Fitness consequences of hybridization between ecotypes of

Avena barbata

by

April D. Johansen

Submitted in partial fulfillment of the requirements

for the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia
July 2004

© April D. Johansen, 2004



National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Bibliothéque nationale
du Canada

Acquisisitons et
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-94028-4
Our file  Notre référence
ISBN: 0-612-94028-4

L'auteur a accordé une licence non
exclusive permettant a la

Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this dissertation.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the
dissertation.

[ b |

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de ce manuscrit.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



DALHOUSIE UNIVERSITY

To comply with the Canadian Privacy Act the National Library of Canada has requested
that the following pages be removed from this copy of the thesis:

Preliminary Pages
Examiners Signature Page (pii)
Dalhousie Library Copyright Agreement (piii)

Appendices
Copyright Releases (if applicable)



TABLE OF CONTENTS

Page
LIST OF TABLES ...ttt tnetsaestassesbe st e e et esesaesen s eese s et e s s ssasasensssnnnen vi
LIST OF FIGURES ...t eerseves e sae e e sbessn s sssenn e s assassaesesessesassassensnns ix
AB ST R A C T ettt reete s s e e crtatee s se st reasness s sanessestsaessnanssasnsssosseesnersessssnnn Xi
ACKNOWLEDGMENTS .....oorieteestrrcnsnereeesteressesesse st sstsaresessassasssessanasasssmesesssesasnns xii
CHAPTER 1 INTRODUCTION .......ooiiiieiiieeieeeeeenrecrees e saeresiesssessstasssssessssssssensenas 1
Genetic factors important to hybrid fitness.......ccovevcerevererecnreenentenneererenreeseeseseesean 6
Additive GENe EEECTS....vi ittt cee s e e e s seeesaessasees s aees s e s snsasaesesasnesnas 8
Dominant Gene FIECS.....ovv i eeeneesercsrrcrsees s seesscessseesessasnearessenasesns 10
Epistatic Gene EffectS ..o 10
Local Adaptation and Transgressive Segregation...........vvveeereneisreeneeiveeniinncinas 11
Backcross GeNETALIONS.......coveviriieeeierieriieerreesieesereeesstersessnesssesssessasssssseneesssasassnssassssesses 13
Summary of literature documenting outcomes following hybridization....................... 14
ReSEArCh ODJECLIVES ....ccuvieerecierireeterieeiieseete e reeesaeseee st assee s sessatesssmsessesassassssassesssssenas 18
Study OTGANISIN ...oovurvieriiienietiiiteere et is bbb er bbb b s a s et b e st e nenasstenbassens 19
CHAPTER 2 SHORT AND LONG TERM EFFECTS OF HYBRIDIZATION
IN AVENA BARBATA ......veeeeeeteerereeeeteeierestecssesnesessseesannasas e sansessanans 25
I OAUCTION ettt ete e eteeieesr e e ctrteseae e etesreesbe s seaeesssessssessesassesssasssassssnesesssnsssennesssesrasnenens 25
IMEthOAS. .. iveerereerreneerieisrmrercessesetreaesseaernatesaesnsessrassnsnssnnesesas ranseatesssansasaresannnnnsneeenesmeernsane 30
Implications of Hybrid FItness.........ccecevemeieieiiniineieneisen st 30
StudY DESIZN...vvieiiiirciererctcr sttt rb e 31
SEAtIStICAl ANALYSIS......cueeieieeiirterieierieeeeeieseretessereeaiessessstsssesassasssasseessesssnesmrnsesnseans 32
RESUIS...eirerreerrrensrrrisceesinesestesseeeesseesssseessessessasessassneeesasesssssnsesstesssnsasnssesnsasssanssssassrosesenen 36
D ISCUSSION tvervrveerersrrrersssnnrereestrsarassesssssnseresssseasssasssesmnassssssnsesssssesesesonsasnsnassssnnansessssessersenne 46
CHAPTER 3 FITNESS OF MESIC, XERIC AND F6-GENERATION HYBRIDS
OF AVENA BARBATA INNOVEL ENVIRONMENTS. ......ocooieiene 55
ITOAUCHION et teeereeeeieeeieeetteecteeseaereereasasesssssssessassaesssseessssaesssesannnssesnnsnsnsnssesansensennnns 55
IMEEEROMS. e ereeevreerrirteciueeeeenereseeeaatesssseesesseasnearasnsntesassssesansasssneeassneesasssnssnranssssnnsasassansessan 59
StAtIStICAl ANBLYSIS..veeriecreerriiteerreesieteseeraeesrereneesesssaesseessasssessserarsesssesssesssssssessrsensas 61
RESUIS ... v evvrecerreeririrrrereeerererescsesareessssssantearesserasssesasssasssssssenensnsasscsssansasssnssnnsnsassseessevesares 63
DS CUISSION tvvvreereaanreressreereeserrneserssneesosassesarasnasssncesnassssesessssssssasesssssnannsnansessnsennnsssesssessonnn 81

iv



CHAPTER 4 FITNESS OF EARLY AND LATE GENERATION HYBRIDS OF

AVENA BARBATA IN MESIC AND XERIC ENVIRONMENTS.......ccovverireimnrrrrnens 88
INEEOAUCTION e cevrveenteitenitereee ettt e et et st s ne e s s e et e e e st s saassasnseanesarasssanassssnsssassessnserennn 88
METROAS . ittt ecre e et e s e e st e ssesssaessessae s st e seseneaassannsnnnnsissassensernn 92
RESUILS . et ceeeniieiietiie ittt rcreecseee s s re sttt esemeesoreesessasssasarssasssnasastess sasssnsnsasansarsssessrnnas 95
Long term vs. short term field eXperiment........oeveeeeeriecniervenennreeenneseeenienseennns 95
Fitness of F6 generation in parental environments.........ccoeceeverveereeeeeeernrererennesenns 103
DIISCUSSION cevtiveiieiteiiieetenieeieestceeeentte et e e e srecssssassasensestasnsesasanenasnsesssnassessssnsnssressessensn 111
Long term vs. short term field experiment..........ccoceoeeeeneninecnnecnecnenis e 111
Fitness of F6 generation in parental environments........ccecevververeesrsesenreeeeneresinens 115
CHAPTER 5 SUMMARY AND CONCLUSIONS ......cortrirretinrirereeieescnraneeseserensens 119
REFERENCES ...ttt sitseetesestseseeesie s e ssassestasbasasnsessessensessnasesssnsesnsssssenses 125



LIST OF TABLES
Table Page

1.1  Proportion of additive, dominance and epistasis contributing to trait mean
each generation. Modified from Mather and Jinks (1982) ....c.ccoocevererirvnrecccennnen. 7

1.2  Relative frequencies of genotypes across generations and contributions of
additive, dominance and epistatic gene effectS......ocvvivrrrieinrenceceriererinnvcecreeeen. 9

2.1  Contrasts used to calculate the additive, dominance and epistatic gene effects.
The contrasts are made using the expectations for generation
means as given in Table 1.1 ..ot 34

2.2 Analysis of variance on fitness (spikelet number) to evaluate effects of long
term and short term hybridization in Avena barbata. Linear contrasts were
used to determine presence of heterosis and episStasis .....covvvereveeereecrienrienencennnen. 37

2.3 Analysis of variance on flowering time to evaluate effects of long term and
short term hybridization in Avena barbata. Linear contrasts were used to
determine presence of heterosis and epistasiS......cooeveercrveeererncrereesenerneresreeeenne 37

2.4  Analysis of variance on above ground biomass to evaluate effects of long
term and short term hybridization in Avena barbata. Linear contrast were
used to determine presence of heterosis and epistasis .....ccvceveevrecerierirrcrerereeennen. 38

2.5 Ecotype and generation means + SE. Additive, dominance, and epistatic
effects of fitness, flowering time and above ground biomass calculated
using expectations for generation means as found in Mather and Jinks
(1982). 95% confidence limits for differences between two means were
calculated according to Sokal and Rohlf (1995)......cccovriimvrvrrneiieeiriceerccnee 38

2.6  Analysis of variance on fitness (spikelet number) with flowering time as
COVATIALE .. eevveeeiriresrersraeasireseeesssesssstaestasstesnseresaassnessassassaesnsssessasasserssnnnseasssssssserses 40

3.1  Analysis of variance on fitness (spikelet number) of mesic and xeric
ecotypes and 12 recombinant families of 4. barbata. (a) Complete model
analyzing each environmental factor separately. (b) Condensed model
treating each block as a separate environment.........occeevevverecerreeererereesneereeeneeee 67

3.2  Analysis of variance on flowering time of mesic and xeric ecotypes and 12
recombinant families of A. barbata. (a) Complete model analyzing each
environmental factor separately. (b) Condensed model treating each block
S 4 SEPATAte ENVITOMIMENE .....ecvreveeniireererreeerrersrcrasasreecroeseessasssasssessanasesssessessnsnnn 68



33

3.4

3.6

3.7

3.8

3.9

3.10

4.1

4.2

Analysis of variance on above ground biomass of mesic and xeric ecotypes

and 12 recombinant families of 4. barbata. (a) Complete model analyzing

each environmental factor separately. (b) Condensed model treating each

block as a separate eNVIrONMENL ..........cvcvereerereereererrirerreeeesreseescssnesssseeniinssasass 69

Correlations of family means (mesic and xeric ecotypes and 12 recombinant
F6 families) for flowering time across eight different greenhouse
EIIVITONIMENES ..c..eoeirierneeenieerertreteseeetessesesesassssiesesasssesassssesssosssssessansssssessssrannes 73

Correlations of family means (mesic and xeric ecotypes and 12 recombinant
F6 families) for fitness (spikelet number) across eight different greenhouse
EIVITONIMEIIES ..eveveerireererereriesrserennssrarsseorareestesasesnresentessesnrsereesestessstesasannessossssosons 75

Correlations of family means (mesic and xeric ecotypes and 12 recombinant
F6 families) for above ground biomass across eight different greenhouse
EIVITONIMEIIES ¢..c.ceutaeneeetreesereseereseessessesseenesessessreseesseseessosesntesessnessessneneneensimsssssen 76

Rank order of families from highest to lowest fitness in eight different
environments. * indicates those families which are significantly different

from mean mesic # indicates those families which are significantly different

from mean Xeric fitNess VAIUE .......coccevreveeverneenieerientneeine e e 77

Rank order of families from earliest to latest flowering time in eight different
environments. * indicates those families which are significantly different from
mean mesic # indicates those families which are significantly different from
MEAN XETIC TItNESS VAU .....cuvererireerieerecreeccrtetee e seeae s srereneee e aes e srencecnens 78

Rank order of families from highest to lowest above ground biomass in eight
different environments. * indicates those families which are significantly
different from mean mesic # indicates those families which are significantly
different from mean xeric fitness value ........ccccceeveveneinnnninicieere e 79

Variance components and proportion of total variance for F6 generation
attributable to family, environment and family X environment interaction for
fitness, flowering time and above ground biomass......c..cccoeevvevevcrvereereiencncennen. 80

Analysis of variance on fitness (spikelet number) to evaluate effects of long
term and short term hybridization in Avena barbata at HREC. Linear contrasts
were used to determine presence of heterosis and epistasis ..c.ceeveeeecnenrerveeereennen. 96

Analysis of variance on above ground biomass to evaluate effects of long

term and short term hybridization in Avena barbata at HREC. Linear
contrasts were used to determine presence of heterosis and epistasis ................. 96

vii



43

44

4.5

4.6

4.7

4.8

4.9

Analysis of variance on fitness (spikelet number) to evaluate effects of
long term and short term hybridization in Avena barbata at SFREC. Linear
contrasts were used to determine presence of heterosis and epistasis

Analysis of variance on above ground biomass to evaluate effects of long
term and short term hybridization in Avena barbata at SFREC. Linear

contrasts were used to determine presence of heterosis and epistasis ..............

Ecotype and generation means + SE. Additive, dominance, and epistatic
effects of fitness and above ground biomass at HREC calculated using
expectations for generation means as found in Mather and Jinks (1982).
95% confidence limits for differences between two means were calculated

according to Sokal and RohIf (1995) .....ccovvrrnrvniricnenrineeeseeeereereeecieieneenns

Ecotype and generation means + SE. Additive, dominance, and epistatic
effects of fitness and above ground biomass at SFREC calculated using
expectations for generation means as found in Mather and Jinks (1982).
9594 confidence limits for differences between two means were calculated

according to Sokal and Rohlf (1995) ....eevuvreieoiieieeceiencccieneer e,

Analysis of variance on fitness for 4. barbata grown in the parental
environments in California

Analysis of variance on above ground biomass for A. barbata grown in the
parental environments in California

Variance components and proportion of total variance for F6 generation
attributable to family, environment and genotype x environment interaction

for fitness and above ground biomass..........cccceeereeererierrreerceeecerneeeesesersreeseenns

viii

..............

...............................................................................

..................................................................



Figure

1.1

2.1

2.2

2.3

24

25

3.1

32

3.3

3.4

3.5

LIST OF FIGURES

Crossing design for the production of the experimental lines between two
ECOLYPES OF AL BAFBDAIA «.....eooieeieerveeveriscresieetecresneeseseeseeeeensasss s snessessasssnes 23

Mean fitness of each family vs. mean flowering time of each family for mesic
and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata.
Correlation coefficient = -0.899..........ccorrrirererreirercecetreeeesresre s st nenas 39

Mean fitness of each family vs. mean above ground biomass of each family for
mesic and xeric ecotypes, six F2 families and 25 F6 families of 4. barbata.
Correlation coefficient = ~0.120.........ccceeiveecicninrrireerere e sste e ceseeecaesnseraenas 41

Mean fitness (spikelet number) + standard error of mesic and xeric ecotypes,
six F2 families and 25 F6 families of 4. Barbata ..........cceeoveeevceecrereecrnnnvevennnnnn. 43

Mean flowering time (days) = standard error (day 1 = first day flowering
occurred) of mesic and xeric ecotypes, six F2 families and 25 F6 families of 4.

DAFDAIA ......eeeanneeieerieceeerente e sacesteeee s esseeests e ts e st e seeese s ste s nasaassassssasnen 44
Mean above ground biomass (grams) + standard error of mesic and xeric

ecotypes, six F2 families and 25 F6 families of 4. barbata ................................ 45
Placement of environments within Dalhousie University Greenhouse ............... 60

Mean fitness (spikelet number) by environment. Tukey’s test was used to
determine significant differences between environments. Environments
belonging to the same homogenous subset are indicated by the letters

Mean flowering time (in days) by environment. Tukey’s test was used to
determine significant differences between environments. Environments
belonging to the same homogenous subset are indicated by the letters

B, D, €y 0T € ettt et e st eeae e e ne e s e n s vebe e eareaan 65

Mean above ground biomass (in grams) by environment. Tukey’s test was

used to determine significant differences between environments.

Environments belonging to the same homogenous subset are indicated

by the letters a, b, €, 0T d...cviiiiiiiiicieccrete e 66

Mean fitness (measured as spikelet number) of mesic and xeric ecotypes
and 12 F6 families of 4. barbata grown in eight different environments ........... 70

ix



3.6

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

Mean flowering time (measured as day first flowering occurred) of mesic
and xeric ecotypes and 12 F6 families of 4. barbata grown in eight
different ENVITONMIMENTS .......coerervuerrecernerenterenteeseeeseereesrseecosaeerncesnesenanessassensensns 71

Mean above ground biomass (grams) of mesic and xeric ecotypes and
12 F6 families of 4. barbata grown in eight different environments..........c.c.... 72

Mean fitness of each family vs. mean above ground biomass of each family for
mesic and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata
grown at HREC. Correlation coefficient= 0.809 ........cocovmreeceneeiciicirnne. 99

Mean fitness of each family vs. mean above ground biomass of each family for
mesic and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata
grown at SFREC. Correlation coefficient= 0.935......coomrvieiivennine. 100

Mean fitness (spikelet number) * standard error of mesic and xeric ecotypes,
six F2 families and 25 F6 families at HREC. The families are arranged in
the same order as in Chapter 2........o.eoeceiiiiiinceiecrteeereeee e cereeeeens 101

Mean above ground biomass (grams) + standard error of mesic and xeric
ecotypes, six F2 families and 25 F6 families at HREC. The families are
arranged in the same order as in Chapter 2.........ccovvvvevirveereeneeereeeereesnnnenee 102

Mean fitness (spikelet number) + standard error of mesic and xeric ecotypes,
six F2 families and 25 F6 families at SFREC. The families are arranged in
the same order as I Chapter 2......oeviiveeeviiererceineneeerreeseserteecrnneen e e s erasesnas 104

Mean above ground biomass (grams) = standard error of mesic and xeric
ecotypes, six F2 families and 25 F6 families at SFREC. The families are
arranged in the same order as in Chapter 2........cccovvvevvvverncevvercvnieereecreeeeenen. 105

Family means for fitness at HREC and SFREC in California. Parental
ecotypes are indicated by solid lines, F6 hybrid offspring families by
dotted lines. (1=0.551, P<O.0T)uecioiiiereereereet ettt se s s 107

Family means for above ground biomass at HREC and SFREC in
California. Parental ecotypes are indicated by solid lines, F6 hybrid
offspring families by dotted lines. (r=0.581. p<0.01).cccrrerreiiriereeceerene 108



ABSTRACT

Hybridization is an important factor in the evolution of plants; however, many of the
studies which have examined hybrid fitness have been concerned with the study of early
generation hybrids. Three studies which examined the fitness consequences of
hybridization between two ecotypes of Avena barbata were carried out. The first
experiment, which examined the short and long term consequences of hybridization,
determined that hybrid vigour which counteracts hybrid breakdown occurs in the F2
generation. Also, although the F6 generation mean is lower than the mid-parent mean,
there are individual genotypes within the F6 generation which are capable of
outperforming the parental ecotypes. The second experiment examined the fitness of the
F6 generation in novel environments, demonstrating that certain genotypes do better
under certain environmental conditions and that there are genotypes capable of
outperforming the parental ecotypes in all the novel environments tested. The third
experiment examined the fitness of early and late generation hybrids in the parental
environments, confirming the results of the first experiment which demonstrated the
presence of hybrid vigour counteracted by hybrid breakdown in the F2 generation.
However, there do not appear to be genotype by environment interactions for fitness.
While there are a small number of hybrid genotypes which are capable of outperforming
the parental ecotypes in the parental environments, the mesic ecotype outperformed the
xeric ecotype in the xeric environment, calling into question whether these ecotypes are
locally adapted to their specific environments. Overall, these experiments demonstrated
that a single hybridization event can result in a number of outcomes including hybrid
vigour, hybrid breakdown, transgressive segregation and genotype by environment
interactions.
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Chapter 1

Introduction

Historically there have been two contrasting views on the importance of
hybridization. One view is that hybridization is an important factor driving evolution and
speciation (Arnold 1997). This view holds that it is possible not only for hybrids to be
more fit than either of the parents but also that stable hybrid zones can occur (Moore
1977). In order for the hybrids to have a fitness greater than the parental phenotypes it is
necessary for the hybrid to be better adapted to, or for the parents to be less adapted to
certain environmental conditions (Moore 1977). This view has been supported by studies
which demonstrate that certain hybrids are in fact more fit under certain environmental
conditions (Emms and Arnold 1997) and that hybridization can lead to speciation
(Rieseberg et al. 1990; Rieseberg 1991; Schwarzbach ef al. 2001). A review of the
literature by Arnold and Hodges (1995) found that not only was it possible for hybrids to
be more fit than both parents, but that hybrids were more fit than one parent in over half
the cases. That hybrids which are adapted to different environmental conditions than their
parents can ultimately lead to speciation has been shown to occur in Helianthus
anomalus. H. anomalus is the putative hybrid offspring of H. annuus and H. petiolaris
and has many characteristics which might have resulted in this hybrid being able to adapt
to an environment different from that of the parental environments (Schwarzbach et al.
2001).

The opposite view is that hybrids are generally less fit than their parents and

relatively unimportant from an evolutionary stand point (Wagner 1970). While hybrids



might form, and may be common, adherents of this view hold that they are for the most
part sterile (Wagner 1970; Mayr 1992). If a hybrid does survive, it will occupy a habitat
which is different from the parental habitat and will disappear once the parental species
has re-established itself in its usual environment (Wagner 1970). Therefore, while
hybrids do exist, it is the “normal” parental species which are assumed to contribute to
evolution (Wagner 1970; Mayr 1992).

However, it is perhaps more accurate to say hybridization has multiple outcomes
with everything from the production of F1 hybrids, which are inviable, to frequent
hybridization resulting in viable offspring (Avise 1994; Arnold 1997). The overall
outcome of the hybridization event will depend on whether selection is exogenous
(interactions between the hybrid genotype and the environment ) or endogenous
(interactions between parental genomes). If the two parental phenotypes have co-adapted
gene complexes which are independent of the environment, then the hybrids will likely
have a lower fitness than the parents as a result of the disruption of these gene complexes
(Moore 1977). However, if parental phenotypes have co-adapted gene complexes which
are associated with a specific environment, then the resulting hybrids may survive if they
are not competing with the parents in the parental environment (Moore 1977).

In spite of this debate, numerous studies have documented the occurrence of
hybridization both in nature and between crops and wild relatives. For example
hybridization between two subspecies of the grasshopper Caledia captiva has been well
documented (Shaw er al. 1983; Shaw et al. 1986; Marchant er al. 1988). The two
subspecies Torresian and Moreton mate and form a hybrid zone where the two ranges

meet (Marchant et al. 1988). However, after the F1 generation, hybrid breakdown seems
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common. The F2 generation is almost completely inviable and backcrossing between the
parents and F1 results in viability being reduced by 50% (Marchant et al. 1988). Despite
this it appears that some introgression of molecular markers has occurred from the
Moreton population into the Torresian population (Marchant ef al. 1988). This
introgression may have occurred as a result of the movement of the hybrid zone and
selection against the disruption of co-adapted cis-acting gene complexes (Marchant ef al.
1988). Hyla cinerea and H. gratiosa are known to hybridize despite the differences in
habitat between the two (Lamb and Avise 1986). Most of the F1 hybrids have H. gratiosa
as the maternal parent, possibly due to the position of the males during mating season
(Lamb and Avise 1986). It appears that the hybrid offspring are stable in terms of their
morphological development. However, as this work was carried out on F1 hybrids and
backcrosses, whether similar stability would be found in later generation hybrids can not
be inferred (Lamb et al. 1990). Bombina bombina and B. variegata are two species which
hybridize and have been studied extensively. The outcome of hybridization between these
two species seems to depend both on exogenous and endogenous selection (Arnold 1997)
with lower fitness of the hybrids and contrasting environments on either side of the
hybrid zone resulting in introgression occurring over a very narrow zone (Szymura
1996). Fitness of the hybrids between these two species varies with some hybrid
genotypes showing no reduction in viability while others resulted in zero viability (Kruuk
et al. 1999).

Hybridization in plants is also well documented. Helianthus anomalus, H.
deserticola and H. paradoxus are all thought to be stabilized hybrid derivatives of H.

annuus and H. petiolaris with both molecular data and the geographical distribution of



the three hybrid species supporting this hypothesis (Rieseberg 1991). The distribution of
these three species is not intermediate to that of the parental forms, but rather the habitats
they occupy are extreme to those of the parental species (Rieseberg 1991). H anomalus
and H. deserticola are both adapted to xeric conditions whereas H. paradoxus occurs in
brackish, saline and marine environments (Rieseberg 1991). Hybrid speciation of H.
anomalus appears to have occurred in less than 60 generations, indicating that under
favourable conditions speciation can occur quite quickly (Ungerer et al. 1998).
Hybridization has been reported to occur between Iris spp. as well. Iris nelsonii is the
putative stabilized hybrid derivative of I fulva and I. hexagona, which appears to have
occurred as a result of crosses involving I fulva as the maternal parent and L hexagona as
the paternal parent (Arnold et al. 1991). Also, hybridization occurs between I fulva, I
hexagona and I. brevicaulis with introgression between 1. fulva and I. brevicaulis being
bi-directional (Arnold et al. 1992). Overall, introgression between these three species
seems to be pollen-mediated as opposed to through seed dispersal of one species into the
habitat of another species (Arnold et al. 1992). A further study has found that while F1
production of hybrids between I fulva and I. hexagona is a rare event, if an F1 can
become established in a population it will backcross and produce F2 offspring at a much
greater rate than the F1s themselves are produced (Hodges et al. 1996). This indicates
that although there may be difficulty in establishing the initial hybrid, once there has been
the formation of an F1 this can lead to the rapid formation of a hybrid zone (Hodges et al.
1996).

Also, hybridization has been well documented in crop species. Canola (Brassica

napus, 20=38) has been found to successfully cross with several wild species, including



B. rapa, B. juncea, Hirschfeldia incana, Sinapis arvensis and Raphanus raphanistrum,
after hand pollination (Rieger ef al. 1999). The cultivated radish R. sativus has been
shown to hybridize naturally with both feral R. sativus as well as R. raphanistrum
(Klinger et al.1992; Klinger and Ellstrand 1994; Snow et al. 2001). Sugar beets (Beta
vulgaris ssp. vulgaris) hybridize naturally with adjacent populations of wild sea beet (B.
vulgaris ssp. maritima) as well as with a weedy form of B. vulgaris ssp. vulgaris (Bartsch
et al. 1999; Desplanque er al. 1999; Desplanque et al. 2002; Lavigne et al. 2002; Viard et
al. 2002). These are but a few of the studies which have demonstrated that hybridization
does occur both in nature and under crop conditions. These studies have shown that
hybridization and the subsequent introgression of genes from one species to another is a
frequent event in the evolution of species (Rieseberg and Ellstrand 1993; Nason and
Ellstrand 1993; Rieseberg et al. 2000). However, few of these studies have looked at the
long term fitness consequences or the underlying genetic basis of this fitness.

The outcome of any hybridization event will depend in part on which of the two
seemingly opposite fitness consequences of hybridization occur. Heterosis (hybrid
vigour) is the superiority of the hybrid offspring over the mid-parental value for that trait
(Stuber et al. 1992; Rieseberg et al. 2000), whereas hybrid breakdown is the sterility and
weakness in the F1 and later generation hybrid offspring (Li et al. 1997). Heterosis and
hybrid breakdown are not mutually exclusive. While a cross may exhibit heterosis in the
early generation hybrid offspring, this may give way to hybrid breakdown in later
generation hybrids as recombination disrupts co-adapted gene complexes or results in the

creation of recessive deleterious homozygotes (Rieseberg ef al. 2000). Whether heterosis



or hybrid breakdown occurs will depend on the relative amounts of additive, dominance
and epistatic gene effects.

Although hybridization is often thought of as a cross between two different
species, which results in either highly sterile F1 individual or in individuals that can only
occupy habitats intermediate to that of the parents (Mayr 1992), an alternative viewpoint
defines hybridization as any mating in nature between individuals from groups that are
distinguishable based on one or more heritable characters (Amold 1997). This definition
includes matings between conspecific individuals but not individuals from the same gene
pool and does not require acceptance of any particular species concept (Amold 1997).

Genetic factors important to hybrid fitness

The genetic basis of fitness, as well as other phenotypic traits, of the hybrid
offspring can be understood in the context of line crosses. Expectations for each
generation of a line cross and thus each generation of hybrid offspring have been derived
by several authors (Mather and Jinks 1982; Lynch and Walsh 1998). All of these
expectations assume that all the “plus” alleles, meaning those alleles that increase the trait
value, are fixed in one parent while the other parent is fixed for all the “minus” alleles,
meaning those alleles that decrease the trait value. The use of these expectations for each
generation can help to determine the relative contributions of additive, dominance and
epistatic gene effects to the fitness of the hybrid offspring (Lynch and Walsh 1998).

The phenotype consists of the sum of additive and dominance gene effects at
individual loci plus the epistatic interactions between loci (Mather and Jinks 1982). The

means of each generation given in Table 1.1 are expressed as fractions of the additive



Table 1.1: Proportion of additive, dominance and epistasis contributing to trait mean each

generation. Modified from Mather and Jinks (1982).

Pl=m+ A+ AxA

P2=m-— A +AxA

MP =m + AxA

Fl=m+ D +DxD

F2=m+ 1/2D + 1/4DxD

Furr = m + (1/2)"D + (1/2)*"DxD

F6 =m + 1/32D + 1/1024DxD = approximately m

BCl, =m+ 1/2A +1/2D + 1/4AxA + 1/4AxD + 1/4DxD
BClp =m —1/2A +1/2D + 1/4AxA — 1/4AxD + 1/4DxD
BC2,1 = m + 3/4A + 1/4D + 9/16AxA + 3/16AxD + 1/16DxD
BC2j, = m — 3/4A + 1/4D +9/16AxA ~ 3/16AxD + 1/16DxD

m = gverage of recombinant inbred line (RIL)

A = sum of all additive gene effects

AxA = sum of all pairs of additive interactive loci

D = sum of all dominant gene effects

DxD = sum of all pairs of dominant interacting loci

AxD = sum of all pairs of additive and dominant interacting loci
BCl, =F1xPl

BClp,=F1xP2

BC2, =BClp x Pl

BC2;,, =BClpx P2

MP = mid-parent



and dominance gene effects plus the interaction terms. The contribution of each of these
terms is derived from relative frequencies of the genotypes in each generation and
therefore will change depending on the generation (Table 1.2) (Mather and Jinks 1982).
Additive Gene Effects

In the absence of either dominance or epistasis the phenotype will be the result of
the sum of the additive gene effects across loci (Wade 2001). The expectations given in
Table 1.1 assume the parental lines are fixed for opposite alleles at all loci; therefore, the
parental lines do not exhibit any dominance effects. The sign associated with the additive
gene effects indicates whether the alleles increase or decrease the character in question
(Mather and Jinks 1982). If the parents are fixed for opposite alleles such that the
variation in a trait is purely additive, each generation of hybrid offspring (not including
the backcross generation) of these two true breeding lines should have a phenotype
midway between that of the parents (Mather and Jinks 1982). Additive gene effects are
not included in the expectations for the F2 and later generation means because if the
parents are fixed for opposite alleles then p=q=0.5 and any additive gene effects will
cancel out. However, as the effects are summed across all pairs of loci, even if the alleles
are dispersed in the parental generations, meaning that each parent carries an increasing
allele for one gene and the decreasing allele for another gene, the expectations for the F1
and subsequent selfing generations will remain the same as the expectations given in

Table 1.1 (Mather and Jinks 1982).



o Table 1.2: Relative frequencies of genotypes across generations and contributions of additive, dominance and epistatic gene effects.

Genetic Effects Frequencies
Genotype Additive Dominant Epistatic Parent; Parent, F1 F2 BCly, BCly, BC2,; BC2p
AABB At Ap AxA 1 0 0 1/16 1/4 0 9/16 0
AABb Aa Dg AxD 0 0 0 1/8 1/4 0 3/16 0
AAbb Ap - Ab Ax-A 0 0 0 1/16 0 0 0 0
AaBB Ap Da AxD 0 0 0 1/8 1/4 0 3/16 0
AaBb Dpo+Dg  DxD 0 0 1 1/4 1/4 1/4 1/16 1/16
Aabb -Ap Da -AxD 0 0 0 1/8 0 1/4 0 3/16
aaBB  -A,+ Agp -Ax A 0 0 0 1/16 0 0 0 0
aaBb Ay Ds -AxD 0 0 0 1/8 0 1/4 0 3/16
aabb -Ag + -Ayp -Ax-A 0 1 0 1/16 0 1/4 0 9/16
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Dominant Gene Effects

Interactions between alleles at the same locus are referred to as dominant gene
effects and result in the phenotype of the heterozygotes being different from the mid-
parent phenotype (Mather and Jinks 1982). As the F1 resulting from a cross of two
homozygous parents are entirely heterozygous, the F1 performance relative to the parents
is going to be made up of dominance effects as well as any dominance x dominance
epistasis that may be present (Table 1.1). If the parental populations are homozygous for
deleterious recessive alleles at different loci, then combining the two genomes may result
in dominant gene effects masking the deleterious recessive alleles. This will result in F1
hybrids that exhibit heterosis (Whitlock et al. 2000). Heterosis is more likely to occur if
the dominance effects are in a positive direction at all loci, which means the dominance
effects at all loci result in the masking of deleterious alleles and an increase in the trait in
question. If the dominance effects are not unidirectional at all loci, then negative
dominance effects at some loci may cancel out any positive effects of the masking of
deleterious alleles at other loci (Mather and Jinks 1982). The F2 generation exhibits half
the dominant gene effects of the previous generation and as heterozygosity decreases by
one half every generation the F.; will only exhibit (1/2)" dominant effect. Therefore, if
dominance is contributing to heterosis in the early generation hybrids then, with the loss
of heterozygosity, the later generation hybrids will lose this fitness advantage.

Epistatic Gene Effects

Epistasis occurs when there are interactions between genotypes at different loci.

With epistasis the effect of a genotype at one locus will depend on what genotype is

present at the other locus (Mather and Jinks 1982). Hybrid breakdown may occur through
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unfavourable interactions between the two parental genomes in the F1 generation (Burke
and Arnold 2001) or through the break-up of co-adapted gene complexes which were
present in the parents (Waser and Price 1994). Although co-adapted gene complexes are
assumed to be favourable epistatic combinations, not all epistatic interactions result in an
increase in the trait value. Therefore, while some additive x additive epistatic interactions
will result in an increase in the trait value, others may not. As the parents are assumed to
be fixed for alleles of opposite effects, the additive gene effects will cancel each other out
in the later generation hybrids and therefore do not contribute to the generation means
(Table 1.2). Therefore, as the coefficients of the epistatic interaction terms are the
products of the coefficients of the non-interaction terms (Mather and Jinks 1982) the
additive x additive epistatic effects are not included in the generation means for the F2
and later generation hybrids. Although these terms are not reflected in the overall mean
of the generation, both the additive gene effects and the epistatic interactions may still
contribute to the variances for each generation. It is possible that there may be some
hybrid individuals in which the production of new beneficial epistatic gene combinations
may result an increase in fitness (Burke and Arnold 2001). However, in the absence of
strong selection, later generation hybrids may lose this fitness advantage as
recombination breaks up the favourable gene combinations (Burke and Arnold 2001).
Local Adaptation and Transgressive Segregation

If additive gene effects are contributing to local adaptation then hybridization
between two individuals which are not adapted to the same environment may result in an
F1 ﬁtnesé lower than the local parent (Waser and Price 1994). This, like any additive

gene effect, is due to the fixation of alleles of opposite effect in the parents. Therefore,
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the fitness of the mid-parent will equal the fitness of the F1, but will be less than the
fitness of either parent in the parental habitat. If the alleles which are present in one
parent are beneficial in one environment but are not beneficial in another environment,
then the immigration of these non-native alleles will erode adaptation to the local
environment.

Nevertheless, although the mean of the F2 generation may be no different from
the mean of the mid-parent, the segregation of additive genetic variation in the F2 and
later generations sometimes results in extreme phenotypes relative to the parents
(transgressive segregation) in some individuals (Rieseberg ef al. 1999). These
transgressive phenotypes may arise through accumulation of complementary alleles at
several loci in some individuals (Tanksley 1993; Rieseberg ef al. 1999). Complementary
gene action occurs when alleles of opposing effects are fixed within parental lines
(deVicente and Tanksley 1993; Rieseberg ef al. 1999). For example, for a particular trait
one parent may be fixed for three “plus” alleles and two “minus” alleles giving an overall
phenotypic value of plus one, while the other parent may be fixed for three “minus”
alleles and two “plus” alleles giving an overall phenotypic value of minus one. The
resulting F2 and later generation hybrid offspring may contain individuals who have all
five of the “plus” alleles or all five of the “minus” alleles resulting in some individuals
which have extreme phenotypes relative to either parent. Although evidence usually
points to complementary gene action as an explanation for transgressive segregation,
epistatic interactions or overdominance could also contribute to the phenotypes of these
extreme individuals (Tanksley 1993; Rieseberg et al. 1999). Epistatic interactions may

actually be making a substantial contribution to transgressive segregation. However, the
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QTL mapping methods which are used in these studies have a low power for detecting
epistasis (Burke and Arnold 2001). The overall outcome of the presence of transgressive
segregation may be that these extreme phenotypes result in either adaptations to a novel
environment or in novel traits in the hybrid offspring (Rieseberg et al. 1999). If the
hybrid offspring exhibit novel adaptations, they may be able to colonize a non-parental
environment leading to the establishment of the hybrid lineage in an area previously un-
colonized by this species.
Backeross Generations

When the F1 is backcrossed to one of the original parents to create the first
backcross generation, half of the additive effect of the parent used in the cross is
expressed. This occurs through crossing the heterozygous F1 with a homozygous parent
resulting in the re-creation of some of the homozygous loci which were previously
present. However, this cross also results in the loss of heterozygosity relative to the F1 so
only half the dominance effect of the F1 generation is expressed (Table 1.1,1.2). In the
second backcross generation the offspring may start to exhibit phenotypes more like the
original parent. This is due to the increased homozygosity of this generation and therefore
the return of the additive effects and additive x additive epistatic interactions which were
lost in the F1 generation. The dominance x additive epistatic interactions may contribute
to either an increase or decrease in fitness of the offspring depending on whether the
epistatic interactions are positive or negative. Only a quarter of the dominance effects
which were present in the F1 will be seen in the BC2 generation, as crossing to the
original parent decreases the proportion of heterozygotes. Therefore, if dominance effects

are contributing to heterosis in the F1 generation there will be a decrease in the fitness of
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the backcross generations relative to the F1 with each successive generation of
backcrossing.

Summary of literature documenting outcomes following hybridization

The relative contributions of additive, dominant and epistatic gene effects are
going to determine the fitness of any hybrid offspring. The occurrence of heterosis or
hybrid breakdown is a function of a number of factors such as whether there are
interactions between parental genomes, whether additive gene effects confer adaptation
to the local environment and whether there are recessive deleterious alleles in the parental
populations.

All of these outcomes have been documented as occurring following
hybridization events either between crop plants and their wild relatives or between two
non-cultivated species. Heterosis has been found to occur upon hybridization between
weedy Raphanus sativus and crop R. sativus. The resulting F1 have higher fruit and seed
production than their wild counterparts in a non-competitive situation (Klinger and
Ellstrand 1994). The F1 and F2 hybrids of I fulva and 1. hexagona were found to survive
and reproduce just as well as, and sometimes better than the parents in the parental
environments (Emms and Arnold 1997). As well, heterosis has been reported in a number
of other plant species including Arnica montana, Gentiana pneumonanthe, Agrostemma
githa and Silene alba, as reviewed in Hufford and Mazer (2003). Estimations of epistatic
effects found that heterosis for weight in eight week old mice was caused mainly by
beneficial recombinant gene combinations (Mohamed ef al. 2001).

Heterosis does not always occur in the F1 generation; it is also possible that

hybrid breakdown will occur in these early generation hybrids. F1 hybrids formed by
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hand pollination between the wild radish R. raphanistrum, and R. sativus were found to
flower later, have lower pollen viability, and have only half as many seeds per fruit as
their wild progenitor when grown both in potted conditions and under field conditions
(Snow et al. 2001). Cucurbita pepo occurs both as a wild and a cultivated species and
although seedling survival of the crop-wild F1 hybrid offspring is no different from that
of the wild parent, male and female flower number as well as seed number were lower
than in the wild parent (Spencer and Snow 2001). As well, unfavourable interactions
between H. annuus and H. petiolaris appear to negatively affect the fertility of F1 hybrids
between these two species (Rieseberg ef al. 1996).

However, it is possible for both heterosis and hybrid breakdown to occur in the
same cross. Hybrid breakdown has often been found following heterosis in the early
generation hybrids. The F1 offspring resulting from a cross between Brassica napus and
B. rapa had higher seed set than either parent (Hauser et al. 1998a; Pertl ez al. 2002).
However, the F2 and backcross generations had a lower fitness with less viable pollen
and fewer seeds than the parents (Hauser ef al. 1998b). Hybridization between native and
immigrant song sparrows on Mandatre Island resulted in heterosis in the F1 hybrids, but
the performance of the F2 hybrid was less than the average of the F1 and mid-parent
value indicating the break-up of co-adapted gene complexes (Marr er al. 2002). F1
hybrids of Chamaecrista fasciculata were found to exhibit heterosis and outperformed
the parents across a range of sites, although the amount of heterosis exhibited depended
on the site in question (Fenster and Galloway 2000a,b). The disruption of epistatic

interactions lead to hybrid breakdown in later generations however, with the F3 hybrids
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exhibiting a fitness which was less than the average of the F1 generation and mid-parent
value (Fenster and Galloway 2000b).

The fitness of the hybrid offspring is not completely independent of the
environment but will depend on the presence of genotype x environment interactions.
Local adaptation is a wide-spread phenomenon seen in both plants and animals and
studies which document this phenomenon have been carried out for over a century.
Reciprocal transplant experiments have demonstrated that numerous plant species are
locally adapted to their specific environments. For example Potentilla gladulosa and
Achillea millefolium are differentiated into climatic races which perform best in their
native environment (Clausen et al. 1941). As well, Agrostis tenuis, Trifolium repens,
Anthoxanthum odoratum, Ranunculus repens, Festuca ovina are all locally adapted to
their native conditions (Reviewed in Bradshaw 1984). Turesson (1923) studied local
adaptation by performing reciprocal transplants of more than 1200 individuals of
Hieracium umbellatum. 1Local adaptation has also been found in Ceanothus sp. (Nobs
1963), Ranunculus lappaceus (Briggs 1962), subspecies of Dactylorchis incarnate
(Heslop-Harrison 1956) as well as within Achillea borealis subspecies Californica
(Kruckeberg 1954) to name a few. If the parental populations are genetically distinct
from one another and locally adapted, hybridization may result in the loss of adaptation
to the parental environment and thus the F1 hybrid may have reduced fitness. Artemisia
tridentata ssp. tridentata and A. tridentata ssp. vaseyana hybridize and form a narrow
hybrid zone where the two subspecies meet (Wang ef al. 1997). Seeds from hybrids
within this zone were collected and used in a reciprocal transplant experiment along with

the two parental subspecies. The hybrids were found to outperform the parents within the
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hybrid zone, which is distinctly different from either of the parental sites in terms of soil
composition, and the parent subspecies outperformed hybrids and the other parental
subspecies in each of their natural environments (Wang ef al. 1997). Reciprocal
transplants of the two subspecies Gilia capitata ssp. capitata and G. capitata ssp.
chamissonis revealed that although selection against the immigrant was stronger in one
environment than in the other, there was local adaptation for emergence, flowering and
inflorescence number, with the native subspecies performing better than the immigrant
seed in both environments (Nagy and Rice 1997). When F2 hybrids were grown in each
of the parental environments, selection was found to favour the native phenotype with
one exception, selection for leaf shape at one site was towards the immigrant morphology
(Nagy 1997). In Iris brevicaulis and I. fulva, the I. brevicaulis-like hybrids and I fulva-
like hybrids are more likely to be found in habitat similar to the habitat of the closest
parental species (Johnston ef al. 2001a). Also, species-specific molecular markers which
are associated with the environmental conditions of the parents were found to be
correlated with the environment in the hybrid classes suggesting environment-dependent
selection in the hybrid (Johnston et al. 2001a). F1 hybrids of the limnetic and benthic
forms of the stickieback have been found to perform well in laboratory conditions
although reciprocal transplants of the parents and F1 hybrids in their natural
environments found that the parents grew better in their individual environments and
growth of the F1 hybrids was below the mid-parent value (Schluter 1995; Hatfield and
Schluter 1999). This led to the conclusion that selection is acting against intermediate

phenotypes of sticklebacks in the wild (Hatfield and Schluter 1999).
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Alternatively, hybridization may result in the production of novel gene
combinations that do just as well, or sometimes better than the parental populations. This
in turn may lead to range expansion or species formation (Potts and Reid 1988; Nason
and Ellstrand 1993). Molecular evidence indicates that Helianthus anomalus, H.
deserticola and H. paradoxus are stabilized hybrid derivatives of H. annuus and H.
petiolaris ssp. fallax (Rieseberg 1991). While a segment of the habitat of each of these
three hybrid species overlaps with the habitats of both the parental species, the three
hybrid species prefer habitats which are extreme relative to that of the parental species
(Rieseberg 1991). The molecular data together with the geographical data of these three
species indicate that hybridization can lead both to species formation and range
expansion. Further evidence that hybridization can lead to both species formation and
range expansion can be found in the Louisiana irises. Iris nelsonii, the stabilized hybrid
derivative of I fulva and I hexagona, arose with I fulva as the maternal parent and
occupies a unique habitat relative to the parental species (Arnold ef al. 1990; Arnold et
al. 1991).

Research Objectives
The purpose of my research was to examine the evolutionary fate of hybrids
formed between two putative locally adapted forms of Avena barbata. Three questions
were addressed. The first question looked at the short and long term consequences of
hybridization in 4. barbata; the second question addressed whether the novel genotypes
formed by recombination in the cross have novel characteristics and if the success of
these genotypes depended on adaptation to a particular environment; the third question

examined the performance of early and late generation hybrids in the parental
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environment. These experiments together address many of the main issues of
hybridization, including the long term fate of the hybrids, whether dominance and
epistasis play a role in hybrid fitness, the importance of examining the fitness of
individual genotypes as opposed to simply looking at generation means, and whether
hybrid breakdown and hybrid vigour are mutually exclusive.
Study Organism

A. barbata is a diploidized tetraploid (2n=4x= 28) annual grass with a high level
(greater than 95%) of self-fertilization (Allard 1999). It was first introduced to California
from the Mediterranean approximately 200 years ago (Clegg and Allard 1972; Hamrick
and Allard 1972; Allard 1999). 4. barbata is believed to have originated as a result of
polyploidization in the A. hirtula-A. weistii species complex (Hutchinson et al. 1983;
Allard et al. 1993). A. barbata occurs in habitats ranging from relatively fertile, mesic
conditions to infertile xeric conditions. Two ecotypes were used in this study; one was
considered a mesic ecotype, the other a xeric ecotype. Ecotype is used to refer to a
genotype within a species which is adapted to certain environmental conditions (Smith
1986; Hufford and Mazer 2003). These two ecotypes can be distinguished based on five
allozyme loci (leucine amino peptidase-1, esterase-1, acid phosphatase-1, 6-
phosphogluconate dehydrogenase and peroxidase-1) (Hutchinson ef al. 1983). The two
ecotypes can also be distinguished based on morphological characteristics, with most
xeric populations exhibiting glabrous leaf sheaths and dark lemmas, and the mesic
populations exhibiting hairy leaf sheaths and light lemmas (Allard 1996). The pattern of
association between these allozyme loci and the environment has been found to be non-

random with plants that occur in mesic regions tending to be fixed for one set of alleles
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while plants from the xeric regions tend to be fixed for the opposite set of alleles (Clegg
and Allard 1972). This pattern of association has been found throughout California
between regions as well as on a scale of only a few feet within these regions (Allard et al.
1972). Patches of polymorphism for the xeric and mesic genotypes can be found where
the two habitats meet, with the two genotypes being correlated with the level of moisture
(Garcia et al. 1989). The frequency of each genotype within a given area may shift from
year to year depending on the environmental conditions (Perez de la Vega et al. 1991;
Allard ez al. 1993). There may be a shift from predominately xeric genotype to
predominately mesic genotype if a year of very dry weather is followed by a year of
plentiful rainfall (Allard et al. 1993).

Similar patterns of association between genotype and environment are found in
the Mediterranean populations (Garcia ef al. 1989). However, while the California
population and the Mediterranean populations are similar in both allelic composition and
frequency, the multi-locus genotypes which are found in the California population are
quite different from those found in the Mediterranean population (Garcia et al. 1989;
Perez de 1a Vega et al. 1991). As the ancestral Spanish populations are highly
polymorphic but do not contain the genotypes found in California, the genotypes
exhibited by the Californian populations appear to have arisen through recombination
subsequent to the arrival of 4. barbata in California (Garcia ef al. 1989; Perez de la
Vega et al.1991; Allard 1999). These non-random associations among alleles has led to
the hypothesis that selection has not only resulted in the pattern of association between
the multi-locus genotypes and the environment (Clegg and Allard 1972; Hamrick and

Holden 1979; Garcia et al. 1989; Perez de la Vega et al. 1991) but also that epistatic
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interaction among alleles at these loci may be important in adapting to current habitats
and maintaining the genetic variability of this species (Clegg and Allard 1972). However,
it is also possible that while selection results in an association between the five allozyme
loci and the environment, it is possible that selection is not acting directly on these five
allozyme loci but rather on a locus which is linked to these allozyme loci (Hamrick and
Holden 1979; Hedrick and Holden 1979).

These previous studies which examined 4. barbata and the putative co-adapted
gene complexes were carried out by surveying natural populations and did not examine
hybrids formed between the two ecotypes. The current study will examine both the mesic
and xeric ecotypes as well as hybrid offspring which have been propagated to the F6
generation. Producing hybrids between these two ecotypes will disrupt any co-adapted
gene complexes which do exist. Therefore, the use of the F6 generation should allow for
a more clear understanding of whether co-adapted gene complexes do exist and whether
they are involved in the fitness of the ecotypes. As A. barbata is an annual plant, the
number of seeds produced by each plant will give a measure of the lifetime reproductive
success of each plant.

The parental (mesic and xeric) seeds used to create the crosses were made
available to us by Dr. Pedro Garcia. These seeds were collected in California in the late
1980s and were known to have the classic mesic and xeric genotypes. The experimental
lines were created by crossing both a homozygous mesic as the pollen donor and a
homozygous xeric as the pollen recipient and a homozygous mesic as the pollen recipient
with a homozygous xeric as the pollen donor. Crosses were carried out by emasculation

of the floret, followed within 24 hours by hand pollination. Six heterozygous F1 hybrids
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(five from a mesic pollen donor X xeric pollen recipient cross, one from a xeric pollen
donor X mesic pollen recipient cross) were allowed to self-fertilize to produce the F2
generation. Two hundred F2 seeds from one of these families (F2-A) were allowed to
self fertilize to produce F3 hybrids. One F3 seed from each F2 plant was grown to
produce the F4 generation. This procedure of single seed descent was carried out to the
F6 generation (Figure 1.1). For the purposes of this research the term parental ecotype
will be used when referring to the mesic and xeric ecotypes. Family is used to refer to all
seeds from a single parent. Thus, all the F2 seeds which were produced from a single F1
are considered a family, hence there are six F2 families (F2A-F). All F3 seeds which
resulted from a single F2 seed are referred to as a family resulting in 200 F3 families.

This definition of family carries through to the F6 generation, meaning there are 200 F6
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Figure 1.1: Crossing design for the production of the experimental lines between two ecotypes of 4. barbata.




families descended from the original 200 F2 seeds. Twenty-five of these 200 families

were randomly chosen to be used in my research.
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Chapter 2
Short and long term effects of hybridization in Avena barbata
Intreduction

Natural hybridization is frequently regarded as a process which results in non-
viable individuals or individuals which are less fit than the parents (Arnold et al. 1999).
However, hybridization has several outcomes, which can result from one single cross and
are not mutually exclusive (Chapter 1). While some hybridization events do cause the
break up of co-adapted gene complexes, which in turn results in hybrid breakdown,
producing individuals with an average lower fitness than their parents, other events will
result in individuals that are on average just as fit, if not more fit, than the parents. This
hybrid vigour may arise through dominance, overdominance or epistasis (Stuber et al.
1992; Mitchell-Olds 1995). However, many crosses may result in some combination of
the two in different generations following the original hybridization event.

While the fitness of the hybrid offspring may be on average either higher or
lower than the parental fitness, it is possible that individual genotypes within the
recombinant hybrid offspring may do much better or worse than the most fit or least fit
parent. This outcome, which may affect only some of the hybrid offspring is referred to
as transgressive segregation. Transgressive segregation is the presence of extreme
phenotypes in either a negative or positive direction relative to the parental phenotypes
(Rieseberg et al. 1999, 2000; Tanksley 1993). As with hybrid breakdown, the production
of these extreme phenotypes is the result of recombination, and therefore both hybrid

breakdown and transgressive segregation can result from the same cross and occur in the
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same generation. The production of these extreme phenotypes may contribute to novel
adaptations which may allow the hybrid offspring to develop niche differentiation from
their parents, resulting in their establishment as either stabilized introgressants or hybrid
species (Rieseberg et al. 1999, 2000). The niche differentiation will allow for less
competition from the parents as well as possible reproductive isolation (Rieseberg et al.
1999). The production of transgressive phenotypes is most often attributed to
complementary gene action which results when the parental lines are fixed for alleles
with opposing effects which increase the trait at some loci and decrease it at others
(Rieseberg et al. 1999; deVicente and Tanksley 1993; Tanksley 1993). The resulting
hybrid offspring may have genotypes that combine positive (or negative) alleles from the
two parents, producing a phenotype which is extreme relative to the parents. Even though
epistatic interactions have been shown to occasionally play a role in transgressive
segregation (Rieseberg ef al. 2003) it has not commonly been found to be a major cause
of the phenomenon (Rieseberg ef al. 1999). Whether this is because epistasis does not
contribute to transgressive segregation very often or because it is difficult to detect is not
known (Rieseberg et al. 1999).

If a certain set of alleles is found to work well together and are therefore selected
for, this can lead to the production of co-adapted gene complexes (Fenster ef al. 1997).
Co-adapted gene complexes are beneficial epistatic interactions; to determine whether
these co-adapted gene complexes are important to the organism’s fitness, the fitness of
early generation hybrid offspring can be examined (Fenster ef al. 1997, Whitlock er al.
1995) (Table 1.1, 1.2). Should the F2 generation exhibit fitness levels below the average

of the mid-parent and the F1 generation (MP +F1/2) then this can be taken as evidence of
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the disruption of co-adapted gene complexes (Fenster et al. 1997; Whitlock et al. 1995).
Another method of determining whether co-adapted gene complexes are present is to
examine the later generation hybrids. After five generations of selfing starting from an F1
which is 100% heterozygous, an organism will be approximately 97% homozygous.
Therefore, even if dominance gene effects were contributing to hybrid fitness in the early
generation hybrid offspring these dominance effects would no longer be present in the F6
generation. Under simple additivity the trait value of the mid-parent is no different from
either the trait value of the F1 or subsequent generations. Therefore, should there be the
disruption of co-adapted gene complexes, the later generation hybrids will have a trait
value which is less than that of the mid-parent value. These epistatic interactions are

more easily found when crosses are performed between distantly related populations or
closely related species rather than when crosses are made within populations (Whitlock er
al. 1995). This is because alleles in one population have usually been selected for to
produce a single fitness peak, whereas crosses between populations will result in
genotypes which have not undergone selection and will therefore give a better idea of
what unselected genotypes would look like (Whitlock e al. 1995).

Numerous studies have hypothesized that co-adapted gene complexes at five
allozyme loci in A. barbata contribute to local adaptation (Clegg and Allard 1972; Allard
et al. 1972; Allard et al. 1993). Although the allelic composition of the Californian and
ancestral Spanish gene pools are similar, the actual multi-locus genotypes between these
two populations are very different (Garcia et al. 1989; Perez de la Vega et al. 1991). As
the migrant seeds most likely carried a random sample of the Spanish alleles, it would

appear that the small amount of outcrossing that occurred in 4. barbata may have
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resulted in allelic combinations which were different from those found in the original
Mediterranean population (Perez de la Vega 1991). The subsequent selfing would protect
any favourable inter-locus interactions which occurred and selection may have acted on
the various allelic combinations to result in one genotype that worked well in the xeric
habitat of California and another combination which worked well in the mesic habitat
(Perez de la Vega et al. 1991). However, as pointed out in Hamrick and Holden (1979),
although it would appear that selection acts on these five enzymes, it is unclear whether
selection is acting directly on these loci or on some other loci in the genome. It is also
possible that if there is a genotype x environment (GxE) interaction for fitness and if one
area is colonized predominately by the mesic and xeric ecotypes, then all that is
necessary for these patterns of association between genotype and environment to occur is
strong directional selection (Hedrick and Holden 1979). If these five loci are in fact
working together as a co-adapted gene complex, then the disruption of these loci through
hybridization should result in a decrease in fitness of the offspring. However, the same
result will be found regardless of whether it is these five loci working together to form a
co-adapted gene complex or whether there are other loci elsewhere in the genome which
form co-adapted gene complexes.

Most studies that estimate hybrid fitness have been concerned with early
generation hybrids; therefore, not only will the study of later, stabilized hybrid
generations give a more accurate look at the evolution of hybrids (Rieseberg and Carney
1998), but it will also allow us to determine whether or not the disruption of the putative
co-adapted gene complexes and the formation of novel gene complexes in 4. barbata

result in an overall decrease in fitness of the hybrids. By examining the early generation
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hybrids we will be able to determine whether additive or dominance gene effects are
playing a role in the overall fitness of the hybrids. By examining the later generation
hybrids we will be able to determine if there are in fact co-adapted gene complexes which
contribute to fitness in 4. barbata. Also, by examining specific lines within each
generation, we will be able to determine if the production of novel gene combinations
also results in transgressive phenotypes, which could result in the ability of this species to

undergo range expansion.



Methods
Implications of Hybrid Fitness

The genetic basis underlying the fitness of the hybrid offspring should be evident
based on the offspring’s fitness relative to the parents. One way to determine if epistatic
interactions are contributing to fitness is to look at the early generation hybrid offspring
(Whitlock et al. 1995). If the F2 has a fitness which is lower than the average of the mid-
parent and the F1, then this is evidence for the presence of epistasis (Whitlock et al.
1995). Fenster and Galloway (2000b) used this approach to document epistatic effects in
Chamaecrista fasciculata. Due to difficulties in creating the F1 generation in A. barbata,
relatively few were obtained and this generation was not included in this study. Instead,
the F2 generation was used to represent the early generation of hybridization. As the
mesic and xeric ecotypes were homozygous, and fixed for opposite alleles at various loci,
the F2 generation should be approximately 50% heterozygous. If the F2 generation
displays on average fitness level no different from the mid-parent then there will be no
evidence for dominance or epistatic gene effects and the underlying genetic basis can be
assumed to be additive. If however, the fitness levels of the F2 are significantly higher
than the mid-parent then this is evidence for the presence of heterosis, which may be due
to dominance, overdominance or epistasis (Stuber ef al. 1992; Mitchell-Olds 1995).
Should there be evidence for heterosis in the early generations, and if the heterosis is due
to dominance or overdominance, then the fitness of the later generations hybrids (i.e. F6)
should be no different than the mid-parent assuming no epistatic interactions. After five
generations of selfing individuals should be approximately 97% homozygous. Thus, any

dominance effect which may have been present in earlier generations would no longer be
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present. Therefore, if the F6 generation exhibits fitness levels which are significantly
different from the mid-parent this may be taken as evidence for the presence of epistasis.
Although hybrid breakdown may be occurring in a particular group of hybrids, resulting
in a low average fitness of the recombinants, some individual genotypes within this group
may be as fit or more fit than the parental genotype (Rieseberg and Carney 1998).
Study Design

F2 and F6 hybrid families were produced by an initial crossing of a mesic and
xeric ecotype followed by selfing to the F6 generation (Figure 1.1). After the initial out-
crossing event, which resulted in completely heterozygous F1 offspring, the plants were
allowed to self fertilize. As heterozygosity is decreased by half with each generation of
selfing then after five generations of selfing the individual plants should be 97%
homozygous. This means that each line of the F6 generation is a stabilized, true breeding
hybrid derivative. Twenty five of the F6 families were randomly chosen to be used in this
experiment.

A total of 50 mesic seeds along with 50 xeric, 100 F2 seeds (50 from family F2-
A, 10 from each of family F2-B,C,D,E,F), and 400 F6 seeds (16 seeds from each of 25
families) were planted in July 2001 in the Dalhousie University greenhouse. The seeds
were germinated by placing them in petri dishes lined with wet filter paper. The petri
dishes were placed in the refrigerator for three days, at which point they were removed
and allowed to germinate in the dark at room temperature. Seeds were planted in pots
containing a mixture of 1/3 organic black earth, 1/3 sand and 1/3 peat moss. A
randomized complete block design was used with the pots randomized across three

blocks with 200 plants per block and all families represented in each of the three blocks.
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The plants were watered as needed and fertilized every two weeks using Plant Prod
15:15:18 (Plant Products Ltd. Brampton Ontario). Flowering time, measured as the
emergence of the awns from the first panicle, was recorded throughout the experiment.
Day one of flowering time was the first day that flowering occurred. After 7 months,
which is approximately the lifespan of 4. barbata in the wild, the plants had reached
senescence. At this point fitness, which was quantified as the number of spikelets
produced per plant, was recorded. A. barbata is an annual plant which means the number
of spikelets produced is a measure of the individual plant’s total reproductive output over
its lifetime. Individuals which had not reproduced at the time of harvest were assigned a
fitness of zero. The plants were cut off at soil level, placed in paper bags and dried at
55°C for two weeks at which point dry weights were obtained.
Statistical Analysis

All analyses were carried out using SAS Proc GLM unless otherwise stated. As
only 29 of the 600 plants used in this study did not survive and there was no particular
family which seemed to have a higher rate of survivorship than any other family those
plants which did not survive were coded as missing values, while those plants which had
not produced spikelets by the end of the experiment were assigned a fitness value of zero.
This distinction between those plants which did not survive and those which survived yet
did not reproduce was made as there was no selection on survivorship in the greenhouse
and the death of individual plants was random. Analysis of variance (ANOVA) was
carried out on fitness, flowering time and above ground biomass to ascertain if there was
a significant difference in the long term (F6 generation) versus the short term (F2

generation) effects of hybridization. Block, generation and family (nested within



generation) were included as main effects in all models. Block and family were
considered random effects and fitness was analysed both with and without flowering time
as a covariate. Interaction terms were tested (block x generation and block x family) and
if they were found to be non-significant they were removed from the analyses. Linear
contrasts were performed to compare the average F2 and F6 fitness to the mid-parent
fitness. To determine if any of the family means differed significantly from the mid-
parent value a Dunnett’s test was performed. This procedure tests whether the mean of a
control group (in this case the mid-parent) differs significantly from the mean of the othér
groups (the families) (Zar 1999). This test was also used to determine if the performance
of any of the hybrid families was significantly different from either the mean mesic or
mean xeric trait value. Variation among families in survivorship was tested using RXC, a
programme which calculates the chi-square and G-statistic of a 2-way contingency table
(Roff and Bentzen 1989). To determine if either flowering time or biomass were related
to fitness, correlations of the family means were calculated using Pearson’s correlation
coefficient in SPSS.

The additive, dominance and epistatic effects were calculated for the three traits
studied using the expectations for each generation as found in Mather and Jinks (1982)
(Table 1.1). The additive effect was calculated as half the difference between the mesic
and xeric means. The dominance effect was calculated as twice the difference between
the F2 and F6 generations, and the epistatic effect was calculated as the difference
between the F6 generation and the mid-parent (Table 2.1). For simplicity the term DxD
was assumed to be zero. The 95% confidence limits for differences between two means

were calculated according to Sokal and Rohlf (1995). Should the confidence limits
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Table 2.1 : Contrasts used to calculate the additive, dominance and epistatic gene effects.

The contrasts are made using the expectations for generation means as given in Table 1.1.

Contrast Expected Generation Means (Table Interpretation
1.1)
P1-P2 (m+ A+ AxA)— (m— A + AxA) 2A
F2-MP (m + 1/2D + 1/4DxD) — (m + AxXA) 172D + 1/4DxD - AXA
MP-F6 (m+ AxA)-m AxA

F2-F6 (m+1/2D + 1/4DxD) - m 12D + 1/4DxD
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include the zero point it was assumed there was no significant difference between the two

means and thus the effect size was not significant.



Results

No significant differences in survivorship were found between families (p=0.07).
As the interaction terms were non-significant they were not included in the analyses
presented here. Significant family effects were found for fitness, flowering time and
biomass. Linear contrasts between the F2 generation and the parental generation for all
three traits were found to be non-significant. Linear contrasts for the F6 generation vs.
parents as well as the F6 vs. F2 were significant for fitness and flowering time (Table
2.2,2.3), however, only the contrast between the F6 generation and the parents was
significantly different for above ground biomass (Table 2.4).

The effect sizes of additive, dominance or epistatic gene effects were calculated
using the expectations for generation means (Mather and Jinks 1982). It was found that
there were significant additive, dominance and epistatic effects for fitness and flowering
time; however, only the dominance and epistatic effects were significant for above
ground biomass. Dominance effects were found to be larger than either the additive or
epistatic effects for all three traits and the additive effects were larger than the epistatic
effects for fitness and flowering time (Table 2.5).

Fitness and flowering time were significantly correlated (r=-0.899, p<0.01)
(Figure 2.1). Flowering time was used as a covariate of fitness in the analysis to
determine if the difference in fitness among families was simply a function of differences
in flowering time (Table 2.6). Nevertheless, even with flowering time included as a
covariate, family effects were still found to be significant. This indicates that not all the
fitness variation among families is accounted for by flowering time. Fitness and biomass
were not correlated (r=-0.147, p=0.415) (Figure 2.2).
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Table 2.2: Analysis of variance on fitness (spikelet number) to evaluate effects of long
term and short term hybridization in Avena barbata. Linear contrasts were used to

determine presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 14874 6.84%*
Generation 2 12581.13 0.47
Family within generation 30 16518 7.6%¥**
Error 535 2173.53
Linear Contrasts
Parents vs. F2 1 59.03 0.03
F2 vs. F6 1 14699.55 6.62*
Parents vs. F6 1 16726.88 7.54%*
Error 534 2218.87

* P<0.05 ** P<0.01 ***P<(.001 ****P<0.0001

Table 2.3: Analysis of variance on flowering time to evaluate effects of long term and
short term hybridization in Avena barbata. Linear contrasts were used to determine

presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 1690.36 2.52
Generation 2 9184.82 1.16
Family within generation 30 4829.08 7.19%%**
Error 499 672.03
Linear Contrasts
Parents vs. F2 1 259.92 0.40
F2 vs. F6 1 11654.92 17.80%***
Parents vs. F6 1 11406.76 17.42% %%
Error 503 654 .91

* P<0.05 ** P<0.01 ***P<0.001 ****P<0.0001
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Table 2.4: Analysis of variance on above ground biomass to evaluate effects of long term

and short term hybridization in Avena barbata. Linear contrast were used to determine

presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 166.15 53.14%%%x*
Generation 2 13.23 0.76
Family within generation 30 11.56 3.70%%%*
Error 534 3.12
Linear Contrasts
Parents vs. F2 1 112.65 2.50
F2 vs. F6 1 0.20 0.00
Parents vs. F6 1 200.92 4.46%
Error 532 45.08

P<0.05 ** P<0.01 ***P<0.001 ****P<0.0001

Table 2.5: Ecotype and generation means + SE. Additive, dominance, and epistatic

effects of fitness, flowering time and above ground biomass calculated using expectations

for generation means as found in Mather and Jinks (1982). 95% confidence limits for

differences between two means were calculated according to Sokal and Rohlf (1995).

Fitness Flowering Time Above Ground

Biomass

Mesic Mean 94.47 +6.75 44.44 +3.09 9.25+0.3
Xeric Mean 33.45+6.83 69.6 +2.59 9.46 +0.29
F2 Mean 70.28 +4.92 52.61 +£2.53 9.1+£0.18
F6 Mean 50.62 = 2.82 67.57 £ 1.66 8.79+0.11
Additive Effect 30.5+20.05 12.03 +10.98 0.1+0.83
Dominance Effect 4195+ 11.13 31.25+6.28 0.69+£0.42
Epistatic Effect 14.69 + 4.41 11.071+£2.16 0.6 +0.20
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Figure 2.1: Mean fitness of each family vs. mean flowering time of each family for mesic

and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata. Correlation

coefficient = -0.899



Table 2.6: Analysis of variance on fitness (spikelet number) with flowering time as

40

covariate.
Source df Mean Square F value
Block 2 6351.38 4.06*
Flowering time 1 319167.24 204.06%***
Generation 2 118.57 0.02
Family 30 4777.49 3.05%¥**
Error 498 1564.11

* P<0.05 ** P< (.01 ***P<0.001 ****P<0.0001
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To ascertain which specific families were different from the mid-parent value the
Dunnett’s test was performed. It was found that seven F6 families had fitness’s
significantly worse than the mid-parent and two F6 families had fitness’s significantly
better than the mid-parent (Figure 2.3). Eight families flowered significantly later and
two families significantly earlier than the mid-parent (Figure 2.4); and four families were
found to have a significantly lower biomass than the mid-parent (Figure 2.5). The
families are arranged in the same order in all three of these figures for comparison.

Evidence for transgressive segregation in the F6 generation was found by using
the Dunnett’s test and testing the family means against the mesic and xeric means
separately. There were ten families which had a fitness lower than the xeric ecotype and
three families with a higher fitness than the mesic ecotype, although none were
significantly higher than the mesic ecotype or significantly lower than the xeric ecotype.
In terms of flowering time, two families flowered significantly later than the xeric plants,
which is evidence for transgressive segregation. Eleven other families flowered later than
the xeric ecotype and three families flowered earlier than the mesic ecotype although
these were not significant. Three families were significantly lower in biomass than the
mean mesic ecotype, again showing evidence for transgressive segregation. Fifteen other
families were also lower in biomass than the mesic ecotype, while seven families had a

greater biomass than the xeric ecotype. Again, these were not significant.
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Discussion

The primary purpose of this study was to determine what, if any, fitness
differences exist between early and late generation hybrids and their parents. The absence
of any significant differences between generations in the ANOVA (Tables 2.2,2.3,2.4)
seems to indicate that the genetic effects are simple additive effects with no heterosis or
hybrid breakdown. However, both the linear contrasts that were performed and the
calculation of the net effect of additive, dominance and epistatic interactions indicate that
there is a difference between the F6 generation and both the parental and F2 generation,
for fitness and flowering time, and between the F6 generation and the parental
generation, for above ground biomass. This inconsistency may be in part due to the
relatively few degrees of freedom available in the ANOVA for testing the difference
among generations. By including family in the ANOVA, some of the power is taken
away from testing the difference among generations. As family is nested within
generations, the generation term must be tested over the family term which means there
are 2 degrees of freedom in the numerator But only 30 degrees of freedom in the
denominator. Where the testing of generations in the ANOVA tests the hypothesis that
parents=F2=F6, the linear contrasts between generations concentrate on detecting
differences between specific groups. This results in an increase in the power to detect
differences as, although there is only 1 degree of freedom in the numerator, there are over
500 degrees of freedom in the denominator for all three traits. As the question of interest
is not simply whether parents=F2=F6 but rather whether specific generations are different
from each other the discussion will focus on the linear contrasts rather than the main
effect of generation in the ANOVA. By focussing on the linear contrasts rather than the
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results from the ANOVA it is possible to determine whether additive, dominant or
epistatic gene effects are contributing to the generation means and thus whether there is
any hybrid breakdown or hybrid vigour occurring. As there are three linear contrasts yet
only 2 degrees of freedom for the main effect of generation in the ANOVA this means
that there are only two independent contrasts which may be carried out. This may mean
that one of the contrasts may result in a Type II error, however, these types of contrasts
are legitimate if the contrasts to be performed were decided upon a priori. Performing a
Tukey’s test will result in a more conservative estimate of which contrasts are
significantly different from one another, and although not shown here, Tukey’s test does
result in the same outcome as the linear contrasts.

The lack of significant differences between the F2 generation and the parental
generation for all three traits studied indicates that there was no hybrid vigour present in
the early generation hybrids but that neither was there any hybrid breakdown. However,
the linear contrasts combined with the significant dominance and epistatic effects which
were found when the net effect of additive, dominance and epistatic interactions were
calculated indicaté that simple additive gene effects are not all that is contributing to
fitness and flowering time. The comparison between the F2 generation and the parental
generation tests for presence of dominance as well as both dominance x dominance
epistasis and additive x additive epistasis (Table 2.1). If the average of the F2 generation
is no different from that of the mid-parent then there is no evidence for either dominance
or epistatic gene effects, which is consistent with additive gene effects. However, if the
underlying genetic basis of both hybrid fitness and flowering time is simply due to

additive gene effects then the fitness of the F6 generation should also be no different
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from the mid-parent or the F2 generation. Any deviation of the F6 mean value from the
mid-parent value is evidence for the presence of epistasis, while deviation from the F2
value is evidence for the presence of dominance. As linear contrasts between both the F2
and F6 generations and between the F6 and parental generations for fitness and flowering
time were significant this would seem to indicate that there is in fact some dominance
gene effects in the F2 generation. However, the break-up of co-adapted gene complexes
is counteracting any increase in fitness or flowering time in the early generation hybrids.
The loss of heterozygosity in the later generation means that any dominance gene effects
which were originally present are no longer present; therefore, the loss of fitness and the
later flowering times seen in this generation must be the result of the break-up of co-
adapted gene complexes.

Above ground biomass behaved in a slightly different manner with the only
significant difference between generations being between the F6 and the mid-parent. This
indicates there is some break-up of co-adapted gene complexes in the F6 generation
while the F2 generation does not appear to be affected by either dominance or épistasis.
However, although the dominance effect for above ground biomass is again the biggest
effect this does not seem to make a significant difference to the F2 fitness. If dominance
gene effects were playing a large part in the mass of the plants, then there should have
been a difference in mass between the F2 plants and the F6 plants, which was not the
case. However, it is possible that even if there are dominance gene effects playing a role
in the biomass of the plants, the differences among generations for above ground
biomass are so small that differences between the F2 and the other two generations may

be hard to detect.
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The large amount of dominance gene effects found is interesting as it has been
suggested that heterosis will be low in populations in which there is strong selection
against deleterious alleles and with low migration rates (Whitlock et al. 2000). Instead,
heterosis will be greatest when there is a high mutation rate combined with intermediate
levels of selection, which allows for the allele frequencies to diverge to such an extent
that heterosis will be noticeable (Whitlock et al. 2000). As the two ecotypes outcross no
more than 5% of the time it can be assumed that the migration rate between the
populations is low. However, as the two ecotypes of 4. barbata are hypothesized to be
locally adapted to their environments, one would assume that selection has acted to create
the most fit genotype for that environment and that there are few deleterious alleles. It is
possible that the deleterious alleles are of small effect with only intermediate selection
against them and this, combined with the low migration rate will result in the two
ecotypes having slightly different deleterious alleles. Not only would the two ecotypes of
A. barbata have to have different deleterious alleles, but as this is a selfing species and is
assumed to be homozygous at most loci, the deleterious alleles would most likely be
fixed within each ecotype. The combination of deleterious alleles which undergo
moderate levels of selection and the fixing of the different deleterious alleles within each
ecotype will allow for the masking of these recessive alleles in the hybrids and thus a
large dominance effect resulting in hybrid vigour (Whitlock ef al. 2000).

While fitness and flowering time are strongly correlated, indicating that the high
fitness exhibited by some families may simply be due to the earlier flowering time rather
than due to any gene effects acting on fitness independent of flowering time, there was

still a significant difference among families when flowering time was included in an
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ANOVA as a covariate (Table 2.5). This is consistent with flowering time playing a part
in the fitness of the individual families. However, as not all the variation among families
can be explained by flowering time it is possible that other traits apart from flowering
time may also be affecting the fitness of the hybrids. The recombination which took place
results in novel gene combinations in the hybrid offspring. While the mean of the F6
generation seems to be lower than the mid-parent value for fitness and later than the mid-
parent value for flowering time, families which are significantly different from the mid-
parent value for both fitness and flowering time are present. This indicates that the novel
gene combinations in some recombinant families may potentially allow for the
colonization of novel environments.

Previous studies have shown there to be a correlation between above ground
biomass and spikelet number. This correlation may be in the form of a negative
relationship, indicating a trade off between allocation of resources, or a positive
relationship, indicating the ability of larger plants to better utilize the resources and thus
produce more seeds. Whether there is a correlation between plant size and fecundity
produced depends on the species in question. Aarssen and Clauss (1992) and Watkinson
(1982) both found that as size increases so does seed number, however Aarssen and
Clauss (1992) found that a plant which produces a large number of seeds when large,
does not necessarily produce a large number of seeds when small. Rees and Crawley
(1989) found that the relationship depended on the species, with a negative relationship
occurring only when the reproductive unit was large. However, under greenhouse
conditions there does not appear to be any relationship between above ground biomass

and spikelet number in 4. barbata indicating that a high biomass did not necessarily
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result in a high fitness. Whether the same result would occur in the field where the plants
have to compete for resources, will be tested in a subsequent experiment (Chapter 4).
Transgressive segregation is the formation of extreme phenotypes, relative to
either of the parents (deVicente and Tanksley 1993; Rieseberg et al. 1999; Rieseberg et
al. 2003). Rieseberg et al. (1999) state that a trait in hybrid offspring may be
transgressive if it falls outside the parental range in either direction, regardless of whether
the extreme trait value is significantly different from the parental value. Previous studies
have looked at transgressive segregation in early generation hybrids (de Vicente and
Tanksley 1993; Lexer et al. 2003a). A study which examined the BC2 generation
between H. annuus and H. petiolaris found that while transgressive segregation was
present for some BC2 individuals within the segregating hybrid population, mean fitness
was intermediate to the parents (Lexer er al. 2003a). A similar result was found in the
deVicente and Tanksely (1993) study in which Lycopersicon esculentum and L. pennellii
were crossed and some extreme individuals in the F2 population were found. Although
none of the F6 families were found to exhibit fitness values which were significantly
better or worse than the most fit or least fit parent, the fact that entire families rather than
a few individuals do fall outside the parental range supports the theory that there is
transgressive segregation in the F6 generation. Entire families which fall outside the
parental range is consistent with the family trait value being due to a genetic effect rather
than simply an environmental one, which might be the case if only an individual plant fell
outside the parental range. Similar results are found for flowering time, which, given the
strong correlation between these two traits is not surprising, although, in the case of

flowering time, there were two families that flowered significantly later than the xeric
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ecotype. One family (F6-86), which exhibits a much earlier flowering time than the mesic
parent, does not have an extreme fitness value. This was to be expected in some families
as, despite the correlation between flowering time and fitness, fitness values can not be
explained entirely by flowering time. Above ground biomass appears to exhibit a great
deal of transgressive segregation. The mean values for the mesic and xeric parents are not
much different (9.26 grams vs. 9.46 grams) from each other. Rather than resulting in a
very narrow range of weights for the offspring, this instead resuited in a large number of
transgressive phenotypes, with three families weighing significantly less than the mesic
parent and twenty-two other families falling outside the parental range.

Whether the transgressive segregation in 4. barbata is caused by complementary
gene action or epistatic interactions can not be determined by this study, although a QTL
study by K.M. Gardner (personal communication) did find a number of complementary
genes in the two ecotypes. Transgressive segregation has usually been attributed to
complementary gene action (Rieseberg et al. 2003). If this is the case in 4. barbata then
it would appear that not all of the plus or minus alleles are found in one of the parental
ecotypes (i.e. all the plus alleles in the mesic ecotype) but rather both plus and minus
alleles must occur in both the mesic and the xeric ecotypes. It has been suggested that the
production of extreme phenotypes such as these may contribute to adaptation and
speciation (Lexer ef al. 2003a; Rieseberg et al. 2003). Determining whether the extreme
phenotypes produced in 4. barbata will result in an advantage in novel environments is
the next step in determining if hybridization of these two ecotypes can result in

adaptation to a non-parental environment.
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Frequently, hybrids resulting from a cross between two particular species or
ecotypes are regarded as one homogeneous group and discussion centres around whether
the group as a whole is more or less fit than the parental species. This in turn leads to
discussions of whether the hybrid group as a whole is bad (the hybrids are inviable or
sterile) (Wagner 1970; Mayr 1992) or good (the hybrids may exhibit hybrid vigour and
outperform the parents under certain situations) (Moore 1977; Arnold 1997), as well as to
discussions about what model of hybrid zone best fits the outcome of the hybridization
event. However, while the generation mean of the hybrid offspring may be different from
the parental mean, the presence of transgressive segregation may result in a particular
genotype which is capable of outperforming the parent in a certain environment, whether
it is the parental environment or a novel environment. If the loss of fitness in the F6
generation were considered on its own without looking for the presence of transgressive
segregation, it would lead to the conclusion that hybrids between the two ecotypes of 4.
barbata are less fit than the parental ecotypes and therefore would not contribute to the
evolution of the species. However, by looking for transgressive segregation it becomes
clear that while on the whole the later generation hybrids do have a lower fitness than the
parents, there are individual genotypes that are capable of outperforming the parental
ecotypes. So, while certain genotypes may in fact be inviable, sterile or simply less fit
than the parental ecotypes and may not contribute to the evolution of the species, other
genotypes may in fact be able to outperform the parents which in turn may lead to
adaptations to novel environments. Thus, when examining whether hybridization will

lead to range expansion and speciation or whether it is an evolutionary dead end, it is



perhaps more accurate to look at the outcome based on individual hybrid genotypes

rather then on the generation mean as a whole.
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Chapter 3
Fitness of Mesic, Xeric and Fé-generation hybrids of Avena barbata in novel
environments
Introduction

Hybridization between two differentially adapted populations and the subsequent
recombination that occurs in the F2 generation and beyond may result in increased
genetic variation (Ellstrand and Schierenbeck 2000). While this increased variation does
not always result in hybrid offspring with fitness superior to that of the parents, and may
in fact result in hybrids which are much less fit, it is possible that novel gene
combinations which result in adaptation to a new environment may be formed (Ellstrand
and Schierenbeck 2000; Hochwender ef al. 2000). If the hybrid offspring spread to new
environments and are capable of outperforming the parents, this may lead to successful
colonization of new territories.

Genotype-by-environment (GxE) interactions have been reported for a number of
species (Bell 1991; Hatfield and Schluter 1999; Fritsche and Kaltz 2000; Welch and
Rieseberg 2002). As discussed in Chapter 1, numerous species exhibit GxXE interactions
including 4. tridentata ssp. tridentata and A. tridentata ssp. vaseyana and their hybrids
(Wang et al 1997), G. capitata ssp. capitata and G. capitata ssp. chamissonis (Nagy and
Rice 1997), I brevicaulis and I fulva and their hybrids (Johnston et al. 2001a) as well as
the limnetic and benthic forms of sticklebacks and their F1 hybrids (Schluter 1995;
Hatfield and Schluter 1999). Studies that examined the fitness of hybrids, both inside an
established hybrid zone as well as in the parental environments, have documented that the
relative fitness of the hybrid is not necessarily independent of the environment (Emms
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and Arnold 1997; Wang et al. 1997; Campbell and Waser 2001) but instead depends on
both the interactions between the parental genomes and the interactions between the
genotypes and the environment (Bordenstein and Drapeau 2001). Examination of the
reaction norms, which are a genotypes phenotypic response across different
environments, will help to determine if GXE interactions are occurring. If there are no
interactions between the genotypes and the environment then the hybrid genotypes may
show similar responses to different environments, which would result in parallel reactions
norms (Bordenstein and Drapeau 2001). Alternatively, if GXE interactions are occurring,
there will be different responses by the various genotypes to changing environments,
which would result in non-parallel reaction norms (Bordenstein and Drapeau 2001).
The overall outcome of hybridization will be affected by whether there are
interactions between parental genomes (endogenous selection) or between the hybrid
genotype and the environment (exogenous selection). The use of recombinant hybrids
makes it possible to study whether the parental gene combinations are the best
combinations or whether hybridization can lead to novel beneficial combinations. If the
initial hybridization event is followed by self fertilization then any advantageous novel
combinations may remain as beneficial epistatic combinations that confer adaptations to
certain environments (Allard 1996). Also, through complementary gene action
recombination may lead to the formation of individuals with transgressive phenotypes,
these individuals may be better adapted than the parents to novel environments.
Alternatively, negative interactions between parental genomes may occur when certain
alleles, which work well in one genetic background, interact epistatically with another

genetic background leading to loss of fitness and possibly sterility or inviability
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(Bordenstein and Drapeau 2001). This in turn will prevent the hybrid offspring from
expanding into a new environment or out-competing the parent in the parental
environment. Asymmetric interactions may also occur whereby the hybrid fitness will
depend on the direction of the cross. These interactions between the parental genomes
may be environment dependent; for example Campbell and Waser (2001) found that
asymmetry in the fitness of the F1 hybrid offspring of Ipomopsis aggregata and 1.
tenuituba was dependent on the environment that the hybrids were growing in. Hybrids
that had I aggregata as the maternal parent exhibited a greater fitness than those that had
I tenuituba as the maternal parent at both the parental sites, as well as outperforming
both parents at the I aggregata site. However, those hybrids which had I zenuituba as
the maternal parent exhibited a higher fitness than those that had I aggregata as the
maternal parent at the hybrid site (Campbell and Waser 2001).

Very few studies have used hybrids of known origin rather than natural hybrids of
an unknown genetic background to examine GxE interactions and what effect these
interactions may have on fitness (Campbell and Waser 2001). The pattern of association
found in the Californian population of A. barbata between allozyme frequencies and the
environment is found on both a macro and micro geographical scale (Allard er al. 1972).
Migration of this species within California allowed for different genotypes to be tested in
different environments (Clegg and Allard 1972). It is thought that the genotype which
was most adapted to a particular environment was selected for, resulting in a mesic
genotype adapted to a moist environment and a xeric genotype adapted to a more arid
environment (Clegg and Allard 1972). If these genotypes contain co-adapted gene

complexes as suggested by the results in Chapter 2, then the hybrid offspring should have
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a lower fitness in the parental environment (this will be tested in Chapter 4). By the same
reasoning, it also seems likely that the parents should have a low fitness in novel
environments as they appear to be locally adapted to a particular environment in
California. The hybrid families that were produced have novel genotypes which may
allow them to do well in a non-parental environment. It may be that one particular
genotype does well in one environment but not in others, indicating the possibility of a
new gene combination conferring adaptation to a particular novel environment.
Alternatively, it may be that one genotype, whether it is a parental or a novel genotype,
may do well over several environments, thereby allowing that particular family to adapt

to a broad range of different environmental conditions.



Methods

This experiment examined twelve F6 families in four different environments to
ascertain if GxE interactions occur and if any of these families outperform the parental
ecotypes in any one environment. Twelve of the twenty-five F6 families used in
experiment one were chosen to be used in this experiment. The twelve families were
chosen to represent the entire range of fitness values found in Chapter 2, with four
families representing high fitness values, four representing low fitness values and four
representing those families with fitness values around the average for the F6 generation.

Seeds were germinated by placing them in petri dishes lined with wet filter
paper. The petri dishes were placed in the refrigerator for three days at which point they
were removed and allowed to germinate in the dark at room temperature. After three days
the seeds had germinated; they were then planted in cell packs and placed in a growth
chamber with a twelve hour light/dark cycle. The temperature within the growth chamber
was 20°C during the light cycle and 15°C during the dark cycle. After two weeks the
plants were transferred to pots in the greenhouse and the pots were placed in trays with
eight pots per tray. The plants were allowed to become established in the pots for two
weeks at which point the environmental regimes were initiated.

Eighty mesic seeds, eighty xeric seeds and sixty-four seeds from each of the
twelve families were divided equally among the eight blocks and their position within
each block was randomized. Two blocks were assigned to each of four environments,
made up of all four combinations of two different watering regimes and two different
fertilization regimes (Figure 3.1). The placement of the environments within the
greenhouse was random. The high water treatment was watered every other day and
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the low water treatment once a week, except during the extremely hot weather of July
and August (when it received water twice a week). The low water treatment was altered
for July and August due to the high temperature in the greenhouse, which would have
resulted in the death of half the plants without an additional watering. The high nutrient
treatment was fertilized once a week and the low nutrient treatment received fertilizer
once during the course of the experiment. The fertilizer used contained nitrogen,
phosphorous and potassium at a ratio of 15:15:18 (Plant Products Ltd. Brampton

Ontario) and was added directly to the water which was used for the watering regime.

The plants were watered by adding water to the trays which was then absorbed by the soil
in the pots until fully saturated.

Flowering time was recorded throughout the experiment. After seven and a half
months the experiment was halted, the spikelet number recorded and the above ground
portion of the plant collected for dry weight measurements in the same manner as in
Chapter 2.

Statistical Analysis
Unless otherwise stated all statistical analyses were performed using SAS Proc GLM. As
in Chapter 2 plants as only 39 of the 928 plants used in the experiment did not survive
and as survivorship between families did not appear to be different the plants which did
not survive were coded as missing values, while those plants which had not produced
spikelets by the end of the experiment were assigned a fitness value of zero. Analysis of
variance was performed first on the full model Y = W + N + WxN + B(WxN) + F + FxW
+ FxN + FxWxN + FxB(WxN), where Y is either spikelet number, flowering time or

above ground biomass, W is water, N is nutrient, F is family, and B is block. Block and
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family effects were treated as random and block was nested within the water x nutrient
term. As there appear to be differences between blocks which represented the same
environment, a simpler model was also analyzed. This model was trait = environment +
family + environment x family, with environment representing the eight different blocks.
Tukey’s honestly significant difference method was used to determine which
environments and blocks within environments were significantly different from each
other in their effects on plant growth. Correlations between fitness and flowering time
and between fitness and biomass were analysed using Pearson’s correlation coefficient in
SPSS statistical software. Pearson’s correlations of family means were also carried out
across environments to determine the degree of interdependence between the different
trait values in the different environments. Families which were significantly different
from the parental trait values within each environment were identified using the
Dunnett’s test. By equating the observed with the expected mean squares, variance
components were calculated for the F6 generation for genotype, environment and the
genotype X environment interaction term. This was done to determine what proportion of

the total variance was attributable to each of these factors.



Results

Significant differences were found between replicates of the same environment
using Tukey’s honestly significant difference test (Figures 3.2, 3.3, 3.4). This shows,
therefore, that despite attempts to hold the environment constant apart from the
manipulation of water and nutrients, there are other environmental factors in the
greenhouse which can not be controlled and which affect the growth of the plants.
However, despite this there are differences between the environmental treatments. Fitness
was significantly affected by block effects, family x water x nutrient effects and block x
family effects but not by the main treatment effects of water and nutrient (Table 3.1a).
Flowering time was significantly affected by all factors except family x water x nutrient
(Table 3.2a) and above ground biomass was significantly affected by water, nutrient,
water x nutrient and family x water x nutrient (Table 3.3a). When the data was re-
analyzed with each of the eight blocks representing a different environment it was found
that family, environment and the family x environment effect were significant for all
three traits (Tables 3.1b, 3.2b, 3.3b).

Further evidence for the presence of GxE interactions can be found by examining
the rank order of the families in the different environments. If there is no change in the
rank order then this indicates that there are no GxE interactions. This, however, was not
found to be the case. There is a change in rank order of genotypes in all environments for.
fitness, flowering time and above ground biomass (Figures 3.5, 3.6, 3.7) although
flowering time is less affected by the environment than either fitness or above ground
biomass. Correlations across environments determined that flowering time was
significantly correlated among all environments (Table 3.4) while fitness and above
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Figure 3.2: Mean fitness (spikelet number) by environment. Tukey’s test was used to

determine significant differences between environments. Environments belonging to the

same homogenous subset are indicated by the letters a, b or c.
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Figure 3.4: Mean above ground biomass (in grams) by environment. Tukey’s test was
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Table 3.1 : Analysis of variance on fitness (spikelet number) of mesic and xeric ecotypes

and 12 recombinant families of 4. barbata. (a) Complete model analyzing each

environmental factor separately. (b) Condensed model treating each block as a separate

environment.
Source df Mean Square F-value
a) Complete Model
Water 1 5993457 522
Nutrient 1 7432112 6.31
Water X Nutrient 1 5670670 4.94
Block within (water X nutrient) 4 1123234 44 94%***
Family 13 122844 1.52
Family X Water 13 50980 1.01
Family X Nutrient 13 80322 1.59
Family X Water X Nutrient 13 50469 2.01*
Block (water X nutrient) X Family 52 25127 2. ] ¥xE%
Error 772 11889.44
b) Condensed Model
Environment 7 3436367.23 289.03 ****
Family 13 122843.52 10.33%%**
Env. X Family 91 41039.82 3.45%%x*
Error 772 11889.44

*P<0.05 ** P<0.01 ***P<0.001 ****P<0.0001
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Table 3.2 : Analysis of variance on flowering time of mesic and xeric ecotypes and 12

recombinant families of 4. barbata. (a) Complete model analyzing each environmental

factor separately. (b) Condensed model treating each block as a separate environment.

Source df Mean Square F-value
a) Complete Model
Water 1 83946 8.49*
Nutrient 1 274793 24.89%**
Water X Nutrient 1 92595 13.76*
Block within (water X nutrient) 4 6900.56 Q.47%%**
Family 13 54594 6.74%%**
Family X Water 13 3751.88 6.62%**
Family X Nutrient 13 4916.89 8.68***
Family X Water X Nutrient 13 566.42 0.77
Block (water X nutrient) X Family 52 733.53 1.68**
Error 747 436.41
b) Condensed Model
Environment 7 70653.82 161.90%%**
Family 13 54593.76 125.10%%**
Env. X Family 91 1716.65 3.93 %%
Error 747 436.41

¥P< (.05 ** P<0.01 ***P<0.001 ****P<0.0001
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Table 3.3 : Analysis of variance on above ground biomass of mesic and xeric ecotypes

and 12 recombinant families of A. barbata. (a) Complete model analyzing each

environmental factor separately. (b) Condensed model treating each block as a separate

environment.
Source df Mean Square F-value
a) Complete Model
Water 1 40717 29.43%*
Nutrient 1 129288 02.08***
Water X Nutrient 1 30174 22.20 **
Block within (water X nutrient) 4 1296.17 62.20%***
Family 13 149.49 0.97
Family X Water 13 108.77 1.29
Family X Nutrient 13 129.68 1.54
Family X Water X Nutrient 13 84.29 4.06%***
Block (water X nutrient) X Family 52 20.72 0.60
Error 787 34.57
b) Condensed Model
Environment 7 28326.80 800.03****
Family 13 375.60 10.61%***
Env. X Family 91 232.40 6.56%***
Error 788 35.40

*P< (.05 ** P<0.01 ***P<0.001 ****P<0.0001
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Figure 3.5: Mean fitness (measured as spikelet number) of mesic and xeric ecotypes and

12 F6 families of 4. barbata grown in eight different environments.
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Figure 3.6: Mean flowering time (measured as day first flowering occurred) of mesic and

xeric ecotypes and 12 F6 families of 4. barbata grown in eight different environments.
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families of A. barbata grown in eight different environments.
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Table 3.4: Correlations of family means (mesic and xeric ecotypes and 12 recombinant F6 families) for flowering time across eight

different greenhouse environments.

Correlations

High High High High Low Low Low Low
Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/

High High Low Low Low Low High High
Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient

#1 #2 #1 #2 #1 #2 #1 #2

High Water/ High Nutrient #1 0.960** | 0.763** | 0.698** | 0.654* | 0.672** | 0.888** | (.844**
High Water/ High Nutrient #2 0.842%* | 0.764%* | 0.743** | 0.760%* | 0.925** | 0.916**
High Water/Low Nutrient #1 0.934%* | 0.955%* | 0.959%* | 0.871%* | 0.894%*
High Water/Low Nutrient #2 0.874* | 0.923** | 0.781%* | (.820%*
Low Water/Low Nutrient #1 0.952*%* | 0.819** | 0.819**
Low Water/Low Nutrient #2 0.853%* | (0,822%*
Low Water/High Nutrient #1 0.920**

Low Water/High Nutrient #2

*P<0.05 **P<0.01
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ground biomass had much lower, often non-significant correlations among environments
(Tables 3.5, 3.6). As in Chapter 2 fitness and flowering time were found to be
significantly correlated (r=-0.908) while fitness and above ground biomass were not
(r=0.480).

A Dunnett’s test was performed to determine if transgressive segregation was
occurring in any of the environments for all three traits. While extreme phenotypes that
fall outside the parental range were present in all environments for both fitness and
flowering time (Tables 3.7, 3.8), families that were significantly different from the mean
parental values were found in only three environments for fitness and seven environments
for flowering time. Above ground biomass exhibits less transgressive segregation (Table
3.9) than either fitness or flowering time. Although there are extreme phenotypes present
in five of the eight environments, none of the families were significantly different from
the parental weights.

Variance components for genotype, environment and GXE were calculated for all
three traits (Table 3.10). For both fitness and above ground biomass the majority of the
variation was attributable to differences between environment, but the GxE component
was considerably larger than the genotype component. In contrast, the majority of the
variation for flowering time was attributable to the differences between genotypes, with

limited variation due to either environment or GxE.
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Table 3.5: Correlations of family means (mesic and xeric ecotypes and 12 recombinant F6 families) for fitness (spikelet number)

across eight different greenhouse environments.

Correlations
High High High High Low Low Low Low
Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Watet/
High High Low Low Low Low High High
Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient
#1 #2 #1 #2 #1 #2 #1 #2
High Water/ High Nutrient #1 0.643* 0.340 0417 0.361 0.314 0.470 | 0.589*
High Water/ High Nutrient #2 0.407 0.202 0.406 0.379 0.375 | 0.538%*
High Water/Low Nutrient #1 0.818** | 0.935%* | 0.922** | 0.463 | 0.760*
High Water/Low Nutrient #2 0.810%* | 0.816%* | 0.622* | 0.762*%*
Low Water/Low Nutrient #1 0.944** | 0.617* | 0.799**
Low Water/Low Nutrient #2 0.596* | 0.788**
Low Water/High Nutrient #1 0.749*
Low Water/High Nutrient #2

*P<0.05 **P<0.01




eight different greenhouse environments.

~  Table 3.6: Correlations of family means (mesic and xeric ecotypes and 12 recombinant F6 families) for above ground biomass across

Correlations

High High High High Low Low Low Low
Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/

High High Low Low Low Low High High

Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient
#1 #2 #1 #2 #1 #2 #1 #2

High Water/ High Nutrient #1 0.795%* | 0.289 0.262 -0.110 0.394 0.460 0.064
High Water/ High Nutrient #2 0.180 0.064 -0.001 | -0.003 0.486 0.123
High Water/Low Nutrient #1 0.281 0.111 -0.066 | -0.127 0.318
High Water/Low Nutrient #2 0.368 0.199 | -0.250 | -0.322
Low Water/Low Nutrient #1 -0.519 0.075 -0.385

Low Water/Low Nutrient #2 -0.072 0.071
Low Water/High Nutrient #1 -0.097

Low Water/High Nutrient #2

*P<0.05 **P<0.01
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Table 3.7: Rank order of families from highest to lowest fitness in eight different environments. * indicates those families which are

significantly different from mean mesic; # indicates those families which are significantly different from mean xeric fitness value.

Environments
High High High High Low Low Low Low
Water/ Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/
High High Low Low Low Low High High
Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient
#1 #2 #1 #2 #1 #2 #1 #2
F6-16 F6-2* | F6-111 | F6-16 | F6-111 | F6-111 | F6-16* | F6-16
F6-26 F6-26 F6-16 | F6-111 | F6-16 F6-16 Mesic | F6-86
F6-86 F6-86 F6-86 F6-86 F6-86 Mesic F6-86 | F6-111
F6-2 F6-54 F6-2 F6-12 F6-54 F6-86 F6-2 F6-2
Xeric F6-111 | Mesic F6-45 Mesic F6-2 F6-111 | Mesic
Family | F6-12 | Mesic | F6-54 | Mesic | F6-2 | F6-12 | F6-63 | Xeric
F6-125 F6-16 F6-12 F6-52 F6-26 F6-54 F6-26 F6-12
F6-54 F6-45 Xeric Xeric F6-12 F6-26 F6-54 F6-26
Fe6-111 F6-125 F6-45 F6-26 F6-30 F6-30 F6-125 | F6-125
Mesic F6-12 F6-26 | F6-125 | F6-125 | F6-45 F6-52 F6-63
F6-52 Xerie F6-52 F6-63 F6-45 Xeric F6-45 F6-54
F6-45* F6-63 | F6-125 F6-2 F6-52 | F6-125 | F6-12 F6-30
F6-63* F6-52 F6-63 F6-54 F6-63 F6-52 Xeric F6-45
F6-30* F6-30 F6-30 F6-30 Xeric F6-63 F6-30 F6-52
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Table 3.8: Rank order of families from earliest to latest flowering time in eight different environments. * indicates those families

which are significantly different from mean mesic; # indicates those families which are significantly different from mean xeric fitness

value.

Environment
High High High High Low Low Low Low
Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/
High High Low Low Low Low High High
Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient
#1 #2 #1 #2 #1 #2 #1 #2
F6-86 F6-16 F6- F6- Fo6- F6- F6-16 | F6-16*
111* 111# 111* 111*
F6-16 | F6-111 | F6-16 F6-86 | F6-86* | F6-16 | F6-111 F6-
111#
Mesie F6-2 F6-86 F6-16 | F6-16* | Mesic | Mesic | F6-86*
Family | F6-2 | F6-86 | Mesic | Mesic | Mesic | F6-86 | F6-2 | F6-2*
F6-111 | Mesic F6-2 F6-12 F6-54 F6-2 F6-86 Mesic
F6-26 F6-26 F6-54 F6-2 F6-2 F6-54 F6-26 F6-26
F6-125 | F6-45 | F6-125 | F6-26 F6-26 F6-12 F6-54 F6-12
F6-54 | F6-125 | F6-26 | F6-125 | F6-30 F6-26 F6-63 Xerie
Xeric F6-54 F6-12 F6-45 F6-12 F6-30 | F6-125 | F6-125
F6-12 Xeric Xeric F6-52 | F6-125 | F6-45 F6-45 F6-54
F6-45 F6-12 F6-45 F6-63 F6-45 Xeric F6-12 F6-45
F6-52 F6-63 F6-52 Xeric F6-52 | F6-125 | F6-52 F6-63
F6-63 F6-52 F6-63 F6-30 F6-63 F6-52 Xeric F6-30
F6-30° | F6-30° | F6-30 | F6-54 | Xeric | F6-63 | F6-30 | F6-52
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Table 3.9: Rank order of families from highest to lowest above ground biomass in eight different environments. * indicates those

families which are significantly different from mean mesic; # indicates those families which are significantly different from mean

xeric fitness value.

Environment

High High High High Low Low Low Low
Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/ | Water/

High High Low Low Low Low High High

Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient | Nutrient
#1 #2 #1 #2 #1 #2 #1 #2

Xeric Xerie Xeric F6-86 F6-86 F6-2 Fo6-16 | Fe-111
F6-12 F6-45 F6-52 F6-52 F6-45 Mesic Xeric Xeri¢

F6-54 F6-2 F6-125 | F6-45 F6-52 F6-52 F6-2 F6-2
F6-26 F6-54 F6-2 F6-12 Mesic F6-12 F6-26 F6-12
F6-45 F6-26 F6-16 | F6-125 | F6-26 F6-86 F6-30 Mesic
Family | F6-125 | F6-63 | F6-111 | Xeric | F6-2 | F6-45 | F6-54 | F6-86
F6-52 | F6-125 | F6-45 F6-63 Xeric F6-26 F6-45 F6-54
F6-2 F6-30 F6-86 F6-26 | F6-125 | Xeric | F6-125 | F6-30
F6-30 F6-12 F6-12 F6-30 F6-54 F6-16 F6-63 F6-63
F6-63 F6-52 F6-30 Mesic F6-63 F6-63 Mesic | F6-16
F6-86 Mesic F6-54 | F6-111 | F6-16 F6-54 F6-12 F6-45
F6-16 | F6-111 | F6-63 F6-16 F6-30 F6-30 F6-86 | F6-125
Mesic F6-16 Mesic F6-2 F6-111 | F6-125 | F6-52 F6-26
F6-111 | F6-86 F6-26 F6-54 F6-12 | F6-111 | F6-111 | F6-52
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Table 3.10: Variance components and proportion of total variance for F6 generation attributable to genotype, environment and

genotype X environment interaction for fitness, flowering time and above ground biomass.

Variance Fitness- Fitness  Flowering Flowering Above Ground  Above Ground
variance  proportion  Time- Time- Biomass- Biomass-
component  of total variance  proportion variance proportion of total
variance  component  of total component variance
variance

Genotype 778.17 0.05 428 0.54 0.26 0.002
Environment 14336.15 0.83 282.15 0.36 124.87 0.99
Genotype X Environment  2144.49 0.12 75.74 0.10 0.677 0.005




Discussion

The main purpose of this experiment was to examine the later generation hybrids
to determine if there were families that could out perform the parental ecotypes in novel
environments. Numerous studies have documented that transgressive segregation occurs
frequently in plant populations and most likely provides the material for rapid adaptation
to novel environments (reviewed in Rieseberg et al. 1999; Rieseberg et al. 2003).
However, the production of extreme phenotypes in parental environments will not
necessarily result in offspring that do well in other environments. In order for the hybrid
offspring to be capable of colonizing novel habitats, the transgressive phenotype must
contribute to adaptation in the novel habitat. Transgressive phenotypes were found in all
environments for fitness, flowering time, and above ground biomass. These extreme
phenotypes could lead to niche differentiation between certain hybrid genotypes and the
parental ecotypes. As in Chapter 2, not all of the extreme phenotypes are significantly
different from the parental value with entire families, rather than simply a few
individuals, falling outside the parental range. The fact that some families perform better
than the parental ecotypes in all novel environments indicates that these families may be
capable of colonizing a non-parental environment and possibly providing the material for
adaptive evolution.

The relative fitness of the hybrid may depend on the environmental conditions
under which it is grown. If hybrid fitness is not independent of the environment this will
be seen as GxE interactions. While the main effects of water and nutrients themselves do
not significantly affect fitness, there was a significant effect of block as well as all of the
interaction terms in the full model ANOVA and for the environment x family effect in
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the simple ANOVA (Table 3.1). These results indicate that there are GXE interactions
occurring for fitness, although it seems that fitness responds not just to the water/nutrient
regime which was imposed, but also to some other unidentified factor. Although the
majority of the total variation in fitness is attributable to differences among
environments, indicating that fitness is sensitive to changes in the environment, the fact
that the variation that is attributable to the GxE interaction is larger than the variation
attributable to the genotype alone lends support to the finding that different families do
respond differently to a change in environment. Two families were found to have
consistently high fitness, with F6-111 having the highest fitness in three of the eight
environments and F6-16 having the highest fitness in four of the eight environments and
the second highest fitness in three other environments. Interestingly, in the two high
water/high nutrient environments the F6-111 family ranked fifth (out of fourteen
families) in one environment and ninth in the other and in the two low water/ high
nutrient environments it ranked third and fifth. This may indicate that the F6-111 family
performs better in environments with low nutrient levels. Family F6-30 had the poorest
fitness in five of the environments, with its best performance (ninth) in both the low
water/low nutrient environments. Again, indicating that this genotype may do better
under harsher conditions. The change in rank order of genotypes (Figure 3.5) together
with the results from the ANOVA indicates that with the exception of family F6-16 the
fitness of the different genotypes changes depending on the environment in which the
plant is grown. This may allow selection to act on different genotypes in the different
environments, and to eventually obtain close to the optimum phenotype for a particular

environment, in turn leading to local adaptation for that particular environment. Family
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F6-16 however, appears to have a high fitness regardless of the environment in which it is
grown. This is consistent with the formation of a genotype which is broadly adapted to all
the greenhouse environments. This in turn may allow family F6-16 to colonize new areas
regardless of the environmental conditions without experiencing the lower fitness which
would be experienced by those families which respond differently to the different
environments .

Although initially the experiment was designed to distinguish between the effects
of water and nutrients, the results of the Tukey’s tests indicate that there were differences
between what were intended to be replicates of the same environments. The main
differences observed were between the two high water/ high nutrient environments.

These two environments were placed in different rooms in the greenhouse so it seems
likely that attempts to hold all factors, except the water and fertilizer regime, constant
was not successful. For this reason, while it seems that families are responding to a
particular level of water or fertilizer, it is difficult to determine with certainty if this is all
the plants are responding to. Nonetheless, it is clear that there are GXE interactions taking
place for fitness, and that there are certain genotypes that, if exposed to a novel
environment, may be able to outperform the parental ecotype.

Above ground biomass was significantly affected by the interaction of family x
water x nutrient as well as water x nutrient but not for block x family. It was, however,
significantly affected by the interaction of environment x family (Table 3.3) indicating
the presence of GXE interactions. There was also a substantial change in the rank order of
the families between the environments (Figure 3.7), which again is consistent with there

being GxE interactions for this trait. As was expected those plants grown in an
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environment which received adequate water and nutrients had a greater biomass than
those grown in the harsher environments. Variation among environments accounted for
99% of the total variation, which is consistent with above ground biomass being sensitive
to the environment in which it is grown. This result was consistent with that of other
studies which examined growth rate and nutrient availability (Elberse et al. 2003;
Verhoeven et al. 2004). Similar to the results of Chapter 2, there was no correlation
between fitness and above ground biomass (r=0.480). However, as with the results of
Chapter 2, these results may change when the plants are grown under natural conditions
where they have to compete for resources.

Flowering time, however, appears to be less sensitive to changes in the
environment than either fitness or above ground biomass, with only 36% of the total
variation being attributable to environmental differences. Flowering time was not
significantly affected by family x water x nutrient but varied significantly among both
block x family and environment x family (Table 3.2). Although the rank order of the
families did change slightly between environments (Figure 3.6), indicating there are GXE
interactions, the order of the families did not change as much as that of both fitness and
above ground biomass. The proportion of total variance which is attributable to family,
environment and the interaction between the two is consistent with flowering time being
less sensitive to changes in the environment than either fitness or above ground biomass.
Just over half of the total variation is attributable to the main effect of genotype. Those
families that flowered early in one environment tended to flower early in all the
environments. Overall these results are interesting, given the correlation between fitness

and flowering time (r=-0.803). One would expect that if there is little change in the rank
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order of the families across environments for flowering time then fitness would behave in
a similar manner. The success of an individual in an unpredictable environment is going
to depend on the ability of the individual to respond appropriately to the conditions
(Quinn and Wetherington 2002). However, in this experiment it seems that a family’s
success does not necessarily depend on when flowering occurred. For instance, although
family F6-111 flowered consistently early, it did not have the highest fitness in the high
water/high nutrient environments. This seems to indicate that some factor apart from
flowering time is affecting the number of spikelets produced. It may be that although
some families had an earlier flowering time, other families were able to produce spikelets
more rapidly resulting in a greater number of spikelets. Other adaptive strategies such as
putting energy into producing larger seeds in an attempt to increase the chance of the
offspring’s success may also have come into play. However, as seed size was not
recorded during this experiment, which of these scenarios is most likely remains
undetermined.

Genetic correlations between trait values expressed in different environments can
be used to determine the degree of independence between the trait values in the different
environments (Via 1994). If there is a significant correlation between trait values, then
the values are not independent; therefore, there may be a genetic constraint on the
evolution of the trait value towards a more adaptive value for that particular environment
(Via 1994). Correlations for fitness show that while some environments are less
correlated with others, still others are significantly correlated with all of the environments
(Table 3.5). The non-zero correlations indicate that although there is a genetic constraint

on the evolution of a more adaptive reaction norm a new reaction norm may still evolve
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even though none of the trait values are completely independent of each other. As the
response to the various environments will differ if some genotypes are better adapted to
one environment than the other, translating into smaller genetic correlations between
environments (Bell 1992), this indicates some genotypes must be better adapted to certain
environments than others. The highest correlations for fitness tend to be between
replicates of the same environments which is consistent with the alleles responsible for
this trait affecting fitness in a similar manner in these environments. This may indicate
that the plants react in a manner more similar to each other in the replicate environments
than they do in the other environments. Above ground biomass shows very little
significant correlation among environments (Table 3.6) which would facilitate the
evolution towards a more adaptive reaction norm (Via 1994). Flowering time, however,
shows significant correlation between all environments (Table 3.4), which means there is
little independent genetic variation between the environments (Via 1994). This may occur
when the alleles responsible for the trait, in this case flowering time, affect the trait value
in the same manner in all environments (Via 1994). This result corresponds with those of
the variance calculation results in that the majority of the total variance for flowering

time is due to differences between families rather than the response of the plant to the
environment.

Overall this experiment demonstrated that GxE interactions do exist for the later
generation A. barbata hybrids and that, while some families are more fit than the parental
ecotypes under certain environmental conditions, other hybrid families may be unfit
under the same conditions. This is consistent with other studies (Campbell and Waser

2001; Johnston et al. 2001b), which also documented that hybrid offspring are not
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uniformly unfit relative to their parents but rather, that fitness depends on the
environment in which the hybrid is grown. The combination of transgressive segregation
in all environments with the presence of GxE interactions shows that hybridization of 4.
barbata can result in offspring which are capable of outperforming the parental ecotypes
and of colonizing novel habitats. This in turn could lead to range expansion, local
adaptation and possible speciation. However, this experiment was performed under
greenhouse conditions with little competition between plants. Therefore, while the results
indicate that hybridization does not always lead to unfit offspring in 4. barbata, whether
the same results would be found if the plants were exposed to novel habitats, where they

have to compete for resources, is not known.



Chapter 4
Fitness of early and late generation hybrids of Avena barbata in mesic and xeric
environments
Introduction
The fitness of both the early and the late generation A. barbata hybrids have
previously been tested in a greenhouse environment (Chapter 2). I determined that both
dominance and epistatic gene effects are involved in the fitness of the hybrid offspring.
Transgressive phenotypes were also found in this experiment with entire families falling
outside the parental range, indicating that transgressive segregation is a genetic rather
than an environmental phenomenon. This indicates that there may be families that are
capable of outperforming the parental ecotypes and possibly leading to range expansion
and adaptation to a novel environment. Also, the fitness of the late generation hybrids
was tested to determine if any hybrid families were capable of outperforming the parental
ecotypes in novel environments as well as examining whether GxE interactions exist.
This experiment determined that not only are there families that do outperform the
parents in novel environments, but that GXE interactions do occur, which means that the
individual hybrid families responded differently to the different environments. The
families which perform well in a particular environment may be adapted to that
environment, which again could contribute to range expansion of this species.
However, these two experiments were performed in the greenhouse and did not

answer a number of questions. Still unanswered are: 1) whether the putative co-adapted
gene complexes in the parental ecotypes contribute to local adaptation, 2) whether there

are later generation hybrids which can outperform the parents in the parental environment
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as opposed to a novel environment and 3) whether the dominance and epistatic effects
which were seen in the greenhouse (Chapter 2) have the same effect on fitness in the
parental environments, as a trait which is measured in different environments may be
influenced at least in part by different genes (Falconer 1990).

Local adaptation is a common phenomenon in plant species that occurs when a
phenotype is adapted to local environmental conditions (Kingsolver et al. 2002; Perez de
la Vega 1996). The hybridization of two individuals which are adapted to different
environments may result in offspring with a lower fitness than either parent in the
parental environments (Waser and Price 1994). This can be seen when Artemisia
tridentata ssp. tridentata hybridizes with 4. tridentata ssp. vaseyana. These subspecies
hybridize in a narrow region between the two parental environments. Studies have
demonstrated that the hybrids outperform the parents within the hybrid zone and the
parent subspecies outperform hybrids and the other parental subspecies in each of their
natural environments (Wang et al. 1997). Reciprocal transplants of Gilia capitata ssp.
capitata and G. capitata ssp. chamissonis have demonstrated that there is local adaptation
for several traits, with the native subspecies performing better than the immigrant seed in
both sites (Nagy and Rice 1997). In Iris brevicaulis and I fulva, the I. brevicaulis-like
hybrids and I fulva-like hybrids are more likely to be found in habitat similar to the
habitat of the closest parental species (Johnston et al. 2001b). Ipomopsis aggregata has
also been found to be locally adapted as seed set was found to be higher with crossing
distances of 1-10 m than from either the selfed or 100 m outcross pollinations (Waser and
Price 1989). Also, fitness of the offspring was found to decline with distance from

maternal parent indicating the presence of local adaptation (Waser and Price 1989). This
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illustrates that although heterosis may result in an increase in fitness in some instances
(i.e. high seed set), the effect of local adaptation can counteract any benefits gained
through heterosis.

A. barbata appears to have co-adapted gene complexes which are thought to
confer adaptation to two climatic zones, one of which is a warm, arid climate and the
other a cooler moister climate (Clegg and Allard 1972). The frequencies of each ecotype
tend to be correlated with the environment to such an extent that, as the size of each zone
changes each year, the frequency of each ecotype also changes (Perez de la Vega et al.
1991). Also, other ecotypes, each with their own multi-locus allelic combinations have
been found in patches which have unusual environmental conditions (Perez de la Vega et
al. 1991). Reciprocal transplant experiments between parents and hybrid offspring of
several species have demonstrated that not only can the parents be locally adapted to their
habitats (Schluter 1995; Hatfield and Schluter 1999), but it is also possible for the hybrid
offspring to be locally adapted to their particular habitat regardless of whether the habitat
is simply intermediate to the two parental environments or novel to that of the parents
(Emms and Arnold 1997; Wang et al. 1997).

A reciprocal transplant experiment suggested that there is weak selection which
results in the mesic and xeric ecotypes being selected for in their respective environments
(Jain and Rai 1980). Another study demonstrated that there are quantitative characters
which differ between the mesic and xeric ecotypes and which have a genetic component
(Hamrick and Allard 1975). The mesic ecotype tends to be shorter, with more tillers, and
both flowers and matures its seeds earlier than the xeric ecotype (Hamrick and Allard

1975). If these co-adapted gene complexes in 4. barbata are in fact locally adapted to
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specific environments, then the hybrid offspring should have a lower fitness in each of
the parental environments, and it should be less likely that transgressive phenotypes, that
out-perform the parental ecotypes in the parental environments, will occur. If, however,
these multi-locus allelic combinations are not co-adapted gene complexes which are
adapted to the local conditions, then the production of hybrids will not necessarily result
in offspring with lower fitness than the parents in the parental habitat. Instead, this may
result in transgressive phenotypes which will allow for some hybrid offspring to
outperform the parental ecotypes. Also, as traits measured in different environments are
partly influenced by different genes (Falconer 1990), it is possible that the dominance and
epistatic gene effects, which were seen in Chapter 2, may not be as pronounced in the
parental environments. While the use of early generation hybrids will not determine with
certainty whether there are co-adapted gene complexes adapted to the local environment,
they will help to determine whether there are dominance or epistatic gene effects
contributing to fitness in the parental environments. The use of the later, more stabilized
hybrid generation will help to determine if local adaptation is occurring since, even if
there are beneficial dominance effects that counteract hybrid breakdown in the early
generation hybrids, by the F6 generation the hybrids are 97% homozygous and therefore

any beneficial dominance effects will no longer be present.



Methods

Two sites in California were used in this experiment: the Sierra Foothills
Research and Extension Centre (SFREC), which is considered a xeric site, and the
Hopland Research and Extension Centre (HREC), which is considered a mesic site
(Hutchinson 1982). The native 4. barbata found at SFREC were mainly xeric, with
some patches of mesic. The total annual rainfall for the year 2002 was 627.13 mm and for
the year 2003 was 784.35 mm. However, the rainfall amounts were not spaced evenly
throughout the years. Instead, December 2002 and April 2003 were very wet with the
other months being relatively dry. The vegetation in this area was less dense then that
found at HREC. HREC was densely populated by plants appearing to be of the mesic
ecotype. The total annual rainfall at HREC for the year 2002 was 967.74 mm and for the
year 2003 was 964.7 mm, with December 2002 and April 2003 again being very wet
while the other months were relatively dry.

The same twenty-five F6 families which were used in Chapter 2 were used in this
experiment. A total of 50 mesic and 50 xeric seeds, 100 F2 seeds (50 from family F2-A
and 10 from each of family F2-B,C,D.E and F), and 400 F6 seeds (16 seeds from each of
the 25 families) were planted at each site in November 2002. Three seeds from the
remaining 163 F6 families were also planted for use in a QTL mapping study (Gardner in
prep), however, they are not included in any of the analysis in this study. The seeds were
germinated by placing them in petri dishes lined with wet filter paper and placing them in
the refrigerator for three days. At this point they were removed and placed in the dark at
room temperature to germinate. Once the seeds had germinated they were planted in Ray
Leach cone-tainers (Stuewe and Sons Inc. Oregon), in Sunshine Mix #3 (Sungro,
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Vancouver British Columbia), a commercial seedling germination mixture containing
peat moss, vermiculite, gypsum, and dolomitic lime , and allowed to become established
for approximately one week in a greenhouse at HREC. After the seedlings were
established they were planted at the two sites. Each site was divided into three blocks,
with the plants divided equally between the blocks, and the position of the plants within
each block was randomized. The sites were fenced off in an attempt to keep any
herbivores out. Holes were punched in the ground using a dibble, a large metal rod with a
pointed end, and the seedlings were planted by placing the cone-tainers, with the bottoms
cut out, in the holes. Removing the bottoms allowed the roots of the plant to grow into
the native soil. Plants were located on a grid with approximately 30 cm between plants
and the adjacent natural vegetation was left undisturbed. The plants were allowed to grow
until senescence had been reached in early June 2003 at which point fitness, quantified as
the number of spikelets produced, was recorded. Above ground biomass was measured
by cutting the plants off at soil level, placing them in paper bags, drying them in a drying
oven for four days at 50 °C and obtaining their dry weights. As it was not possible for
someone to be in California for the entire course of this experiment flowering time was
not recorded.

This experiment is analysed and discussed as two separate experiments. As in
Chapters 2 and 3 plants which did not survive were coded as missing values, while those
plants which had not produced spikelets were assigned a fitness of zero. Although
mortality at SFREC was low (12 of the 479 plants did not survive) the situation at HREC
was quite different. One hundred and fifty-one of the 528 plants did not survive at this

site. However, as there was no difference in survivorship between families and as again
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the mortality seems to be random with some plants putting up culms prior to mortality
(i.e. mortality may be due to grazing rather than due to selection against a particular
genotype) these individuals were coded as missing data rather than as exhibiting a fitness
of zero. The first analysis examines the results to determine the long term vs. short term
consequences of hybridization, as in Chapter 2. This allows for a discussion of whether
dominance and epistatic effects contribute to fitness in the natural habitat. Each
environment is analysed separately and the statistical analysis of this section is the same
as that of Chapter 2. The second analysis examines the results to determine whether GxE
interactions occur in the parental environments and, therefore, whether local adaptation is
occurring. The statistical analyses of this section is the same as that of Chapter 3 with the
following exceptions. Instead of twelve F6 families as in Chapter 3, the same twenty-five
families used in Chapter 2 are used in this study. The model used for the ANOVA is trait
= environment + block (within environment) + family + family x environment + error,
where trait is either spikelet number or above ground biomass. The family means for each
trait are plotted across the two environments to determine if there is a change in the

magnitude or direction of the reaction norm.



Results
Long term vs. short term field experiment

None of the interaction terms was significant at either site and are therefore not
included in the models presented. Analysis of variance shows that there were significant
generation effects for fitness (Table 4.1) and significant generation and family effects for
above ground biomass (Table 4.2) at HREC. At SFREC significant effects were found for
generation and family for both fitness and above ground biomass (Table 4.3, 4.4). Linear
contrasts showed significant differences between the F6 vs. parents and F6 vs. F2 for
both fitness and above ground biomass in both environments.

At HREC dominance and epistatic gene effects for fitness were much larger than
the additive gene effect, with the dominance gene effect being the largest, while for
above ground biomass the dominance gene effect was again the largest, with the additive
gene effect being larger than the epistatic gene effect (Table 4.5). Both dominance and
epistatic effects were substantially larger than the additive gene effect for fitness and
above ground biomass at SFREC (Table 4.6).

Family means for both fitness and above ground biomass were found to be
significantly correlated at both HREC (r=0.809 p<0.0001 ) (Figure 4.1) and SFREC
(r=0.935, p<0.0001 ) (Figure 4.2).

Using a Dunnett’s test I found that at HREC only one family was significantly different
from the mid-parent for fitness, family F6-145, which did significantly worse than the
mid-parent (Figure 4.3). For above ground biomass families F6-105, F6-145, F6-26 and

F6-6 all weighed significantly less than the mid-parent (Figure 4.4). At SFREC two
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Table 4.1: Analysis of variance on fitness (spikelet number) to evaluate effects of long
term and short term hybridization in Avena barbata at HREC. Linear contrasts were used

to determine presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 40.87 1.13
Generation 2 306.93 10.45%*
Family within generation 30 32.22 0.89
Error 352 36.32
Linear Contrasts
Parents vs. F2 1 45.04 1.24
F2 vs. F6 1 148.53 4.09*
Parents vs. F6 1 549.2 15.11%%*
Error 354 36.35

*P< (.05 ** P<0.01 ***P<0.001 ****P<0.0001

Table 4.2: Analysis of variance on above ground biomass to evaluate effects of long term
and short term hybridization in Avena barbata at HREC. Linear contrasts were used to

determine presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 0.10 1.34
Generation 2 1.01 4.39*
Family within generation 30 0.17 2.36%%*
Error 355 0.07
Linear Contrasts
Parents vs. F2 1 0.01 0.26
F2.vs. F6 1 1.21 17.27%%**
Parents vs. F6 1 1.21 17.35%*%*
Error 357 0.07

*P< .05 ** P<0.01 ***P<0.001 ****P<0.0001
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Table 4.3 : Analysis of variance on fitness (spikelet number) to evaluate effects of long

term and short term hybridization in Avena barbata at SFREC. Linear contrasts were

used to determine presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 255.94 0.96
Generation 2 4378.74 5.79*%
Family within generation 30 524.98 1.97**
Error 476 265.96
Linear Contrasts
Parents vs. F2 1 530.18 1.99
F2 vs. F6 1 6800.43 25 . 57k*%*
Parents vs. F6 1 3961.38 14.9%%*
Error 478 265.92

*P< (.05 ** P<0.01 ***P<(0.001 ****P<0.0001

Table 4.4: Analysis of variance on above ground biomass to evaluate effects of long term

and short term hybridization in Avena barbata at SFREC. Linear contrasts were used to

determine presence of heterosis and epistasis.

Source df Mean Square F value
Block 2 1.02 1.11
Generation 2 20.66 7.00%%
Family within generation 30 1.10 2.16% %5
Error 476 0.93
Linear Contrasts
Parents vs. F2 1 2.15 2.32
F2 vs. F6 1 31.37 33.85% k%%
Parents vs. F6 1 19.42 20.95%**%
Error 478 0.93

*P< 0.05 ** P<0.01 ***P<0.001 ****P<0.0001
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Table 4.5: Ecotype and generation means + SE. Additive, dominance, and epistatic
effects of fitness and above ground biomass at HREC calculated using expectations for
generation means as found in Mather and Jinks (1982). 95% confidence limits for

differences between two means were calculated according to Sokal and Rohlf (1995).

Fitness Above Ground Biomass

Mesic Mean 1098+ 0.94 0.77 £ 0.06
Xeric Mean 10.21+£2.76 0.40 + 0.03
F2 Mean 10.45+0.79 0.66 + 0.05

F6 Mean 7.81£0.25 0.44 + 0.01
Additive Effect 0.38+5.79 0.18+ 0.15
Dominance Effect 5.62+1.61 047+ 0.07
Epistatic Effect 2.95+2.36 0.16 £0.05

Table 4.6: Ecotype and generation means + SE. Additive, dominance, and epistatic
effects of fitness and above ground biomass at SFREC calculated using expectations for
generation means as found in Mather and Jinks (1982). 95% confidence limits for

differences between two means were calculated according to Sokal and Rohlf (1995).

Fitness Above Ground Biomass
Mesic Mean 26.06 +£2.28 1.72 £ 0.16
Xeric Mean 2433 +£2.96 1.09 £ 0.14
F2 Mean 2782+2.4 1.5+ 0.16
F6 Mean 18.09 £+ 0.79 0.91 £0.04
Additive Effect 0.86+7.44 0.32+043
Dominance Effect 20.74 £ 4.96 1.3+£0.23

Epistatic Effect 7.75+2.13 0.5+0.13
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Figure 4.1: Mean fitness of each family vs. mean above ground biomass of each family
for mesic and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata grown at

HREC. Correlation coefficient= 0.809.
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Figure 4.2: Mean fitness of each family vs. mean above ground biomass of each family
for mesic and xeric ecotypes, six F2 families and 25 F6 families of 4 barbata grown at

SFREC. Correlation coefficient= 0.933.
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six F2 families and 25 F6 families at HREC. The families are arranged in the same order

as in Chapter 2.

*=gignificantly different from mid-parent value.



102

@ Parents
O Fr2

FANN

= T2 Mean

==—— T Mean

(sumi8) sseure 1 puUNoIL) 240qQy

Family

Figure 4.4: Mean above ground biomass (grams) = standard error of mesic and xeric

ecotypes, six F2 families and 25 F6 families at HREC. The families are arranged in the

same order as in Chapter 2.

significantly different from mid-parent value.

Fom



103

families (F6-145 and F6-105) had significantly lower fitness (Figure 4.5) while one
family (F2-B) weighed significantly more and four families (F6-145, F6-105, F6-6 and
F6-95) weighed significantly less than the mid-parent value (Figure 4.6).

The Dunnett’s test was also used to determine if any of the hybrid offspring
families had extreme performances relative to the parental values. Family F6-145 had a
fitness significantly lower than the xeric parent at both sites. However, although the
differences were not significant, at both sites many families fell outside the parental range
with far more families doing worse than the least fit ecotype than those that did better
than the most fit ecotype (Figures 4.3, 4.5).

Fitness of F6 generation in parental environments

Both fitness and above ground biomass were greater at SFREC than at HREC.
Significant differences were found for the main effects of family and environment for
both traits (Tables 4.7, 4.8). However, only above ground biomass showed significant
GxE interactions.

Correlations of family means between environments for fitness (r=0.551,
p<0.01) and biomass (r=0.581, p<0.01) show that the variation in phenotypic response to
the environment among genotypes does not seem to be as great in the parental
environments as in the novel greenhouse environments (Chapter 3). The rank order of
families does not change greatly between the two environments for either fitness or above
ground biomass (Figures 4.7, 4.8). The mesic ecotype outperformed the xeric ecotype at
both sites. The variance results are similar to those found in Chapter 3 in that the major

portion of total variance for both fitness and above ground biomass is attributable to the



104

@ Parents
a F2

& F6

F2 Mean
== F6 Mean

L) o] L] o w3

(soquunu Joppyidg) ssamug

Family

Figure 4.5: Mean fitness (spikelet number) * standard error of mesic and xeric ecotypes,

six F2 families and 25 F6 families at SFREC. The families are arranged in the same order

as in Chapter 2.

*=gignificantly different from mid-parent value.
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Table 4.7: Analysis of variance on fitness for A. barbata grown in the parental

environments in California.

Source df Mean Square F-value
Environment 1 16607.77 117.28*%**
Block within (Environment) 4 79.96 0.68
Family 26 450.78 2.25%
Environment x Family 26 200.58 143
Error 695 139.71

*P< (.05 ** P<0.01 ***P<(.001 ****P<0.0001

Table 4.8: Analysis of variance on above ground biomass for 4. barbata grown in the

parental environments in California.

Source df Mean Square F-value
Environment 1 35.75 83.23*¥&*
Block within (Environment) 4 0.19 0.46
Family 26 1.74 2.67%*
Environment x Family 26 0.65 1.60%*
Error 696 0.38

*P< (.05 ** P< (.01 ***P<0.001 ****P<0.0001
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Figure 4.7: Family means for fitness at HREC and SFREC in California. Parental
ecotypes are indicated by solid lines, F6 hybrid offspring families by dotted lines.
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differences between environments. Limited variation was attributable to either genotype

or the genotype X environment inferaction term (Table 4.9).
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Table 4.9: Variance components and proportion of total variance for F6 generation
attributable to genotype, environment and genotype x environment interaction for fitness

and above ground biomass.

Fitness- Fitness- Above Above
variance proportion Ground Ground
component of total Biomass- Biomass-
variance variance proportion
component of total
variance
Genotype 4.93 0.111 0.01 0.108
Environment 33.82 0.759 0.07 0.752
Genotype x 5.79 0.129 0.013 0.139

Environment




Discussion

The genetic basis of hybrid fitness in the parental environments was found to be
the same as that of the greenhouse study, in that dominance and epistatic gene effects are
playing a major role in hybrid fitness. While the parental ecotypes do appear to have co-
adapted gene complexes which affect fitness, it is still not clear whether these co-adapted
gene complexes lead to local adaptation as there were families of later generation hybrids
which were capable of outperforming the parental ecotypes in their own environments.
The mesic ecotype outperformed the xeric ecotype at the xeric site; if these ecotypes are
locally adapted to their respective environments then it would be expected that each
ecotype should exhibit the highest fitness in its own environment.

Long term vs. short term field experiment

The presence of significant generation effects as well as the results of the linear
contrasts at both HREC and SFREC indicate that similar to the greenhouse results, there
appears to be hybrid vigour in the second generation hybrids which is counteracted by
hybrid breakdown. A significant generation effect indicates that the genetic basis of
hybrid fitness is not simple additivity. If the underlying genetic basis of the hybrid fitness
is simple additivity, there should be no differences found between the F6 generation and
either the F2 or the parental generation (Table 1.1). As seen in Chapter 2, the deviation,
therefore, of the F6 generation from the parental mean can be taken as evidence for
epistatic interactions and although it may seem that the lack of difference between the F2
generation and the parental generation indicates that there is no hybrid vigour or hybrid
breakdown present in the early generation hybrids, this is not the case. The deviation of
the F6 from the F2 mean can be taken as evidence for the presence of dominance. Again,
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there appears to be both a large dominance gene effect and an epistatic gene effect at both
sites. 4. barbata has undergone generations of selection in the field environment whereas
the greenhouse is an environment in which there has been no previous selection on these
genotypes. If the lower fitness expressed by hybrid offspring was found only in the field
environment, then it is possible that this lower fitness could be the result of exogenous
selection. However, as the lower fitness is found both in an environment in which A.
barbata has evolved as well as in an environment in which there is no history of
selection, this is consistent with the hypothesis that there are co-adapted gene complexes
which contribute to fitness in the parental ecotypes. Therefore, the lower fitness is to
some extent the result of endogenous selection. When a trait is measured in different
environments, it may be affected at least partially by the same genes (Falconer 1990).
The lower fitness of the hybrid offspring which is found in both the greenhouse and the
parental environments is consistent with fitness being influenced at least partly by the
same genes.

The additive gene effects which are found in the parental environments are much
smaller than those found in the greenhouse environment. This is consistent with the
theory that selection will reduce the amount of additive genetic variance present (Hartl
and Clark 1997). The small additive gene effects which are found in the parental
environments, where A. barbata has undergone generations of selection, is much less
than that which is found in the greenhouse environment, where there has been no history
of selection (Chapter 2).

For above ground biomass the main effects of generation and family were found

to be significant at both sites (Tables 4.2, 4.4) These results are supported both by the
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linear contrasts which show that there are differences between the F6 generation and both
the F2 and the parental generation, and by the calculation of the net effect of additive,
dominance or epistatic gene effects. This indicates that there are in fact large dominance
gene effects as well as additive and epistatic effects at both sites. The results indicate that
unlike the greenhouse environment where above ground biomass and fitness do not seem
to have the same genetic basis, above ground biomass in a field environment seems to
have the same genetic basis as fitness, in that there is hybrid vigour which is counteracted
by the break-up of co-adapted gene complexes.

The results from the Dunnett’s test indicate that in the parental environments there
are no recombinant families that do significantly better in terms of fitness than the mid-
parent value. As the epistatic effect for fitness is larger in the field than it was in the
greenhouse this may mean that the break-up of co-adapted gene complexes has a larger
effect on fitness in the field then in the greenhouse. There is one family in each of the
environments which had a significantly higher biomass than the mid-parent; however,
overall the recombinant genotypes did much worse than the mid-parent value in the field
environments than they did in the greenhouse environments.

Contrary to the results found in both Chapters 2 and 3, there appears to be a
positive correlation between fitness and above ground biomass in a natural environment.
It seems that if a plant has a larger above ground biomass, it also has a higher fitness
(Figures 4.1, 4.2). Since the plants were not confined to a limited area in the field, as they
were in the greenhouse, it is possible that they were able to extend their roots and thus

access more resources. This result is consistent with bigger plants being able to better
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utilize the available resources and therefore increase their fitness through the production
of more seeds (Watkinson 1982; Aarssen and Clauss 1992).

Evidence was found for the presence of transgressive segregation in both the
parental environments. While only two families had a significantly lower fitness than the
least fit ecotype (in this case the xeric ecotype) at the xeric site, there were many families
which were not significantly different but still fell outside the parental range (Figure 4.3,
4.5). However, while the number of families that did better than the highest parental
value is similar to that found in the greenhouse (two families), the number of families
with a lower fitness than the least fit parent was much greater at both field sites than it
was in the greenhouse. This is consistent with the parental genotypes being adapted to the
field environments and, while there are still some extreme phenotypes which can
outperform the parental ecotypes in their home environments, there are a substantially
higher number of extreme phenotypes which would not be able to outperform the
parental ecotypes.

Although in the parental environments there was a larger difference in above
ground biomass between the mesic and xeric ecotypes than was found in the greenhouse
experiment (Chapter 2), there still seemed to be a great deal of transgressive segregation
with a large number of transgressive phenotypes falling outside the parental range. The
majority of the extreme phenotypes weighed less than the xeric ecotype, which had the
lowest biomass. As above ground biomass and fitness are tightly correlated in the field
environment, and a large number of the recombinants had a fitness value lower than the

parental ecotypes, this is not unexpected.
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This experiment demonstrated that, as in the greenhouse, hybrid vigour which is
counteracted by hybrid breakdown is contributing to the fitness of the hybrid offspring in
the parental environments. However, contrary to the greenhouse results, transgressive
segregation results in a higher number of families exhibiting a lower fitness than the least
fit parents in a field environment. Despite this there are still two families which had a
higher fitness than the most fit ecotype and may therefore be capable of outperforming
the parental ecotypes in the parental environments.

Fitness of F6 generation in parental environments

The primary purpose behind this section of the field experiment was to determine
if GxE interactions do occur in the parental environments and if there is any evidence for
local adaptation. Although the main effects of family and environment are significant for
fitness (Table 4.7), there do not appear to be any GxE interactions in the parental
environments. The significant family effects indicate that there are differences in the
fitness among families and the significant environment effects indicate that there are
differences in how the families respond to the environments. These results are supported
by examining the rank order of the families in each of the environments (Figure 4.7).
Although there is an increase in fitness between HREC and SFREC, there is not a large
change in the rank order of the families. Genetic correlations of less than one between the
same trait in two different environments should result in a significant GXE interaction
(Via and Lande 1985). Although the genetic correlation was less than one (r=0.551,
p<0.01) in this case it does not seem to result in a significant GxE interaction. When the
genetic correlation is high, there will be very little GXE variance (Falconer 1990),

therefore, the fact that the correlation between the two environments was significant may
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mean there is little GXE variance resulting in a non-significant GxE term. These results
are consistent with no local adaptation being present in the parental environments.

Also, should local adaptation be present, each parental ecotype should do better in
its respective environment. However, the mesic ecotype outperformed the xeric ecotype
at the xeric site. This is interesting given the work which has previously suggested that
the five enzyme loci that make up the putative co-adapted gene complexes are locally
adapted to the various environments on both a large and small scale (Clegg and Allard
1972). Hutchinson (1982) found that all of the 4. barbata found around SFREC were of
the xeric ecotype. However, it has also been shown that there is a shift in the frequency of
genotypes and that the size of the xeric and mesic zones expand and contract based on the
level of moisture from year to year (Perez de la Vega et al. 1991). The experiment
discussed here was performed over one growing season at only two sites. There was a
substantial amount of rainfall both in December and in April, and the soil conditions
remained wet late into the year. It is possible that if the conditions were unfavourable for
the xeric ecotype at both sites, this might lead to it having a poor performance in its own
habitat which in turn could contribute to the lack of GxE interactions. It is also possible
that selection for a specific genotype occurs at the time of germination. If the xeric
ecotype is adapted to germinate under low water conditions while the mesic ecotype is
adapted to germinate under slightly wetter conditions it is possible that by germinating
the plants prior to planting, selection, which would normally act against the specific
ecotypes at the time of germination, could not occur. Numerous environmental factors are
going to affect any population at any given time, so whichever one is the most stressful

factor at that point in time is the one which will determine the main response of the plant
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(Perez de 1a Vega 1996). Other studies have found that since environmental conditions
change from year to year, caution should be used when drawing conclusions from short
term studies (Galloway and Fenster 2000; Waser ef al. 2000). Therefore, while this study
does cast some doubt on whether these ecotypes are locally adapted, it is not possible to
say from just one field experiment whether these ecotypes are in fact locally adapted to
their respective environments. However, the fact that there were GXE interactions in the
novel greenhouse environments indicates that the F6 families do sometimes respond
differently to different environments and that certain families have the potential to be
more adapted to certain environments.

Although above ground biomass does show significant GXE interactions (Table
4.8), the genotypes appear to be responding in the same manner to the two environments
in that there is an increase in biomass between HREC and SFREC (Figure 4.8). However,
there is a greater change in the rank order of the families than is found for fitness. Also,
the correlation between the two environments is not a perfect correlation, which indicates
that the response to the environments is different between genotypes. A genetic
correlation between environments of less than one indicates that while some of the same
genes are involved in the expression of that particular trait, there must also be either
different genes in each environment which are influencing the trait or the same genes
influencing the trait differently in each environment (Via and Lande 1985; Falconer
1990). Therefore, as the values are not completely independent from one another there
must be some of the same genes involved in the expression of above ground biomass in
the different environments. As the presence of GxE interactions is consistent with

different genotypes responding differently to the environments, it is possible that above
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ground biomass is the target of selection in each of the parental environments and that the
five allozyme loci, which have been identified as either “mesic” or “xeric” allelic
combinations, are associated with gene combinations which are involved in growth rather
than actual spikelet number.

The majority of the total variation for both fitness and above ground biomass can
be attributed to differences between environments which is consistent with these traits
being sensitive to changes in the environments. However, unlike the environments which
were created in the greenhouse, where the variance attributable to the genotype x
environment interaction was substantially larger than the variance attributable to
genotype alone, the field environments showed no difference between the variance
attributable to genotype and the variance attributable to the interaction term. This means
that in the field, the variation between the different genotypes is no greater than the
variation in response to the environment.

Overall, this experiment demonstrated that there are GxE interactions for above
ground biomass in the parental environments, indicating that there are differences in how
the genotypes respond to the two environments. However, there does not seem to be any
GxE interactions for fitness, which again calls into question whether the parental

ecotypes are actually exhibiting local adaptation.



Chapter 5
Summary and Conclusions
The importance of hybridization, although now known to be a fairly common
occurrence among many organisms, has been debated for decades (Wagner, 1970; Moore
1977; Mayr 1992; Arnold 1997). One view is that hybrid offspring, if they are even
viable, will either be sterile or if the hybrid is fertile, will be ill adapted to the
environment and will eventually disappear (Wagner 1970). Another view is that
hybridization does not necessarily result in an unfit individual but instead may result in
recombination upon which selection can act (Arnold 1997; reviewed in Lexer et al.
2003b). A muore realistic view may be that hybridization can result in a number of
outcomes (Rieseberg and Wendel 1993; Arnold 1997). While some hybridization events
may lead to offspring which are inviable or less fit than the parental species, other
hybridization events may lead to offspring which are at least as fit if not more so than the
parents. These two outcomes may even occur from the same hybridization event, with
some of the resulting offspring having a lower fitness than the parents and some
exhibiting a fitness that is no different or even higher than the parents. Another aspect of
hybridization which has been debated is whether the fitness of the hybrid is independent
of the environment. While some argue that selection acts against the hybrid offspring as a
result of the disruption of the parental genotypes, others argue that interactions between
the environment and the hybrid genotype will determine the outcome of the hybridization
event (Arnold 1997). However, as with the question of whether hybrids are by definition
fit or unfit, there is no one explanation which will explain the outcome of all
hybridization events. Instead, it seems that the relationship between hybrids and the
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environment is a combination of both exogenous (interactions between the hybrid
genotype and the environment) and endogenous (interaction between parental genomes)
selection (Arnold 1997).

The studies reported in this thesis demonstrate that not only can hybridization
result in offspring with varying degrees of fitness, but there are also novel environments
where hybrid offspring with certain genotypes are capable of outperforming the parental
ecotypes. Two studies, one of which was carried out in the greenhouse and one in 4.
barbata’s natural environment, demonstrate that it is possible for both hybrid vigour and
hybrid breakdown to occur in the same cross. Evidence from linear contrasts and from
the calculation of the net effect of additive, dominance and epistatic gene effects show
that there is hybrid vigour, brought about through beneficial dominance effects, present
in the early generation hybrids. This hybrid vigour is counteracted by hybrid breakdown,
brought about by negative epistatic interactions, which results in an F2 generation with a
mean fitness that is no different from the mean fitness of the mid-parent. Had it been
possible to produce enough F1 seeds to test this generation against the mid-parent as
well, the hybrid vigour which is present should have been more obvious. Although both
hybrid vigour and hybrid breakdown are occurring in the same individual, the fact that
the F1 generation would be 100% heterozygous would mean that all individuals in this
generation would exhibit hybrid vigour. Whereas, in the F2 generation the individuals are
heterozygous at 50% of their genes, therefore, the generation mean is lowered by those
homozygous individuals which experience no hybrid vigour but only hybrid breakdown.
Hybrid vigour, which is counteracted by hybrid breakdown, was found both in a

greenhouse environment and in 4. barbata’s natural habitat. This hybrid breakdown is
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strong evidence that there are in fact co-adapted gene complexes in the parental ecotypes
which affect fitness. Had this result been found in one environment but not the other,

then it is possible that the combination of genotype with the environment was resulting in
the lower mean fitness of the F6 generation. However, the fact that this result is
repeatable in very different environments clearly indicates that at least some of the fitness
exhibited by the parental ecotypes is due to co-adapted gene complexes present in the
parental genome and is independent of the environment. The presence of GXE
interactions which were found in the novel greenhouse environments however, indicates
that the fitness of the hybrids is not completely independent of the environment. These
GxE interactions show that the environment the hybrids are grown in does result in a
change in fitness depending on the genotype. This supports the theory that hybrid fitness
is a combination of both exogenous and endogenous selection.

While it has been hypothesized that the xeric and the mesic ecotypes are locally
adapted to their particular habitat and that the five allozyme loci form co-adapted gene
complexes which contribute to this local adaptation (Allard et al. 1972; Clegg and Allard
1972; Hamrick and Allard 1972; Perez de la Vega et al. 1991), no clear evidence for local
adaptation was found. There were a large number of families which had a lower fitness
than the least fit parent in the parental habitats and this does provide some evidence that
the parental gene combinations are adapted to their individual environments. However,
the mesic ecotype outperformed the xeric ecotype in the xeric habitat which would not be
expected if local adaptation existed. Therefore, there is still no clear evidence that the
ecotypes are in fact locally adapted to specific environments. It is possible that the

conditions were simply unfavourable for the xeric ecotype in this one growing season.
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This study is being repeated over another growing season which should help to answer
whether the ecotypes are in fact locally adapted. It is also possible that selection acts at
the time of germination and therefore, by germinating the seeds and allowing the
seedlings to become established in a greenhouse prior to planting, selection could not act
against the most unfit genotype for that environment. Therefore, allowing the seeds to
germinate in the parental environments would help in answering this question more fully.
Both the hybrid breakdown which is seen in the later generation hybrids, and the
transgressive segregation which results in extreme phenotypes relative to the parents are
the result of the formation of recombinant genotypes. While recombination may bring
about the disruption of co-adapted gene complexes, which results in a decrease in fitness
of the hybrid offspring, the recombination may also result in complementary gene action.
If this complementary gene action occurs this in turn will result in some hybrid families
experiencing superior (or inferior) fitness relative to the parental trait values. As 4.
barbata is predominately selfing, after the initial out-crossing event this method of
reproducing will restrict recombination and will therefore protect any favourable or
unfavourable epistatic interactions from being broken up (Allard 1996). The combination
of these recombinant genotypes together with the dominant gene effects, which result in
the presence of hybrid vigour in the early generation hybrids, may be what is necessary in
order for the hybrid offspring to be capable of forming a stabilized hybrid genotype
which can subsequently colonize new habitats. The presence of the beneficial dominant
gene effects in the early generation hybrids may prevent the hybrids from exhibiting only
hybrid breakdown. This hybrid vigour, which results in the F2 generation mean fitness

being no different from the mid-parent mean fitness may result in the early generation
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hybrids having a high enough fitness that they will not be out-competed by the parental
ecotypes. This in turn may allow for self fertilization to occur over a number of
generations and ultimately in the production of stabilized recombinant genotypes. While
the production of these recombinant genotypes will without a doubt result in some hybrid
genotypes which are simply not fit enough to remain in the population, it will also result
in some genotypes which are superior to the parental ecotypes in at least one
environment. That this scenario could happen is shown by the results of the experiment
which tested the later generation hybrids in novel environments. Transgressive
segregation, resulting in hybrid genotypes with a fitness superior to that of the parental
ecotypes was found not only across all environments in the greenhouse, but also to a
small extent in the parental environments. This indicates that there are recombinant
genotypes which are capable of outperforming the parental ecotypes in novel
environments. Should hybridization between the parental ecotypes occur in 4. barbata’s
natural habitat, it is possible that recombinant genotypes capable of colonizing new
habitats would be produced, which would result in the expansion of this species’ habitat.
Alternatively, it may simply result in increased specialization within the species’ current
habitat. Also, if one broadly adapted genotype is produced then this genotype may come
to predominate throughout the species range.

Overall, this research indicates that hybridization events can result in both hybrid
breakdown and hybrid vigour in the same cross. There do appear to be co-adapted gene
complexes in the parental ecotypes which contribute to fitness however, there is no clear
evidence for local adaptation in these parental ecotypes. As well, the GXE interactions

indicate that the fitness of the hybrid offspring is not due to genotype alone but rather a
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combination of genotype with the environment. This results in some hybrid families
which are capable of outperforming parental ecotypes in novel environments. Finally,
transgressive segregation found across different environments, coupled with hybrid
vigour in early generation hybrids may ultimately result in some hybrid offspring capable

of colonizing new habitats.



References

Aarssen, L. W., Clauss, ML.J. (1992) Genotypic variation in fecundity allocations in
Arabidopsis thaliana. J. of Ecol. 80: 109-114.

Allard, R.W. (1996) Genetic basis of the evolution of adaptedness in plants. Euphytica
92:1-11.

Allard, R.W. (1999) History of plant population genetics. Annu. Rev. Genet. 33:1-27.

Allard, R.W., Babbel, G.R., Clegg, M.T., Kahler, A.L. (1972) Evidence for coadaptation
in Avena barbata. Proc. Nat. Acad. Sci. 69: 3043-3048.

Allard, R.W., Garcia, P., Saenz-de-Miera, L.E., Perez de la Vega, M. (1993) Evolution of
multilocus genetic structure in Avena hirtula and Avena barbata. Genetics 135: 1125-
1139.

Arnold, M.L. (1997) Natural hybridization and evolution. Oxford University Press,
Oxford.

Arnold, M.L., Buckner, C.M., Robinson, J.J. (1991) Pollen-mediated introgression and
hybrid speciation in Louisiana irises. Proc. Nat. Acad. Sci. 88: 1398-1402.

Arnold, M.L., Bulger, M.R,, Burke, J.M., Hempel, A.L., Williams, J.H. (1999) Natural
hybridization: How low can you go and still be important? Ecology 80: 371-381.

Arnold, M.L., Hamrick, J.L., Bennett, B.D. (1990) Allozyme variation in Louisiana
irises: a test of introgression and hybrid speciation. Heredity 65: 297-306.

Arnold, M.L., Hodges, S.A. (1995) Are natural hybrids fit or unfit relative to their
parents. TREE 10: 67-71.

Arnold, M.L., Robinson, J.J., Buckner, C.M., Bennet, B.D. (1992) Pollen dispersal and
interspecific gene flow in Louisiana irises. Heredity 68: 399-404.

Avise, J.C. (1994) Molecular Markers, Natural History and Evolution. Chapman and
Hall, New York.

Bartsch, D., Lehnen, M., Clegg, J., Pohl-Orf, M., Schuphan, I., Ellstrand, N.C. (1999)
Impact of gene flow from cultivated beet on genetic diversity of wild sea beet
populations. Mol. Ecol. 8: 1733-1741.

Bell, G. (1991) The ecology and genetics of fitness in Chlamydomonas III. Genotype-by-
environment interaction within strains. Evolution 45: 668-679.

125



126

Bell, G. (1992) The ecology and genetics of fitness in Chlamydomonas V. The
relationship between genetic correlation and environmental variance. Evolution 46: 561-
566.

Bordenstein, S.R., Drapeau, M.D. (2001) Genotype-by-environment interaction and the
Dobzhansky-Muller model of postzygotic isolation. J. Evol. Biol. 14: 490-501.

Bradshaw, A.D. (1984) Ecological significance of genetic variation between populations
In: R. Dirzo, J. Sarukhan eds. Perspectives on Plant Population Ecology. Inuauer
Associates Inc. Massachusetts.

Briggs, B.G. (1962) Hybridization in Ranunculus. Evolution 16: 372-390.

Burke, J.M., Arnold, M.L. (2001) Genetics and the fitness of hybrids. Annu. Rev. Genet.
35:31-52.

Campbell, D.R., Waser, N.M. (2001) Genotype-by-environment interaction and the
fitness of plant hybrids in the wild. Evolution 55: 669-676.

Clegg, M.T., Allard, R.W. (1972) Patterns of genetic differentiation in the slender wild
oat species Avena barbata. Proc Nat. Acad. Sci. 69: 1820-1824.

Clausen, J., Keck, D.D., Hiesey, W.M. (1941) Regional differentiation in plant species.
The American Naturalist 75: 231-250.

Desplanque, B., Boudry, P., Broomberg, K., Saumitou-Laprade, P., Cuguen, J., Van Dijk,
H. (1999) Genetic diversity and gene flow between wild, cultivated and weedy forms of
Beta vulgaris L. (Chenopodiaceae), assessed by RFLP and microsatellite markers. 7AG
98: 1194-1201.

Desplanque, B., Hautekeete, N., Van Dijk, H. (2002) Transgenic weed beets: Possible ,
probable, avoidable? J. Appl. Ecol. 39: 561-571.

deVicente M.C., Tanksley, S.D. (1993) QTL analysis of transgressive segregation in an
interspecific tomato cross. Genetics 134: 585-596.

Elberse, .A.M., Van Damme, J.M.M., Van Tienderen, P.H. (2003) Plasticity of growth
characteristics in wild barley (Hordeum spontaneum) in response to nutrient limitation. J.
of Ecol. 91: 371-382.

Ellstrand, N.C., Scheirenbeck, K.A. (2000) Hybridization as a stimulus for the evolution
of invasiveness in plants? PNAS 97: 7043-7050.

Emms, S.K., Arnold, M.L. (1997) The effect of habitat on parental and hybrid fitness:
Transplant experiments with Louisiana Irises. Evolution 51: 1112-1119.



127

Falconer, D.S. (1990) Selection in different environments: effects on environmental
sensitivity (reaction norm) and on mean performance. Genetical Research 56: 57-70.

Fenster, C.B., Galloway, L.F. (2000a) Inbreeding and outbreeding depression in natural
populations of Chamaecrista fasciculata (Fabaceae). Conservation Biology 14: 1406-
1412.

Fenster, C.B., Galloway, L.F. (2000b) Population differentiation in an annual legume:
genetic architecture. Evolution 54: 1157-1172.

Fenster, C.B., Galloway, L.F., Chao, L. (1997) Epistasis and its consequences for the
evolution of natural populations. TREE 12: 282-286.

Fritsche, F., Kaltz, O. (2000) Is the Prunella (Lamiaceae) hybrid zone structured by an
environmental gradient? Evidence from a reciprocal transplant experiment. Am. J. Bot.
87:995-1003.

Galloway, L.F., Fenster, C.B.(2000) Population differentiation in an annual legume:
Local adaptation. Evolution 54: 1173-1181.

Garcia, P., Vences, F.J., Perez de la Vega, M., Allard, R.W. (1989) Allelic and genotypic
composition of ancestral spanish and colonial Californian gene pools of Avena barbata:
Evolutionary implications. Genetics 122: 687-694.

Hedrick, P.W., Holden, L.R. (1979) Hitch-hiking: An alternative to coadaptation for the
barley and slender wild oat examples. Heredity 43: 79-86.

Hamrick, J.L., Allard, R.W. (1972) Microgeographical variation in allozyme frequencies
in Avena barbata. Proc. Nati. Acad. Sci. 69: 2100-2104.

Hamrick, J.L., Allard, R.-W. (1975) Correlations between quantitative characters and
enzyme genotypes in Avena barbata. Evolution 29: 438-442.

Hamrick, J.L., Holden, L.R. (1979) Influence of microhabitat heterogeneity on gene
frequency distribution and gametic phase disequilibrium in Avena barbata. Evolution 33:
521-533.

Hartl, D.L, Clark, A.G. (1997) Principles of Population Genetics. Third Edition. Sinauer
Associates, Inc., Massachusetts.

Hatfield, T. Schluter, D. (1999) Ecological speciation in sticklebacks: Environment-
dependent hybrid fitness. Evolution 53: 866-873.



128

Hauser, T.P., Shaw, R.G., Ostergard H. (1998a) Fitness of F1 hybrids between weedy
Brassica rapa and oilseed rape (B. napus). Heredity 81: 422-428.

Hauser, T.P., Jorgensen, R.B., Ostergard, H. (1998b) Fitness of backcross and F2 hybrids
between weedy Brassica rapa and oilseed rape (B. napus). Heredity 81: 436-443.

Heslop-Harrison, J. (1956) Some observations on Dactylorchis incarnate L. Proc. Linn.
Soc. Lond. 166: 51-83.

Hochwender, C.G., Fritz, R.S., Orians, C.M. (2000) Using hybrid systems to explore the
evolution of tolerance to damage. Evolutionary Ecology 14: 509-521.

Hodges, S.A., Burke, J.M., Amold, M.L. (1996) Natural formation of iris hybrids:
Experimental evidence on the establishment of hybrid zones. Evolution 50: 2504-2509.

Hufford, K.M., Mazer, S.J. (2003) Plant ecotypes: genetic differentiation in the age of
ecological restoration. TREE 18: 147-155.

Hutchinson, E. S. (1982) Genetic markers and Ecotypic differentiation of Avena barbata
Pott. ex Link. PhD dissertation, University of California Davis.

Hutchinson, E.S., Hakim-Elahi, A., Miller, R.D., Allard, R.W. (1983) The genetics of
diploidized tetraploid Avena barbata. The Journal of Heredity 74: 325-330.

Jain, S.K., Rai, K.N. (1980) Population biology of Avena. VIII. Colonization experiment
as a test of the role of natural selection in populations divergence. Am. J. Bot. 67: 1342-
1346.

Johnston, J.A., Wesselingh, R.A., Bouck, A.C., Donovan, L.A., Arnold, M.L. (2001a).
Intimately linked or hardly speaking? The relationship between genotype and
environmental gradients in a Louisiana Iris hybrid population. Molecular Ecology 10:
673-681.

Johnston, J.A., Grise, D.J., Donovan, L.A., Arnold, M.L. (2001b) Environment-
dependent performance and fitness of Iris brevicaulis, I. fulva (Iridaceae), and hybrids.
Am. J Bot. 88: 933-938.

Kingsolver, J.G., Pfennig, D.W., Servedio, M.R. (2002) Migration, local adaptation and
the evolution of plasticity. TREE 17: 540-541.

Klinger, T., Arriola, P.E., Ellstrand, N.C. (1992) Crop-weed hybridization in radish
(Raphanus sativus): Effects of distance and population size. Am. J. Bot. 79: 1431-1435.

Klinger, T., Ellstrand, N.C. (1994) Engineered genes in wild populations: Fitness of
weed-crop hybrids of Raphanus sativus. Ecol. Appl. 4: 117-120.



129

Kruckeberg, A.R. (1954) The ecology of serpentine soils. III Plant species in relation to
serpentine soils. Ecology 35: 267-274.

Kruuk, L.E.B, Gilchrist, J.S, Barton, N.H. (1999) Hybrid dysfunction in fire-bellied toads
(Bombina). Evolution 53: 1611-1616.

Lamb, T., Avise, J.C. (1986) Directional introgression of mitochondrial DNA in a hybrid
population of tree frogs: The influence of mating behaviour. Proc. Natl. Acad. Sci. 83:
2526-2530.

Lamb, T., Novak, J.M., Mahnoey, D.L. (1990) Morphological asymmetry and
interspecific hybridization: A case study using hylid frogs. J. Evol. Biol. 3: 295-309.

Lavigne, C., Klein, C., Couvet, D. (2002) Using seed purity data to estimate an average
pollen mediated gene flow from crops to wild relatives. TAG 104: 139-145.

Lexer, C., Randell, R.A., Rieseberg, L.H. (2003b) Experimental hybridization as a tool
for studying selection in the wild. Fcology 84: 1688-1699.

Lexer, C., Welch, M.E., Raymond, O., Rieseberg, L.H. (2003a) The origin of ecological
divergence in Helianthus paradoxus (Asteraceae): Selection on transgressive characters
in a novel hybrid habitat. Evolution 57: 1989-2000.

Li, Z., Pinson, S.R.M., Paterson, A.H., Park, W.D., Stansel, J.W. (1997) Genetics of
hybrid sterility and hybrid breakdown in an intersubspecific rice (Oryza sativa L.)
population. Genetics 145: 1139-1148.

Lynch, M., Walsh, B. (1998) Genetics and analysis of quantitative traits. Sinauer
Associates, Inc., Sunderland.

Marchant, A.D., Arnold, M.L., Wilkinson, P. (1988) Gene flow across a chromosomal
tension zone. 1. Relicts of ancient hybridization. Heredity 61: 321-328.

Marr, A.B., Keller, L.F., Arcese, P. (2002) Heterosis and outbreeding depression in
descendants of natural immigrants to an inbred population of song sparrows (Melospiza
melodia). Evolution 56: 131-142.

Mather K., Jinks, J.L. (1982) Biometrical Genetics The study of continuous variation.
Chapman and Hall, London.

Mayr, E. (1992) A local flora and the biological species concept. Am. J. Bot. 79: 222-238.

Mitchell-Olds, T. (1995) Interval mapping of viability loci causing heterosis in
Arabidopsis. Genetics 140: 1105-1109.



130

Mohamed, S.A., Rottmann, O., Pirchner, F. (2001) Components of heterosis for growth
traits and litter size in line crosses of mice after long-term selection. J. Anim. Breed.
Genet. 118: 263-270.

Moore, W.S. (1977) An evaluation of narrow hybrid zones in vertebrates. The Quarterly
Review of Biology 52:263-277.

Nagy, E.S. (1997) Selection for native characters in hybrids between two locally adapted
plant subspecies. Evolution 51: 1469-1480.

Nagy, E.S., Rice, K.J. (1997) Local adaptation in two subspecies of an annual plant:
Implications for migration and gene flow. Evolution 51: 1079-1089.

Nason, J.D., Ellstrand, N.C. (1993) Estimating the frequencies of genetically distinct
classes of individuals in hybridized populations. Journal of Heredity 84: 1-12.

Nobs, M. A. (1963) Experimental studies on species relationships in Ceanothus. Publ.
Carneg. Insin. 623.

Perez de 1a Vega, M. (1996) Plant genetic adaptedness to climatic and edaphic
environment. Euphytica 92: 27-38.

Perez de 1a Vega, M., Garcia, P., Allard, R.W. (1991) Multilocus genetic structure of
ancestral Spanish and colonial Californian populations of Avena barbata. Proc. Natl.
Acad. Sci. 88: 1202-1206.

Pertl M., Hauser, TP., Damgaard, C., Jorgensen RB. (2002) Male fitness of oilseed rape
(Brassica napus), weedy B. rapa and their F1 hybrids when pollinating B. rapa seeds.
Heredity 89: 212-218.

Potts, B.M., Reid, J.B. (1988) Hybridization as a dispersal mechanism. Evolution 42:
1245-1255.

Quinn, J.A., Wetherington, J.D. (2002) Genetic variability and phenotypic plasticity in
flowering phenology in populations of two grasses. Journal of the Torrey Botanical
Society 129: 96-106.

Rees, M., Crawley, M.J. (1989) Growth, reproduction and population dynamics.
Functional Ecology 3: 645-653.

Rieger, M.A., Preston, C., Powles, S.B.(1999) Risks of gene flow from transgenic
herbicide-resistant canola (Brassica napus) to weedy relatives in southern Australian
cropping systems. Aust. J. Agric. Res. 50: 115-128.



131

Rieseberg, L.H. (1991) Homoploid reticulate evolution in Helianthus (Asteraceae):
Evidence from ribosomal genes. Am. J. Bot. 78: 1218-1237.

Rieseberg, L.H., Archer, M.A., Wayne, R.K. (1999) Transgressive segregation,
adaptation and speciation. Heredity 83: 363-372.

Rieseberg, L.H., Baird, S.J.E., Gardner, K.A. (2000) Hybridization, introgression, and
linkage evolution. Plant Mol. Biol. 42: 205-224.

Rieseberg, L.H., Beckstrom-Sternberg, S., Doan, K. (1990) Helianthus anrnuus ssp.
texanus has chloroplast DNA and nuclear ribosomal RNA genes of Helianthus debilis
ssp. cucumerifolius. Proc. Natl. Acad. Sci.: 87: 593-597.

Rieseberg, L.H., Camey, S.E. (1998) Plant hybridization. New Phytol. 140: 599-624

Rieseberg, L.H., Ellstrand, N.C. (1993) What can molecular and morphological markers
tell us about plant hybridization? Critical Reviews in Plant Sciences 12: 213-241.

Rieseberg, L.H., Sinervo, B., Linder, C.R., Ungerer, M.C., Arias, D.M. (1996) Role of
gene interactions in hybrid speciation: Evidence from ancient and experimental hybrids.
Science 272: 741-745.

Rieseberg, L.H., Wendel, J.G. (1993) Introgression and its consequences in plants. In: R.
Harrison ed., Hybrid Zones and the evolutionary process. Oxford University Press, New
York.

Rieseberg, L.H., Widmer, A., Amtz, A.M., Burke, J. M. (2003) The genetic architecture
necessary for transgressive segregation is common in both natural and domesticated
populations. Phil. Trans. R. Soc. Lond. B. 358: 1141-1147.

Roff, D.A., Bentzen, P. (1989) The statistical analysis of mitochondrial DNA
polymorphisms: chi-2 and the problem of small samples. Molecular Biology and
Evolution 6: 539-545.

Schiuter, D. (1995) Adaptive radiation in sticklebacks: Trade-offs in feeding performance
and growth. Evolution 76: 82-90.

Schwarzbach, A.E., Donovan, L.A., Rieseberg, L.H. (2001) Transgressive character
expression in a hybrid sunflower species. Am. J. Bot. 88: 270-277.

Shaw, D.D., Wilkinson, P., Coates, D.J. (1983) Increased chromosomal mutation rate
after hybridization between two subspecies of grasshoppers. Science 10: 1165-1167.



132

Shaw, D.D., Coates, D.J., Wilkinson, P. (1986) Estimating the genic and chromosomal
components of reproductive isolation within and between subspecies of grasshopper
Caledia captiva. Can. J. Genet. Cytol. 28: 686-695.

Smith, R.L. (1986) Elements of Ecology. HarperCollins Publishers Inc. New York.

Snow, A.A., Uthus, K.L., Culley, T.M. (2001) Fitness of hybrids between weedy and
cultivated radish: Implications for weed evolution. Ecol. Appl. 11: 934-943.

Sokal, R.R., Rohlf, F.J. (1995) Biometry The principles and practice of statistics in
biological research. Third Edition. W.H. Freeman and Company, New York.

Spencer, L.J., Snow, A.A. (2001) Fecundity of transgenic wild-crop hybrids of Cucurbita
pepo (Cucurbitaceae): implications for crop-to-wild gene flow. Heredity 86:694-702.

Stuber, C.W., Lincoln, S.E., Wolff, D.W., Helentjaris, T., Lander, E.S. (1992)
Identification of genetic factors contributing to heterosis in a hybrid from two elite maize
inbred lines using molecular markers. Genetics 132: 823-839.

Szymura, J.M. (1996) Can the fire-bellied toads Bombina bombina and Bombina
variegata maintain their distinctness in the face of hybridization? Israel Journal Of
Zoology. 42: 135-148.

Tanksley, S.D. (1993) Mapping Polygenes. Annu. Rev. Genet. 27: 205-233
Turesson, G. (1923) The scope and import of genecology. Hereditas 4: 171-176.

Ungerer, M.C., Baird, S.J.E., Pan, J., Rieseberg, L.H. (1998) Rapid hybrid speciation in
wild sunflowers. Proc. Natl. Acad. Sci. 95: 11757-11762.

Verhoeven, K.J.F., Biere, A., Nevo, E., Van Damme, J.M.M. (2004) Differential
selection of growth rate-related traits in wild barley, Hordeum spontaneum, in contrasting
greenhouse nutrient environments. J. Evol. Biol. 17: 184-196.

Via, S. (1994) The evolution of phenotypic plasticity: what do we really know. In: L.A.
Real, ed. Ecological Genetics. Princeton University Press, Princeton.

Via, S., Lande, R. (1985) Genotype-environment interaction and the evolution of
phenotypic plasticity. Evolution 39: 505-522.

Viard, F., Bernard, J., Desplanque, B. (2002) Crop-weed interactions in the Beta vulgaris
complex at a local scale: allelic diversity and gene flow within sugar beet fields. TAG
104: 688-697.



133

Wade, M.J. (2001) Epistasis, complex traits, and mapping genes. Genetica 112-113: 59-
69.

Wagner, W.H. (1970) Biosystematics and evolutionary noise. Taxon 19: 146-151.
Wang, H., McArthur, E.D., Sanderson, S.C., Graham, J.H., Freeman, D.C. (1997)

Narrow hybrid zone between two subspecies of big sagebrush (Artemisia tridentata:
Asteraceae). IV. Reciprocal transplant experiments. Evolution 51: 95-102.

Waser, N.M., Price, M.V. (1989) Optimal outcrossing in Jpomopsis aggregata: Seed set
and offspring fitness. Evolution 45: 1097-1109.

Waser, N.M., Price, M.V. (1994) Crossing-distance effects in Delphinium nelsonii:
Outbreeding and inbreeding depression in progeny fitness. Evolution 48: 842-852.

Waser, N.M., Price, M.V., Shaw, R.G. (2000) Outbreeding depression varies among
cohorts of Ipomopsis aggregata planted in nature. Evolution 54: 485-491.

Watkinson, A.R. (1982) Factors affecting the density response of Vulpia fasciculata. J. of
Ecol. 70: 149-161.

Welch, MLE., Rieseberg, L.H. (2002) Habitat divergence between a homoploid hybrid
sunflower species, Helianthus paradoxus (Asteraceae), and its progenitors. Am. J. Bot.
89: 472-478.

Whitlock, M.C., Ingvarsson, P.K., Hatfield, T. (2000) Local drift load and the heterosis
of interconnected populations. Heredity 84: 452-457.

Whitlock, M.C., Phillips, P.C., Moore, F. B.-G., Tonsor, S. (1995) Multiple fitness peaks
and epistasis. Annu. Rev. Ecol. Syst. 26: 601-629.

Zar, J.H. (1999) Biostatistical Analysis. Prentice Hall, New Jersey.



