Using Synthetic Gene Clusters to Model Resistance Gene Evolution by Meiotic
Recombination in Arabidopsis thaliana

Stacey A. Simon

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State
University in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In
Plant Pathology, Physiology, and Weed Science

John McDowell, Co-Chair
John Jelesko, Co-Chair
Eric Beers
Brenda Winkel
Carole Cramer

October 12, 2007
Blacksburg, Virginia

Keywords: Arabidopsis thaliana, Recombination, Resistance, UV-C

Copyright 2007, Stacey A. Simon



Using Synthetic Gene Clusters to Model Resistance Gene Evolution by Meiotic
Recombination in Arabidopsis thaliana

Stacey A. Simon

ABSTRACT

Plants have evolved multiple surveillance mechanisms to detect the presence of disease-
causing organisms. One mode of surveillance is based on dozens of constitutively
expressed resistance (R) genes. R genes recognize pathogen gene products as signals of
invasion. We are interested in how plants evolve R genes to keep pace with rapidly
evolving pathogen populations. The mechanisms that drive the evolution of new R genes
are poorly understood. There is data that supports the relevance of recombination in the
evolution of resistance gene clusters in plants. However, a more comprehensive
understanding of the molecular biology of recombination and the impact recombination
has on R gene evolution is necessary. The objectives of this dissertation were to develop
a genetic screen that models meiotic unequal crossing over at a synthetic RPP8
(synthRPP8) resistance gene cluster and to assess the effect of abiotic stress on
recombination with the synthetic RBCSB gene cluster (synthRBCSB) in Arabidopsis. The
genetic screen utilized in these studies specifically identifies a novel recombinant gene
and a concomitant gene duplication that results from meiotic unequal crossing-over by
coupling chimeric gene formation to the activation of the firefly luciferase gene. Two
synthRPP8 clusters were constructed and extensive optimization of screening conditions
were performed. An initial screen of ~1 million synthRPP8 transgenic plants was
performed and plants that expressed the luc* phenotype were isolated and analyzed.
Unexpectedly, background bioluminescence was found to interfere with the identification
of bona fide luc” synthRPP8 recombinants. An abiotic stress response assay was
performed and the data suggests activation of a putative stress response element in the
promoter of RPP8 is responsible for background levels of in vivo luciferase activity. The
background bioluminescence could not be sufficiently reduced. Therefore, two
additional synthRPP8 constructs, synthRPP8-3 and synthRPP8-4, were constructed and
are currently being examined for their utility to model meiotic unequal crossing-over.
UV-C treatment was shown to stimulate somatic unequal crossing over, as well as
upregulate defense/stress response genes and transcription factors. Meiotic
recombination may also be affected by stress. Therefore, the effect of UV-C irradiation
on the frequency of unequal meiotic recombination between paralogous RBCSB genes
and on the expression of genes associated with the defense/stress response was examined.
We observed a ~2-fold increase in the frequency of meiotic recombination after UV-C
irradiation but this increase was not statistically significant. We did not detect a
significant alteration in the steady-state MYB10, PR-1 and HSF-3 mRNA levels by semi-
quantitative RT-PCR. The expression data we gathered provided minimal support for
whether the UV-C treatment was an effective DNA damaging agent.



Chapter |

1.1.2
1.1.3
1.1.4
1.1.5
1.1.6
1.1.7
1.1.8
1.1.9
1.1.10

1.1.11

Chapter 11

1.2
11.2.2
11.2.3

11.2.4

Chapter 11

.3

11.3.2

Table of Contents

Literature ReVieW-======s=smomomom e e oo e e oo oo 1
Relevance to AgriCulturg-=-=-=-=======mmmmmm oo 2
Overview of the Plant-Pathogen Arms Race-------===========-=mmmmmmemeeem- 2
Molecular Mechanisms of R Protein Surveillance-------------=-=-=-=-=------- 5
R Gene Structure and Specificity---------=--===-=mm-mmmmmm oo 7
R Gene Evolution and DiVersity------=-=========mmmmmmmmmmm oo 9
General Mechanism of Recombination-------=-=-=-=-=-=-==nmmmmmmmmmmmmee- 10
R Gene Evolution and Recombination----------=-=-=-=-=-=-memmmmmm e 15
Recombination ASSays---=-=-==========mmmmmmm e 18
Synthetic R Gene Cluster Technology-----------=-========-=--mmmemmmmmee 20
Stress and Elevated Recombination Frequency-------------=-------=--------- 22
Obijectives of Research---------------=-mce oo 24

Construction and Optimization of a synthRPP8 Resistance Gene Cluster to

Model Meiotic Unequal Crossing Over in Arabidopsis thaliana---------- 25
INtrOdUCEION=--==-= === m e oo oo 26
Materials and Methods---------=-===== s m e 29
RESUItS-----=-mm e m oo 38
DISCUSST 0N === === m e e e 64

UV-C Irradiation and its Effect on Meiotic Recombination at a

synthRBCSB Gene Cluster in Arabidopsis thaliana-------------------------- 66
INtroduUCiON==========mmmme e e e e e e 67
Materials and Methods----=-============mmmm e 69



11.3.3

11.3.4

Chapter IV
V.4

References

U 74

DiSCUSSION===========n=nmmmmm e oo e 92
Conclusions and Future ProSpects ----------=-=-===-==--mmmmmmmmmmmm oo 96
CONCIUSTON=-=-=== = 97
------------------------------------------------------------------------------------- 101



Chapter |

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 1.5

Chapter Il

Table 1

Table 2
Table 3
Figure 11.1
Figure 11.2
Figure 11.3

Figure 1.4

Figure I1.5

Figure 11.6

Figure I11.7

Figure 11.8

Figure 11.9

Tables and Figures

Zig Zag model---=-====m=mmommmem oo e e 5
LRR MOt f-nnmmmmmmm e 8
Jack Knife model---=-=-=nsnenemmmmmem oo 9
Intrachromosomal recombination-----------=-==-==-=-msmmsmmm oo 13
Recombination within gene clusters------------=--=-=--mmmmmmm - 14

Recombination substrates: plasmid and plant lines/symbols and

abbreviations=-=-=-=-==cmememe e e 29-30
Segregation of BASTA resistance in synthRPP8-1 plant lines------------- 42
Segregation of BASTA resistance in synthRPP8-2 plant lines------------- 43
Arabidopsis RPP8 broad allelic diversity---------------=-=-m-omcmmem - 27
SYNtNRP P 8-~ m o mmmmemeeeeeeeeeeeeeeeeeeeeees 38
“ATRPP8::Lox::LUC-Lox-Nos versus RPP8::Lox::LUC-Lox-Nos--------- 41

Schematic of Southern blot to assess copy nhumber in synthRPP8-1 and
SYNthRPP8-2 plant liN@S-----=-====mmmm oo oo oo 44

Copy number Southern blot for synthRPP8-1.21 and synthRPP8-2.37---45

Schematic of Southern blot to assess transgene rearrangement in

synthRPP8-1.21 and synthRPP8-2.37--------=--=-mmnmmmmmmm oo 46
Transgene rearrangement Southern blot for synthRPP8-1.21 and

SYNtNRPP8-2,37 = mmmm e o 47
Comparison of different plant growth media for assaying in vivo luciferase
ACHIVITY—mmm e m e m e e e 50
Maximum seed density for in vivo luciferase detection--------------------- 51



Figure 11.10

Figure 11.11

Figure 11.12

Figure 11.13
Figure 11.14
Figure 11.15

Figure 11.16

Chapter 111

Table 4
Figure 111.1

Figure 111.2

Figure 111.3
Figure 111.4
Figure I11.5

Figure I11.6

Recombination between misaligned “’RPP8::Lox::LUC and RPH8A

Schematic of Southern blot to assess recombinant chimeric gene

fOrmMatioN= =-=-=n=mememem oo oo 55
synthRPP8 recombinant chimeric gene formation Southern blot---------- 56
Cleaved amplified polymorphic sequence assay----------------------------- 57
synthRPP8 and abioticC stress assay---------=-=-=============mmmmmmmmmmoeeme- 61
synthRPP8-2, synthRPP8-3, and synthRPP8-4---------------memememem - 62
Frequency of Luc” seedlings------===========nnnmmmmmmmmmmeeeecoo oo 76
Ultraviolet meter and ultraviolet irradiation chamber----------------------- 70

RBCSB locus in Arabidopsis, synthRBCSB and recombination between

paralogous RBCSB genes----=-=-=====nmmmmmmm oo 75
PCR amplification of recombinant chimeric gene formation--------------- 78
Sequence of chimeric RBCS3B/1B::LUC genes-----------==-===-====nnmun-- 81
Mapping of recombination resolution Sites--------------=--=----mmemoemmeeu—- 88

Semiquantitative RT-PCR analysis of transcript levels from PR-1, MYB10,
210 ] R 91

Vi



Acknowledgements

This dissertation would not have been possible without the support of my family, friends,
advisors, and mentors. | would like to thank my mother and father, Ruby and Nelson
Simon, for their unwavering support and confidence in my abilities. | am grateful to my
advisors Dr. John McDowell and Dr. John Jelesko for helping me throughout this process
and contributing to my maturation as a scientist. | am also grateful to the supportive
network of friends | made at Virginia Tech and elsewhere. The path to obtain a Ph.D.

was both exciting and wearisome and | will always treasure this experience.
I would also like to acknowledge financial and educational support provided to me by the

Southern Regional Education Board and the Multicultural Academic Opportunities

Program.

vii



