals, | ater on referenced BC;NS*, s howed 0.8 = 0.6 %
resistance on a verage in their progeny (0.34 % for all the BC|NS plants); the 4 F ,S plants
produced 3.6 % resistant progeny; and 2 conventional herbicide-susceptible B. napus plants

had 0.13 % resistant descendants (0.007 % for all the B. napus plants).

Table 2.5 Segregation of herbicide-resistant and susceptible plants in BC;N and F», and Chi-

square (y°) test against expected Mendelian segregation ratio (NS, not significant, p > 0.05)

Plant type No. of plants Resistant Susceptible Expected ratio

Data of direct seedling treatment

F, 166 120 46 3:1 0.65N8
BC,N 50 27 23 1:1 0.32 N8
BC,J 16 8 8 1:1 oNs

Data inferred from progeny analysis
F, 25 21 4 3:1 1.08 ™

BC;N 62 27 35 1:1 1.03N8
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Growth and reproduction in the field

The experiment with BC,J and F, suffered a strong insect attack previous to the setup of the
net; therefore, this trial had to be abandoned. In the experiment with BC|N and oilseed rape,
the s eedling mortality and absence of flowering in the field were more frequent for the F,
generation (10 out of 38) than for BC|N (10 out of 72) and B. napus (9 out of 53). BC|N
plants w eighted more than those of B. napus, and F, had intermediate weight ( Table 2.7).
Both BC N and F; plants showed lower seed weight, per-seed weight and seed germination
percentage t han B. napus . T he F , produced | ess s eedst han B. napu s,a nd B C;N ha d

intermediate production (Table 2.7).

Table 2.6. Percentage of resistant plants in the progeny of susceptible B. napus, BC;N and F,

plants in the field experiment.

Plant type Number of plants Progeny Percentage of

Total  With R progeny Resistant ~ Susceptible resistant

BCiNS 35 13¢ 48 13925 0.34
F»S 4 4 81 2254 3.6
B. napus 47 2 3 43574 0.007

* identified as BC{NS* in Fig. 2.6 and 2.7.

There w ere s ignificant c orrelations be tween s eed num ber and t otal aboveground bi omass
(plant weight plus seed weight) for the three plant types (P<0.001, Fig. 2.5). The ranking of
the slopes of the linear regression equations of seed number in terms of biomass, from the
higher to the smaller value, was: B. napus, all phenotypes of BC|N as intermediate, and then
F,. Seed number and biomass of F, showed greater v ariability than those of B C;N, which
were also more variable than those of B. napus, as indicated by the ranking of the coefficients

of determination (R?).
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Table 2.7. Mean (£95% CL) of plant weight, seed weight, seed number, per-seed weight and

germination of F,, BC|N and B. napus.

Plant type Plant Total seed No. of seeds Per-seed Germination
weight (g)  weight (g) weight (mg) (%)

BC|N 33.9+7.8° 2.10+0.78° 1084 +450° 1.90+0.11° 60.2+4.5°

F, 26.1+8.6™ 0.90+0.35" 438+155"° 1.90+0.17° 67.9+9.5

B. napus 17.0+£3.7°  3.60+0.87° 1383 +342° 2.60+0.10° 79.1+2.5°

Fa.130 5417 15.817 10.57 33.537 8.86"

F-values are f rom one -way ANOVA oni ndividual t raits ( *, P <0.05; **, 0.05< P<0.01;

0.01<***P<(.001). Different superscript letters indicate significant differences between mean

values within columns for each experiment according to Tukey’s HSD (a = 0.05).

Seed number

6000 T

5000 -

4000 A

>4 OCO

B. hapus
BC,NS*
BC,NR
BC,NS

Fa

3000 -

2000 -

1000

20

y=69.7*x-48.7 r*=0.86

y=17.3*x-25.1

y=53.0"X-864.8

r’=0.50

y=37.6*x-188.6 r°=0.59

v
Y1214 71.7 (52:0.45

80

Biomass

100

120

Fig.2.5. Linear regression between seed number and aboveground biomass (plant weight plus

seed weight) of B. napus, BC|N and F,.
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Fig.2.6. Plant weight, seed weight, seed number and per-seed weight for BCINR and BC|NS
in the field experiment. BC NS is separated into group BC|NS that did not produce any R
progeny and group BC;NS* that produced a few R progeny (see Table 2.6). P-values are from
one way ANOVA results. Vertical b ars d enote S E o f th e m ean. D ifferent le tters in dicate
significant d ifferences b etween m ean v alues a ccording t o T ukey’s H SD (a =0.05) and

Contrast tests.

Correlation to discrete markers

BC|NR and BC;NS* plants produced hi gher plant weight, more seeds and seed weight
than t he ot her BC|NS pl ants. T he pe r-seed w eight r emained u nchanged. T here w as n o
difference between BCNS* and BC|NR plants (Fig. 2.6). The number of seeds in terms of
biomass of the BC|NS was as low as that ofthe F, plants (Fig. 2.5). Plants with B. napus
morphology had hi gher plant w eight, p roduced higher s eed weight and seed num ber t han

plants with B. juncea morphology (data not shown). BC;NS* and B C;NR e xhibited m ore
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plants w ith B. napus morphology t han t he o ther BCINS (86and 7 3 % ve rsus 39 %,
respectively; chi2 = 31.2, p<0.001; Fig 2.7). No such a difference was found between F,S and
F,R ( Fig 2.6), but t his w as p erhaps due t ot hel ow num ber o f F,S p lants t ested. T he
percentage o fp lant with 1 arge flowers i ncreased s ignificantly (chi*> = 9.5, p=0.027) from
BC NS (52%) to BC;NS* (64%) and BC|NR (73%). F2R produced more large flowers than
F,S, 27 versus 0 %, respectively (chi’ = 31.2, p<0.001, Fig. 2.6).
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Fig. 2.7. Percentage of the two categories of morphology (top) and flower size (bottom) for
resistant ( R) a nd s usceptible ( S) phe notypes o f F , (right) a nd BC N ( left) in th e field
experiment. BC NS is separated into group BC;NS that did not produce any R progeny and
group B C|NS* that produced a few R progeny (see Table 2.6). B. juncea morphology and
small flower size are filled bars; B. napus morphology and large flower size are empty bars.

Different letters indicate significant differences according to Fisher’s test (P-values).
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Discussion
Hybrids and backcrosses production

Hybrids produced 34 % viable pol lens on average, a value s imilar t o t hat found in ot her
studies ( 24-28% in [ 11]; 32 -35% i n [ 14]), t hus a llowing s elf-fertilization t o pr oduce F ;
generation, and possibly serving for outcrossing. However, most of the viable pollen in the
pollen cloud in a mixed stand of B. napus and B. juncea in the fields comes from the two
parent s pecies, s o t hat self-pollination s hould not be t he m ost frequent pol lination e vent.
Hybrids F | receiving p ollens from B. napus produced t wice as many BC, seeds a s those
receiving B. juncea pollens. It is likely that pollens of B. napus possessed stronger fertilizing
ability than B. juncea ones [20]. However, the rate of seed set observed here is much lower
than that observed in a similar study, which indicates high variability according to genotypes

and/or conditions [17].

BC,; produced with B. napus (BC{N) had larger seeds, and germinated better than the F,
and BC; produced with B. juncea (BC,J). These characteristics, together with a b etter ability
to produce BC; with B. napus, could be useful in predicting a greater prevalence of these
plants, especially at the places where abundant pollens of B. napus occur, i.e. close to oilseed
rape fields. The difference of DNA content between the two types of BC; suggests a r apid
differentiation within one generation, by around 2 chromosomes on average, but there was a
large v ariability within each group. Cytological analysis of similar p lant material in dicated
that B -chromosomes in the progeny of hybrids tend to be eliminated more rapidly than C-

chromosomes [21], which again suggest a more rapid return to B. napus-like plants.

The expected Mendelian ratios obtained for the resistant phenotype show that this trait is
easy to be transferred between the two species and stably inherited in subsequent generations
of h ybrids w hichever genitorisusedas female. Sucha featureisnot unc ommoninthe
transmission of transgenes although they have no DNA counterpart in the recipient s pecies
[10, 12, 22], but distorted segregation was sometimes encountered in different lines [10] or for
different transgenes [ 23]. In our study, the precise location on the A, B or C genome of the
ALS ge ne c onferring r esistance ge ne w as not know n, but non -biased s egregation would
suggest an A -chromosome. T his s ituation g ives r ise t o t he p ersistence of t he he rbicide
resistance trait in the field because the hybrid gametes always display native or recombined

A-chromosomes, which would be not the case if it were on a B or C chromosome.
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Productivity of the resistant progeny

In our s tudy, w e e valuated pr oductivity, m easured as bi omass and s eed s et p arameters,
without ¢ ompetition be tween co -cultivated ge notypes, w hich ¢ ould correspondt ot he
conditions at the field border (i.e. the cultivated border line that is not sown). In most studies
of t ransgene es cape b etween B. napus and B.r apa, BC | and F , exhibited | ower s eed
production t han their parents [ 6, 9]. In our study, BC; and F, demonstrated s ignificantly
higher ve getative pe rformance t han B. napus, which c ould pr ovide op portunity f or qui ck
establishment at the expense of volunteer and cropped oilseed rape. In contrast, BC; and F,
produced less seeds than B. napus, and they had lower seed production efficiency per biomass
unit than B. napus, (Fig 2.5), which could i mpact their reproductive success be cause more
resources were needed to produce seeds. The difference of seed production between BC; and
F, was bordering significance, because of the effect of the high variance found in BC,, which
probably denoted an effective difference. Especially, the productivity of BC; per biomass unit
was cl early higher than that o f F, (Fig. 2.5). T herefore, itis likelythat BC, areableto
establish in waste areas, field borders, and even arable fields, more easily and rapidly than F,
plants. The low variability noted for B. napus in the regression function between seed number
and biomass was of environmental nature only because the cv. Drakkar is a pure line, which
suggests that the higher variability recorded in BC; and F, could be genetically determined. A
similar case of higher variability of performances was also observed in B. napus and B. rapa
hybrid pr ogeny [ 8], w hich ¢ ould be t he s ource of further genetic a daptation and leadto
successful volunteers or new weeds in both non-crop and crop habitats. Such a situation is
highly favorable t ot he r apid e volution of a daptive t raits t o t he a groecosystem [24]. I n
addition, half of the BC, exhibit the herbicide-resistance, which could help plants to survive

in arable fields and roadsides if the corresponding herbicide were employed.

No difference was observed b etween resistant and susceptible BC, plants (BC;NR versus
BC|NS + BC NS*) and between resistant and susceptible F, plants, which suggests that no
detrimental effect existed for expressing the herbicide-resistance gene. Preliminary data of the
comparison of t he m utant 1 ine us ed he re w ith i ts or iginal c ultivar s howed th at d elayed
flowering w as responsible for 6-14 % lower yield [ 18]. In two other cases only the fitness

differential due to ALS-endowed resistance was studied with appropriate plant materials and
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both s howed f itness cost [ 25], but t here a re many ALS m utations e ndowing h erbicide-
resistance s o that ge neralizations c ould not be made. In our e xperiment, t he resistant B C,
(BC;NR) ha d hi gher frequency of B.napus morphology a nd1 arger f lower s ize t han
susceptible BC; (BC;NS). Plants with B. napus morphology are more robust, which could
help BC|NR plants to establish in a mixed stand. Similarly, larger flowers like oilseed rape
flowers could attract more foraging insects, which is again a way to better disperse the B.
napus characteristics — andt he h erbicide-resistance — inr uderal a nd r oadside pl ant
communities. As for the higher performances of BC{NS* compared to BC;NS, we suppose
that the largest plants producing the highest number of flowers were more frequently visited
by the houseflies c arrying foreign pol len, w hich c ould result in the production of resistant
seeds, in contrast to the smallest plants. T his ph enomenon could make the dispersal of the

resistance gene more rapid again.

Finally, the presence of herbicide-resistant plants in the progeny of susceptible F,, BC|N
and conventional B. napus indicated that the first generation progeny of the hybrid is capable
of tr ansmitting th e h erbicide-resistance gene to B. napus volunteers and feral popul ations,
which provides an unexpected way to the transfer of transgenes via pollen dispersal from GM
crops to non-GM crops [26]. It is also a source for further gene flow and introgression [ 8].
Our results show that the B. napus-like BC; plants produced with B. napus pollen are very
likely to establish and persist in the fields and along roadsides as false feral crop population.
They look like B. napus volunteers but display additional genetic variability that allow for
further adaptation of the plants and propagate the herbicide-resistance gene. In particular, they
could have inherited from the wild B. juncea long-term seed viability in the soil, which can
make them even weedier [2]. This phenomenon should be considered in biosafety assessment

of genetically modified oilseed rape with herbicide-resistance traits.
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CHAPTER 3

EFFETS DE LA RESISTANCE AUX INSECTES SUR LA FITNESS

3.1 Introduction

Les génes d e r ésistance au x i nsectes d éveloppés a p artir d e Bacillus t huringiensis (Bt) et
produisant une toxine représentent la famille de transgénes la plus répandue avec la résistance
a I’herbicide R oundUp, ces deux types totalisant 134 millions d” hectares. Apres le coton, la
biotechnologie Bt a été approuvée en Chine pour le riz le 27 novembre 2009 (James, 2009).
Concernant, le riz, le colza, voire le soja et des 1égumes, les flux de geénes entre les variétés Bt
et leurs ap parentés s auvages sont le sujet d ’attentions p articuliéres a ca uses d es p ossibilités

d’hybridation spontanée (Ellstrand et al. 1999; Armstrong et al. 2005).

L’introgression d es t ransgenes Bt d es cu ltures Bt d ans 1 es p lantes s auvages p eut
conduire a une diminution de la pression de s i nsectes he rbivores sur les h ybrides et | eurs
descendants | eur ¢ onférant a insi une fitness relative ( survie, ¢ roissance e t reproduction)
supérieure aux individus sauvages typiques non protégé par une geéne semblable (Stewart et al.
1996; R amachandran et al. 2000; Snow etal. 2003; V acher et al. 200 4). L’avantage d es
plantes résistantes n’ est cependant observé qu’ en présence d’ herbivorie, aucune pénalité de
fitness n apparaissant s ans p ression d e s ¢lection (Ramachandran et al. 2 000; V acher et al.

2004; Moon et al. 2007).

Si cet av antage est bien as sez ét abli, 1 a d ynamique de 1’invasion d "une popul ation
sauvage p ar | e t ransgeéne et 1’évolution d es cap acités r elatives d e co mpétition d es p lantes
résistantes et sensibles n’a pas été souvent décrite. La démographie d’une population sauvage
initialement s ensible e st s usceptible d e ch anger s ous 1 impact d e 1 a p résence d es p lantes
résistantes, et p eut d épendre d e | ’interaction avec d ’autres facteurs t els q ue 1 ’intensité d e

I’herbivorie, le niveau de ressources du milieu et I’abondance relative des plantes résistantes.
9

Dans ce c hapitre, nous ¢ tudierons donc 1 ’effet s urla fitness de 1ar ésistance a ux
insectes ch ez B. juncea, aux niveaux individuel et de 1a popul ation. D ans une expérience
préliminaire en serre, nous avons défoli¢ de différentes manieres des plantes de moutarde afin

de simuler différents niveau de pression herbivore indépendamment des problémes de fitness
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liés au x h ybrides i nterspécifiques ( Article 3 ). Une ex périence s imilaire m ais au ch amp a
ensuite €t ¢ r épétée d eux an nées a D ijon af in de t ester 1 es ef fets d e compétition in tra-
population a insi que 1a productivité t otale de s populations s ous di fférent pour centages d e
plantes simulées résistantes ou sensibles (Article 4). Par ailleurs, nous avons e ffectivement
testé 1’effet du transgéne Bt chez un colza transgénique et les hybrides transgéniques ou non

en présence d’insectes dans une expérience a Beijing (Article 5).
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3.2 Article 3 : S imulation d e 1 a rés istance a ux i nsectes d ans 1 ’étude d u flux de g énes

entre Brassica napus et B. juncea sauvage

Afin d e s imuler | es pe rformances de de scendants t ransgéniques s auvages s tabilisés, nous
avons défolié des plantes de moutarde qui ont donc figuré les plantes sensibles alors que les

plantes intactes figuraient les résistantes.

Différentes modalités de défoliation ont été pratiquées, surtout des feuilles enticres, de
une feuille sur deux a une sur quatre. Nous avons réparti ces plantes coupées (CP) et non
coupées (NC) a différentes proportions dans des pots contenant 8 plantes : 0/8, 2/6, 4/4, 6/2 et
8/0. Lorsque les premicres siliques menagaient de s ’ouvrir, 1 ’expérience a été arrétée et les
parties aériennes de chaque p lante ont été pesées, et e nombre de siliques et de semences
comptés. Les semences ont été mises a germer en enceinte climatique (16h de jour a 25°C et
8h denuita 15°C) et arrosées avec une solution de gibbérelline 1orsque le premier flux de

germination s’est arrété, 12 jours apres semis, afin d’évaluer leur viabilité et leur dormance.

Une forte proportion de feuilles coupées a diminué les performances des plantes CP,
mais |’ablation d 'une feuille sur quatre n’a pas entrainé de différence avec les témoins NC.
Les performances des plantes NC ont été¢ généralement supérieures a celles de CP quand elles
étaient en forte proportion (50 et 75% de NC), mais pas significativement différentes a faible
proportion (25% de NC). Toutes les plantes CP et NC ont des performances dé croissantes
lorsque la proportion de NC augmente. Cependant, la biomasse totale par pot a augmenté avec

la proportion de NC.

Ces résultats impliquent que 1’intensité de 1’ herbivorie, ou ¢ orrélativement le niveau
de r ésistance, et 1a co mpétition en tre r ésistants et s ensibles p euvent au gmenter 1 ’avantage
adaptatif des résistants et donc augmenter le risque de fixation des trangenes s’ils venaient a

envahir des populations sauvages de moutarde.

Cetarticleaét éprésentélorsdu 1 3eme Colloque International s ur 1 a B iologie de s

Adventices a Dijon en 2009, p144-153
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ARTICLE 3

SIMULATION O FI NSECT-RESISTANCE I NG ENE FLOW S TUDY
BETWEEN BRASSICA NAPUS AND WILD B. JUNCEA

Y .B. LIU, H. DARMENCY, W. WEI

XII*™ COLLOQUE INTERNATIONALS UR LA BIOLOGIED ES MAUVAISES
HERBES, DIJON. Association Frangaise pour la Protection des Plantes, 144-153

SUMMARY:

Gene flow from transgenic crops could introduce novel traits into wild relatives, but the fate
of transgenic h ybrids i s unknow n w ithin w ild popul ations. W e s tudy here how an insect-
resistance gene es caped f rom Brassica napus into B.j uncea may a ffect p lant f itness,
competition and population dynamics of the wild relative. Insect herbivory was simulated by
four d ifferent I eaf-clipping t reatments, w hile di fferent r atios of c lipped ve rsus non -clipped
plants provided different competition intensities. With increased proportions of clipped leaves,
the in tensity o f s imulated he rbivory amplified t he fitness a dvantage of the i nsect-resistant
population. C ompetition magnified the fitness advantage of the insect-resistant plant, but as

their frequency increases, neighbor competition limits their growth.

Key words: insect-resistance, plant fitness, genetically modified crops, competition

RESUME :

SIMULATION DE LA RESISTANCE AUX INSECTES DANS UNE ETUDE DE FLUX
DE GENES ENTRE BRASSICA NAPUS ET B. JUNCEA SAUVAGE

Le flux in€luctable de geénes des cultures transgéniques peut drainer de nouveaux traits chez
les pl antes s auvages, m ais 1 e de venir d es h ybrides t ransgéniques a u s ein de s popul ations
sauvages r este a p réciser. N ous €t udions i ci co mment un g eéne d e r ésistance au X i nsectes

transmis de Brassica napus aun B.juncea sauvage p eut modifier 1a v aleur adaptative, 1 a
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compétition et le devenir des populations. La résistance aux insectes et différents niveaux de
compétition o nt ¢ tés imulés p ar q vatre régimes d ’ablation d es f euilles e t d ifférentes
proportions de plantes a feuilles coupées ou non. Plus 1’ablation est fréquente, plus I’intensité
de p ressiond e s ¢€lection au gmente et am plifiel ’avantage d es p lantes r ésistantes. La
compétition augmente encore 1’avantage des résistants, mais lorsque leur fréquence augmente,

la compétition limite leur expansion.

Mots-clés: résistance aux insectes, valeur adaptative, culture transgénique, compétition
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INTRODUCTION

Genetically modified (GM) plants can hybridize spontaneously with wild or weedy relatives
(Ellstrand et al. 1999), which has t riggered co ncern about t he fate o f t ransgene escapes.
Transgenes c ould s pread and persist in s tands of wild relatives t hrough transgenic h ybrids
backcrossing w ith w ild pl ants. T wo 1 mportant f actors de termining t he 1 ikelihood of t his
occurrence are 1) the initial invasion and persistence of the transgene in wild relatives stand
and, 11) c ompetition of transgenic h ybrids with their neighbors (Hauser et al. 1998). M any
transgenes 1 nducing a ¢ ommercially b eneficial t rait t o cr ops, s uch as herbicide o r i nsect
resistance, may also bring benefits in weeds. In contrast, a fitness cost may be caused by the
transgene expression in terms of resource allocation and also by interspecific h ybridization.
Several s tudies h ave d etected f itness ef fects o ft het ransgene when i ntroduced i nto

populations of wild relatives (Burke and Rieseberg 2003; Snow et al. 2003).

Herbivore pressure is obviously a factor affecting the fitness of weeds and wild plants.
Insect-resistant h ybrids m ay h ave en hanced f itness v alues i n co mparison to th eir w ild
relatives (Vacher et al. 2004; Moon et al. 2007; Letourneau and Hagen, 2009). Because of this
higher fitness, resistant plants are expected to increase in populations where gene flow occurs.
The rate of the frequency change would depend on the advantage provided by the transgene,
but also on the growth conditions in the habitat, in particular intra-population competition. For
example, plant density has recently been considered as an ecological factor interacting with
fitness (Weis and Hochberg 2000; V acher et al. 2004). M ore c omplex e nvironments might
increase the relative fitness of transgenic hybrids and backcross generations. However, we are
not yetc lear on how he rbivore a nd ¢ ompetition pr essure t ogether a ffectt he f itness

performance of insect-resistant hybrids and wild relatives.

In this s tudy, w e r eport o n a p reliminary experiment to s imulate th e imp acts o f
herbivore pressure on the fitness o f stabilized h ybrid progeny b etween transgenic Brassica
napus and wild B. juncea under di fferent competition intensities. B. juncea is knowntobe
able to be fertilized by pollen of B. napus (Roy 1978; Frello et al. 1995) such that interspecific
hybrids are likely to occur, which may in turn transfer the transgenic insect-resistance to the
wild B. juncea populations through backcrossing. Indeed, the absence of fitness cost of the
transgene m ight a llow t he t ransgene t o pe rsist i n t he field popul ations (Diet al., 2009).

However, t he s peed at which t he t ransgene would s pread t hrough t he wild popul ationis
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difficult to predict. Similarly, it is not known if the transgenic plant could totally replace the
wild type. Experiments are needed to answer these questions. However, it is risky to prepare
such “wild transgenic” material, and ev en ex periments with such material are forbidden in
several countries. W e therefore simulated the response to insect damage of the resistant and
the w ild p lants b y ¢ lipping le aves. Intact p lants w ithout ¢ lipped le aves r epresented th e
introgressed insect-resistant plants. With different proportions of leaves clipped, and different
ratios of plants with clipped versus plants without clipped leaves in mixed popul ations, we
investigated th e e ffect o f c ompetition for limite d r esources o n th e r espective r eproductive

potential of resistant and susceptible plants.

MATERIAL AND METHODS

Eight Brassica juncea seeds were planted at the periphery of 18*%18*20 cm pots. In order to
simulate t he p erformance o ft ransgenici nsect-resistant an di nsect-susceptible w ild
populations, t he e xperimental tr eatment consisted in ¢ lipping s ome o fthe le aves as th ey
appeared on s ome plants, but not on others. Leaves were clipped if necessary from the four-
leaf stage up to the opening of the first flower for each plant. When the plants were about 60
cm tall, four poles with ropes were used to maintain the plants within a given volume. The
positions of pot s w ere ¢ hanged e very w eek i n or der t o m inimize t he e dge e ffect. T his

experiment was carried out in a greenhouse at 12 and 22 °C for night and day.

Different percentages of NC plants

We created five treatments of varying proportions of plants with non-clipped leaves (NC): 0,
25, 50,75 a nd 100 % . One out of every two successive leaves was clipped in the clipped
plants ( CP). C P and N C pl ants w ere di sposed a t r andom i nt he pot s a ccordingt ot he

percentage.

Different proportions of clipped leaves

In another set of pots, we assayed four clipping treatments: one of every four leaves (1/4), one

out of two (1/2), two successive leaves out of four (2/4) and three out of four (3/4). For these
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four groups, 50 % of plants were clipped. CP and NC plants were alternately planted within
each pot.

When the first siliques w ere m atured completely (i.e. yellow in color), the siliques
were counted on every plant, then all the plants were cut at the base and left to dry at room
temperature, an d t hey were t hreshed t o co llect t he s eeds. S tems an d | eaves an d s ilique
material, e xcept seeds, were dried inan oven at 80 °C for 48 h, a nd final dry weight was
measured. Seed number per plant was calculated. The averaged CP and NC data per plot were

used in fixed-effects ANOVA, and we used a 0.05 probability level for statistical significance.

RESULTS

Effects of different percentages of NC plants
The ANOVA showed that clipping leaves had a significant effect on the three measures. NC

plants pr oduced m ore s iliques, hi gher bi omass and m ore s eeds ( Table 3.1) than CP. N o
difference was obs erved a mong t reatments fort he N C pe rcentage, andt here w as no

interaction (Table 3.1).

Among the different N C percentages, no difference was recorded for the three measures of
NC: silique num ber ( df=3, F=1.32, P =0.30), bi omass ( F=1.20, P =0.35), and s eed num ber
(F=0.68, P=0.58). For CP, different treatments showed different silique number (df=3, F=5.58,
P=0.012) and biomass (F=7.88, P=0.0036), but not different seed number (F=1.93, P=0.18).

CP plants in pure stands produced two times more than in 50% mixed stands.

When 1 ooking at the given N C pe rcentage t reatments, s ome s ignificant di fferences
appeared between NC and CP in spite of high variability. At the mixed stand of 75% NC, NC
population pr oduced m ore siliques (df=1, F=8.11, P=0.029) and hi gher biomass ( F=21.97,
P=0.003) than CP on average. At the 50% mixed stand, the differences reached a maximum:
the average silique number (80+7) was 2.9-fold more than CP (27+4) (F=8.11, P=0.029); the
biomass of NC (10.84+0.36) was 3.2-fold more than CP (3.29+0.19) (F=21.97, P=0.003); and
seed number (460+43) of NC was 3.3-fold more than CP (138+16) (F=11.92, P=0.014). There

was no difference at the 25 % NC treatment.
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Table 3.1: ANOVA results of the effect of clipping (CP) versus not clipping (NC) leaves and
the pe rcentage of pl ants w ith non -clipped 1 eaves ( NC), s howing t he F test value andits

probability P for each test.

Tableau 3.1: Résultats de I’ANOVA des effets de couper (CP) ou non (NC) les feuilles et du
pourcentage de NC. F valeur du test et sa probabilité P.

Silique number Biomass Seed number
DF F P F P F P
CP vs NC 1 19.62 <0.0002  53.75 <0.0001 14.67 <0.0008
NC % 4 0.85 0.718 0.98 0.438 0.29 0.879
Interaction 2 1.28 0.296 1.33 0.283 0.40 0.672

Plotting the data against NC % (Fig. 3.1) showed a general trend. Linear regressions
were significant for biomass (F= 18.13, P=0.0008) and silique number (F= 9.37, P=0.0085) of
CP ( Table 3.2). Duetothe hi gh va riability of t he da ta r ecorded a mong pot s, t he ot her
regressions w ere not s ignificant. H owever, t he r egression (or the s mooth of m ean va lues)
decreased as the percentage of NC increased for all the three characters and the two types of

plant (Fig. 3.1), which is not random (P=0.016).
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Fig. 3.1: Regression lines of siliques, biomass and seed numbers in terms of the percentage of

non-clipped plants per pot (CP, dots and red line; NC, circles and dotted blue line)

Fig. 3.1: Les régressions linéaires de siliques, biomasse et semences d’apres le pourcentage de

NC chaque pot (CP, points et ligne rouge ; NC, cercle et ligne bleu)

Significant | inear r egression ( Y=6.14+0.32X) w as obs erved f or bi omass ( F=14.11,
P=0.0015) only, when the data of all eight plants per pot were summed. Total biomass per pot

increased as the percentage of NC among pots increased.

Different proportions of clipped leaves

The ANOVA showed that clipping leaves, on average, had a s ignificant effect on t he three
measures. NC produced more siliques, higher biomass and more seeds (Table 3.3) than CP.
No difference o ccurred among clipping tr eatments for all p lants. A s ignificant in teraction

between treatments and clipping was observed for biomass only.
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Table 3.2: Parameters of linear regression (Y=A+B*X) between silique number, biomass and

seed number for different percentages of NC

Tableau 3.2: Parametres des régressions linéaires (Y=A+B*X) du nom bre de siliques, de la

biomasse et du nombre de semences en fonction des différents pourcentages de NC

A +SE B+SE R F P
Silique number ~ NC  36+26 18+9 0.202 3.55 0.080
CP 310 93 0.401 9.37 0.0085
Biomass NC  7.1241.46 0.89+0.53  0.166 2.80 0.117
CP  0.78+0.98 1.13£0.26  0.564 18.13 0.0008
Seed number NC  235+141 79 +51 0.144 2.35 0.147
CP  79+78 36221 0.172 2.91 0.110

Table 3.3: ANOVA results of the effect of clipping (CP) versus not clipping (NC) leaves and
of the clipping treatment (proportion of clipped to non-clipped leaves).

Tableau 3.3: Résultats de ’ANOVA des effets de couper (CP) ou non (NC) les feuilles et du

traitement de la coupe (la proportion de feuilles coupées et non-coupées)

Silique number Biomass Seed number
DF F P F P F P
CP vs NC 1 19.01 <0.0002  54.26 <0.0001 15.17  <0.0006
Treatment 3 0.45 0.718 0.56 0.648 0.72 0.548
Interaction 3 2.67 0.070 8.63 <0.0004 2.02 0.137

No d ifference was r ecorded f or t he t hree m easures o f N C am ong t reatments o f
different clipping proportions. For CP, different treatments showed different silique numbers
(df=3, F=4.78, P =0.020), bi omass ( F=8.91, P =0.0002), a nd s eed num bers ( F=5.86, P =
0.0011).
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When one of four leaves (1/4) was clipped, CP and NC plants produced similar silique
numbers, biomass and seed numbers (Fig. 3.2). Significant differences were observed when
plants suffered severe leaf damage, when one of two (1/2), two successive leaves of four (2/4)
and three of four (3/4) leaves were clipped. At the 3/4 clipping treatment, the average silique
number of NC was almost 5-fold higher (78+10) than CP (16£2) (df=1, F=9.42, P=0.022), the
biomass w as almost 3 -fold hi gher (9.72+0.39 versus 3.38+0.22) (F=50.96, P=0.0004), and
seed num ber a Imost 6 -fold hi gher ( 504484 v ersus 86+ 12) ( F=6.12, P =0.048). T herefore,
silique number, biomass and seed number of CP plants decreased as the proportion of clipped

leaves increased.

DISCUSSION

Simulated herbivory pressure enhances the fitness of insect-resistant populations

Experiments w here s imulated he rbivory was employed to m easure the differences b etween
transgenic a nd w ild r elatives ha ve a Iready b een ¢ arried out ( Sutherland e ta 1. 2006;

Letourneau and Hagen 2009). Here, NC plants stand for a transgenic insect-resistant h ybrid
population and C P for apopul ation of a n 1 nsect-susceptible w ild r elative. A s ex pected,
clipping 1 eaves h ad a n egative i mpact o n t he p erformance o f Brassica j uncea: N C p lants
produced more siliques, higher biomass and more seeds than CP. Our results demonstrate that

simulated herbivory pressure can enhance the fitness of an insect-resistant population.

Most studies have shown a statistically significant increase in seed out put and final
biomass when GM Bt p lants w ere e xposed to insect herbivores or to simulated herbivory,
compared to non-GM plants. Ramachandran et al. (2000) reported such an effect in seed yield
and biomass in transgenic oilseed rape infested by diamondback moth larvae in greenhouse
and field experiments. Sutherland et al. (2006) found no s ignificantly different fitness effect
when only cotyledons were d amaged m echanically o f B. napus and B. rapa and their F1
hybrids, w hile a s light e ffect upon f inal bi omass w as r ecorded. In a ¢ omparison be tween
transgenic Bt B. rapa and B. rapa % B.napus introgressed hybrids in greenhouse and field
experiments, Moon et al. (2007) demonstrated no significant difference in seed output and dry
weight with low herbivore pressure. Letourneau and Hagen (2009) showed that seed output

and s ilique num ber of B.rapa were significantly greater w hen p lants were p rotected from
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herbivores than when exposed to Bt susceptible herbivores. The decrease in herbivore damage
expected after gene flow from Bt Brassica crops (B. napus) to B. juncea is likely to result in
greater vegetative and reproductive performance, and an increase in plant fitness compared to

a wild B. juncea population that does not contain the insect-resistance trait.
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Fig. 3.2: Silique number, biomass and seed numbers of plants with (CP) or without (NC)
clipped l eaves a ccording to the clipping treatment (CP, dots and red line; N C, circles and

dotted blue line)

Fig. 3.2. Nombres de siliques, biomasse et nombre de semences des plantes avec (CP) ou sans
(NC) feuilles coupées selon la proportion de feuilles coupées sur chaque plante (CP, points et

ligne rouge ; NC, cercle et ligne bleu)

However, in the absence of herbivore p ressure, transgenic pl ants might have l ower
fitness t han w ild pl ants be cause pr oducing t he B t pr otein c ould be c ostly for t he pl ant’s
physiology. Low s eed pr oduction a nd low pol len f ertility h ave be en observed i n h ybrid
material (Jorgensen and Andersen 1994; Chévre et al. 1997; Hauser et al. 1998; Pertl et al.
2002), probably because of both the potential deleterious effects of hybridization and the cost
of resistance ex pression. T his que stion cannot be addressed in our experiment. In addition,

before 1 ntrogressed B. j uncea is pr oduced, t he t ransgene m ust b e t ransmitted t hrough
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interspecific h ybridization, ba ckcrossing a nd nu merous ge nerations w here a h ybrid fitness

penalty could limit the spread of the resistance.

Intensity of simulated herbivory a mplifies the fitness ad vantage of an insect-resistant
population

The CP and NC plants did not show significantly di fferent m ean values w hen one of four
leaves w ere cl ipped. Ast he pr oportion o fc lipped 1 eaves i ncreased, lower growth a nd
reproduction were observed for CP plants. The absence of a few leaves did not affect the
performance o f B. j uncea, w hile m any c lipped 1 eaves obvi ously l imited i t. T hree of four
leaves clipped might be too serious. At the 3/4 clipping treatment, the average values of NC
plants were about 5 -fold higher than CP. Because clipping leaves limited the growth of CP
plants, N C c ould utilize m ore of the resources inthe pot. CP plants s howed s ignificantly
different silique numbers and biomass among the treatments of four different proportions of

clipped leaves.

Consequently, the difference between insect-resistant hybrids and related wild plants
was amplified as the intensity of herbivore pressure increased because of the appropriation of
their neighbors’ resources. Most studies suggest that moderate to high herbivore or simulated
damage pr oduces an increase in plant fitness ( Vacher et al. 2004; Sutherland et al. 2006;
Moon et al. 2007). The high herbivore pressure might promote the invasion and persistence of
transgenic ( Bt transgenes) i nsect-resistant h ybrids in mixed s tands w ith a wild popul ation.
That might be one ofthe reasons why even very low levels of introgression and selection

could lead to a high probability of fixing a transgene in a population (Meirmans et al. 2008).

Within-population competition magnifies the fitness advantage of insect-resistant plants

Among treatments of different NC percentages, CP plants showed significant differences for
the measured traits, while no difference was recorded for NC. Competition pressure from NC
plants significantly affected the development of CP plants, while CP plants did not affect NC
plants in the first experiment. The more NC plants there were in the pot, the less fertile, heavy
and r eproductive t he C P p lants w ere. Because i nsect-resistant h ybrids w ould s uffer | ess
damage, they would have access to resources that their insect-susceptible wild c ounterparts
would have otherwise exploited. As a result, resistant plants not only escape herbivore attack,
but they also capitalize on their neighbors’ misfortune. T hus, the relative fitness of insect-
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resistant hybrid popul ations might increase under herbivore pressure in mixed stands with a
wild population. Weis and Hochberg (2000) demonstrated that the effect of herbivore pressure
on the relative biomass advantage of resistant plants was magnified by plant density. Vacher
etal. (2004) found that hi gh-density patches of hi ghly d amaged wild pl ants are the m ost

vulnerable to Bt-transgene invasion.

According to the tentative regression equations proposed in Fig 1 and Table 2, there is
a p ossibility that the p erformances o f N C plants d ecreased with increasing NC p ercentage.
The lowest values appeared in the pure stands of NC plants. The most intense competition
was in the pure stands of NC plants where there were no CP plants. This could be expected, as
more healthy insect-resistant plants have to share the limited resources available in the pot.
Because selection for the plants possessing the transgene would lead to populations consisting
of 100 % insect-resistant plants, our data indicate that the overall reproductive output of the
resistant popul ation w ould be the same as a susceptible, i nsect-attacked popul ation. Thus,
when the resistant plants are in the minority, the fitness advantage for insect-resistant hybrids
is obvious, but as the frequency o finsect-resistant h ybrids increases, neighbor competition
limits t heir growth. T herefore, ¢ hanging t he po pulation from susceptible to in sect-resistant

would not result in different demographic kinetics in resource-limited habitats.

CONCLUSION

Int his s tudy, w e ha ve not s tudied t he f itness of t he f irst h ybrid ge neration a fter t he
interspecific hybridization between B. napus and B. juncea. Experiments on t hat topic show
that transgenes are likely to persist in the wild populations (Di et al., 2009). In turn, we have
simulated the fate of stabilized introgressants having the transgene for insect-resistance within
a B. juncea population. The effect of simulated herbivory and competition on the ve getative
and reproductive performances of transgenic plants and wild relatives was clear. Our results
showed t hat c lipping | eaves s ignificantly r educed s ilique num bers, final bi omass and s eed
output of B. juncea. Clipping leaves had an increasingly negative influence on the survival of
CP plants as the proportion of clipped 1eaves increased. H owever, the d evelopment of NC

plants w as not obviously impacted, irrespective of the proportion of ¢ lipped I eaves of CP
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plants. C ompetition a ffected the fitness of NC and CP plants. The stronger the c ompetition
was, t he m ore obvi ous t he f itness a dvantage of N C pl ants. T herefore, he rbivore and
competition pressure might e nhance the fitness of transgenic h ybrids in mixed s tands w ith
wild relatives. It is timely to pay enough attention to herbivore pressure that could increase

the occurrence of gene flow between transgenic crops and wild relatives.
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Complément a Particle 3

Le taux de germination des semences issues des plantes CP a été inférieur a celui des

plantes NC avant 1’ajout de gibbérelline, mais pas apres. Ceci suggere que 1’herbivorie peut

entrainer une fraction des semences a €tre plus dormante que pour une plante résistante. La

germination a aussi ét¢é affectée par différentes proportion de plantes NC. Ces résultats n’ont

pas été présentés dans 1’ Article 3 et figurent ici (Table 3.4; Fig. 3.3).

Table 3.4. F-values from two-way ANOVA results of seed germination of B. juncea

Treatment (T)
Clipping (C)

Interaction T*C

DF

7

1

5

Before GA;  After GA; Total

1.29 1 3.70"" 2.69°
6.99" 2,970 0.02"
1.16™ 0.29" 0.62"

*, P<0.05; ** P<0.01; *** P<0.001; ns, non significant
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Fig 3.3. G erminationr ate of s eed germination of B.j uncea with da ys after s owing
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Photo 3.2. Seed germination in an artificial climate chamber
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3.3 Article 4: Compétition entre plantes de Brassica juncea simulant la résistance ou la

sensibilité aux insectes

La question et les procédures de 1’étude s ont 1 es mémes que pour 1’article 3, s auf que les
plantes ont été semées au champ. L’étude préliminaire en serre nous a conduit a ne couper
qu’une feuille sur trois dans | ’expérience de 2009 alors que ¢ ’était une sur deux en 2008.
Chaque proportion N C/CP a été répétée sur cinq pl acettes d e 24 pl antes dont nous avons
distingué celles du centre de celles de 1a bordure (ces derniéres étant supposées €tre moins

soumises a la compétition).

La défoliation d’une feuille sur trois n’a pas été suffisante, a elle seule, pour modifier
les pe rformances d es plantes C P, alors qu’ une feuille sur deux en 2008 a eu un e ffet tres
marqué. Les effets combinés de la défoliation et de la compétition ont ét¢ additifs. Les plantes
enticres, NC, ont eu un avantage compétitif sur les plantes coupées CP surtout au centre des
placettes o u 1 a co mpétition es t p lus f orte, et 1 eur av antage r elatif au gmentait av ec | eur
proportion. L’investissement dans la reproduction n’était pas différent entre CP et NC, mais il
augmentait a vec la compétition in tra-population, ¢ e qui s uggére q uel ar ésistance a
I’herbivorie n *affecte p as 1’ utilisation d es r essources, contrairement a 1a ¢ ompétition. La

production totale des placettes est restée constante, quelque soit la proportion de plantes NC et

CP.

Ces résultats montrent que la résistance procure un avantage indiscutable de croissance
et de reproduction sous forte pression herbivore, mais qu’une faible herbivorie peut induire
des phé nomenes de ¢ ompensation e ntrainant pe u d e d ifférences en tre les r ésistants et 1es
sensibles. La compétition accentue les différences, le rapport de reproduction entre résistant et
sensible s ’accroissant au fur et a m esure q ue la p roportion d e r ésistants au gmente. C es
phénomenes rendent plus facile et inexorable la dispersion des transgenes de résistance aux
insectes j usqu’a fixation da ns 1 es popul ations, m ais 1 a d ynamique d émographique d es
moutardes s auvages n e devrait p as en étre ch angée, c'est-a-dire qu’elles ne d evraient p as

pouvoir envahir d’autres milieux sauf a agrandir leur niche en déplagant d’autres espéces.
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ARTICLE 4

SIMULATED INS ECT-RESISTANTVE RSUSS USCEPTIBLE
BRASSICA JUNCEA INTRA-POPULATION COMPETITION

Yongbo LIU, Wei WEI, KePing MA and Henri DARMENCY

Summary

* Few studies have focused on t he e ffect of relative fitness on popul ation d ynamics w hen
transgenes are transferred from a crop to its wild relatives, independent from the interspecific

hybridization cost.

* We clipped leaves to simulate the performance of transgenic, insect-resistant plants of wild
Brassica juncea in pure stands and in mixtures with non-clipped plants in field experiments

over two field seasons.

* The total vegetative and reproductive production of mixed populations was the same as that
of pur e popul ations. T he c ombined e ffects of d efoliation a nd r esource availability ont he
performance of B. juncea were additive. Healthy plants held a competitive advantage when in
competition with damaged plants, and the relative advantage increased as the percentage of
healthy plants increased. Investment in sexual reproduction did not differ between healthy and
damaged plants, but it did decrease with decreased intra-population competition or decreased

resource availability.

* These results suggest that if a transgene for insect-tolerance were to invade wild populations,
high herbivory and low resource availability would facilitate the s pread of resistant plants.
However, a population shift from predominantly susceptible to predominantly insect-resistant
individuals w ould not result i n di fferent d emographic ki netics, i.e. t he species w ould not

become more invasive.

Key w ords: Brassica j uncea, c ompetition, i nvasion, popul ation pr oductivity, s imulated

herbivory
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Introduction

The invasion of transgenic plants and transgenes into wild popul ations is a major biosafety
issue linked to the release of genetically modified (GM) plants, most notably for oilseed rape,
cotton, maize, sunflower, and soybean (Pilson, & Prendeville, 2004; Snow et al., 2005). For
many crops, spontaneous hybridization allows transgenes to spread to wild/weedy populations
of r elated t axa t hat o ccur n earby ( Ellstrand ef al., 1999). N umerous s tudies s upport t he
hypothesis th at h ybridization is a n in vasiveness s timulus ( inr eview b y E llstrand &

Schirenbeck, 2000), a Ithough pl ant a daptation doe s not g uarantee s ubsequent i nvasion.
Transgenic crops or hybrids and backcrosses can escape from the field and establish in other
habitats as volunteer or feral plants via both pollen- and seed-mediated gene flow (Crawley &

Brown, 1995; 2004; Hall et al., 2000; Warwick et al., 2003; Knispel et al., 2008).

Long-term persistence o f volunteer and feral plants, GM seeds, and crop alleles can
occur in fields. In Canada, one introgressed, glyphosate-resistant individual of Brassica rapa
was detected four years after the last GM oilseed rape (B. napus) was grown on the field, even
in the absence of glyphosate selection pressure (Warwick et al., 2008). Transgenic wild plants
were found three years after accidental escape of pollen and seeds from transgenic creeping
bentgrass (Agrostis stolonifera) in the USA (Zapiola et al., 2008). Herbicide-tolerant oilseed
rape seedlings emerged ten years after a field trial conducted in 1995, confirming the long-
term persistence of transgenic seeds in the seed bank in Sweden (D’Hertefeldt ez al., 2008).
Multi-herbicide-resistant oilseed rape volunteers were found five to eight years after the last
GM cultivar was grown as part of a m ulti-year farm-scale study in France (Méssean et al.,
2007). In arecent study, Snow ef al. (2010) found that crop-specific alleles persisted for ten
years in four weedy populations of hybrids between wild radish (Raphanus raphanistrum) and
R. sativus, suggesting that neutral or even detrimental genes can quite often persist in the wild.
Though t hese s tudies s how t hat t ransgenes c an invade and p ersist i n ¢ rop vol unteers a nd
wild/weedy populations, there are few studies of the dynamics of the invasion process and the
impact on popul ations ( Ramachandran et a/., 2000; S utherland et al., 2006; D amgaard &
Kjaer, 2009).

Several studies have demonstrated that the Bz-transgene for insect resistance in oilseed
rape confers hi gh relative f itness i n response t o i nsect he rbivory (Stewart et al., 1997;

Ramachandran et al., 2000; Letourneau & Hagen, 2009). In the absence of selection pressure,
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no fitness cost was detected in the Brassiceae (Ramachandran et al., 2000; Mason et al., 2003;
Di et al., 2009) or in sunflower (Snow et al., 2003). The population dynamics of introgression
could simply depend on the reproduction system, the rate of population turnover, the cost of
being an in terspecific h ybrid, or th e b enefit o f b eing r esistant. H owever, in h abitats w ith
limited resources, intraspecific competition for these resources is density-dependent (Verkaar,
1987). Ordinarily, insect- susceptible wild plant populations are regulated via the effects of
herbivory on ve getative and reproductive growth, but the population dynamic changes when
these populations are invaded by insect-resistant plants because the competitive landscape for
a given individual varies with the genetic composition of its neighbors. A s resistant plants
have an advantage over susceptible under herbivory pressure, their prevalence would increase
relative to native plants, which in turn would face an increasingly competitive environment.
As an example: the disadvantage to chickweed plants ( Stellaria m edia) infected by a virus
increased w ith t he pr oportion of he althy competitors i n t he popul ation (Friess & M aillet,

1997).

The co mpetitive r elationship b etween i nsect-resistant a nd s usceptible pl ants c an be
partitioned into two components: 1) intra-class c ompetition be tween individuals of a single
class; and 2 ) inter-class c ompetition b etween r esistant and s usceptible p lants. When insect
damage reduces the size of a susceptible plant, resistant neighbors can usurp its resources and
thus suppress its growth (Weis & H ochberg, 20 00). H owever, he rbivory da mage not only
affects the given individual, but also its neighbors and therefore regulation of the competitive
relationship might be influenced by herbivory (Chase et al., 2002). The interaction between
competition and herbivory could be: (1) additive, when the fitness disadvantage for an insect-
susceptible p lant is a mplified b y in creased competition f rom r esistant p lants ( Weis &
Hochberg 2000; A grawal, 2004) ; o r ( 2) antagonistic, w hen t he di sadvantage f ort he
susceptible pl ant de creases be cause of the i mpacts of herbivory on n eighbors (Haag et al.,
2004; S chadler et al., 2007). T here c ould a Iso be no i nteraction, i n s ituations w here t he
disadvantage to the susceptible pl ant doe s not ¢ orrelate with uni que or combined pr essure
from competition and herbivory (Steets et al., 2006). The outcome of the interaction between
competition and herbivory will de termine w hether the popul ation will e volve to be 100 %
insect-resistant or whether it will reach some intermediate equilibrium between resistant and

susceptible plants.
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Whether a popul ation will e volve t o e quilibrium also de pends on t hat p opulation’s
reproductive output and the subsequent plant density of its progeny, which in turn determines
the popul ation d ynamics (Meirmans ef al., 2008). Therefore, we address whether there is a
population maximum seed production for a given percentage of resistant plants under insect
pressure, since resistant plants could benefit from resources that would otherwise have been
consumed b y s usceptible pl ants ( Friess & M aillet, 1997; R odriguez & Brown, 1998 ).
Enhanced seed production could make a population better able to disperse at a cer tain point
during its e volution from 0 t 0 100 % r esistant, m aking i1t m ore invasive than the o riginal
population a nd pot entially m ore t roublesome for e cosystem conservation a nd a griculture.
Conversely, reduced seed production could result in only rare occurrence of insect-resistant

plants.

Oilseed rape (Brassica napus, AACC, 2n=38) is a model crop for transgenic studies,
and Bt-transgenic oilseed rape conferring insect-resistance has been studied for years (Stewart
et al., 1997). Although Ramachandran et al. (2000) found that Bz-transgenic oilseed rape is a
superior ¢ ompetitor ¢ ompared t 0 non -transgenic oi Iseed r ape unde r pr essure fromt he
diamondback moth, there are few studies of variation in the competitive interaction when the
frequency o f'i nsect-resistant p lants i ncreases. B. j uncea (AABB, 2n=36), one of the wild
relatives of B. napus, is a tetraploid species that is preferentially self-pollinated but that has a
considerable outcrossing rate. It is frequently found as a weed in arable fields and is a ruderal
component of roadsides and waste sites in China. B. napus and wild B. juncea are highly
compatible, a nd h ybrids a nd s ubsequent ba ckcross ge nerations ha ve s uccessfully b een
obtained by open pollination (Frello et al., 1995; Bing et al., 1996; Song et al., 2007, Liu et
al., 2010). T her elatively high ¢ ompatibility raises abi osafety concern;t ransgene
introgression could occur from transgenic oilseed rape to wild B. juncea. This could then lead
to pe rsistence of t heir hybrids o r ba ckcross p rogeny i n the wild B. j uncea habitats a nd,
consequently, t he oc currence of t ransgenic i nsect-resistance w ithin B. j uncea populations

following interspecific hybridization.

The obj ectives of our study were: (1) to detect variation in c ompetitive interactions
between insect-resistant and susceptible plants present at different proportions in mixed stands
undert wo di fferent e xperimental ¢ onditions; ( 2)t o de termine w hether i ntraspecific
competition a mplifies o r d iminishes th e s elective a dvantage o fr esistance; ( 3) to s tudy

adaptive s trategies ( resource allocation) und er v arious c onditions, i ncluding he rbivory and
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resource pressure; (4) to investigate whether population production varies with the proportion
of r esistant p lants; ( 5) to d etermine th e v ariation in or s tability o fth e fitness imp acton
simulated in sect-resistance i n s usceptible pl ant popul ations of w ild B.j uncea, a st he
frequency of resistant pl ants i ncreases. W e us ed 1 eaf ¢ lipping t o s imulate he rbivory on B.
juncea and to mimic the effect of insect resistance. Simulating herbivory (e.g. defoliation at
the cotyledon stage: Sutherland et al., 2006) allows us to exlude interactions arising from the
interspecific h ybridization c ost a nd e liminate v ariability in herent in n atural in sect at tacks.
Simulated herbivory via leaf clipping and hole-punching (Schooler et al., 2006) is often used
as a substitute for actual herbivory in ecological studies of insect-plant interactions; it o ffers
precise c ontrol ont he amount a nd t iming of pl ant da mage ( Baldwin, 1990) a nd c losely

mimics actual impacts of herbivory (Schooler et al., 2006).

Materials and methods

The 2008 experiment Wild Brassica juncea (2n=36, A ABB) was obtained from the
Dijon, INRA laboratory weed collection (ref. X04-021, from Turkey). Seeds of B. juncea
were sown in Giffy-7 in the greenhouse (22 °C under natural light). Three weeks later, in June
2008, seedlings at the three-leaf stage were transplanted to one of four insect-free cages (3m
width * 6m length * 3m height, protected by a 2mm mesh nylon net) in the INRA common
garden at Dijon. Each cage contained five plots (0.5m * 0.7m), and plots were separated from
each other by 0.6m. In each plot we planted 24 B. juncea seedlings, placed one every 0.1m, in
four rows and six columns. The plots were kept weed-free by hand, and the soil around the

plots was covered by a porous plastic net to prevent weed emergence.

In o rder t o s imulate t he pe rformance of t ransgenic i nsect-resistant p lants in in sect-
susceptible w ild popul ations, w e s imulated i nsect d amage b y cl ipping s ome | eaves o ft he
plants d esignated as s usceptible ( clipped p lants: C P =i nsect-susceptible da maged pl ants),
while other plants remained intact (non-clipped plants: NC = insect-resistant healthy plants).
Every second, whole leaf to emerge on the stem of each CP plant was clipped, starting at the
four-leaf s tage and c ontinuing to the opening of the first flower. T o s imulate the invasion
process of insect-resistant plants into a wild population, five different percentages of NC were
added to plots, with four replicates for each percentage: 0 (To), 25% (T2s), 50% (Ts0), 75%
(T75), and 100% NC (Tigo). Plant types (CP or NC) were placed randomly within each plot,
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while ensuring that the same ratio of CP to NC existed for the eight plants in the center and
for the 16 plants at the border. This allowed us to compare performance at the two positions
(Figure 3.4). Center plants experienced higher c ompetition w hile bor der plants e xperienced
lower competition. Houseflies, Musca domestica, were continuously provided inside the cages

to facilitate random pollination.

The 2009 experiment The experiment was replicated in April 2009, but this time five
or six B. juncea seeds were directly sown in each spot within the cage. After emergence, one
seedling per spot was randomly selected and the others were removed. In addition, we clipped
one out of three successive leaves instead of one out of two, because greenhouse experiments
indicated that this would reduce the plant damage to an acceptable intensity (see Liu et al.,

2009).

Measurements The number of leaves on the stem and the date when the first flower
opened w ere r ecorded for each p lant. W hen t he f irst co mpletely m ature s iliques w ere
observed (i.e. golden brown in color) the siliques were counted on every plant and then all
plants were cut at the base and left to dry at room temperature. The plants were threshed to
collect the seeds. Stems, leaves, and silique material (except seeds) were dried in an oven at
80°C for 48 h, a nd final dry weight was measured as p lant w eight. T he s eed number w as
counted and the seed weight per plant was measured. The number of seeds per silique was
calculated (seed number/ silique number). Biomass was calculated as plant weight plus seed
weight. A resource allocation index (reproductive index) was calculated as the ratio of the
plant w eight t o t he s eed w eight. V iability of upto 100s eedsperplantwastestedby
germinating on moist paperin a growth chamber ( 15°C during 8h inthe dark, and 25°C
during 16h under artificial light). Germinated seedlings were checked once every three days
for a period of three weeks, and then trays were sprayed with 0.4 % gibberellic acid and put in
continuous darkness to break seed dormancy. The number of viable seeds was calculated as

the seed number multiplied by the germination rate.

Statistical analysis The mean value for all CP or NC plants in the center and at the border
of each plot was used for the statistic analysis of all measured traits. For seed weight, total
biomass, and seed number, a per-plot analysis was carried out using the sum of the data from
all CPor NCplants in the centeror all atthe border. Bartlett's te st was used to test for

homogeneity of variance, and as a result the data were 1og transformed to ensure a N ormal
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distribution of residuals for all c haracteristics m easured. A four-way fixed-model ANOVA

was us ed t hat i ncluded e ffects of c age, c lipping, pos ition w ithin p lot, a nd pl ant t ype
percentage. The two experiments were analyzed separately because of the different conditions
in the first and second experiment ( different e xperimental c onditions includes c lipping 1/2
versus 1/3 of the leaves, transplanting versus direct sowing, and 2008 versus 2009 year effect).
Tukey’s HSD test was used for multiple comparisons. A contrast test was used to analyze the
effects of ¢ lipping a nd pl ot pos ition on gr owth a nd r eproductive pe rformance. D ata on

flowering date, seed weight, biomass, number of viable seeds, and reproductive index were
fitted to a linear regression model in terms of the plant type percentage, Y=a + b*X, where X
was the percentage (0, 25, 50 and 75 for CP, 25, 50, 75 and 100 for NC). The linear regression
slopes w ere ¢ ompared us ing R s oftware’s Diffslope ( simba) pa ckage ( http://www.r-
project.org/). Regressions were also calculated for total seed weight, biomass and number of
viable seeds per plot. In order to investigate the difference between NC and CP, relative to the
CP pure stand T performance, and according to the percentage of NC, we used the Helmert
Contrast test on the calculated DI= (NCr;-CP1;)/CPry. All statistic analyses were conducted in

R software.

Results

Effect of simulated herbivory on individuals The 2008 a nd 2009 e xperiments w ere
analyzed s eparately b ecause the experimental c onditions w ere s o di fferent. In 2009, pl ants
generally p erformed be tter t han 1 n 2008. S pecifically, t he 2009 pl ants: f lowered | ater,
produced more leaves, had higher seed weight, had higher plant weight, had more biomass,
had more seeds per silique, had more viable seeds, and had higher germination rate. However,
2009 plants had a lower reproductive index than those in the 2008 e xperiment (Figure 3.5).
Neither silique number nor seed number differed between the two experiments.

Plant position ( center versus border) was an important variable in both years (Table
3.5). Plants at the plot border produced heavier seeds, greater biomass, and more viable seeds
(but had a lower resource allocation index) than those in the center (Figure 3.5, Table 3.5). In
2009, plant position did not affect leaf number, flowering date, or germination. There was no
interaction between clipping leaves and plot position in either experiment. The effect of leaf

clipping was much more pronounced in the first experiment; CP plants had lower plant weight,
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silique number, seed number, seed weight, biomass, number of viable seeds (all P < 0.001),
and seed number per silique (P < 0.05) than NC plants. The clipping effect was less evident in
the second ex periment; in this case CP plants had fewer siliques, lighter seed w eights, and
lower biomass than NC plants (Figure 3.5, Table 3.5). Clipping had no effect on flowering
date, number of viable seeds, or the resource allocation index in either year (Table 3.5).

Effect of the percentage of simulated insect-resistant plants

In the 2008 experiment, an increased percentage of NC plants resulted in reduced seed
weight, biomass, and number of viable seeds in both plant types (P <0.01 for all variables),
though t he pr esence and m agnitude o f this e ffect varied w ith pl ot pos ition. T here was no
effect o n f lowering t ime o r t he r esource al location i ndex. T here w as al so a s ignificant
interaction between leaf clipping, the percentage of NC plants, and plot position (Table 3.5),
suggesting that NC and CP plants reacted differently to different combinations of conditions.
In the plot centre, an increased percentage of N C plants resulted in decreased s eed w eight,
biomass, and number of viable seeds of both plant types. However, at the plot border, these
variables only decreased for NC plants (Figure 3.6, Table 3.6). Each of these variables was
plotted against the percentage of NC plants separately for each plant type at the border, and
again for those at the center of the plots (Figure 3.6). The regression slopes did not di ffer
between NC and CP plants situated at the center of the plot. The slopes for NC plants situated
at the border did not differ from those situated at the centre. In all cases, the low values of the
regression coefficient R? indicated a poor fit and a great deal of variability among plots (Table

3.6).

In the 2009 e xperiment, there was no 1 ink between the percentage of NC plants and
any of the measured characteristics, and no interaction among treatments. There was only one
significant lin ear r egression; f lowering d ate o f th e N C p lants s ituated a t th e p lot ¢ enter

increased with the percentage of NC plants (Figure 3.6).

In the 2008 e xperiment, the relationship between the variables and percentage of NC
plants was non-linear for CP plants at the plot border (Figure 3.6). The resource allocation
index was lowest at Ty for all NC and CP plants at both plot positions (Figure 3.6). In the
2009 experiment, the relationship between the variables and percentage of NC plants was also
non-linear for both NC and CP plants at the plot center. In this experiment, extreme values of

NC plants were observed at T7s in the plot border and the resource allocation index of NC and
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CP plants reached a maximum at T7s in the plot border (Figure 3.6). There was no difference
in pe rformance of NC and CP plants in pure plots in either e xperiment ( Figure 3 .6). T he
resource allocation index for NC and CP plants did not differ between mixed and pure stands

(contrast test, P>0.05) for either plot position in either experiment.

Competition b etween simulated insect- resistant and s usceptible p lants The relative
difference (DI) between NC and CP varied both with the plot position and between the two
experiments (Table 3.7, Figure 3.7). From the first experiment to the second and from plot
center to border, there were fewer stands that had high DI values (Figure 3.7). According to
the Helmert contrast test, the DI value at T,s was higher than that at T, in the center in both
experiments. The same was not true at the border (Table 3.7). DI at T7s was different from T»s
and Tso for: 1) the plot center in the first experiment, 2) the plot border in the first experiment,
and 3) the plot border in the second experiment. DI between NC and CP in pure stands was
lower than in the mixed s tands. T he onl y e xception w as at the pl ot c enter in t he s econd

experiment, where DI was lowest at Tso (Table 3.7).

Comparison of summed performances per plot Plot pos ition w ast he onl y s ignificant
factor within plots (Table 3.8). The group of plants at the plot border produced higher biomass
(3.5-fold in 2008 and 4.6-fold in 2009) and more viable seeds (3.1-fold in 2008 and 4.2-fold
in 2009) than the group in the plot center (P<0.001) (Figure 3.8). The growth conditions were
much more favorable in the 2009 experiment than in the 2008 one, especially for plants at the
borders. At the plot border, there were more viable seeds (F, ;3= 22.45, P<0.001) and greater
biomass (F; 35=310.47, P<0.001) in the 2009 experiment than in the 2008 experiment. In the
plot center, there was more biomass (F; 33=69.11, P<0.001) in the 2009 experiment than in
the 2008 experiment, but no difference in viable seed number (F; 335= 0.01, P=0.94) (Fig 3.8).
For a given position, center or border, there was no variation in the total viable seed number
or biomass linked to the percentage of NC plants, except for the number of viable seeds in
plot bor dersi nt he 2009 e xperimenta tT ;5 (Figure 3.8). In p articular, t here w ere n o
differences in seed and biomass production between pure stands of CP or NC plants, in either

plot position or experiment.

Discussion

Effects of simulated herbivory on plant growth and reproduction
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Our ga rden e xperiments s howed t hat s ufficient de foliation s ignificantly decreased pl ant
growth and fecundity, because of the effects of defoliation on phot osynthesis. Clipping one
out of t wo s uccessive |l eavesi nt he 2008 e xperiment ha da ne gative i mpactont he
performance of Brassica juncea: NC plants produced higher seed weight, biomass, and viable
seeds than CP plants. Clipping one out of three successive leaves, as in the 2009 experiment,
did n ot g enerate an y d ifferences b etween N C and C P. A Ithough t his difference b etween
experiments ¢ ould be a ttributed t o s easonal e ffects ( 2008 vs . 2009) and pl anting m ode
(transplanting vs . direct s owing), it m ore | ikely r esulted from t he I eaf clipping r ate. T his
would be consistent with the results of our preliminary greenhouse e xperiment (Liu et al.,
2009). The percentage of defoliation of non transgenic oilseed rape by diamondback moths in
a field experiment was only around 20% (Ramachandran et al., 2000), but this ratio applied to
all foliage while we clipped only the leaves on the main stem. Clipping one out of three leaves
did not a ffect plant growth, w hich can likely b e e xplained b y the obs erved ¢c ompensatory
growth of num erous | eaves a t a xils ( data not s hown). C ompensation ha s be en s hown t o
increase via plant growth, after tissue loss to herbivores (Strauss & Agrawal, 1999; Hawkes &
Sullivan, 2001). Boalt & Lehtila (2007) found that foliar damage resulted in c ompensatory
leaf growth in wild radish (R. raphanistrum), and foliar damage of up to 30% of the leaf area

had no effect on plant height and seed yield.

Although t he s ame pe rcentage of da maged | eaves ge nerated from c lipping 1 eaves
versus real herbivory does not impact plants equally, simulated herbivory by clipping leaves
is a feasible a Iternative w hen m olecular containment of t ransgenes i s forbidden in field
experiments ( Letourneau & Hagen 2009 ) and given that the e fficiency of leaf damage by
insects is very unstable and depends on many environmental conditions. In the current study,
NC p lants r epresent t ransgenic i nsect-resistant pl ants, m imicking a t ransgenic crop o r
advanced stable backcross generation of hybrids between the transgenic crop and B. juncea.
CP represents insect-susceptible wild relatives. Letourneau & Hagen (2009) showed that the
Bt-based B. rapa did not possess a fitness advantage w hen the plants were subject to low
herbivory p ressure, but t he a dvantage w as s ignificant w hen t hey w ere s ubject t o hi gh
herbivory. M oon et al. (2007) de monstrated s ignificantly hi gher s eed o utput i n t ransgenic
hybrids f ormed be tween B. napus and B. r apa, t han i n pur e popul ations of B. r apa in
greenhouse ¢ onditions, w hile there was no effect in field e xperiments with low h erbivory.

Ramachandran ef a l. (2000) r eported t hat non -transgenic pl ants i nfested b y di amondback
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moth I arvae s uffered hi gher de foliation a nd pr oduced 1 ess bi omass a nd s eed yield t han
transgenic oilseed rape in greenhouse and field experiments. These results de monstrate that
the f itness o f'1 nsect-resistant pl ants i s hi gher t han t hat of 1 nsect-susceptible one s unde r
moderate to high herbivore damage. High herbivore pressure might promote the invasion and
persistence o ft ransgenic ( Bt-transgene) 1 nsect-resistant p lants w ithin a w ild p opulation
(Vacher et al., 2004). Under these conditions, it is expected that the transgene could invade

the whole population.

Competitive i nteraction b etween i nsect-resistant a nd i nsect-susceptible pl ants a s t he

percentage of resistant plants increases

Our r esults s how t hat i nsect-resistant p lants ( simulated by N C p lants) have a ¢ ompetitive
advantage in a mixed p opulation, but this a dvantage varies w ith the r elative pr oportion of
resistant p lants i nt he plots. A st he pe rcentage of 1 nsect-resistant pl ants 1 ncreased, t he
performance of both susceptible (simulated by CP plants) and resistant plants decreased under
the hi gh he rbivory pr essure s imulated in the first e xperiment ( Figure 3 .6). T he e quivalent
slopes indicate that fitness of the resistant plants relative to the susceptible plants increased
geometrically with their increasing representation in the population. The difference between
NC and CP plants in seed weight, biomass, and viable seed number increased as the combined
effects of competition and defoliation increased, which suggests that these combined e ffects
are additive (in the sense of Weis & Hochberg, 2000; Figure 3.6). As insect-resistant plants
suffered no d amage, they would have access to resources that their i nsect-susceptible wild
counterparts were unable to exploit. Low resource availability exacerbates the misfortune of
susceptible pl ants. W eis & H ochberg (2000) d emonstrated t hat c ompetition m agnified t he
effect of herbivore pressure on the relative biomass advantage of resistant plants. Vacher et al.
(2004) r eported t hat hi gh-density p atches of highly da maged w ild p lants a re t he m ost

vulnerable to Bt-transgene invasion.

Allocation of resources to reproduction was not affected by simulated herbivory, but it
decreased from the plot center to the plot border due to the competitive interaction among NC
and C P pl ants f or a vailable r esources ( Figure 3.6). T his m eans t hat p roportionally m ore
resources w ere i nvested i n pr oducing pr ogeny in h arsh ¢ onditions, a nd t hat r esource
availability may limit plant plasticity. However, Rodriguez and Brown (1998) found that slug
herbivory reduced reproductive investment in Poa annua in a greenhouse experiment. Other

variable cas es h ave b eenr eported i nt he | iterature. In a pur slane ( Portulaca ol eracea)
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experiment, harsh growth conditions increased investment in reproduction (Friess & Maillet,
1996), but in similar e xperiments w ith ¢ hickweed ( Stellaria m edia) r eproductive al location
decreased at higher density, although it w as stimulated at mo derate plant density (Friess &
Maillet, 1997). There could be also varied responses depending on t he adaptive strategy of
different genotypes: ¢ ompetition ¢ ould de crease r eproductive i nvestment be cause hi gh
investment in growth increases competitive ability (Pagan et al., 2009). The results suggest
different adaptive s trategies o f B.j uncea under di fferent growth ¢ onditions, i ncluding
resource a vailability, c ompetition, and herbivory, which could ul timately result in different

population dynamics.

Population production and dynamics with increasing insect-resistant plants

Population pr oduction w as a ffected b y experimental ¢ onditions, i ncluding bot h pl anting
procedure, p ercentage of clipped l1eaves and yearly conditions. In general, hi gh de foliation
caused a greater de cline i n popul ation pr oduction t han I ow de foliation. In at wo-year
experiment, m ammalian he rbivores a Itered ve getative g rowth, i ncluding growth r ate a nd
timing of reproduction, of Cirsium oc cidentale and u Itimately th is h erbivory a ffected th e
population dynamics (Palmisano & Fox, 1997). Spataro and Bernstein (2004) found that the
effect of competition on population dynamics was linked to the presence of parasitoids in the
system. However, estimating the impact of herbivory is complex b ecause herbivory affects
neighboring plants in addition to target plants, and seed dispersal in addition to growth and
reproduction (Verkaar, 1987). In the current study, populations at the plot border had higher
production than those in the plot center, while the number of viable seeds of the populations
in pl ot c enters di d not differ be tween t he t wo e xperiments. T herefore, t he di fference i n
population production between the two experiments might be better explained mainly by the
different growth conditions than by the different de foliation 1evels. In other words, like the
resource allocation of plants discussed above, growth conditions may play a more important

role in population production than defoliation, especially for reproductive production.

Maximum popul ation r eproduction w as obs erved at T 75 at t he pl ot bor ders of the
second e xperiment, a Ithough popul ation pr oduction va ried 1 ittlea mongt he v arious
percentages o fhe althy pl ants. R eproductive production w as i mportant f or popul ation
composition, s ince m ore s eeds f rom 1 nsect-resistant pl ants w ould be r eleased t han f rom
susceptible one s unde r high he rbivory. R eproductive pr oduction i s a Iso i mportant f or t he

kinetics of popul ation demography, be cause e nhanced s eed pr oduction ¢ ould m ake a
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population more able to spread to neighboring populations. Because the advantage of insect-
resistant pl ants i ncreases unde r ha rsh ¢ onditions, i tis likely t hat r esistant pl ants w ould
dominate t he popul ation and t hat t he popul ation w ould e volve from 0t o 100 % r esistant
within a short time. Letourneau and Hagen (2009) have found that B. rapa plants (including
those protected and exposed to Bt -susceptible herbivores) produced more seeds in disked soil
or field margins than in natural vegetation. If this population were to spread into disturbed
habitats, the fate of adjacent wild populations could quickly depend on the prevalence of the

invading insect-resistant plants.
Implication for the invasion of transgenic volunteers into wild populations

The current study shows that sufficient simulated herbivory decreases plant fitness, showing
that h ealthy p lants h ave a cl ear co mpetitive a dvantage. T his ad vantage v aried w ith t he
percentage of resistant p lants in the popul ation, and was more obvious under 1 ow resource
availability than when resources were high. In addition, the interaction between herbivory and
competition ha d a n a dditive e ffect on pl ant fitness. H owever, pl ants had t he a bility f or
compensatory growth f ollowing i njury b y h erbivory. Low c ompetition a nd s ufficient
resources support regrowth in semi-natural environments. Thus, at the final equilibrium (i.e.
resistance gene f ixed i na popul ation) ve getative a nd reproductive p roduction of wild
populations was not significantly altered. The overall productive output of the pure resistant
population w as the same as the insect-attacked pure popul ation (Figure 3.8), m eaning t hat
changing t he popul ation from s usceptible t o 1 nsect-resistant w ould not r esult i n di fferent
demographic k inetics. T herefore, t hese results s uggest t hat, al though 1 nsect-resistant p lants
can invade and completely replace wild susceptible popul ations, which still is one of major
concerns on ¢ ommercial release o f transgenic crops, there will be no change to the plant
community e quilibrium due to t he i ntrinsic ¢ hange in the B. j uncea demography, unl ess
herbivorous insects switch to another species. This could result in more resources available in

the habitat for the insect-resistant species.
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Table 3.5. F values of the analysis of variance for individual data of B. juncea plants.

Plant characteristics ~ Clipping Position Percentage Clip.x Clip.  Pos. x  Clip.
of NC Pos. x Per. Per. X P os.
x Per.
First experiment
Leaf number 0.03™  0.03™ 095™ 0.05™ 345  057™ 0.32™
Flowering date 0.89™  0.05™ 1.34™ 0.04™  2.47™ 1.00™ 1.54™
Plant weight 30317 62.06° 4347 226™  0.02™ 0.96™ 3.89"
Silique number 22,637 52337 297 1.41™  0.44™ 087™ 247™
Seed number 251477 35567 320" 1.19™  030™ 1.16™  3.69
Seed weight 35127 15237 622" 1.76™  0.11™ 1.74™  4.73"
Biomass 32607 523077 4.937 221™  0.02™ L.11™ 427
Germination 021™ 18307 3.34 0.01™ 2.52™ 045™ 3.99"
Number of vi able 24.99" 2987 421" 0.64™  035™ 1.05™ 439
seeds
Reproductive index ~ 0.18™  60.74 1.92™ 0.01™  0.09™ 0.16™ 0.55™
Number of seeds per  5.95° 13.16° 0.58™ 0.13™  0.24™ 2707  229™
silique
Second experiment
Leaf number 0.58™  0.79™  0.93™ 0.18™  0.50™ 0.66™ 0.10™
Flowering date 1.99™  1.18™  1.12™ 0.12™  031™ 0.51™ 0.61™
Plant weight 3.67™ 50517 0.19™ 023™  1.40™ 0.13™  0.66™
Silique number 4.10" 36.64 0.07™ 023™  138™ 0.08™ 041™
Seed number 248™ 331177 0.17™ 0.10™  1.41™ 0.07™ 037™
Seed weight 461" 3697 027" 023™ 120™ 0.17™ 1.03™
Biomass 3.99° 493777 0.18™ 0.24™  1.38™ 0.12™ 0.75™
Germination 0.03™  0.09™ 2.72° 0.10™  1.24™ 3907 0.84™
Number of vi able 2.20™ 3270 0.17™ 0.08™ 1.51™ 0.08™ 0.33™
seeds
Reproductive index  0.66™  5.06°  1.44™ 0.03™  0.03™ 0.18™ 0.26™
Number of seeds per 0.01™ 433" 1.89™ 0.01™ 1.02™ 0.69™ 1.55™

silique

Levels of significance: ns, non significant; *, P < 0.05;**, P < 0.01; *** P <0.001.
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Table 3.6. Parameters o f s ignificant 1 inear re gression (Y =A+B*X) o f fl owering d ate, s eed

weight, biomass and number of viable seeds in terms of the percentage of NC plants (see Fig.

3.6).
Experimen Traits Position NC/ A B R? F P
ts Cp
The first Seed weight Border NC 3.72 -1.23 0.23 4.26 0.06
Center NC 3.96 -1.92 030 592 0.03
Center CP 2.12 -1.36 0.55 16.8  0.001
Biomass Border NC 19.93 -6.92 0.21 3.75  0.07
Center NC 16.14 -8.24 035 737 0.02
Center CP 7.46 -4.20 032 653 0.02
No. viable seeds = Border NC 3238 -1401 0.41 9.51 0.008
Center NC 2304 -1374 022 384  0.07
Center CP 1288 -825 036 793 0.01
The second Flowering date Center NC 44.76 3.31 0.21 3.60 0.08
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Table 3.7. Results of Helmert contrast test of the relative difference between NC and CP [DI=
(NCri-CP1i)/CP1o] in plot center and border of the first (A for center; B for border) and the

second experiment (C for center; D for border)

Percentage of NC t-values
Contrasts 25%  50% 75% A? B C D
1 -1 1 0 717 179 2124277 -037™
2 -1 12 321 114077 -1.16™ 5857
3 -1 -1 -1 202577 72777 041" 27.0277

Levels of significance: ns, non significant; *, P<0.05; *, P <0.01; *** P <0.001.

* Letters are consistent with that in Fig 5
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Table 3.8. F values of the analysis of variance of per-plot data of B. juncea.

Factors DF  Seed weight Biomass No.vi able

seeds

The first experiment

Position 1 132417 189.66 138.72"
Percentage 4 1.01™ 0.58™ 0.38™
Position x Percentage 4 0.27" 0.34™ 0.11"
The second experiment

Position 1 156.917"  172.89 112.09™
Percentage 4 0.81™ 0.36™ 0.71"™
Position x Percentage 4 0.20™ 0.22™ 0.10™

Levels of significance: ns, non significant; ***, P < 0.001
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Fig. 3.4. Examples of experimental designs for different percentage of NC plants: T s (top:
‘0’ is NC, and X’ is CP), Tsg (bottom), and T7s (top: ‘O’ is CP, and ‘X’ is NC). Grey region

indicates plot center, and white region is plot border.
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3.4 Article 5: Effet de 1a proportion relative de B. juncea résistants aux insectes (géne Bt)

sur la fitness des populations

Une gé nération B C, a ét ¢ o btenue en r étrocroisant d e | a m outarde av ec 1 es h ybrides
transgéniques ou non dé¢ crits da ns | ’article 1. Les BC, transgéniques ( trBC2) e t non -
transgéniques ( ntrBC2) ont ¢ t€ s emés a di fférentes pr oportions da ns de s ¢ ages ou de s
chenilles on ¢ té i ntroduites t ardivement, qua nd 1 es pr emiceres f leurs s ’ouvraient. H auteur,

biomasse, nombre et poids de semences ont été mesurés.

La présence d es insectes ar éduit | a c roissance des p lantes mais n’a p as affecté l a
reproduction. N ous n ’avons pa sobs ervéde di fférences ignificativee ntrel es B C;
transgéniques et non transgéniques quelque soit la présence des insectes. Cependant, les deux
types de pl antes ont vul eurs pe rformances augmenter a vec | a pr oportion de r ésistants
transgéniques en présence des insectes seulement. La production totale par cage a au gmentée

dans les mémes conditions.

Ces résultats montrent que le géne Bt n’a pas d’effet négatif observable sur la fitness
des r ésistants en | "absence d ’insectes et q u’il ne d evrait p as m odifier | a d ynamique d es
populations de moutardes. Cependant, comme dans 1’expérience en serre, mais au contraire de
la simulation au champ, la pression de sélection par les insectes conduit a une augmentation
globale de la productivité de la population qui pourrait la rendre plus invasive et disséminer
encore p lus facilement 1 e transgeéne h ors d es milieux cultivés. Les différences en registrées
dans nos di fférentes e xpériences pou rraient cependant ét re d ues a d ifférent n iveaux d e
ressources, d e d ensité d e p lantes o u d e d ommages cau sés p ar | es 1 nsectes, au cune d es

expériences n’étant finalement plus proche qu’une autre des conditions réelles du champ.
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Photo 3.3. Cotton bollworm (Helicoverpa armigera H.) were put on plants in cages
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ARTICLE 5

EFFECTS OF THE R ELATIVE P ROPORTION OF BT-TRANSGENIC
PLANTS ON POPULATION PRODUCTION AFTER THE TRANSGENE
INTROGRESSION

Yongbo LIU, Henri DARMENCY, C. Neal STEWART Jr, KePing MA, Wei WEI

Abstract

e The d ynamics of popu lations ¢ omposed of i nsect-resistant p lants r eceived few
attentions, although it determines the invasive potential of both the resistant plants and

the populations containing resistant plants.

e Nearly isogenic b ackcrossed g enerations formed be tween wild Brassica juncea and
Bt-transgenic oilseed rape (B. napus) were cultivated in a common garden, with pure
and m ixed popu lations of 1 nsect-resistant a nd/ or s usceptible pl ants u nder 1 nsect

pressure and control.

e Insects significantly decreased v egetative growth but did not a ffect r eproduction in
term of both individual plants and populations. With increasing percentage of insect-
resistant plants, in the presence of insects, both resistant and susceptible plants had
slightly increased productivity. The p opulation production increased with increasing
percentage o f transgenic plants in popul ations under insect pressure. It was not the
case in the absence of insect when a fitness cost occurred for the transgenic plants at

transgenic percentage of 50%.

e These results imply that the occurrence of insect attacks is the major determinant of
the d ynamics of m ixed r esistant a nd s usceptible popul ations, a f eature w hose
frequency is qui te di fferent in c ultivated and w ild ha bitat, w hich ¢ ould hamper the

spread of the Bt-transgenes among wild populations.

Key words: transgenic oilseed rape, Bt, population production, fitness
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Introduction

Spontaneous introgression from crops to their relatives should be evaluated as a component of
the risk a ssessment for t he release of g enetically m odified ( GM) c rops (Darmency 1994;
Ellstrand e ta . 1999) . S everal s tudies on a dvanced-generation h ybrids f ind t hat s ome
interspecific hybrid genotypes persist for several generations under certain conditions, which
suggests th at long-term introgression could o ccur under natural environments ( Linder et al.

1998; Lexer et al. 2003; Al Mouemar and Darmency 2004; Warwick et al. 2008).

Studies on t he direct fitness e ffects of transgenes oni ntrogressed pr ogeny aidin
assessing their ph enotype a nd t heir effect on t he d ynamics a nd de mography of't he
introgressed populations. The rate of transgene spread is mainly governed by fitness e ffects
(Rieseberg and Burke 2001). However, most experimental studies only involved F ;| hybrids
that may display either heterosis, a transient condition that may overestimate the probability
of persistence of crop genes within wild populations (Arnold and Hodges 1995; Lexer et al.
2003), or out breeding de pressiona nd ne ars terility, a t ransient ¢ ondition th atma y
underestimate the probability of persistence of crop genes within wild populations (Burke and
Arnold 2001). Such interacting e ffects are reduced in advanced generations of backcrossed
progeny that are better suited m aterial to es timate the b enefice and cost of an introgressed

transgene in a wild population.

As t ransgene i ntrogression w ill i nevitably 1 ead t o popul ations ¢ omposed of bot h
transgenic a nd non -transgenic p rogeny ( Vacher et al . 2 004), t he f ecundity and r esulting
evolutionary impact o f crop-wild in trogressed o ffspring ma y d epend o n th eir ¢ ompetition
ability (Campbell a nd Snow 2007) . T ransgenic pl ants ge nerally a re expectedtobe a't
competitive a dvantage when t ransgenes i nvolve f itness-related tr aits, lik e th e Bacillus
thuringiensis (Bt), insect-resistance transgene. Wild plants receiving the Bt gene are likely to
display insect-resistance and | ess he rbivore d amage as Bt crops do, w hich in turn ¢ onfers
greater pl ant f itness ( survival, g rowth a nd f ecundity pot entiality) ¢ ompared w ith i nsect-
susceptible plants (Stewart et al. 1996; Ramachandran et al. 2000; Snow et al. 2003; Vacher et
al. 2004; Moonet al. 2007). A s t he fitness a dvantage o f'1 nsect-resistance allows h igher
competition, the resistant plants are expected to suppress the growth of susceptible ones in the
populations in w hich the trangene m ove in. H owever, t he d ynamics of mixed popul ations

including r esistant a nd s usceptible pl ants m ight be ac omplex pr ocess, de pending on
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interacting f actors s uch as genetic ba ckground, intensity of h erbivory, resource 1 evel and

relative abundance of resistant plants (Verkaar 1987).

Studies on t he d ynamics of m ixed popul ations i nvolving r esistant a nd s usceptible
plants a nd t heir pos sible c hange from a pur e susceptible popul ationt o a pur e resistant
population are scant (Ramachandran et al. 2000). In addition, it is not clear if results from a
given 1 nterspecific cross can b e validated i n the cas e o f o ther wild s pecies w ith d ifferent
growth habit. Brassica juncea (2n=36, AABB), the wild brown mustard, is closely related to
B. napus (2n=38, A ACC), the oilseed rape, and both are polyploids. They easily intercross
and produce viable progeny (Frello etal. 1995; Songetal. 2010; Liu etal. 2010a). In this
study, w e aim at d etecting if th e fitness advantage of fered b y t he B t transgene t o w ild
populations of B. juncea varies according to its frequency within the population. Backcrossed
Bt and non-Bt hybrid progeny were employed to detect the vegetative and reproductive output
of m ixed popul ation w ith va rious pr oportions o f ne arly 1 sogenic r esistant a nd s usceptible

plants, and under no insect and insect pressure.

Material and methods
Plants

Seeds of wild brown mustard (Brassica juncea var. gracilis, 2n =36, AABB) originated from
alo cal field ¢ ollection p rovided b y Nanjing Agricultural U niversity (NAU). T ransgenic
oilseed r ape ( B. napus cv. W estar, 2n =38, A ACC) w as obtained after t ransformation by
PSAM 12 plasmid containing genetically linked GFP and Bt Cryl Ac cassettes (GT) regulated
by i ndependent C aMV 35S pr omoters ( Halfill etal. 2001) . T he t hird g eneration of t he
progenies of the transgenic event 1 w as used in this study. The non-transgenic oilseed rape
parent (Westar), a spring type, was also employed. Transgenic and non-transgenic F; hybrids
were formed from wild mustard as female fertilized by the transgenic and the Westar parent,
respectively. Backcrossed generations BC, were obtained through pollinating mustard as the

female by pollen of hybrids.
Field experiment

Medium seeds (1.2mm <seed diameter < 1.6 mm) of BC, were germinated in a greenhouse in

Beijing on 19 A pril 2010. Seedlings at four-leave stage were checked with GFP fluorescence
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screening as transgenic BC2 (trBC2) and non-transgenic BC2 (ntrBC2), and then transplanted
in cages protected by a mesh nylon-net (0.5m * 0.5m width * 1.5 m height) in a common
garden. The trBC2and ntrBC2 were cultivated in pure stands or in mixtures containing 0, 25,
50, 75 and 100% of trBC2 (proportions Py, P»s, Pso, P75 and P, respectively). Eight plants
were p lantedina circle witha 0.3m di ameterin e ach cage. T he five pr oportions w ere
randomly distributed with two replicates in a block, and there were four blocks. On May 28,
when the first flower just open, there were 25% of plants had flowering bud (81 out of 320
plants), 30 ¢ otton bol lworm ( Helicoverpa a rmigera H.) w ere put per plant in one cage of
every pr oportion a nd bl ock. Such an ad vanced | eaf-stage w as ch oosed b ecause o f't he
possibility of early-season damage-induced resistance (Agrawal 1998; 1999).Every plant was
labeled. P lants w ere ha rvested w hen a ll s iliques w ere m atured i n br own c olor, a nd pl ant
height, biomass, seed weight and seed number was measured. T housand-seed weight (seed

weight*1000/ seed number) and reproduction allocation (seed weight/ biomass) was estimated.
Statistics

The mean value of all transgenic or non-transgenic plants in a cage was used as one value to
statistical analysis. All data were log-transformed to ensure a Normal distribution of residuals.
Five-way mixed ANOV A (Y~I*T*P+F+B) was employed to detect the fixed effects of insect
(D), plant type (T) and proportion of trBC2 (P), and random effects of flowering (F, flowering
or not atthe date insects w ere de posited on pl ants) and bl ocks ( B) on plant growth and
reproduction. Linear regression function (Y=a=b*X) was used to study the measured variable
in terms of the proportion of trBC2. The population production was evaluated as the sum of
the contribution of all plants in a cage, including transgenic and non-transgenic plants. Linear
regression function ( Y=a=b*X) w as also us ed t o s tudy t he v ariation of t he popul ation

production (biomass and seeds) against the proportion of transgenic plants.

Results
Growth and reproduction of trBC2 and ntrBC2 plants

The presence ofinsects (I) significantly decreased plant height, biomass and thousand-seed
weight, but increased r eproductive a llocation, and di d not a ffect s eed number and w eight

(Table 3.9). TrBC2 and ntrBC2 did not have significantly different performances. There were

130



significant differences among the different proportions (P) of trBC2 for plant height, biomass,
seed weight, seed number and reproductive allocation, but that was not the case for thousand-
seed weight. The plant stage (F) when the insects were deposited had effects on biomass, seed
weight and num ber, and t housand-seed w eight, but not r eproductive allocation: the values
were lower for the early fl owering plants. T here w ere s ignificant interactions be tween t he
presence of insects and plant type (I*T) for biomass, seed number and weight, and between
the presence of insect and the proportion of transgenic plants (I*P) for biomass, seed number
and weight and reproductive allocation. There was no interaction among the three controlled

factors (Table 3.9).

Under no insect pressure, there was no relationship between the six variables and the
proportion of trBC2 plants, whatever ntrBC2 or trBC2. A maximum value was observed for
both types of plant at P50 (Fig. 3.9). Under insect pressure, both trBC2 and ntrBC2 showed a
trend to increase their performances with increasing proportions of trBC2, but the regression
was significant for seed weight (P=0.05) and for reproductive allocation in ntrBC2 (P<0.001)
only. Increased s eed nu mber in bot h ntrBC2 (P=0.07) and trBC2 (P=0.09) couldalsobe
considered (Fig. 3.9).

Productivity of cages according to proportions of transgenic BC2

Insects s ignificantly de creased t he ve getative pr oduction ( biomass) but di d not a ffect
reproductive production ( seed num ber a nd weight) (Table 3.10). T here w ere s ignificant
differences among t he d ifferent pr oportions of trBC2 for r eproduction but not for growth.
There was no interaction between effects of insect and proportion of trBC2. In the absence of
insect pressure, the variations of total vegetative and reproductive productions per cage were
non-linear in terms of the proportion of trBC2, with a maximum at P50 (Fig. 3.10). Under
insect pressure, vegetative and reproductive productions increased with increasing proportion
of trBC2 in cages (Y=3.24+0.86*X, R2=O.31, P=0.011 for biomass; Y=8.51+1.26*X, R2=0.32,
P=0.010 for seed number) (Fig. 3.10).

Discussion
Effects of insects on plant growth and reproduction

Insects significantly decreased plant growth but did not affect plant reproduction. In general,

herbivory had a ne gative e ffect on pl ant fitness (Escarré et al. 1999; R ogers and S iemann
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2002), but certain studies showed no e ffects be cause of compensatory growth (Hawkes and
Sullivan 2001; Boalt and Lehtila 2007). In an experiment in which we simulated herbivory by
clipping leaves of B. juncea we also observed compensatory growth at low herbivory level
(Liu et al., 2009; 2010b). The effect of herbivory on pl ant growth and reproduction depends
on lots of factors such as plant species (Rogers and Siemann 2002), resource level (Hawkes
and Sullivan 2001; R ogers and Siemann 2002), induced insect-resistance and d amage time

(Agrawal 1998; 1999).

In the current s tudy, trBC2 and ntrBC2 were exposed to insects only at plant | ate-
growth stage so that it resulted in poor effects. The timing of the insect attack is important.
Agrawal (1999) found that insect-resistance was induced by caterpillar herbivory at the fourth
true leave o f wild radish, and this resistance p ersisted in newly formed leaves o f damaged
plants, reducing the mass of caterpillars feeding on induced plants compared to un-induced
controls. Thus, the herbivory at e arly-growth stage of plants could induce the resistance to
herbivory for insect-susceptible plants, which could unde restimate the differences b etween
resistant and susceptible plants. In this study, the late flowering plants showed higher fitness
than the early flowering ones at the time of insect deposit. Most studies involving Bt insect-
resistant focused on t he e ffects of insects from the early-growth to mature, and they found
insect-resistant transgenic plants showed higher fitness only under moderate or higher insect

pressure (e.g. Ramachandran et al. 2000; Letourneau and Hagen 2009).

The impact of the insects on the seed weight and number decreased with the increased
proportion of transgenic plants. In contrast, when plants were not subjected to insects, the
growth and reproduction of both trBC2 and ntrBC2 showed apparently erratic variations, with
a maximum in populations composed by one half of resistant plants. This genotype proportion
in a | imited r esource e nvironment ¢ ould ¢ orrespond t o t he s patial pl ant di stribution t hat
maximizes an eventual fitness difference between the transgenic and non-transgenic plants. In
other words, in years without insect attack, the spread of transgenic plants would be stopped
by a 1 ow r eproduction va lue r elative t o t he na tive s usceptible pl ants i f't he t ransgenic
proportion r eaches 50% . O nce ove r t his t hreshold, t he t ransgenes w ould not c onfer a ny
reproduction ¢ ost, w hich ope n t he w ay f or i ts f ixation i n t he popu lations. U nder i nsect
pressure, the growth and reproduction in both trBC2 and ntrBC2 showed linearly increasing
trends w ith t he i ncreased pr oportion of t ransgenic pl ants. T his c ould b e i nterpreted by a

protection effect applied to all the plants in a cag e, perhaps because the insects leaved from
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the da maged nt rBC2 pl ants pos sibly i nducing defense m echanisms a nd m oved t owards
healthy and attractive tr BC2 plants. Alternately, it c ould be a further evidence ofthe lower

innate fitness of the transgenic plants, leaving more and more resources to their neighbor.

Population production with varied proportion of transgenic plants

Population production, biomass and seed output, increased with the percentage of transgenic
BC2 in populations under insect pressure, perhaps because of the generalized protection effect
as proposed above. It was not the case when the populations were not subjected to herbivory,
again w ith a maximum of s eed production ata 50% proportion of transgenic pl ants. The
increased population production in the presence of insects is important to predict the increase
of the colonizing ability of the B. juncea populations hosting more and more insect-resistant
plants. F ew studies focused on the d ynamics of resistant pl ants in susceptible popul ations,
although some studies showed that herbivory strongly affected population dynamics of plants
(e.g. Palmisano and Fox 1997). R amachandran et al. (2000) s howed that insects d ecreased
total biomass but did not affect seed yield in mixed and pure stands of Bt-transgenic and/ or
non-transgenic oi Iseed r ape. T hey found t hat no s ignificant di fferences oc curred i n t otal
biomass and seed production when there was no insect, and that biomass and seed yield was
significantly different among mixed plantings for insect-infested plots with a maximum at the
proportion of 50% in two field e xperiments, but thatit was not di fferent i n a nother field
experiment in the presence of insects. In our e xperiments simulating insect-resistant p lants
through clipping leaves, the increase of healthy plants in a population of damaged plants did
not increased the population production but resulted in a maximum seed output when healthy
plants dom inated t he popul ation ( 75% of he althy plants) (Liu et al.2010b). E nhanced s eed
production ¢ ould m ake a popul ation m ore a ble t o s pread t o ne ighboring ha bitats, e venly
displacing other species suffering of insect damages. Thus, the occurrence of insect attack is
the major determinant of the fate and dispersal of the transgene: while pests are over-frequent
in ar able | ands co vered b y the s ame cr op o ver h ectares, t he o ccurrence o f's uch i nsect
infestations is not so permanent in wild habitats, which could seriously hamper the spread of
the Bt transgene in and among wild populations, as observed in the case of virus-resistance
genes 1 n s quash ( Fuchs e t al2004a ; 2004b) . Laughlin etal. (2009) showed t hat vi rus-
resistance transgenes and conventional crop genes can increase fecundity of wild plants under

virus pressure, and viruses play a role in the population dynamics of wild squash (Cucurbita

pepo).
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Table 3.9. F-values of four-way mixed ANOVA results for fitness of transgenic BC, in pure

and mixed stands under insect and non-insect pressure (*, P<0.05; **, P<0.01; ***, P<0.001)

DF  Plant Biomass  Seed Seed TSW* RA®
height number  weight

Insect (I) 1 10717 14787 1.43 0.74 538" 38327
Plant type (T) 1 0.07 1.84 0.04 0.12 0.87 1.13
Proportion (P) 4 7.647 3,05 8517 998  1.03 1179
Flowering 1 2.88 7.62" 6.82" 475 2098 0.14
I*T 1 0.74 9.17" 4.68 5.00" 0.03 0.26
I*P 4 1.95 2.58" 3.08" 55277037 6.42""
T*P 2 1.37 0.03 0.52 0.57 2.34 0.99
T*[*P 2 2.57 2.18 0.02 0.03 0.44 1.76

*TSW, thousand-seed weight; ° RA, reproductive allocation
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Table 3.10. F-values of three-way ANOVA results for per-cage data of all trBC2 and ntrBC2

plants in pure and mixture stands under insect pressure and control (*, P<0.05; **, P<0.01)

DF  Biomass Seed number Seed weight

Insect (I) 1 7.45" 0.02 0.07
Proportion (P) 4 2.62 3.34° 3.64"
I*P 4 1.42 1.64 1.17
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Fig. 3.9. Biomass, seed weight and number and reproductive allocation of transgenic trBC2
and non -transgenic ntrBC2 according to the proportion of trBC2 under non -insect p ressure
(left column) and presence o f insects (right column). S mooth lines were added in the case
there was no insect, while the P values of linear regressions are given at left side for ntrBC2

and at right side for trBC2 in the case of insect pressure.
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CHAPTER 4

RECHERCHE DES CONSEQUENCES D’INTROGRESSION ANCIENNE

4.1 Introduction

L’¢tude d es co nséquences d ’introgressions anciennes et s tabilisées reste 1 € but u ltime d es
études liées aux h ybridations interspécifiques car le flux de geéne entre 1es cultures et 1eurs
apparentés sauvages meut modifier les traits d ’histoire de vie et la trajjectoire évolutive des
populations sauvages (Lee and Snow1998; Snow et al. 2001; Lenormand 2002; Campbell et
al. 2009a). C eci peut conduire a de s popul ations m ontrant de s pa rticularités bi ologiques,
voire des dynamiques modifiées. Cependant, il est difficile de détecter de telles conséquences
expérimentalement & cause d u m anque d e m atériel t ransgénique s auvage ap propri¢ et les
contraintes temporelles.

En fait, le flux de geéne et I’introgression sont des phénomenes naturels qui ont fagonné
en partie d e nom breuses pl antes c ultivées qu e n ous ¢ onnaissons aujourd’hui, mais qui ont
¢galement touché en retour leurs apparentés sauvages. La recherche de telles introgression et
de I eurs ¢ onséquences sur | a bi ologie d es p opulations s auvages, m éme en | ’absence d e
transgene, p eut ap porter u n €cl airage i nestimable s ur 1 es p otentialités o ffertes au x p lantes
sauvages par ce moyen et le role que pourraient avoir les transgenes dans le futur.

Dans ce chapitre, nous abandonnons les moutardes pour examiner le cas d’une autre
Brassicée, 1 aravenelle, Raphanus r aphanistrum. A 1’aide d e m arqueurs m oléculaires, d es
chercheurs d e 1 'INRA de R ennes o nt d étecté la p ossibilité d *introgression d e genes d es
groupes de linkage C1 et C9 du colza dans quelques populations de ravenelles originaires de
Normandie, une région ou le colza a été cultivé depuis au moins 200 ans (Chévre, non publi¢).
La d urée d es ¢ changes possibles en tre 1 es d eux es péces étant une condition f avorable a
I’introgression, nous avons ¢ herché a savoir si ces popul ations m ontraient de s di fférences
remarquables par rapport a d’ autres pr ovenant de régionsoul e colzaa ¢té cultivé pl us

récemment (Article 6).
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4.2 Article 6 : L e roled ’unel ongue co existence entre co Iza et ra venelles url a
morphologie et les caractéristiques de populations de Raphanus raphanistrum

A part les populations de Normandie citées ci-dessus, nous avons utilisé des populations de
ravenelle ¢ chantillonnées en Bretagne, une région voisine, et en Bourgogne et au Danemark
qui en sont géographiquement ¢loignées. Les caractéristiques des fleurs et des siliques ont été
mesurées, et les plantes ont été cultivées ensemble dans un champ de colza ou a faible densité
en cage afin de comparer leur capacité de croissance et de reproduction.

Les caractéristiques mo rphologiques d ess iliquese td esf leurs p ermettentd e
discriminer les populations des quatre régions. L es populations de Normandie semblent les
plus pol ymorphes mais se situent dans 1a moyenne de la variabilité totale o bservée. A ucun
hybride avecle colzan’aé tétrouvé pour aucune de s popul ations. D es di fférences t rés
significatives d e croissance etd er eproduction o nt ét €t rouvées entrel esp lantes d es
différentes r égions quand e lles pous saient dans le c olza, m ais be aucoup moins et a vec un
autre classement r elatif | orsqu’elles p oussaient en cages a p lus f aible d ensité et m ieux
pollinisées par les insectes que nous apportions. Il est remarquable que les populations locales
¢taient les moins productives.

Ces r ésultats m ontrent | a v ariabilité d es p opulations d e r avenelle. Les différences
observées ne c orrespondent pa s s ystématiquement a des di stances géographiques. E lles
pourraient aussi étre expliquées par des introgressions, ce dont nous discutons les indices dans
’article. D ans tous les cas, les popul ations de N ormandie ne se d émarquent pas des autres
d’une manicere particuliere telle qu’une éventuelle introgression ait pu modifier leur évolution
depuis 200 a ns. Il s e pour rait ¢ ependant qu e s eules 1 es pl antes p ossédantd es geénes

introgréssés puissent montrer des différences, ce qui est en cours d’étude.
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Photo 4.2. Wild radish sampled from different regions were cultivated together in cages
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ARTICLE 6

The role of long-term coexistence with oilseed rape on the morphological and life-history

trait variability of Raphanus raphanistrum populations

Yongbo LIU, Wei WEI, KePing MA, AM CHEVRE, Henrt DARMENCY

Summary

e Plant di vergence and adaptation is c hallenged by the oc currence of gene flow and
introgression f rom r elated s pecies. A pa rticular ¢ ase ¢ onsists i n g ene f low f rom
genetically modified (GM) crops to their wild relatives.

e  Wild radish (Raphanus raphanistrum) populations were sampled from geographically
distant r egions, of which one had a l1ong history of oilseed r ape c ultivation. P lants
were cultivated together, and their morphological, growth and reproductive traits were
measured.

e The morphological traits discriminated the wild radish populations from the different
regions. T he popul ations w ere di fferent for growth and reproduction amongst them,
but the differences changed when the plants were grown in an oilseed rape field or in
intra-specific competition condition.

e The geographic distance cannot account for all the differences among regions. There is
no direct evidence of introgression with oilseed rape, but this hypothesis could fit the
data. The longer coexistence time one wild radish populations with oilseed rape in one

region had no dramatic effect on the studied traits.

Key words: introgression, life history, morphology divergence, natural selection, wild radish
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Introduction

Plant divergence is generated by isolation by distance (genetic drift) or by changes in mating
systems and adaptation driven via natural selection (Hey 2006; Ross-Ibarra et al. 2009; Zheng
and G € 2010) . In c ontrary, gene flow pl ays a ke y r ole i n m aintaining ¢ ohesion a mong
geographically s eparated popul ations a nd m akes s pecies t o € volve a s uni tes ( Morjan and
Rieseberg 2004; Abbott and Comes 2007; Hey 2006; Nosil 2008). Introgression of wild plants
by genes from crops could result in poor divergence when gene flow is strong enough, with
no correlation b etween genetic d ifferences and geographic distances (Kercher and C onner

1996; Sahli et al. 2008).

Although it is a natural phenomenon associated to crop development, gene flow and
introgression f rom c rops to th eir w ild r elatives r eceive n ow in creasing a ttention in th e
framework of the commercial release of genetically modified (GM) crops. Because GM crops
confer new traits, such as resistance to insects, herbicides and diseases, they could result in
undesired consequences of e ventual t ransgene i ntrogression t hrough t he di spersal of
interspecific hybrids and their progeny. Introgression after hybridization between GM crops
and their wild relatives may result in increasing: (1) genetic variation that promotes adaptive
evolution ( Rattenbury 1 962; P ostma a nd V an N oordwijk 2005), ( 2) weediness of w ild
species ( Darmency 199 4; P ilson a nd P rendeville 2004), ( 3) c ompetitiveness or ¢ olonizing
abilities through hybrid vigor or new traits (Ellstrand et al. 1999; Ramachandran et al. 2000),
(4) i nvasiveness vi a e nhanced fitness ( Vacher et al. 2004), and ( 5) ability t o m atch new
environment (Campbell et al. 2006; Whitney et al. 2006), which eventually could result in the
displacement o fn atural c ommunity e quilibriums, in cluding th e elimination o f d esirable

species through competition (Tiedje et al. 1989).

Several studies have found long-term introgression from crops to their wild relatives,
such as inrice (Suh etal. 1997), radish (Snow et al. 2001; Hedge et al. 2006), oilseed rape
(Hansen et al. 2001) and sunflower (Whitton et al. 1997; Linder et al. 1998). The crop-wild
introgression ma y a Iter morphological a nd lif e history tr aits a s w ell as th e e volutionary
trajectory of w ild popul ations ( Lee and S now1998; Snow etal. 2001; Lenormand 2002;
Campbell e ta 1. 2009a ), w hich ¢ ould 1 ead t o popul ations e xhibiting pe culiar t raits a nd
population dynamics. In addition, local natural selection exerted on new genetic backgrounds

could make introgressed wild populations to converge to or diverge from their parental taxa,
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depending on w hether phenotypes are beneficial or deleterious, or even to develop new life
attributes a nd s trategy. For e xample, in N orth A merica, p ollinator-mediated s election h as
been found to be acting on f loral traits s uch as s tamen di morphism, a nther e xertion, a nd

flower size of wild radish (Conner et al. 1996; 2003).

Wild radish (Raphanus raphanisrum, RrRr, 2n=18) is a member of the Brassicaceae, a
family o f world-wide distribution. It is a self-incompatible, annual t o biennial br oadleaved
species, growing on de ep and rather low-pH soils. Wild radish has successfully colonized a
variety of locations, leading to its naturalization on all continents except Antarctica (Holm et
al. 1997) ,and it is o ften a m ajor a gricultural weed (Sahlietal. 20 08). S tudiesont he
geographic distribution of the genetic variability and m orphological traits have shown that
divergences among wild radish populations did not correspond to a geographic pattern due to
distance (Tokunga and Ohnishi 1992; Kercher and Conner 1996; Sahli et al. 2008). Kercher
and C onner (1996) h ave t entatively ex plained this by: (1) the self-incompatibility o f wild
radish that promoted gene flow, (2) the long-distance movement of radish seeds, and (3) the

introgression from the cultivated radish (R. sativus).

There are some evidences that the long-term introgression from cultivated radish to
wild radish has caused concerns on morphology and reproduction divergences of introgressed
descendants (Kercher and Conner 1996; Snow et al. 2001; Campbell et al. 2006; Hedge et al.
2006). Campbell e ta 1. ( 2006) s howed t hat h ybrid r adish popul ations after ¢ rop gene
introgression ha d greater f ecundity a nd s urvival t han w ild popul ations, w hich ¢ ould
eventually 1 ead t o t he replacement of their p arents if th e introgression succeeded. Using
morphological a nd allozyme e vidences, Hedge e tal. (2006) found t hat h ybrids-derived
descendants supplantedt het wo | ocal Raphanus speciesi n C alifornia, suggestingt he
aggressive colonizing behavior of the hybrids, and that California wild radish separated from
both of its parents as an evolutionary entity. The flowering phenology and leaf length of these
plants were intermediate between those of the wild and cultivated radishes (Hedge et al. 2006),

indicating introgression-caused morphology divergence.

In this study, we wonder if hybridization of wild radish with oilseed rape, Brassica
napus, could r esult in 1ong term introgression and m orphological di vergence. S pontaneous
hybridization b etween t hese t wo s pecies w as demonstrated t o o ccur atl ow f requency

(Darmency et al. 1998; Chevre et al. 2000) although it success could depends on the genotype
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or t he popul ation of wild radish (Guéritaine and D armency 2001; G uéritaine et al. 2003;
Ammitzboll and Jorgensen 2006). A dvanced backcross generations (BC6) resemble closely
typical wild radish (Guéritaine et al. 2002) and the resilience of a transgene encoding for a
herbicide-resistance was shown to be stable over eleven generations under selection pressure,
although not introgressed (i.e. located on a supernumerary chromosome, A1 M ouemar and
Darmency, 2006) . F or t hese pur poses, w ild r adish popul ations w ere c ollected f rom t he
Normandy r egion ( France) where o ilseed r ape w as cultivated f or m ore t han 2 00 years.
Introgression, if any, is likely to occur in locations where co-occurrence of the two species
spanned for the longer time. The putative introgressed populations (Normandy), popul ations
from a n a djacent r egion ( Brittany) and ot hers f rom t wo di stant r egions ( Burgundy and
Denmark) w here o ilseed r ape ¢ ultivation is r ecent w ere cultivated to gether to s tudy th e
morphological, growth and reproductive differences among them. The objective was to detect
the r oles of 1 ntrogression oppor tunities a nd ge ographic di stance i nt he di vergence of
morphologic t raits, a nd w hether t he put ative i ntrogressed popul ations ha ve a p articular

behavior in the field.

Materials and methods
Plant material

Wild radish popul ations w ere sampled in fields in three regions in France, two in Brittany
(near Rennes: BT), two in Burgundy (near Dijon: BG1 and BG2), three in Normandy (near
Caen: NM1, NM2, NM3), and one in Denmark (DM, provided by RB Jorgensen) (Fig.4.1).
The ¢ ultivation of oi Iseed r ape n ear C aen, i n N ormandy, i s e stablished b y r ecords on

Communal Archives since 1802, and then it has been continuously grown in the region (D.
Poulain, unpublished data), while oilseed rape is a recent crop in the other regions, at best for
40 years (X. Pinochet, unpublished C ETIOM d ata). Thirty plants of each popul ation w ere
grown in Dijon in 2008 in separated insect-proof cages (3m lengthx 3m widthx 2m height)
continuously pr ovided with hous eflies, Musca d omestica, 1 n or der t o f acilitate r andom

pollination. The seeds harvested in each cage were used for the following experiments.

Silique and flower morphology
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The fruit of wild radish is a silique with a slender beak, constricted between seeds; it is easy to
break into distinct s egments ( articles) w hen m ature, an d e ach a rticle co ntaining o ne s eed.
Silique ch aracteristics in the s even cages in 2 008 w ere m easured, i ncluding d iameters o f
largest and smallest articles, diameter of largest and smallest constrictions, number and total
length of articles per silique, silique length (including the beak) and silique weight (Fig. 4.2).
Beak le ngth (silique le ngth- total le ngth o f articles p er silique) and article w eight ( silique
weight/ number o fa rticles p er s ilique) w ere estimated. M ean v alues o f d iameters o fth e
largest an d s mallest ar ticles an d co nstrictions w ere calculated as ar ticle d iameter an d

constriction diameter, respectively.

A s ample o fs eeds dehulled from articles o fe ach population was germinated i n
greenhouse and grown in pots placed at random at 15-25°C under natural light in 2009. T he
flower characteristics o fthree t o s ix flowers p er p lant an d 2 9-42 pl ants pe r r egion w ere
measured, including length and width of two adjacent petals per flower. Petal color was noted
in white, pale, yellow and intense yellow, and petal patterns were classified as round or long.
Mean values of length and width of two adjacent petals were estimated as petal length and
petal width, respectively. Petal shape (petal width/ petal length) and flower area regarded as a
disk (mx petal length”2) were estimated (Fig. 4.3).

Field experiment

The same seeds as above were germinated in greenhouse in January and again in February
2009 in order to insure getting plants flowering at the same time as a sulfonylurea-resistant
oilseed rape line grown in a field at the INRA experimental station. They were grown on a
bare ground in 20 L pots with water tank, one plant per pot. 41 NM pots and 40 BT+BG+DM
pots with plants at the onset of flowering were transferred in the field when the sulfonylurea-
resistant oilseed rape plants started flowering. Already opened flowers of wild radish were cut
before putting pots in the field. Pots were put 10 meters apart each other, at random along ten
rows in a 1 ha field sown at oilseed rape density of 40 pl m™ . Each pot position was located

by GPS.

Wild radish was harvested when the first siliques turned brown. The ve getative parts
were separated from the pods and dried in an oven for 48h at 80°C and weighted. Number of
siliques and seeds per plant and weight of seeds per plant were measured. Per seed w eight

(seed w eight/ s eed num ber) a nd r eproduction a llocation ( seed w eight/ pl ant w eight) were

149



estimated. All the seeds of every harvested plant were germinated in greenhouse in conditions
as above. Seedlings were counted and sprayed with 2.5 g a.i. ha-1 chlorsulfuron in 300 L of
water (Glean, Du Pont de Nemours, France) at two to four leaves stage. Survived seedlings
were checked t wo weeks a fter s praying. S ince th e h erbicide-resistance i s en dowed by a

dominant allele, every resistant seedling would be hybrid (Darmency et al. 1998)
Cage experiment

The experimental design consisted of 6 cages, each containing 30 positions (18 positions for
the putative introgressed NM plants and the rest 12 positions for two populations chosen from
the three other regions). Positions were located at random and sown with 5 seeds per position.
The em erged s eedlings were co unted t o cal culate t he em ergence r ate, an d t hen r andomly
thinned t o one plant per place. Houseflies, Musca d omestica, w ere ¢ ontinuously pr ovided
inside the cages to facilitate random p ollination.The day w hen the first flower opened w as
noted, and the number of days to flower was calculated. Wild radish was harvested when the
first siliques turned brown. The vegetative parts were separated from the pods and dried in an
oven for 48h at 80°C and weighted. The silique w eight w as m easured, an d a rticles w ere
counted and w eighted. Per article weight (article weight/ article num ber) and reproduction

allocation (article weight/ plant weight) were estimated.
Statistic analysis

The Fisher test was employed for the percentage of petal color and flower pattern categories.
A Student-Newman-Keuls (SNK) test was used to compare the mean values of the flower and
silique characteristics among the four regions, and the fitness components of wild radish in
the field and the cages. All data, except of the petal color and flower pattern, were square-root
transformed to ensure a Normal distribution of residuals. A Discriminant Function Analysis
(DFA) w as applied to the six i ndependent m orphological c haracteristics of the siliques to
identify the characteristics that best discriminate the four regions. A stepwise DFA was used
to e liminate v ariables w ith v ery little o rn o ¢ ontributions to d iscriminant f unctions.
Discriminant f unctions w ere te sted f or th eir s ignificance u sing W ilk’s la mbda. T he
discriminant scores of the first two functions were used to carry out ANOVA and Contrast
test to check the difference among regions. In order to distinguish the differences among the
four regions, a Principal C omponents A nalysis (PCA) was used for the variables that were

measured directly on e ach individual: plant weight, number of siliques and seeds per plant,
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weight o f's eeds pe r pl ant, a nd num ber of germinated s eeds for th e f ield e xperiment;
emergence rate, plant weight, biomass, number and weight of articles per plant for the cage
experiment. The first principal component was extracted for one-way ANOVA, TukeyHSD’
test an d C ontrast t est. T he an alysis was conducted by S PSS ( SPSS v ersion 13.0) and R
(http://www.r-project.org/).

Results
Silique characteristics

All eight silique characteristics showed significant differences among regions (P<0.001, Fig.
4.4) but very little among popul ations w ithin r egion, s o t hat t he r esults a re pr esented for
populations bulked within regions. BT produced the largest article and hi ghest c onstriction
diameter and had the highest silique weight and per article weight, BG and DM had the lowest
values, and NM was intermediate. BG produced the highest number of articles per silique, BT
and DM had the 1owest values, and NM w as i ntermediate. N M h ad t he hi ghest 1 ength of
articles per silique c ompared to the other regions. Silique length in NM and DM was the
highest, BG the shortest, and BT was the intermediate. DM had the largest beak length, BG

the smallest, and BT and NM were intermediate.

The discriminant analysis showed a unique set of silique characteristics that accounted
for 9 0% o f the variance ( Fig. 4.5). T he high s core on t he di scriminant function 1 ( DF,)
resulted f rom ar ticle d iameter ( correlation coefficient r =0.79) a nd ¢ onstriction di ameter
(r=0.71). The number of articles (r=0.76) accounted for DF, that absorbed 7 % of the variance,
only. The DF, effectively separated the four regions in three groups: BG and DM together,
NM intermediate, and BT apart (P<0.001, Tukey HSD and contrasts test).

Flower characteristics

The DM populations was homogeneous at 100% and showed an intense yellow color, BG was
almost homogeneous at 94% for the yellow, while BT and NM showed more polymorphism
(Fig. 4.6). Petal pattern was mostly round for BG and DM, while it was shared between round
and long in BT and NM. NM showed the lowest petal length, width and area than the other

regions.
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Field experiment

Number of siliques and seeds per plant, weight of seeds per plant, reproduction allocation and
number of germinated progeny were higher in wild radish from the DM region than that from
the other three regions, BT, BG and NM, where these traits were not significantly different
each other (Fig. 4.7). Plants from BT had the highest weight, NM the lowest, and BG and DM
were 1 ntermediate. BT and D M hadthe greatest perseed w eight, and B G pr oduced t he
smallest seeds. The germination of the BT and DM seeds was the highest, and that from BG
was the lowest (Fig. 4.7).

The first principal component of PCA explained 74 % of the variance and consisted of
contribution by plant weight (r=0.26), num ber of s iliques pe r pl ant (r=0.94), num ber a nd
weight of seeds per plant (r= 0.96 and r=0.96), and number of germinated seeds (r=0.96). The
performance of DM plants along this axe 1 was significantly higher than that o fthe other

three regions where there was no difference (Fig. 4.8).

Wild radish in BT, BG, DM and NM produced on average 16, 66, 114 and 42 seeds per
plant, respectively. All the 1134 and 1526 s eedlings germinated from the seeds of NM and
BT+BG+DM, r espectively, w ere ki lled b y t he herbicide, 1 ndicating t hat no 1 nterspecific
hybrid was produced. BT showed 55% yellow and intense yellow petal, BG 95% yellow, DM
80% intense yellow and N M 65% yellow. T here w ere no di fferences i n s eed pr oduction
among plants with different petal colors within the regions (P>0.05), with except for NM. For
NM, plants with different petal color produced different seed number (F,34=3.58, P=0.039),
and plants with yellow petal produced more seeds than plants with white petal (TukeyHSD’s
test, P=0.041): 12 seeds per plant for yellow vs. 4 for white petals, on average.

Cage experiment

The emergence rate of BT seedlings was the same as that of DM, which was higher than that
of BG and NM. Wild radish from BT flowered latest compared with the other regions, and
DM flowered the earliest. T he reproduction allocation of wild radish w as n ot significantly
different among regions (Fig. 4.9). Plant weight, biomass, number and weight of articles per
plant, and per article weight were 1owest for the BG region than that from the other three
regions, BT, DM and NM. Wild radish from BT produced higher biomass, weight of articles
per plant, and per article weight than DM and NM did; the three regions produced similar

plant weight and number of articles per plant (Fig. 4.9).
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The first principal component of PCA explained 76 % of the variance and consisted of
the c ontribution by five 1ife-history traits: e mergence rate (r=0.44), pl ant w eight (r=0.96),
biomass (r=0.99), number and weight of articles per plant (r=0.89 and r=0.95). The resulting
value on the first axis was significantly lower for the BG region than for BT, the other two
regions being intermediate (Fig. 4.10; and contrast test). TukeyHSD test showed that NM was
significantly higher than BG.

Discussion
Variation of flower and silique characteristics

Silique and flower characteristics in wild radish sampled from four regions were significantly
different. Silique characteristics discriminated the BT wild radish from others: BG and DM
together, a nd N M i ntermediate ( Fig. 4.5) . A | arge va riation of m orphological t raits w as
already reported for wild radish in Europe, which lead nomenclaturists to distinguish several
subspecies ( Tutin et al. 1993) . T hey m ainly t ook 1 nto ¢ onsideration t he s ilique di ameter:
diameter less than 5 mm would correspond to subsp. raphanistrum (3-4 mm) and microcarpus
(1.5-2 mm), while diameter more than 5 mm to subsp. maritimus, rostratus and landra. Wild
radish from BT region had the largest silique, with a mean value of 5.51 mm (ranging from
3.41 to 7.83 mm), and could tentatively correspond to the subsp. maritimus as the BT region
borders the sea. However, NM and DM that border the sea too, had silique diameter ranging
from 2.1 to 6.13 mm for NM and 1.92 to 3.62 mm for DM. It is therefore difficult to arrange
the plants from the four regions to every subspecies based on silique diameter. Similarly, all
plants in the four regions belong to subsp. landra based on petal length (10-15 mm), but they
will belong to subsp. maritimus when based on beak length (6-20 mm) (Tutin et al. 1993; Fig.
4.4). In c ontrast, B G p lants w ith s ilique di ameter r anging from 1.7t 03.37 m m c ould
correspond to typical subsp. raphanistrum. However, nobody knows the biological validity of
the subspecies classification. All the plant types inter-crossed in the cage experiment, so that
there is no reproductive isolation. The apparent differences just could be the consequence of
regional f ixation of a lleles e ncoding f or s ilique s hape a nd f lower ¢ olor, w ithout a ny

taxonomical value and ecological meaning.

In California, based on two distinct traits, predominantly silique diameter of less than

5.1 mm and yellow flowers (85-93%), Panetsos and Baker (1967) distinguished pure wild R.
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raphanistrum from hybrids and R. sativus (Hedge et al. 2006). We could apply these criteria
to o ur r esults r ather th an tr ying t o dr aw ¢ lear-cut a ssignation t o given s ubspecies. T he
frequency of yellow and intense yellow petals was nearly 100% in BGand DM, and all
silique di ameters m easured | ess t han 5.1 m m. The e xistence of regional hom ogeneity o f
flower color w as pointed out it s ome in stance: ju st b right yellow in S cotland, ju st w hite
around Y ork, but mixed c olors ne ar R othamsted ( Cousens, pe rsonnal ¢ ommunication);
intense yellow in Poitou and white in other Britany populations and North Western France,
but mixed color in the Rhone valley (authors’ personal observations). In contrast, BT and NM
had mixed color, and their siliques were most often wider than 5.1 mm in diameter. It could
be indirect evidence of gene flow from cultivated radish (for the white color) or oilseed rape
(for the intense yellow color) to wild radish as observed elsewhere (Kercher and Conner 1996;
Snow e tal. 2010) . B esides s ilique di ameter a nd f lower ¢ olor, ot her s ilique a nd f lower
characteristics were also scored in this study. In every case as well as globally (Fig. 4.5), these
traits showed more polymorphism or larger range of variation in BT and NM than in BG and

DM.
Vegetative growth and reproduction

Seed set per radish plant was very low in the oilseed rape field, 53 seeds per plant on average,
and this may result from the small population size (81 plants) and the low density (0.01 pl m?)
because wild radish is self-incompatible and need both a variety of self-incompatibility alleles
in the stand and active pollinators. Small population size and low density limit opportunities
for i ndividuals t o m ate effectively an d i nfluences m aternal r eproduction (e.g. E lam et al .
2007). In addition, foraging i nsects w ere p robably poor ly attracted by rare radish flowers
embedded i n huge a mount of oi Iseed r ape f lowers. T hese conditions s hould ha ve be en
favorable for interspecific crosses due to the abundant oilseed rape pollen available in contrast
to the poor amount of wild radish pollen, except in the case there was a specific pollinator to
wild r adish. H owever, t here w as no he rbicide-resistant p rogeny, which i ndicated t hat
interspecific hybridization, if any, can be comprised between 0 and 0.2 % (95 % confidence
limits of the data), and not different between NM and BT+BG+DN. The frequency of such
interspecific h ybridization in the field was found to be extremely low (Chevre et al. 2000;
Thalmann et al. 2001; Warwick et al. 2003), although once observed at 0.5 % (Darmency et al.
1998). Genotype and population polymorphism for the interspecific barriers to hybridization

could explain such widely different estimates (Guéritaine and Darmency 2001; Guéritaine et
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al. 2003; Ammitzboll and Jorgensen 2006). Ammitzboll and Jorgensen (2006) suggested that
the presence of cultivated radish genes introgressed in wild radish populations might result in
higher ability to hybridize with B. napus. Gene flow between wild and cultivated radish is
known to occur rather easily (Klinger et al. 1992; Eber et al. 1994; Snow et al. 2001), and the
hybridization r ate b etween o ilseed r ape an d cultivated r adish s eems to b e ag ain eas ier
(Ammitzboll and Jorgensen 2006). If NM were really ancient crop-introgressed populations,

our results cannot support the hypothesis of such an improved interspecific outcrossing ability.

Another feature in this experiment is that plants from BT and NM showed lower seeds
output than that from BG and DM. Again, it might relate to the introgression from crops if the
putative introgression was proved. The successful sex mate might be lower in introgressed
plants under low pollen density because of the greater heterozygosity in introgressed lineages
(Snow etal. 2010 ). For e xample, C ampbell and S now (2007) found t hat h ybrid pr ogeny
produced lower fitness than wild radish under no competition conditions. It is noteworthy that
the populations producing the most seed number were DM that was the farthest one from the
location where the experiment was carried out, in Burgundy, from which the BG populations
belonged. T his s uggests t hat D M h ad t he m ost f lowers or t he hi ghest out crossing r ate
compared to plants from the other three regions. It has also hi gher reproduction allocation
than B G a Ithough t hey have s imilar s ilique m orphology. T he a daptation t o nor thern and
colder region could have caused DM to be the best competitor in our experiment, indicating
that popul ation di vergence ¢ an o ccur among s eparated r egions a nd ¢ oncern growth a nd

reproduction capacities.

When grown in cages in condition of intra specific competition, but at a low density of
3.3 pl m?, plants of DM had again higher performances than the local BG plants, but BT and
NM had the highest values for most traits (Fig. 4.8). Due to lower plant density than in the
oilseed r ape, s eed s et w as on a verage 4000 s eeds par plant T he ¢ onstant a nd a bundant
presence of a non-specific pollinator, the domestic fly, which certainly saturated the flowers
with pollen be longing to all the present pl ants, c ould e xplain the absence of di fference o f
reproductive a llocation among r egions while t here was m arked di fferences i nt he field
experiment. The difference of ranking between the cage and the field ex periments could be
due to differential adaptation to the habitat, or again to possible introgressed crop genes that
make the BT and N M p opulations m ore productive under low c ompetition, but less under

high ¢ ompetition. For e xample, i n M ichigan, C ampbell a nd S now (2007) f ound t hat
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competition diminished the difference between the hybrid progeny and wild plants, although
hybrids produced lower fitness than wild radish under no competition conditions. Alternately,
one c ould i magine t hat DM pl ants a Iso di splayed s ome i ntrogressed ¢ rop ge nes, e .g. t he
intense yellow flower color, and these genes could help them to overcome the c ompetition
from t he c rop e asier t han non -introgressed pl ants. W ith artificial p opulations o f wild and
hybrid r adishes i n a rable fieldsin U SA, C ampbell e tal. (2006) found that introgressed
hybrids showed greater survival and fitness after four generations of introgression than wild
plants i n a ne w ha bitat. Introgression vi a h ybridization m ay | ead t o adaptive e volution
(Ellstrand a nd S chierenbeck 2000) , be cause i ntrogression m ay generate nove | a daptations
enhancing the fitness of weedy hybrid lineages in certain environments (Rieseberg et al. 1999;

Lexer et al. 2003).

Conclusion

Our results showed that the morphological traits discriminated the wild radish populations.
Synthetic ch aracteristics o ft he m ultivariate an alyses showed B T a nd N M popul ations
different from BG and DM, although NM was often intermediate. The geographic distance
was the shortest between BT and NM, which could explain that they showed less difference
between them than with the inland B G or farthest DM popul ations. H owever, the distance
cannot a ccount for the grouping of BG and D M. W hen a nalyzing s pecific ch aracteristics
separately, some arguments were equally in favor of the interaction between introgression and
natural selection or distance-mediated divergence on m orphology traits, as observed in other
cases (Lenormand 2002; Postma and van Noordwijk 2005). However, the long exposition of
the N M popul ations t o pollen of oi Iseed rape, for atleast 200 years, had no a pparent or

discriminant effect on the morphology, growth and reproduction of the wild radish plants in
that r egion. A part, pe rhaps, t he hi gher pol ymorphism, t here is no evidence o fa dramatic
evolution of the populations of that region with regard to the variability found in the three
other regions. Molecular evidence of ancient introgression is necessary to confirm that some
population would have been introgressed, and this is difficult because both B. napus and R.

raphanistrum share a large part of their genetic background within the Brassica tribe. In case
introgression were detected, future study should focuses on the benefit and cost associated to

these genes and their role for field adaptation compared to the potential role of the transgenes
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currently engineered in GM crops. Perhaps some effect could be detected on the fitness of the
plant that bear an introgressed gene while there is no any consequence at the whole population

level, a question that is currently tested by genotyping every studied plant.
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Fig. 4.1. Four r egions where w ild r adish s ampled: B T, B retagne; BG, B ourgogne; D M,
Denmark; NM, Normandy
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Fig. 4.2. Siliques photos from four regions: BT, Bretagne; BG, Bourgogne; DM, D enmark;
NM, Normandy
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Fig. 4.3. Flower photos showing petal colors and p atterns: A, white and 1ong; B, pale and

round; C, yellow and long; D, intense yellow and round.
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Fig. 4.8 Mean and standard error (vertical bars) of the first principal component of PCA for
wild radish from four regions planted in oilseed rape field; different letters indicate significant
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CONCLUSION

Dans m a t heése s ur | es co nséquences €co logiques et évolutivesd es flux d e g énes etde
I’introgression entre du colza transgénique ( Brassica napus) et ses ap parentés s auvages, en
particulier | am outarde br une ( B.j uncea) et m arginalement1 ar avenelle ( Raphanus
raphanistrum), j’ai mis en évidence des e ffets sur des caractéristiques morphologiques, des
relations de ¢ ompétition, et de s c omposantes d e 1 a fitness au ni veau de s i ndividus et de s
populations. Ces trois ensembles d’ effets sont discutés ci-dessous en intégrant les apports de
chaque chapitre plutot que de reprendre le déroulement chronologique des différentes étapes
depuis 1 *hybridation jusqu’a | ’introgression tel que présenté dans l e do cument et dont les

conclusions ont déja été abordées dans chaque propositions d’articles.
1. Caractéristiques morphologiques

En régle générale, les hybrides montrent des caractéristiques morphologiques intermédiaires
entre celles de leurs parents (Lefol etal. 1996; Choudhary et al. 2000), quoi que 1 effet du
cytoplasme de la plante cultivée ou de la plante sauvage introgressée soit aussi observé dans
certains cas (e.g. Lefol etal. 1996; Zhang et al. 2002; Guéritaine et al. 2002; Chang et al.
2007). Dans la suite des générations, les caractéristiques morphologiques divergent selon les
types de croisements possibles dans les populations, entrainant une diversité qui peut étre soit
s¢lectionnée ul térieurement s oit c onservée s elon qu’ elle dépende ou non du t ransgene, de s

conditions de I’habitat et du nombre de générations passées.

Parmi les caractéristiques des hybrides, la premiére est qu’ils apparaissent sous forme
de p etites s emences, p robablement d u fait d ’interactions en tre | es d ifférents g énomes d es
parents a I’état hétérozygote dans I’embryon qui limitent son développement (Eber et al. 1994;
Chadoeufetal. 1998; W eiand D armency 200 8). O n pe ut s ’attendre a c e que 1es pe tites
semences, renfermant moins de réserves, soient désavantagées dans leur implantation dans le
milieu (Aparicio ef al. 2002; W estoby et al. 2002). E ffectivement, nous avons montré dans
notre ¢ tude q ue la p etite ta ille d es s emences r éduit s ignificativement 1 a ¢ roissance et a
reproduction, mais ces effets ne sont pas s ystématiquement pr oduits et d épendent du fond
génétique, d e 1 a d ensité d e p lantes et d e 1 ’intensité d e 1 a co mpétition dans le milieu. La
signification d es d ifférences d épend au ssi d es stratégies s uivies p ar | es es peces p our s €
développer, et on peut observer qu’il existe autant d’ espéces sauvages ou adventices a petite

ou a g rosse s emence, d ans | a g amme d e v aleurs obs ervée da ns nos travaux, qui ont un
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véritable succes ad aptatif d ans 1 es milieux qu’elles co lonisent. La relation trouvée chez le
colza transgénique, av ec moins d e biomasse et de r eproduction p our l es p etites s emences,
correspond a une logique de productivité d’une plante domestiquée. La réduction de taille de
la semence n’a pas eu les mémes effets chez la moutarde et les hybrides, sauf une floraison
retardée, et le nombre de semences viables produites a ét ¢ le méme quelque soit la taille des
semences h ybrides. S i1 e s tatut d’ hybride i nterspécifique i mplique s ouvent une f itness
inférieure a celle d u p arent s auvage, | at aille d es s emences n ’ajoute p as u ne b arricre
supplémentaire au flux de génes. Au contraire, les petites semences sont facilement triées par
les moissonneuses et retombent au sol lors de la récolte et peuvent ainsi alimenter le stock de
semences enfouies dans le sol ou étre dispersées a la surface, aboutissant ainsi plus facilement

dans des milieux incultes (Chapitre 2.2).

Nous n’ avons p as € tudié 1 e d evenir d e c es p lantes d ans d es milieux n aturels. Leur
reproduction s ’est m ontrée plus facile et plus abondante par r étrocroisement avec 1 e ¢ olza
qu’avec la moutarde ou en autofécondation, et c’est donc dans les champs ou a leur proximité
que des descendants ressemblant au colza seront produits. Les rétrocroisements avec le colza
produisent effectivement des plantes avec des traits plutdt du type colza, par exemple avec des
fleurs d e t ype co Iza q ui | eur p ermettent en core p lus facilement d e s e reproduire, viales
insectes p ollinisateurs af filiés au co lza, av ec 1 es v ariétés cu Itivées ai nsi q u’avec | eurs
repousses. Leurs semences sont plus grosses et germent mieux que pour les plantes produites
avec du pol len de moutarde, c'est-a-dire qu’ elles s ont moins dor mantes et donc m ontreront
une d ynamique de s urvie et de 1 evée pl utot pr oches de c elles duc olza. Danslecas du
marqueur d e r ésistance a un he rbicide que nous avons utilisé,iln’y a pas eude biais de
ségrégation, mais ce n’est pas automatique et dépend du génome A ou C sur lequel est inséré
le transgene et d es recombinaisons avec les génomes A ou B de la moutarde (Frello et al.
1996). C e t ype d e t ransgene, m ais au ssi d es r ésistances a d es i nsectes o u d es cap acités
physiologiques meilleures, leur permet de perdurer dans les champs, voire de s’y multiplier de
manicre exponentielle. Des flux de pollen des descendants résistants vers des plantes sensibles
ont été observés, indiquant que I’implantation de ces plantes dans les champs et leurs bordures
se double d’un relai pour la dissémination des transgénes. Du fait de la variabilité génétique
héritée d el am outarde s auvageet g énérée p arl hybridation i nterspécifiqueet 1 es
recombinaisons, ces plantes ressemblant au colza disposent d’un potentiel adaptatif plus fort

que | es s imples r epousses va riétales. E lles r eprésentent p robablement un da nger pl us
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important pour 1’agriculteur et les risques d’infestation de milieux incultes, d’autant plus que
peu de c aractéristiques m orphologiques pe rmettront de 1 es i dentifier lors de s pl ans de
surveillance post-commercialisation des variétés transgéniques (monitoring). Il n’y a donc pas
seulement que 1 ’introgression de s ge nes ¢ ultivés da ns 1 es e speces s auvages qu’ il f aut

surveiller (Chapitre 2.3).

Sion s e projette & un pas de temps plus lointain, que peut-il rester de phénomenes
d’hybridation ancienne suivie d’introgression, bien s{ir sans transgéne conférant un a vantage
distinct ? Nous avons abordé cette question en faisant I’hypothése que les chances des flux de
genes augmentaient avec la durée de coexistence des deux types de plantes, dans ce cas le
colza et la ravenelle. Les populations supposées introgressées se sont montrées pol ymorphes
et intermédiaires entre des populations plus typées pour leurs caractéristiques de silique et de
fleur. Cependant, elles étaient plus proches des populations les plus voisines, et 1’effet de 1a
distance géographique restait la principale variable corrélée aux différences enregistrées. La
mise a disposition de marqueurs moléculaires spécifique du c olza pour confirmer le niveau
d’introgression de s popu lations de ravenelle, ainsi que la c onnaissance d e génes i mpliqués
dans de s m odifications de t raits s électionnés (par e xemple 1 a ¢ ouleur de s f leurs pour
’attraction d es p ollinisateurs, la forme de s s iliques pour 1a di sséminationlasurvieetla
germination des semences) sont nécessaire pour confirmer les tendances observées (Chapitre

4).
2. Interaction compétitive et fitness individuelle

Dans le cas d’une introgression r éussie, 1 e transgene est géré de la m éme maniére que les
autres genes dans le génome de la plante sauvage, et il peut atteindre un équilibre ou bien se
fixer ou disparaitre selon les pressions de sélection du milieu. Il faut donc préciser dans quelle
mesure et s ous q uelles ¢ onditions un transgene donné pe ut donne r un a vantage s €lectif
relativement au x p lantes i ndigénes, o uau co ntraire €t re d €élétére, o u en core n eutre en

I’absence de la pression de sélection. Différents cas ont été rapportés chez le colza (Stewart et
al. 1997; Ramachandran et al. 2000; Mason et al. 2003; Di et al. 2009; Letourneau and Hagen
2009). N os e xpériences ont €t¢ menées, soit en comparant des de scendants isogéniques de
croisement entre la moutarde sauvage et le colza, soit en simulant un geéne de résistance aux
insectes chez la moutarde sauvage, ce qui nous rendait indépendant des effets de linkage et

des perturbations du génome liées au croisement interspécifique.
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Dans 1 e cas d esp remieres générations d ’hybrides av ecu nco lzar ésistantau n
herbicide, la résistance a été associée a d es plantes plus grosses produisant plus de semences
(Chapitre 2.3). Au contraire, avec le colza résistant a un insecte, les rétrocroisements donnent
des pl antes pl us pe tites e ts er eproduisant moins que | es pa rents m outarde e t colza
transgénique, mais les hybrides résistant avaient une biomasse et une production de semences
plus €l evées (Chapitre 3) . E nfin, da ns 1 e ¢ as de s r avenelles, 1 es pop ulations s upposées

introgressées avaient des plantes plus grosses et plus productives (Chapitre 4).

Avec | es s imulations, nous n’ avons pa s obs ervé de pé nalit¢ a € tre résistant e n
I’absence d’ insecte. E n revanche, | es r ésistants se s ont m ontrés s upérieurs s ous pr ession
d’herbivorie, et c et av antage s ’est accru av ec un niveau p lus ¢l evé d e co mpétition in tra-
population, de s r essources r éduites, e t a ussi a vec de s pr oportions plus élevées de pl antes
résistantes dans la population (la compétition intra-classe résistant a accentué la compétition

inter-classe sensible/résistant, Chapitre 3).
3. Productivité des populations

Avec I’arrivée d’un transgene de résistance dans une population sensible, la compétition entre
les individus présente un ni veau de complexité supplémentaire. La relation entre les plantes
sensibles et résistants ouvre la possibilité d’un gain de productivité de 1a population, ce qui
peut lui conférer une dynamique de colonisatrice qu’elle n’avait pas avant, entrainant a la fois
sensibles et résistants dans une dispersion au-dela de 1a situation d ’équilibre connue avant.
Nous avons vu que selon la pression d’herbivorie, il pouvait y avoir soit une proportion limite
de r ésistants dé favorable a 1eur pr opre m ultiplication, s oit une € volution c ompléte vers 1a
fixation. C ependant, ons aitque 1 apr essionde s électionpa rl esi nsectesn’ est pas
systématique au champ et dans les milieux avoisinants, ce qui ne permet pas de conclure sur
la rapidité de colonisation d’une population sauvage par un tel transgéne. De plus, nous avons
observé apl usieurs r eprises de s phé nomenes de compensation d es dommages li¢ s a
I’herbivorie (Chapitre 3). Et enfin, les conditions de compétition font émerger des différences
de cl assement d es p opulations co mme d ans | étude d es ravenelles au champ et en cage
(Chapitre 4). 1l faudrait pouvoir prendre en c ompte toutes ces interactions dans un m odele
démographique avant de se risquer a des prédictions dépourvues d’estimation des chances de

réalisation.
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Annex 1
GENERAL INTRODUCTION (English version)

The new traits would affect the growth and reproduction of interspecific hybride
progenies (Ellstrand et al. 1999; Snow et al. 2003; Halfhill et al. 2005; Campbell et al. 2006).
When resistant plants invade susceptible wild populations, or when the transgene conferring
resistance is transmitted to wild populations, the competition existing between resistant and
susceptible plants would impact both the two plant types, resistant and susceptible plants.
Because of the resistance advantage of the resistant plants, they might suppress the growth
of the susceptible plants for competing resources. At the same time, the competitive
interaction between resistant and susceptible plants is expected to vary as the relative
proportion of both plant types vary in the population because of the change of neighbors. In
addition, it is likely that this competitive interaction depends on the surrounding growth
conditions, such as resource availability, herbivory, herbicide and virus diseases pressures
(Ramachandran et al. 2000; Vacher et al. 2004; Campbell and Snow 2007).

Over the long term, the persistence of transgenes or transgenic plants in a wild
population should result in shift in the population dynamics, and affect the direction and
consequences of population variation. While transgenic plants dominate the wild population,
the susceptible wild plants may either coexist with resistant plants or face an endanger
situation, which could depend on the competition for resources and harsh conditions like
high herbivory (Stewart et al. 1997; Ramachandran et al. 2000; Letourneau and Hagen 2009).
Another important outcome could be the evolution of plant morphological (such as flower
color or size, fruit shape or seed size) and life-history traits (such as flowering time, growth
and reproduction, seed germination), because the transgene could be either directly related
with these traits or affect them indirectly via the long-term evolution process. However, the
study of long-term evolution processes is very difficult because of the lack of appropriate
(wild) transgenic materials and the limitation of time. An alternate method is using models
to carry out simulations, but models also need precise data to run. The discovery of a wild
population introgressed by conventional crops could be invaluable as an alternative for
detecting the possible long-term effects of gene flow and introgression between transgenic

crops and wild relatives.
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Therefore, after a review of the state of the art about the impact of transgene and

selected genes in the introgression, my thesis focuses on the following questions:

1) Does small seed size of transgenic progeny hamper the gene flow and introgression

between crops and wild relatives? (Chapter 2.2)

2) Does transgenic progeny, hybrids and backcrosses, persist in and outside of cultivated

fields after gene flow? (Chapter 2.3)

3) What resulted from the advantage of insect-resistant in individual plant and population
production: under simulated herbivory (Chapter 3.2 and 3.3) and real herbivory pressure

(Chapter 3.4)?

4) Does ancient introgression between crops and their wild relatives could be detected and

change morphological and life traits of populations? (Chapter 4)
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Annex 2
CONCLUSION (English version)

In my thesis, ecological and evolutionary consequences of gene flow and introgression from
transgenic oilseed rape (Brassica napus) and its wild relatives (B. juncea and Raphanus
raphanistrum) were detected, considering the effects of morphological traits, interactive
competition, fitness components in individual plants and population. The three effects that

are discussed above in every chapter will be concluded integrally as follows.

1. Morphological traits

Generally, the hybrids show intermediate morphologic characteristics compared to their
parents (Lefol et al. 1996; Choudhary et al. 2000), because the cytoplasm of crops or wilds
introgress into hybrids would affect the morphology of the progeny (e.g. Lefol et al. 1996;
Zhang et al. 2002; Guéritaine et al. 2002; Chang et al. 2007). The morphological traits the
successive generations might be altered and even further diverge from others by the long-
term introgression, which depends on the transgenes, growth conditions and how many

generations passed.

Small seeds were produced by hybridization between crops and wild relatives
because the effects of interaction between different genome and heterozygote in embryo
limit their development (Eber et al. 1994; Chadoeuf et al. 1998; Wei and Darmency 2008),
and small seeds are disadvantaged in their early establishment to plants in nature (Aparicio
et al. 2002; Westoby et al. 2002). Indeed, in our study, seed size significantly affected plant
growth and reproduction. However, its influence on plant fitness varied among genetic
backgrounds and was affected by plant density and competing neighbors. The significant
differences depend also on survive strategy for developing, and the same species could
produce small or large seeds. Small-seeded transgenic oilseed rape plants produced less
seeds, lower biomass and delayed flowering than large-seeded plants. For mustard and
ntrF1, small-seeded plants delayed flowering but had similar biomass and seed set
compared to large-seeded ones. Small-seeded trF1 plants had the same fitness as the large-
seeded trF1. These results imply that further gene flow could not be reduced by the

production of small-sized seeds in transgenic hybrids in field. Moreover, small seeds are

199



more easily sieved out by harvesters and fall onto the soil, and further buried in the seed
bank of soil. In addition, the small seed dispersed more easily through wind and animals,
such that the survival of small-sized seeds of weeds could be higher in conventional tillage
systems and arable habitats. These seeds could be volunteers in the subsequent years, and
they might represent the main risk of transgene escape in the field. Hence, the small size in
hybrids might not be a counterbalancing force exposing them to higher competition from

the neighborhood but be possible resources for further gene flow (Chapter 2.2).

We did not study the successive generations of these plants with different seed size
in fields. Backcross progeny with pollens of oilseed rape (Brassica napus) is more easily
formed and produces more seeds than that with pollens of mustard (B. juncea). Hence, the
progeny that has traits of oilseed rape will be produced in or outside of arable fields. Most of
plants backcrossed with oilseed rape pollen had crop-like traits, for example larger flower
that permit pollinators more easily to access and produced more seeds. Their seeds were
larger and germinated better than the seeds produced with B. juncea pollen, suggesting they
show a similar survive dynamic and emergence with oilseed rape. In our experiment with
herbicide resistance, their chromosome number followed a Normal distribution, and the
herbicide-resistance gene was consistent with Mendelian ratio. However, this is not
automatic, and it depends on the insertion loci of transgene on A or C genome and on the
backcrossing with A or B genome in mustard (Frello et al. 1996). This transgene could also be
resistant to insects or others that permit them continue survive in fields. Pollen flow to
susceptible plants within the mixed stand was occurred. These results suggest that the
resistant BC; produced with B. napus pollen could frequently occur and easily establish as a
false feral crop population within cultivated fields and along roadsides. The establishment of
crop-like progeny is much more rapid and hosts a large genetic variability compared to crops,

which could be the source of further rapid adaptation and evolution (Chapter 2.3).

Does the hybridization effects on morphology will exist after long term introgression
of crop gene in wild relatives, even without transgene conferring new traits? We first
propose the hypothesis that gene flow increases with the increasing coexistence between
two species, oilseed rape and wild radish (Raphanus raphanistrum). The putative ancient

introgressed populations showed polymorphism and intermediate characteristics in silique
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and flower compared to other populations. It is necessary to find appropriate molecular
markers of oilseed rape species for confirming the introgression in populations and genes
that imply the modification of selected traits, for example flower color for attracting

pollinators and silique form for dispersal and survival (Chapter 4.2).

2. Competition interaction and individual fitness

As it is inevitable that populations composed transgenic and non-transgenic individuals after
the occurrence of introgressions (Ramachandran et al. 2000; Vacher et al. 2004; Moon et al.
2007), their relative competition capacity will affect the individual growth and reproduction

and further affect population dynamics.

Insect-resistant plants had competitive advantage when competing with insect-
susceptible plants under insects. This relative advantage was increased with the percentage
of healthy plants in susceptible populations. However, as the increasing of percentage of
resistant plants in populations, the intra-class competition among resistant plants affects
their inter-class competition between resistant and susceptible plants. In addition, this
competition advantage of resistant plants was magnified under harsh conditions, like
limiting resources, high plant density. The effects of competition and herbivory on plant
fitness were additive. Competition interaction among plants in populations was changed

because of the presence of introgressed resistant plants. (Chapter 3.3)

In case of the introgression succeed, the transgene will be treated as other genes in
wild relatives, and it could arrive at equilibrium situation or fixed or disappeared that
depends on the selection pressure. Hence, which traits and in which condition a transgene
confers fitness advantage should be detected. A transgene transferred from transgenic crops
to wild relatives might be neutral, but it is likely to increase or decrease the fitness of
receiving hybrid/ backcross plants (Stewart et al. 1997; Ramachandran et al. 2000; Mason et
al. 2003; Di et al., 2009; Letourneau and Hagen 2009). This depends on the transgenic
character, its selection and costs, the context of transgene introgressed in the genome, and

the population composition.
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Transgenic F1 produced higher biomass, lower seed number and weight and
reproductive allocation than mustard and transgenic oilseed rape (Chapter 2.2). Herbicide-
resistant BC1 was associated with greater plant and produced more seeds than their
susceptible counterparts (Chapter 2.3). Insect-resistant plants produced higher plant fitness:
higher biomass and seed weight and more seeds (Chapter 3.3). However, Bt-transgenic BC2
showed similar fitness compared to susceptible BC2 when they were planted together in the
presence of insects because of the protection of transgenic plants on non-transgenic plants
(“halo effect”) (Chapter 3.4). The ancient introgressed wild radish plants did not show

significant higher fitness but intermediate values compared with others (Chapter 4).

Moreover, the fitness effects of transgenes were affected by other factors, such as
morphological traits (seed size, flower color etc.), competition, herbivory, and resources
availability. Large-seeded plants in transgenic oilseed rape showed higher plant fitness than
small-seeded ones (Chapter 2). Ancient introgressed wild radish plants with white petal
produced more seeds than plants with white petal (Chapter 4). Increased plant density
significantly decreased plant biomass and seed output (Chapter 2). Competition magnifyied
the fitness advantage of the insect-resistant plants, but as their frequency increases,
neighbor competition limits their growth. High resources availability and low herbivory
induced compensatory growth in susceptible plants, and accordingly decreased the fitness
differences between susceptible and resistant plants (Chapter 3.3). The mixed cultivation
with Bt-transgenic plants and non-transgenic plants increased production of both transgenic

and non-transgenic plants (Chapter 3.4).

3. Population production

Population equilibrium might be broken in case of the invasion of transgenic plants or the
transferring of transgenes in wild populations because of the competition interaction
between transgenic and non-transgenic plants. In long-term, population might diverge from

others after successively introgression because of the trasgenes conferring new traits.

The total vegetative and reproductive production of mixed populations of healthy

and damaged plants was the same as that of pure populations of either plant type, but
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population reproduction had a maximum when healthy plants occupied 75% of total
individuals. The outcome was the same no matter how the two plant types were distributed
within the plots, although both population production and individual fitness were
significantly higher in plot borders than in centers (Chapter 3.3). Insects decreased
population vegetative production but did not affect reproduction, and population
production, including vegetation and reproduction, increased with percentage of insect-
resistant transgenic BC, in susceptible non-transgenic BC, populations (Chapter 3.4).
Although these results showed the insect-resistant plants had advantage of competition and
fitness in the presence of insects, insects are not a regular selection pressure in natural fields,
and thus we could not conclude that Bt-transgene conferring insect-resistance could
colonize rapidly susceptible wild populations. Moreover, the compensatory growth of
susceptible plants and halo effect observed decreased the differences between resistant and
susceptible plants. Finally, competition caused differences among populations in the wild

radish experiments (Chapter 4).

In summary, my thesis present new evidences for the possible effects of gene flow
and introgression between transgenic crops and their wild relatives on morphology and
population dynamics in wild relatives by detecting the relative competition and fitness of
individual and population, and exploring the factors enhanced the introgression from crops
to wild relatives. These evidences showed that it is not easy to alter morphological traits and
population composition through the insertion of transgene in wild relatives, and the

consequences of gene flow between transgenic crops and wild relatives should be evaluated.
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