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ABSTRACT

Wheat (Triticum aestivum) possesses the largest set of available alloplasmic lines in
either the plant or animal kingdom. These alloplasmic lines consist of novel combinations of
wheat cultivar nuclei and cytoplasm, derived from the Triticum and Aegilops genus. This set
of alloplasmic lines provides a unique genetic resource for the enhancement of existing
germplasm. The current study was devised to address several aspects of cytoplasm genetics,
including cytoplasm evolution and its interaction with the nuclear genome. Initially, the ATP6
gene from 46 different alloplasmic lines was isolated and sequenced. ATP6 resides on the
mitochondrial genome, and its function involves the electron transfer chain in the
mitochondrial inner membrane. Our results revealed the existence of vast diversity among the
cytoplasms. Two novel orthologs of ATP6-1 genes were detected in our analysis.
Subsequently, the expression activity of these orthologs was confirmed by RT-PCR. In the
second part of this research, an integrative approach was employed to more elucidate the
mechanism of nuclear-cytoplasmic interaction. For this study, wheat alloplasmic lines
possessing Ae. mutica cytoplasm were compared with their corresponding euplasmic lines.
Comparative QTL analysis for dry matter weight, height and spike number per plant was
conducted to identify QTL which interact with each cytoplasm type. As a result, a QTL
hotspot was detected on chromosome 5A. Furthermore, this analysis revealed that the genetic
network, controlling traits, is dynamic. The genetic network is affected by the cytoplasm
type. The methylation pattern of nuclear genes was shown to be influenced by cytoplasm.
Sequencing revealed that the majority of the identified epialleles located within genic
regions. Finally, this alteration of methylation was shown to change the expression pattern of

corresponding genes between allo- and euplasmic lines.



ACKNOWLEDGMENTS

First and foremost, | wish to thank Dr. Shahryar Kianian for providing me the
opportunity to conduct this research as part of the Wheat Germplasm Enhancement Project in
the Department of Plant Sciences at North Dakota State University. | would also like to offer
special thanks to Dr. Mohamed Mergoum for his gracious guidance of me in the completion
of my PhD program. It was my pleasure and privilege to have Dr. Glenn Dorsam and Dr.
Michael Christoffers serve my PhD committee. Thank you, both. | also am grateful for the
help I received from all the members of the Wheat Germplam Enhancement Project and the
Hard Red Spring Wheat Breeding Project; particularly, Justin Hegstad, for the collegiality he
has established within the group. Conducting this research would not have been possible
without the generous assistance of Plant Sciences department staff and faculty; in particular,
Dr. Richard Horsley, Department Chair, who’s stewardship of the Department has created a
highly professional and collaborative atmosphere. | am also thankful to Monsanto for
supporting my PhD through the Beachell-Borlaug International Scholars Program. Finally,
and most importantly, | wanted to thank my wife Samira; without her love and support |

would not have been able to complete this work.


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCYQtwIwAA&url=http%3A%2F%2Fwww.monsanto.com%2Fmbbischolars&ei=bBJ-U9m9JsfN8wH99IDACQ&usg=AFQjCNHzkpvOC8T_g3VfN07_8dgLm4u6_g&bvm=bv.67229260,d.b2U
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCYQtwIwAA&url=http%3A%2F%2Fwww.monsanto.com%2Fmbbischolars&ei=bBJ-U9m9JsfN8wH99IDACQ&usg=AFQjCNHzkpvOC8T_g3VfN07_8dgLm4u6_g&bvm=bv.67229260,d.b2U

DEDICATION

| would like to dedicate this work to:

My parents, Feridoun Soltani and Simin Nayyery, who dedicated their lives to me
My wife, Samira, who has blessed me with her endless, beautiful love
My sister, Anooshe. | still feel her warm hugs and support

And to all the people who strive to bring peace, food, and love to the world.



TABLE OF CONTENTS

A B ST RA T ettt a e e e e e e e e e are e e nnreearaaeas ii
ACKNOWLEDGMENTS ...ttt ettt aneas v
DEDICATION ...ttt ettt e s e e e sn e e beesnneeneennne s v
LIST OF TABLES ...ttt e e n e e e reennne s X
LIST OF FIGURES ...t Xi
GENERAL INTRODUCTION ...ttt sttt sttt sttt s beessee s 1
LITERATURE REVIEW ...ttt nnaaa e e naae e e ennes 3

Using Cytoplasmic Genetic Diversity in Breeding Programs............ccccceeevenenenininieeneenen, 3

Molecular Aspects of Nuclear-Cytoplasmic Interaction............cccccccveveieeiiiie e, 6

RETEIEICES ...t bbbt b ettt b et 9

CHAPTER I. THE CRUCIAL ROLE OF REARRANGEMENT IN MITOCHONDRIAL

GENOME EVOLUTION ..ottt ne e e neesnne s 12
ADSTTACT ...ttt 12
INEFOTUCTION ...ttt ettt b ettt 12
Material and METNOUS. ........cc.iiiiiie s 15

PIANE MALEITAL ... 15
Cytoplasmic genomME EXErACION ........c.ccvveiiieeiiie ittt 16
Amplification and SEQUENCING ........uieiiiiiieiie it re e sre e e e 17
RNA extraction and CDNA SYNThESIS .........coviiiiiiiier e 18
DAL BNATYSIS ...ttt bbbt 19
PhylOgenetiC analySIS .......c.oiieiieieiie e 19

Vi



RESUIES ..t nnnn 20

ATPG6-1 diversity in the Triticum-Aegilops COMPIEX .......cccoiiiiriiiiiiiec e 20
Polymorphism among the different ATP6-1 orthologs .........ccocvivvevieieiieseece e 22
POlymOrphiSm OF ATPB-2 ......ccoiiieiieie ettt 24
Higher non-synonymous point mutations in the ATP6-1 gene .......cccccevvvevvevveieereeieesnn, 25
Phylogenic analysis among PlasmONs ...........cooieiinine e, 26
No stoichiometric shift was detected for the ATPG-1 geNe.......cccceverineieneninieeeeene 29
DISCUSSION ...tttk e bt bbbt bt et e bbbt bttt 30
Two different forces are involved in ATP6-1 eVolution ...........ccccoiieiiiiiicincc 31
Classification of the Triticum-Aegilops PlasmONS.........cccccvevieieiiie i 33
Duplication of ATP6 and the B and G plasmon divergence were simultaneous ............. 34
The ATP6-1b gene is associated with the S and D plasmons ............ccccocveriiininicnenn. 36
Classification of the U, C and T CYtOplasM.........ccooiiiiiiiiiiiecee e, 38
CONCIUSTONS ...ttt bbbt bbb ettt b et ene e 39
ACKNOWIEAGEMENTS ...ttt e e e reesreenesaeeane e 40
RETEIENCES ... bbb 40

CHAPTER Il. AN INTEGRATIVE APPROACH TO STUDY NUCLEAR-
CYTOPLASMIC INTERACTIONS (NCI) IN WHEAT (TRITICUM AESTIVUM)

ALLOPLASMIC LINES ...ttt sttt sbe et e s 48
ADSTFACT ... 48
INEFOTUCTION ...t bbbt 49
Material and METNOUS............oiiiii e 52

PIANE MALEITAL ..o 52

vii



Developing the mapping POPUIALIONS ..........cocviiiiiiiic e 53

PRENOLYPING .t 53
(©1=T 0T} Y, 011 T [ PSSS 54
Genetic MaP CONSLIUCTION .......uveiiiiiecieeeie sttt et sre e re e e sreenne e 54
SINGIE QTL ANAIYSIS ...veeiieie et e e e e re e e neenre e 54
Two-dimensional QTL @NaIYSIS .......ccoiiiiiiiieieiee e 55
Comparative methylation analysis. ..., 55
Sequencing of the polymorphic Dands.............cccooeiiiiiiiii e, 57
Annotation of polymorphicC SEQUENCES .........ccveiieieeie et 57
RNA extraction, cDNA synthesis and real-time quantitative PCR.............cccccooevvenennn. 58
RESUILS ..t b bbbt b bbb 59
Plasmon effect on phenotypes of F, populations...........cccoceviverriieiiene s 59
GENELIC MAP CONSIIUCTION ...ttt bbbt 60
Effect of cytoplasm on recombination freqUENCY............ccveveeieiicii e 61
Methylation profile of nuclear genes altered by plasmon type .........ccccocevveieieciecieenen, 67
Expression analysis of polymorphic methylated genes...........ccccveiiieie e, 69
DISCUSSION ..ttt bbbt bbbt bbbt et b e bbb e b e 70
Nuclear genes are interacting with cytoplasm and the environment..............ccccccevcveienen. 72
Epigenetic regulation affected by plasmon type........ccoocveiiiiiiiiiiene e, 73
Modification in methylation affects the expression level............ccccoooeoiiiiiic e, 75
RETEIENCES ...ttt 76

viii



GENERAL CONCLUSION



LIST OF TABLES

Table Page
1.1. List of alloplasmic and euplasmic lines used in this Study ...........ccccovevviiieieeie e, 15
1.2. Primers utilized in this STUAY........coviiiiiiiiiiii s 18
1.3. Pairwise comparison of four ATP6-1 orthologs based on their core regions.................... 25
1.4. Polymorphisms detected within lines possessing each major orthologs .............ccceeueee. 26
2.1. Sequences of adaptors and primers used for methylation analysis.............c.ccccoveveriennenn. 58
2.2. Sequences of primers used for expression analysis ...........cccvvereeiieiieene e, 59
2.3. Summary of two genetic maps, constructed by 9K and 90K Illumina platforms............. 62
2.4. Major QTL controlling different traitS..........c.ccceveiieiiieii i 63
2.5. Major epistatic interaCtions iN SPriNG........ccccveiieiisiieiieeie e e e se e nne e 65
2.6. Major epistatic interactions in fall ... 66
2.7. List of the genes for which the methylation pattern was modified by the plasmon type. 68



LIST OF FIGURES

Figure Page
1.1. Different orthologs of ATP6-1 and ATPG-2.......cc.coeiiiiiiiiiiiieeeee e 20
1.2. Reverse Transcript (RT)-PCR of each ATP6-1 0rtholog. ........cccooovvviiiiiniiicce e 21
1.3. Hydrophobicity analysis of ATP6-1 0rthologs. .........ccccoiiiiiiiiiice e 22
1.4. Phylogenic analysis of the ATP6-1 0rthologs. .........cccooiiiiiniiiiee e 23
1.5. Alignment of the ATP6 CONSENSUS Pre-SEQUENCE. .....ccvveveerreireereariesteesresseesreesteseesreeseennns 24
1.6. Phylogenetic tree of ATP6-1 in different plasmons...........ccccovevviieiveiccececce e 27
1.7. Plasmon classification of the Triticum-Aegilops species based on the ATP6 genes......... 28
1.8. Combined distance matrix heatmap considering both the ATP6-1 and the ATP6-2 loci..29
2.1. Phenotypic differences between euplasmic and alloplasmic lines ...........ccccccevveviecienenn, 53
2.2. Effect of cytoplasm on phenotype of F, population ..............cccocoveeiiieiiiiccc e, 60
2.3. Effect of cytoplasm on recombination............cccoooiiiiiicii s 63
2.4. Methylated SiteS anNOTALION. ..........ccccviiiiieiie e 69
2.5. Expression analysis of detected polymorphic methylated genes. ..........ccccceeveieeieciieneen, 70

Xi



GENERAL INTRODUCTION

Genetic diversity is a crucial prerequisite for any breeding program. For many years,
genetic variation in the nuclear genome was considered the sole source of genetic diversity
for breeding purposes. However, genetic variation existing in the cytoplasmic organelles,
including chloroplasts and mitochondria, is a source of variation, which cannot be ignored.
There are several factors that impede the wider utilization of cytoplasmic diversity in
breeding programs; i.) narrow genetic diversity exists in chloroplast and mitochondrial
genomes of domesticated crops. This narrow diversity may indicate the existence of strong
selection against unfavorable organellar alleles involved in domestication. ii.) In some cases,
increasing organellar genome diversity results in the occurrence of severely undesirable
characteristics such as cytoplasmic male sterility (CMS), increased stress susceptibility, and
reduced viability. These unfavorable traits may discourage researchers from investigating the
potential to identify advantageous factors, and, iii.) hybridization barriers between cultivated
crops and their wild progenitors can be a major obstacle for introgression of cytoplasmic

diversity from the wild relatives.

In spite of these factors, lines have been developed in which the cytoplasmic genomes
of several Aegilops species replace the original cytoplasm in hexaploid and tetraploid wheat
by recurrent backcrossing methods. In many cases, changing the cytoplasm resulted in drastic
phenotypic alterations due to new nuclear-cytoplasmic interactions caused by the alloplasmic
condition. These alloplasmic lines constitute a valuable genetic resource for wheat
germplasm enhancement. To improve our understanding of this genetic resource in wheat, the

current research was designed around two general objectives.

The first chapter of this dissertation addresses our first objective, which was to
characterize cytoplasmic diversity in alloplasmic lines. ATP6, a mitochondrial gene, was

isolated and sequenced from several alloplasmic wheat lines. The phylogenetic relationships
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among cytoplasms were elucidated based on detected SNPs. This information provided a
basis from which to establish several previously unknown phylogenetic relations among the

Triticum-Aegilops group of species.

The second chapter addresses several questions regarding the effect of cytoplasm
replacement in terms of the genetic basis of traits and nuclear gene networks. In this chapter,
an integrative study including QTL (Quantitative Trait Locus), epigenetic and expression
analysis was employed to better elucidate the interaction between cytoplasmic and nuclear

genomes.



LITERATURE REVIEW

Using Cytoplasmic Genetic Diversity in Breeding Programs

To better exploit the existing diversity in the cytoplasmic genomes, alloplasmic lines
were produced in several plant species. The word ‘alloplasmic’ is derived from two words;
allo- (different) and plasmon (cytoplasm), which indicates a line with an alien cytoplasm,
relative to the nucleus. The routine method for production of an alloplasmic line is recurrent
backcrossing after the initial hybridization. The progeny of this initial hybridization utilized
as the female, and the conventional line as the recurrent male. Several generations of
backcrossing are necessary for the near-complete restitution of the nuclear genome of one
species into the cytoplasm of another species. Upon this nuclear substitution, several novel
phenotypes may emerge, resultant of the new interactions between nuclear and cytoplasmic

components.

The first attempts for the production of alloplasmic lines date to 1954, where
Michaelis generated a few alloplasmic lines in Epilobium species. However, further inquiry
into the characteristics of that study was obstructed by strong interspecific cross-
incompatibility. Presently, the largest collection of alloplasmic lines is in wheat (Triticum
aestivum), consisting of several plasmon types of Triticum, Aegilops, secale and Agropyron
species replacing the T. aestivum cytoplasm (TSUNEWAKI 1980). Extensive work by several
groups resulted in production and establishment of several combinations of nuclear-
cytoplasm hybrids (MAAN 1975; TSUNEWAKI et al. 1996). This large array includes 551
alloplasmic lines, which were produced by transferring the plasmon of 46 wild relative

species into twelve different hexaploid wheat nuclei (TSUNEWAKI 2009).

Several novel phenotypes emerged in wheat alloplasmic lines upon cytoplasmic

substitution. One of the more interesting phenotypes is the twin seedling, which was induced



in specific plasmon types (TSUNEWAKI 1993). In this phenotype, two seedlings emerged from
one seed; one of them being diploid and the other being haploid. The mechanism controlling
this phenomenon is not understood. Other novel phenotypes observed in specific alloplasmic
conditions include pistillody (the homeotic transformation of the stamen into a pistil),
premature sprouting, and formation of seeds without germ. It is believed that the latter
phenotype results from parthenogenesis of the ovum (TSUNEwWAKI 1993). Upon endosperm

development, the parthenogenic cells die and produce germless seeds.

It also was shown that several other phenotypes are affected by plasmon alterations
(TsuNEwAKI 2009). The most pronounced included affects upon male fertility, flowering
time, dry matter weight (DMW) and plant height. Indeed, Tsunewaki found 21 plant
characteristics that exhibit some level of alteration in response to plasmon replacement.
Based on these phenotypic effects, different plasmon types were classified into 17 distinct
groups (TSUNEWAKI et al. 2002). These distinct groupings are confirmed by recent molecular
genetic studies characterizing the molecular divergence observed among mitochondria and

chloroplast genomes (Terachi and Tsunewaki 1992; Wang et al. 2000).

The potential utility of alloplasmic lines in hybrid wheat production led to extensive
investigations into the mechanisms controlling cytoplasmic male sterility (CMS) and fertility
restoring (Rf) genes in alloplasmic wheat lines. Early studies identified several Rf gene
locations on different chromosomes of wheat (Tsunewaki, 1974, 1982; Tahir and Tsunewaki,
1971; Muramatsu, 1959; Mukai and Tsunewaki, 1979; Tsujimoto and Tsunewaki, 1984;
Murai et al., 1990b). These analyses were mainly based on using monosomic addition and
disomic substitution lines. The results showed that the majority of the Rf genes reside on
chromosome 1B. However, genes affecting fertility also were identified on other
chromosomes, including 7B, 2B and 1D. However, Maan recognized that Rf genes are not

present in all alloplasmic systems (MAAN 1992b). In particular, compatibility between T.
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longissimum cytoplasm and T. turgidum L. var. durum nuclei cannot be restored with an Rf
gene. In this case, marginalized cytopasmic compatibility can be improved by the addition of
scs (species cytoplasm specific) and Vi (vitality) gene pairs. These two genes can restore

plant vigor and male fertility in alloplasmic durum lines, respectively (MAAN 1992a).

Dry matter weight (DMW) is a trait that also can be affected by cytoplasm type. This
trait is adversely affected by an interaction caused by different plasmon types in most
alloplasmic lines. Plasmon types C, G, M°, Mt?, S, S” and S" cause ten to twenty percent
reductions in DMW compared to corresponding euplasmic lines (TSUNEWAKI 2009).
Similarly, plasmon types C", C"2, M", and S' result in thirty to forty percent reduction in
DMW at the maturation point. Alloplasmic wheat lines possessing M and A plasmon types
exhibit the most drastic reduction in DMW, with DMW values less than sixty percent of the
corresponding euplasmic line. It has been proposed that growth reduction observed in
alloplasmic lines having A, C" and C"2 plasmon types results from cold temperature-induced
leaf variegation (TSUNEWAKI 2009). Some alloplasmic types do not exhibit statistically
significant differences in DMW. These plasmon types were grouped into B and D plasmon
types. Furthermore, two cytoplasm types were detected which increase DMW in combination
with some specific cultivars. These plasmon types belong to two Aegilops species; Ae. mutica
and Ae. ovata.

The affect of plasmon type on DMW can be different depending on the cultivar. For
example, while the combination of Ae. mutica plasmon with T. aestivum var. Chris nucleus
increases plant height and DMW drastically, the effect observed in the combination of Ae.
mutica and T. aestivum var. Selkirk is insignificant. This observation implies that T. aestivum
var. Chris has specific alleles that can increase the DMW in response to cytoplasm of Ae.

mutica; whereas T. aestivum var. Selkirk lacks these alleles. Such differences can potentially



facilitate genetic studies to detect candidate genes and alleles that can improve DMW and

other such desirable traits in breeding programs.

Molecular Aspects of Nuclear-Cytoplasmic Interaction

Organelles facilitate vital cellular functions including energy production, carbon
assimilation, heme synthesis, apoptosis and signaling pathways in every plant species (RYAN
and HOOGENRAAD 2007). The chloroplast and mitochondria are two semi-autonomous
organelles with their own genomes. However, the majority of organellar proteins and
components are encoded by the nuclear genome, translated in the cytoplasm, and then
imported to the organelle (Woodson and Chory 2008). It is believed that more than 95% of
chloroplast and mitochondrial proteins are encoded by the nuclear genome. Most of the
proteins encoded by the organelle genome reside on the inner organellar membrane, and are
involved in the electron transfer chain. Therefore, a strict communication is necessary
between the nucleus and organelles to ensure the functionality and homeostasis of every cell
component. Interruption of this communication results in alterations in physiological
characteristics, which can be catastrophic. Intracellular communication can be categorized by
three general criteria: i.) anterograde signaling, which is the communication from the nucleus
to organelles. This communication is exemplified by the transfer of organellar proteins
encoded by nuclear genes. These proteins can be involved in organelle structure, metabolic
enzymes, or proteins that regulate the organellar gene expression. Alternatively, ii.)
retrograde signaling is communication from organelles to the nucleus. This form of
communication entails signals communicating organelle status to the nucleus in which genes
in the nucleus are co-regulated. And finally, iii.) communication also occurs between

chloroplasts and mitochondria.

Organellar gene expression can be regulated at several levels. The first level of

regulation is that of transcription. For example, chloroplast genes are transcribed by two
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distinct enzymes; nuclear encoded RNA polymerase (NEP) and plastid encoded RNA
polymerase (PEP). It has been shown that the relative importance of each enzyme can differ
during plant development. Also, PEP plays a greater role transcribing the genes involved in
photosynthesis than NEP (Maliga 1998). In most of the cases, however, the abundance of
organelle proteins cannot be explained solely by transcription efficiency (Giege et al. 2005).
It was shown that post-transcriptional and post-translational processes are the major
mechanisms by which organellar gene expression is regulated (Leon et al. 1998). The
regulatory machinery is encoded by nuclear genes and then transferred to organelles. So far,
two major groups of these proteins have been identified in different organisms: i.) first group
of proteins, termed pentatricopeptide repeat (PPR) proteins, which are largely conserved
among different eukaryotes, and ii.) a second regulatory class, termed pioneer proteins. It was
proved that the latter class is less conserved among species (Saha et al. 2007). However, both
groups appear to follow the same cellular mechanism, which involves attachment of protein
to a particular organellar RNA and the involvement of other components for further

modifications.

The expression profile of nuclear genes can be regulated by signals that originate
from either mitochondria or chloroplasts. Releasing of these signals can be triggered by
environmental stimuli such as biotic/abiotic stresses or developmental regulators. Reactive
oxygen species (ROS) is one of the universal components of retrograde signaling pathways,
which can originate in both chloroplasts and mitochondria (Woodson and Chory 2008).
Under stress stimuli, non-efficient transfer of electrons in the mitochondria or chloroplast
membrane results in over-production of ROS. This over-production subsequently triggers a
pathway by which several nuclear stress-responsive genes such as alternative oxidase (AOX)
are up-regulated (Rhoads and Subbaiah 2007). AOX is a crucial enzyme for reducing the

amount of ROS and, ultimately, for organism survival under stress conditions (Rhoads et al.



2006). Another retrograde signal is Mg-protoporphyrin (Mg-proto) IX, which is specifically
produced by chloroplasts (Woodson and Chory 2008). This component acts as a signal to
down-regulate the nuclear genes involved in photosynthesis (Strand et al. 2003). It was
shown that ABI4 is a transcription factor involved in activation of photosynthesis-related

genes and down-regulated by Mg-proto 1X (Koussevitzky 2007).

Another form of intracellular communication can be observed between mitochondria
and chloroplasts, which is indirect and through the nucleus. For instance, a mutation in the
maize mitochondrial genome (none-chromosomal stripe 6) will modify the expression of

nuclear PSl-related genes in the chloroplast (Jiao et al. 2005).

The presence of these three-way communication modes between the nucleus,
mitochondria and chloroplast requires the parallel co-evolution of all three components
together. However, occasional mutations can interrupt this cross-talk and result in impairment
to the organism. Some of the traits that emerge from an alteration of these interactions can be
desirable for breeding proposes. One such useful phenotype is cytoplasmic male sterility
(CMS), which has been utilized in hybrid breeding programs. This phenotype was first
observed in flax (Bateson and Gairdner 1921). Today, it is widely accepted that CMS arises

from a disruption in the nuclear-mitochondrial interaction.

There are generally three forms of CMS: i.) in this class, the stamen converts to either
petals (petaloid) or pistils (pistillody). This class of CMS can be explained in a model called
ABCE. In this model, accurate expression of genes that belong to each class of either A, B, C

or E is necessary for correct morphogenesis of floral tissues in plants.

ii.) In the second class, anthers cannot complete development. Consequently, no
pollen can be produced. Finally, under the third class of CMS, iii.) Anthers develop, but

pollen is non-functional.
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CHAPTER I. THE CRUCIAL ROLE OF REARRANGEMENT IN

MITOCHONDRIAL GENOME EVOLUTION

Abstract

Mutation and chromosomal rearrangements are the two main forces increasing genetic
diversity for natural selection to act upon, and ultimately drive the evolutionary process.
Although genome evolution is a function of both forces, simultaneously, the ratio of each can
be varied among different genomes and genomic regions. It is hypothesized that in plant
mitochondrial genomes, rearrangements play a more important role than point mutations, but
relatively few studies have directly addressed this phenomenon. To address this issue, we
isolated and sequenced the ATP6-1 and ATP6-2 genes from forty-six different euplasmic and
alloplasmic wheat lines. Four different ATP6-1orthologs were detected, two of them reported
for the first time. RT-PCR analysis revealed that all four orthologs are expressed. Results also
indicated that both point mutations and genomic rearrangement are involved in ATP6
evolution. However, rearrangement is the predominant force that triggers drastic variation.
Data also indicated that speciation of domesticated wheat cultivars was simultaneous with the
duplication of this gene. These results directly support the notion that rearrangement plays a

significant role in driving plant mitochondrial genome evolution.

Introduction
Mitochondria and chloroplasts are semiautonomous organelles with their own
genomes. They are thought to have originated from an a-proteobacterium and a
cyanobacteria, respectively (Knoop 2004). However, after their acquisition by
Archaebacteria, their evolution was greatly affected by this new symbiotic condition (Timmis
et al. 2004). Although originating from the same ancestor, mitochondrial genomes faced
completely different evolutionary pathways in Animalia and Plantae kingdoms.

Mitochondrial genomes in plants are 10-100 folds larger than their counterparts in animals,
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and underwent extensive rearrangements (Xiong et al. 2008). This variation can be detected
not only among different genera in the Plantae kingdom, but also within species of the same

genus (Sloan et al. 2012).

Several factors are believed to influence the evolution and diversity of mitochondrial
genomes in plants including point mutation, intra-molecular homologous recombination and
stoichiometric shifts. The point mutation rate in plant mitochondrial genomes is slower than
the nucleus and its animal counterpart (Palmer and Herbon 1988). In contrast, frequent intra-
molecular recombination, which causes rearrangements and gene shuffling, is believed to be
the main evolutionary force in plant mitochondrial genomes (Galtier 2011; Palmer and
Herbon 1988). Homologous recombination can also modify the frequency of each mitotype
within a cell or tissue in a phenomenon known as stoichiometric shift (Woloszynska 2010).
These recombination events are governed by nuclear-encoded proteins, and occur in
repetitive regions of mitochondrial genome (Woloszynska 2010). The presence of extensive
repetitive DNA is a unique characteristic of angiosperm mitochondrial genomes and the main

cause of recombination and possible genome size alterations (Kitazaki and Kubo 2010).

The wheat mitochondrial genome has several long and short repeats involved in
recombination and rearrangement (Ogihara et al. 2005). One of these repetitive sequences
resides in the ATP synthase subunit 6 (ATP6) gene region and triggers changes within this
crucial gene (Bonen and Bird 1988; Kawaura et al. 2011; Liu et al. 2011; Ogihara et al.
2005). ATP6 provides a vital inner membrane channel that couples the proton gradient to
ATP production in the mitochondria of all eukaryotes (Devenish et al. 2000). Vitality of
function suggests an essential conservation of this gene not only among closely related
species but also in diverse groups (Bonen and Bird 1988; Kawaura et al. 2011; Liu et al.
2011; Ogihara et al. 2005). Two distinct domains were identified in the ATP6 gene: a

conserved core, and a diverse pre-sequence region (Bonen and Bird 1988; Kawaura et al.
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2011; Liu et al. 2011; Ogihara et al. 2005). The core ATP6 sequence of wheat and maize is
conserved at 96% identity (Bonen and Bird 1988; Kawaura et al. 2011; Liu et al. 2011,
Ogihara et al. 2005). In contrast, rearrangement leads to a highly polymorphic region in the
5’ pre-sequence in the Triticea-Aegilops complex and other plant species (Bonen and Bird
1988; Kawaura et al. 2011; Liu et al. 2011; Ogihara et al. 2005). Two ATP6 orthologs have
been identified among Triticea-Aegilops species that exhibit elevated pre-sequence diversity.
One ortholog was identified in T. aestivum (Ogihara et al. 2005) and another in Ae. kotschyi
(Liu et al. 2011) and Ae. crassa (Kawaura et al. 2011). Both orthologs are transcriptionally
active and functional (Kawaura et al. 2011). These studies provided evidence as to the level
of variation among a few Aegilops species but not a complete picture of possible changes,
functional alterations, and insights into the evolution of ATP6 orthologs in the entire Triticea-

Aegilops complex.

The Triticum-Aegilops complex is an appropriate model for studying mitochondrial
and chloroplast evolution in plants due to several unique aspects: First, a high amount of
plasmon diversity, especially in the Aegilops genus, has been identified through a detailed
alloplasmic characterization (Maan 1975; Maan 1991; Maan and Endo 1991; Tsunewaki
1980). Second, a significant amount of information on nuclear genome evolution based on
detailed cytological and molecular analysis is available that can be related to cytoplasmic
evolution (Badaeva et al. 2002; Badaeva et al. 2004). Lastly, a nearly complete set of

alloplasmic lines facilitates studies on nuclear-cytoplasmic interaction (Tsunewaki 2009).

Efforts to elucidate the Triticum-Aegilops plasmon evolution began in 1978 using
restriction fragment length polymorphism analysis (Vedel et al. 1978). Chloroplast genome
analysis (Goryunova 2010; Hirosawa et al. 2004; Ishii et al. 2001; Provan et al. 2004),
mitochondrial genome fingerprinting (Breiman 1987; Terachi and Tsunewaki 1992; Wang et

al. 2000), and phenotypic effect of each plasmon in the alloplasmic condition were further
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used for plasmon classification and evolutionary studies among these species (Tsunewaki
2009). In the present study, we isolated and sequenced ATP6-1 and ATP6-2 from several
alloplasmic and euplasmic lines in this group of species to discern the evolutionary patterns
of this region. This region was chosen for its active involvement in rearrangements and can

be considered a hotspot of variation within the mitochondrial genome.

Material and Methods

Plant material

Forty-one different alloplasmic lines along with five euplasmic lines (Table 1.1) were
included in this study. The selection of alloplasmic lines was based on two major
considerations: i.) sampling highly diverse plasmon types based on previous classifications
and ii.) choosing alloplasmic lines with the same cytoplasm but different nuclei to investigate

potential changes in mitochondrial type due to nuclear genome substitution.

Table 1.1. List of alloplasmic and euplasmic lines used in this study

Plasmon donor species® Plasmon donor chrom. No. Ge”"”.‘e b Plasmon  Abbr,
(haploid) type° code’
Alloplasmic lines with T. aestivum cv. Chris nucleus
Ae. heldreichii 7 M M" hid
Ae. columnaris 14 UM U’ clm
Ae. caudata 7 C C cdt
Ae. mutica 7 T T mtc
Ae. triuncialis 14 ucC U trn
Ae. ventricosa 14 DN D vnt
Ae. vavilovii 21 DMS D? wil
Ae. bicornis 7 s s° ber-1
Ae. kotschyi 14 us sY kts
Ae. longissima 7 st st Ing
Ae. tauschii 7 D D sqr-1
Alloplasmic lines with T. aestivum cv. Selkirk nucleus
Ae. uniaristata G633 7 N N unr
T. turgidum subsp. dicoccoides G1392 14 AB B dcd-1
T. turgidum subsp dicoccoides G1460 14 AB B dcd-2
T. turgidum subsp dicoccoides G671 14 AB B dcd-4
T. turgidum subsp dicoccoides #3 14 AB B dcd-3
T. turgidum subsp dicoccoides G1453 14 AB B dcd-5
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Table 1.1. List of alloplasmic and euplasmic lines used in this study (continued)

Plasmon donor species® Plasmon donor chrom. No. azg?gi]g)b th'SZE“O“ Q)%%Z
T. turgidum subsp dicoccoides G803 14 AB B dcd-6
T. turgidum subsp dicoccoides okla 11140 14 AB B dcd-7
T. turgidum subsp dicoccoides G1395 14 AB B dcd-8
T. dicoccoides okla 11186 14 AB B dcd-9
T. dicoccoides RL5207 14 AB B dcd-10
Haynaldia 14 \AY \Y hyn
Ae. cylindrica 14 CD D’ eyl
Ae. tauschii 7 D D sqr
Ae. crassa 6N 21 DDM D? crs
Ae. juvenalis 21 DMU D’ jvn
Ae. crassa 4N 14 DM D? crs
Ae. bicornis 7 s° s° ber-2
Ae. searsii 7 X s¥ srs

T. aestivum subsp. macha 140191 21 ABD B mch-1
T. aestivum subsp. macha 190923 21 ABD B mch-2
T. turgidum subsp. durum 14 AB B trg-2
Alloplasmic lines with T. turgidum CV. 56-1 nucleus

Ae. variabilis 14 us sY vrb
Ae. comosa 7 M M cms
Ae. longissima 7 st st Ing-2
Ae. sharonensis 7 st st shr
Alloplasmic lines with T. timopheevi nucleus

T. zhukovskyi 21 A"AG G zhk
Ae. triaristata 14 UM U trr
Ae. umbellulata 7 U U umb
Euplasmic lines

T. aestivum subsp. chris 21 ABD B ast-1
T. aestivum subsp. Selkirk 21 ABD B ast-2
T. turgidum subsp. durum 56-1 14 AB B trg-1
T. timopheevi subsp. timopheevi 14 AG G tmp
Ae. tauschii 7 D D sqr
Ae. longissima 7 st st Ing

After Miller (1987)

® After Kihara and Tanaka (1970) and Kimber and Tsunewaki (1988)

¢ After Tsunewaki (2009)

¢ Abbr. code is the abbreviation code given to each species and referred to in Figure 1.8

Cytoplasmic genome extraction

Cytoplasmic genomes were isolated from two-week-old seedlings grown in controlled

greenhouse conditions, using the Triboush protocol (Triboush et al. 1998) with minor

modifications. Briefly, for each sample: three to five grams of fresh tissue was ground in 20
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ml cooled STE buffer [400 mM sucrose, 50 mM Tris pH 7.8, 3 mM EDTA, 0.2% (w/v) BSA
and 0.1% (v/v) mercaptoethanol] and then passed through four layers of Miracloth (EMD
Millipore). The homogenate was centrifuged at 2000 X g for 20 min. and the resulting
supernatant centrifuged separately at 18000 X g for an additional 20 min. The pellet was then
re-suspended in 20 ml ST buffer [400 mM sucrose, 50 mM Tris pH 7.8 and 0.1% (w/v) BSA]
with a soft paint brush and centrifuged again at 18000 X g for 20 min. The supernatant was
discarded and the pellet re-suspended in 300 pl ST buffer and 200 ul of DNasel solution (2.5
pg/ul DNasel in ST buffer and 10 pl of 1M MgCl,). DNasel treatment was conducted for
three hours at 4°C. The reaction was stopped by adding 500 pl of 500 mM EDTA. The
solution was transferred to a tube containing 25 ml NETF buffer (1.25 M NaCl, 50 mM
EDTA, 50 mM Tris pH 8.0 and 50 mM NaF), mixed, and then centrifuged at 18000 X g for
20 min. The supernatant was discarded and pellets kept at -20°C for downstream genome
extraction. Organellar genomic DNA was isolated using a PureLink® Genomic DNA Mini
Kit (Invitrogen) per vendor protocol. Isolated organellar DNA was checked for nuclear
genome contamination, using a nuclear-specific primer designed on the actin gene

(TA411_4571).

Amplification and sequencing

Two sets of primers were used for amplification of ATP6-1 and ATP6-2 genes (Table
1.2). These primers were designed within the conserved sequences flanking the gene in the
Aegilops and Triticum species based on sequences deposited at NCBI (NC_007579 and
GU985444). PCR primers ATP6-1F and ATP6-1R were utilized for ATP6-1 amplification
and ATP6-2 primers were used for ATP6-2 amplification (Table 1.2). PCR amplifications
were performed using GoTaq® Flexi DNA polymerase (Promega) in an Applied Biosystems®
2720 Thermal Cycler. Amplification conditions were as follows: pre-incubation for 5 min. at

94 °C, followed by thirty-five cycles of 1 min. at 94°C, 1 min. at 55°C and 1 min. at 72°C,
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and a final extension of 7 minutes at 72°C. Amplified PCR products were purified using a
GenElute PCR Clean-Up kit (Sigma-Aldrich) and sequenced based on the Sanger method
(GENEWIZ Inc.) using the same primers. PCR products with multiple bands were first

cloned in pGem®-T Easy Vector System (Promega) and each insert was sequenced using

universal SP6 and T7 primers.

RNA extraction and cDNA synthesis

Total RNA of selected lines was extracted from 100 mg seedling leaf tissue using an
RNeasy® Plant Mini Kit (Qiagen). RNA was treated with RNase-Free DNase Set (Qiagen)
during isolation to remove possible DNA contamination. The quantity and quality of RNA
was assessed using a Nanodrop™ spectrophotometer (Thermo Scientific) and 1% agarose gel
electrophoresis, respectively. M-MLV Reverse Transcriptase (Promega) and random

decamers were utilized for cDNA synthesis from 1 pg of isolated RNA.

Table 1.2. Primers utilized in this study (refer to Figure 1.1 for the location of these primers
on the ATP6 loci)

Primer Forward sequence symbol | Reverse sequence ?I/mb
ATP6-1 CGCAATATCTTGAGTACCCGGGAACCA 1> TTTCCTTTCAAAAGTGAGCGAGCAG <1
ATP6-2 CAAGTCCGTTATTATCTCAATCCG 2> CGTTACAAGGCAACTAGCAT <2
ATP6-1a ATTGCCGGCGTCACAATA a> CTGCCAAGTTTCGCCATTTC <a
ATP6-1b TTGGATCCGCAGCTTGT b> GGGCGCAATTCCATACATTT <b
ATP6-1c/d | GCAGGGATTACGACGAAGTTA cld> GTACTGGAAGGTGTCGCTTT <c/d
ATP6 ACCTAATTCCAGACCGGTTAATG 6> AGTGGGTTTGCTTGGACTATG <6
Actin GGCAACATTGTTCTCAGTGGTGGT - TCCTTTCAGGAGGAGCAACAACCT
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Data analysis

Forward and reverse sequenced fragments of each gene were assembled using CAP3
(Huang and Madan 1999) to obtain the complete sequence. Genes were aligned first using
ClustalX2 (Larkin et al. 2007) and then analyzed for SNPs using dnaSP5 (Librado and Rozas
2009). The synonymous and non-synonymous mutation rates were calculated based on the
method of Nei and Gojobori (1986) using dnaSP5 (Librado and Rozas 2009). The BioEdit
package (Hall 1999) was used for sequence editing and protein prediction. Hydrophobicity
profiles of predicted proteins were constructed using the Eisenberg Scale (Eisenberg et al.
1982) in the BioEdit package. Functional protein domains were characterized using SMART

(Schultz et al. 1998) and SPLIT 4.0 (Juretic et al. 1999).

Phylogenetic analysis

To construct a comprehensive phylogenetic tree among the alloplasmic lines, three
distance matrices were calculated based on 1) ATP6-1 sequence polymorphism, 2) presence-
absence of ATP6-2, and 3) a combined matrix. Distance matrices of ATP6-1 and ATP6-2
were merged considering the same weight for each data point to generate a combined matrix.
To construct the ATP6-1 distance matrix, sequences of all lines were first aligned using
ClustalX2. Aligned sequences were then imported into R software (R Development Core
Team 2010) and the distance matrix was calculated using dist.dna, a function of the ape
package (Paradis et al. 2004). A phylogenetic tree for this gene was constructed with 100
bootstrap using upgma, bootstrap.pml and plotBS functions; each of the last three functions is
available in the phangorn package (Schliep 2011). Another distance matrix was calculated
based on presence or absence of ATP6-2 using the PowerMarker v.3.25 program (Liu and
Muse 2005). A combined matrix was imported into R and used for subsequent phylogenetic
analysis. The same procedure was followed to construct the phylogenetic tree among

conserved and diverse regions of gene orthologs. A heatmap of plasmon similarity-
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dissimilarity was generated based on a combined distance matrix in R software using the

heatmap.2 function in the gplots CRAN library.

Results

ATP6-1 diversity in the Triticum-Aegilops complex

In this study four major orthologs of ATP6-1 were detected among Triticum-Aegilops
species (Figure 1.1). In silico translation revealed that ATP6-1a encodes a 386 amino acid
(aa) polypeptide with a high degree of homology to the ATP6-1 protein present in T.
aestivum (Ogihara et al. 2005) and T. turgidum mitochondria (Noyszewskiet al. 2014). The
ATP6-1b encodes a 415 aa protein, which is identical to a previously reported gene in Ae.
crassa (Kawaura et al. 2011) and Ae. kotschyi (Liu et al. 2011). This ortholog was detected in
14 different plasmon types analyzed in this study mostly from the S-, D-, U- and T-type
plasmons (Table 1.1). The ATP6-1c and ATP6-1d are novel orthologs and encode 458 aa and
444 aa proteins, respectively. These two orthologs show a high degree of homology to each

other, except for a 14aa insertion/deletion in their pre-sequence region.

Pre-sequence region Core region
A
—_
e <@
P |
—il
r'-"l b> b
—d
N I.-.' & <c/d
: & <c/d
1= I.
N-terminus C-terminus

Figure 1.1. Different orthologs of ATP6-1 and ATP6-2. Coding and non-coding regions are
represented by boxes and weighted lines, respectively. Dark blue boxes represent similar
sequence in the core region. Dark red boxes indicate the predicted alpha helix domains in the
core region. Light blue boxes represent the shared regions in the pre-sequence domains of
ATP6-2, ATP6-1a, ATP6-1c and ATP6-1d. SNP positions among ortholog core regions
indicated by * sign and indel segment in pre-sequence of ATP6-1c and ATP6-1d is
represented by a bracket. Primer positions utilized in this analysis are defined by their
corresponding symbol. For information about each primer, refer to Table 1.3.
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The ATP6-1c locus was detected in three alloplasmic lines: (Ae. comosa)T. turgidum
line 56-1, (Ae. umbellulata) T. aestivum cv. ‘Chris’ and (Ae. columnaris)Chris. The ATP6-1d
allele was present only in the (Ae. caudata)Chris line. Transcription activity of each ortholog

was confirmed in selected alloplasmic lines (Figure 1.2).

ATP6
ATP6-1a
ATP6-1b
ATP6-1c/d

Figure 1.2. Reverse Transcript (RT)-PCR of each ATP6-1 ortholog. Results showing
transcriptional activity of each ATP6-1 ortholog. tmp: T. timopheevi, 56-1: T. turgidum var.
56-1, Chris: T. aestivum cv. Chris, trr: Ae. triaristata, Ingl: Ae. longissima accession m, Ing2:
Ae. longissima accession ¢, umb: Ae. umbellulata, cms: Ae.comosa and cdt: Ae. caudate. -RT
represents the minus reverse transcriptase control

Alignment of ATP6-1orthologs revealed the existence of two distinguishing regions
(Figure 1.1); the C-terminal 271 aa, which are conserved, and the preceding N-termini, which
are divergent in terms of both nucleotide and amino acid composition. The flanking non-
coding regions also were conserved in the ATP6-1 orthologs. Comparative hydrophobicity
analysis of different orthologs (Figure 1.3) indicates the presence of at least four hydrophobic
regions in the conserved domain, which represent four transmembrane a-helicase motifs.
Presence of these motifs also was confirmed using other predictive software. The divergent
N-terminus domains mainly contain hydrophilic aa residues, which indicate their solubility in
the mitochondrial inner-membrane space or matrix (Figure 1.3). Previous studies
demonstrated that N-terminal residues of ATP6 protein in yeast are post-translationally
removed by specific machinery that resides in the inner-membrane space (Michon et al.

1988).
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Considering the conservation of this machinery in different species including wheat, it
is possible that the N-terminal domain modification likely resides in the inner-membrane

space, where it can be cleaved upon translation.

Pre-sequence region Core region
e N T

— STPE-12

] —ATPE-1b r/\ }
: ' W , 0 |

Figure 1.3. Hydrophobicity analysis of ATP6-1 orthologs. Two distinct domains of ATP6-1
orthologs can be observed. The conserved core domain that possesses transmembrane motifs
and pre-sequences that mostly contain hydrophilic amino acids.

Polymorphism among the different ATP6-1 orthologs

Pairwise comparison of four ATP6-1 orthologs based on sequence of a relatively
conserved core region indicates that ATP6-1a, with eight SNPs, is the most divergent
ortholog, and that ATP6-1c/d are more similar to ATP6-1b (Table 1.3). This relationship is
also observed in a phylogenetic tree based on just the core sequence (Figure 1.4a). However,
when only the variable pre-sequence region was considered, ATP6-1a clustered with ATP6-
1c/d (Figure 1.4b). The same analysis based on complete gene sequences revealed that the
topology of the phylogram is similar to pre-sequence results indicating the importance of

changes in this segment (Figure 1.4c).
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Figure 1.4. Phylogenic analysis of the ATP6-1 orthologs. a) Phylogenetic analysis based on
the core region, b) phylogenetic analysis based on the pre-sequence region, and c)
phylogenetic analysis based on the entire ATP6-1 sequence.

To further analyze the region, the N-terminus pre-sequence regions of four alleles
aligned, ignoring the C- terminus. This analysis revealed a shared 40-nucleotide block present
within the pre-sequence region of ATP6-1a and ATP6-1c/d (Figure 1.5). Further analysis
indicated that this sequence is also present in the T. aestivum ATPase subunit 4 gene, as well
as other species including Bambusa oldhamii, Sorghum bicolor and even in the distant
species Cycas taitungensis. The presence of this shared block in the pre-sequence region of
ATP6-1a and ATP61c/d (or its absence in ATP6-1Db) likely resulted from a rearrangement
event, not the gradual accumulation of point mutations. It seems that rearrangement events
are common in the pre-sequence region of ATPG6, since a deleted/inserted block was observed

in ATP6-1c and ATP6-1d (Figure 1.1).
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Figure 1.5. Alignment of the ATP6 consensus pre-sequence. The red box indicates a 40-
nucleotide block that is located at the beginning of the ATP6-1a and ATP6-1c/d orthologs but
not in ATP6-1b.

Polymorphism of ATP6-2

The major ATP6-2 polymorphism was limited to its presence or absence among
different plasmon types. ATP6-2 was detected in the mitochondrial genome of 18 alloplasmic
lines and euplasmic T. turgidum and the two T. aestivum sources tested. All lines that
contained ATP6-2 belong to the B-type cytoplasm as well as Ae. uniaristata (N type), Ae.
variabilis (S' type) and Ae. heldrachii (M" type). The coding region of this gene perfectly
aligned to ATP6-1a sequence (Figure 1.1). Among the ATP6-2 genes sequenced, just one
nucleotide deletion was detected in 3° UTR of (T. turgidum)T. aestivum cv. ‘Selkirk’, (Ae.

heldrachii)Chris and (Ae. variabilis)56-1.
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Table 1.3. Pairwise comparison of four ATP6-1 orthologs based on their core regions

ATP6-1b ATP6-1c ATP6-1d

SNP?  AAS®  ds° dn¢ SNPs AAS ds dn SNPs AAS ds dn

ATP6-1la 8 6 0.006 0.01 7 6 0.006 0.01 7 6 0.0060.01
ATP6-1b - - - - 1 0 0 0 1 1 0 O
ATP6-1c - - - - - - - - 0 0 0 0

#Single Nucleotide Polymorphism
®Amino Acid Substitution

*Average Number of synonymous substitutions per synonymous site
¢Average Number of non-synonymous substitutions per non-synonymous site

Higher non-synonymous point mutations in the ATP6-1 gene

Polymorphism analysis within each major ortholog showed that there are no
nucleotide differences among lines possessing the ATP6-1a (Table 1.4). Absence of variation
within plasmons possessing ATP6-1a may indicate that this ortholog is either the most recent
ATP6 form or most critical to the function of mitochondria in comparison to other ATP-1
orthologs. On the other hand, alignment of ATP6-1b alleles from twenty lines detected 32
SNPs, of which 31 changed an aa residue. The average number of non-synonymous
substitutions per non-synonymous site (dn) was about three-fold higher than the average
number of synonymous substitutions per synonymous site (ds; Table 1.4). Interestingly, all of
these non-synonymous mutation changes occurred in the pre-sequence region of ATP6-1b.
The only mutation in the core region of ATP6-1b was a synonymous mutation. The
synonymous mutation was a C—> T transition that occurred at the third nucleotide of the
codon for leucine amino acid. Four nucleotide variations were detected among the three lines
possessing ATP6-1c alleles, and they occurred in the diverse domain, resulting in an amino

acid substitution. A similar higher dn number was also detected in this ortholog (Table 1.4).
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The mitochondrial genome of only one line contained the ATP6-1d locus, therefore further

polymorphic analysis for this gene was not possible.

A similar trend for a higher non-synonymous mutation rate was also detected in the
conserved region of different ATP6 orthologs (Table 1.3). Interestingly in all cases, the non-

synonymous mutations accumulated on or in close proximity to the pre-sequence region.

Table 1.4. Polymorphisms detected within lines possessing each major ortholog

ATP6-1 Lines® Unique” SNP®  ds* dn®  Transition  Transversion
orthologs tested cytoplasm
ATP6-1a 22 9 0 0 0 0 0
ATP6-1b 21 14 32 0.0072 0.0168 16 16
ATP6-1c 3 3 4 0 0.002 1 3
ATP6-1d 1 1 - - - - -

2All alloplasmic lines with different cytoplasm or nucleus

®Alloplasmic lines that are different based on cytoplasm

¢ Single Nucleotide Polymorphism

dAverage Number of synonymous substitutions per synonymous site
*Average Number of non-synonymous substitutions per non-synonymous site

Phylogenic analysis among plasmons

Two phylogenetic trees were constructed based on the data from this work; one based
on polymorphisms among ATP6-1 orthologs (Figure 1.6), and the other a combined tree,
considering ATP6-1 polymorphism and the presence/absence of the ATP6-2 locus (Figure
1.7). Based only on ATP6-1 sequence analysis (Figure 1.6), the mitochondria of different
species were classified into three distinct clades, each representing one major ortholog. Clade
| was distinguished by existence of ATP6-1a, clade Il by ATP6-1b and clade 111 by presence
of ATP6-1c and ATP6-1d. Further classification within each clade was based on nucleotide

polymorphism within each ortholog.
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Figure 1.6. Phylogenetic tree of ATP6-1 in different plasmons. Lines having the ATP6-1a
gene are represented in green, lines with the ATP6-1b gene in blue, and lines possessing the
ATP6-1c/d gene in red color. Bootstrap support values of each node are also indicated.

In the combined analysis, the phylogenetic tree includes two major clades
representing the presence or absence of ATP6-2 in the mitochondrial genomes (Figure 1.7).
The topology in each clade of both phylogenetic trees does not change except for the G
plasmon classification. G-type cytoplasm lines contain ATP6-1a in their mitochondrial
genomes, while ATP6-2 is missing. This plasmon type was identified in T. timopheevi and T.
zhukovskyi. Considering only ATP6-1 (Figure 1.6), G-type cytoplasms grouped in the first
clade, near to B plasmons. The B-type group is represented by the presence of both ATP6-1a
and ATP6-2 genes. Triticum aestivum, T. turgidum and emmer lines have B-type cytoplasm.
Thus, taking ATP6-2 into account, B and G mitochondria were differentiated (Figure 1.7). In
the combined analysis, G-type plasmon clustered with cytoplams having ATP6-1c/d due to i.)

absence of ATP6-2, and ii.) presence of a shared sequence in the pre-sequence of ATP6-1a
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and ATP6-1c/d. A dissimilarity heatmap, which was generated based on a combined distance
matrix (Figure 1.8), revealed that G-type cytoplasm is closer to B-plasmon. On the other hand

S and D cytoplasms are more distinct compared to B-type.
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Figure 1.7. Plasmon classification of Triticum-Aegilops species based on the ATP6 genes.
Plasmon type of each line identified by previous research is represented in colored boxes (e.g.
S in purple) in front of each line. Presence or absence of each ATP6-1 ortholog or ATP6-2
gene is identified by the filled circles for each plasmon type.

While alloplasmic lines with the same cytoplasm type clustered together, some
exceptional cases were observed. For instance, Ae. variabilis, which is believed to belong to
the S-type cytoplasm, clustered in the first clade with the B-type plasmons. Further, two types
of Ae. longissima plasmons were detected. One Ae. longissima plasmon type was S-type,
detected in euplasmic Ae. longissima and the alloplasmic (Ae. longissima)Chris. Another Ae.
longissima plasmon type was identified in the (Ae. longissima)56-1 durum line that clustered
with D-type plasmons. The last discrepancy involved classifying the U-type plasmons.

Although ATP6-1b was identified in Ae. triuncialis and Ae. triaristata plasmons, the ATP6-
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1d ortholog was identified in other U-type Ae. columnaris and Ae. umbellulata, leading to
clustering of these plasmons in different clades.

Color Key ber—2

Ajiejiwis 2o
Ajejiws ssa1

loci. Abbreviated codes in the outer side of each diagonal represents different lines in Table
1.1. Plasmon types for the majority of lines are identified next to each code. Lines having
ATP6-1d ortholog considered as the C and U type plasmon. However, Ae. tiuncialis and Ae.
triaristata which were previously classified as the U, clustered with the S and D type
plasmon in this study.

No stoichiometric shift was detected for the ATP6-1 gene

To investigate the possible effect of nuclear alleles on stoichiometric shift of the
ATP6-1 in alloplasmic condition, four cases were analyzed in which a different nucleus was
substituted into the same plasmon. In one case, Ae. tauschii cytoplasms were clustered
together whether the nucleus was Chris, Selkirk or euplasmic Ae. tauschii (Figures 1.7 and
1.8). The same results were observed in the other three cases (T. turgidum, Ae. longissima
and Ae. bicornis). The evidence presented leads to the conclusion that nuclear alleles do not

affect the stoichiometric shifting of the ATP6-1 locus.
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Discussion

This research revealed the existence of two novel orthologs of ATP6-1, in addition to
those previously reported in the Triticum-Aegilops group of species. Although all shared a
conserved sequence in the core region, their pre-sequences were different. The conserved
region is predicted to provide the essential domains that embed the ATP6 protein in the inner-
mitochondrial membrane and facilitate proton transfer (Devenish et al. 2000). The role of the
diverse N-terminal domain is not well understood. In yeast, ATP6 undergoes a proteolytic
cleavage between the Thr-10 and Ser-11 residues of the precursor (Michon et al. 1988)
removing the N-terminal domain. Interestingly, this cleavage site is co-localized at the border
of the core and pre-sequence domains of ATP6 orthologs in the Triticum-Aegilops group
among other species (Bonen and Bird 1988). Furthermore, this site is similar to a post-
translational cleavage site of the yeast cytochrome c oxidase precursor (Maccecchini et al.

1979).

At least two nuclear-encoded proteins are involved in efficient post-translational
modification and assembly of ATP6 in yeast mitochondria (Zeng et al. 2007). One is
ATP23p, which is a metalloprotease that cleaves 10 amino acid residues from the ATP6 N-
terminus in the inner-membrane space. Two potential homologs of ATP23 were detected on
chromosomes 4 and 12 of rice. Data mining in the TIGR transcript assemblies (TAs) database
(Zeng et al. 2007) identified two corresponding TAs with significant homology confidence in
wheat (CJ64383 at 1.8 e-64 and BJ269864 at 3.4 e-74) indicating the conservation of the
ATP23 gene among species. However, precise analysis of the transcriptional activity between
detected orthologs would require further confirmation. The second protein involved in ATP6
processing is ATP10 (Tzagoloff et al. 2004), which together assemble into the ATP synthase
complex in close interaction with ATP9 subunits. ATP10 resides on chromosome 5 of rice.

Its homolog in wheat (CK171397 at 9.3 e-73) is also conserved and transcriptionally active.
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Additionally, It has been demonstrated that unprocessed ATP6 can be assembled in the Fy

complex and be functional (Zeng et al. 2007).

These evidences strongly suggest that N-terminal residues of wheat ATP6 may be
removed upon translation by a homologous mechanism similar to that characterized in yeast.
Conservation of the processing machinery in rice and wheat strengthens this hypothesis.
Since the N-terminus cleavage occurs in the mitochondrial inner-membrane space, and the
amino acid composition of this region contains mainly hydrophilic residues (Figure 1.3), it
can be speculated that the soluble N-terminus domain is essential for functionality of ATP6
and its downstream processing. However, it seems that this mechanistic pathway is different

in animals, as evidenced in Bovine (Fearnley and Walker 1986).

Two different forces are involved in ATP6-1 evolution

The ATP6-1 orthologs can be distinguished mainly by their diverse pre-sequence. The
exact origin of this region is not clear, but it was hypothesized that DNA rearrangements
played a more important role than the gradual accumulation of point mutations in their

evolution (Bonen and Bird 1988; Kawaura et al. 2011; Liu et al. 2011; Ogihara et al. 2005).

These rearrangements more likely originated from break-induced recombination

(BIR) which is a subcategory of homologous recombination (LLORENTE et al. 2008). It was
recently proposed that BIR plays an important role in plant mitochondrial genome evolution
(CHRISTENSEN 2013). BIR promotes high mutability and structural rearrangements especially
at the BIR initiation site (MALKOVA and IRA 2013).This is consistent with our results which
show higher variability at the ATP6 pre-sequence. This segment is probably closer to the BIR
initiation site. Microhomology-mediated BIR (MMBIR) was detected in eukaryotes and can
be responsible for copy number variation (HASTINGS et al. 2009). Existence of two copies of

ATP6 (ATP6-1 and ATP6-2) in wheat and some other species highlights the potential role of
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MMBIR in the evolution of ATP6. It was shown that in E. coli (PONDER et al. 2005) and
cancerous cells (COQUELLE et al. 1998) the classical BIR switched to MMBIR more
frequently in stress conditions. This switch can be more frequent in mitochondria due to
greater influence of exposure to stress-induced elements. On the other hand, gradual
accumulation of point mutations, observed in the core sequence region of the ATP6 gene, can

be a reliable representative of the evolutionary time clock among these species.

In this study two regions were detected within the ATP6 gene that mark different
evolutionary pathways: i.) the core region (Figure 1.1) in which point mutations are the main
evolutionary force and ii.) the pre-sequence region (Figure 1.1), where rearrangements are the
main cause of differentiation among orthologs. Based on this data, the ATP6-1b and the
ATP6-1c/d core sequences shared a more recent common ancestor as compared with the
ATP6-1a. This relationship can be interpreted based on the core region point mutation data
that follows a slow stepwise mechanism of change. However, a similar pattern of
rearrangement that occurred in the pre-sequence of ATP6-1a and ATP6-1c/d resulted in
greater homology among these orthologs as compared with ATP6-1b. Point mutation in the

pre-sequence further increased variation leading to differentiation within an ortholog.

The nature of point mutations and greater dn than ds in the pre-sequence region
indicates that this region is under strong positive selection (YANG and NIELSEN 2000). Most
point mutations occurred in the N-terminal region of each ATP6 ortholog, resulting in the
replacement of an aa residue (Table 1.4). The non-silent nature of such mutations was
previously identified in a comparison between wheat and maize ATP6 sequences (Bonen and
Bird 1988). Considering the amount of variation in ATP6 pre-sequence among different
species, it can be concluded that this region is under strong positive selection pressure

compared with the other regions of the mitochondrial genome (Boer et al. 1985; Bonen and
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Bird 1988; Bonen et al. 1984; Bonen et al. 1987). Indeed, the existence of only hydrophilic

residues seems sufficient for functionality of this domain.

Classification of the Triticum-Aegilops plasmons

To date several criteria have been utilized for classification of the Triticum-Aegilops
plasmons. However, due to the complex nature of mitochondrial evolution, these criteria
should be considered simultaneously in a comprehensive study. Phenotypic effects of each
plasmon in a set of different alloplasmic lines was the primary criteria considered for
plasmon classification by Tsunewaki and colleagues (Tsunewaki 2009). Forty-seven
plasmons have been classified into 15 different groups considering phenotypic effects
(Tsunewaki 2009). Chloroplast and mitochondrial genome fingerprinting data clustered the
same set of plasmons into 16 and 20 groups, respectively (Tsunewaki 2009). Defining the
critical threshold for classification breakpoint is an optional parameter and can be adjusted
separately for each criterion. However, more distinct classification of species based on
mitochondrial genome sequence may indicate that more mutations can accumulate in this
genome due to presence of more repetitive and non-coding DNA. Accumulation of mutations
and an increased amount of intra-molecular recombination in this genome facilitates more
diversification among species based on this organelle compared with the chloroplast genome.
Indeed, four cases were identified in which chloroplast genomic RFLP data did not

differentiate plasmons where mitochondrial genome fingerprinting did (Tsunewaki 2009).

This study revealed that ATPG6 has several features that make it ideal for evolutionary
studies. First, the pre-sequence region of this gene resides on a recombinationally active site,
which provides information regarding mitochondrial genome rearrangement patterns.
Although these rearrangements cannot be considered good estimators of the evolutionary
clock, they are valuable for plasmon classification. Second, this region seems to be

unaffected by nuclear mediated stoichiometric shifting facilitating the use of alloplasmic lines
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in plasmon classification. The only possible exception was the plasmon of the alloplasmic Ae.
longissima with a 56-1 nucleu,s which did not cluster with that of euplasmic Ae. longissima.
This exception may not be the result of stoichiometric shifting but rather because a different
Ae. longissima accession was used for alloplasmic construction (see below). Third, the point
mutation rate in the pre-sequence region is higher than the rest of the gene, which may help
elucidate evolutionary relationship among plasmons possessing the same ATP6 ortholog.
Finally, the existence of conserved flanking regions facilitates isolation and sequencing of
this gene from different species. Based on these observations, the ATP6 gene provides an

excellent basis for evolutionary studies in the Triticum-Aegilops complex.

Duplication of ATP6 and the B and G plasmon divergence were simultaneous

Both the B and G type plasmons possess identical ATP6-1a genes, indicating they
diverged from a common ancestor. Although these plasmons are identical in terms of their
ATP6-1a, they can be clearly distinguished by chloroplast and mitochondrial DNA
fingerprinting (Mori et al. 2009; Wang et al. 1997). ATP6-2 in the mitochondria of the B
type plasmons co-exists with ATP6-1a; however, in the G-type plasmons it is missing (Figure
1.7). The absence of ATP6-2 in the G plasmon also was supported by the data from Mohr and
colleagues (Mohr et al. 1993). They showed that T. timopheevi mitochondria have only one
version of ATP6, which is similar to that of T. aestivum ATP6-1. Triticum zhukovskyi has the
G type plasmon and a hexaploid genome. The absence of ATP6-2 in T. zhukovskyi was also
shown in this study. Tsunewaki (2009) proposed that the T. zhukovskyi plasmon is derived
from T. timopheevi. The absence of ATP6-2 in both plasmons, the presence of identical
ATP6-1a sequence, and their clustering into one group in this study strengthens this
hypothesis. Based on this evidence and the constant presence of at least one ATP6-1ortholog
in all plasmons, it can be speculated that the emergence of ATP6-1a in the G-type plasmons

occurred earlier than the B-type plasmons. The ATP6-2 upstream region (start codon to
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position -200) has a higher homology than the upstream region of ATP6-1 to the COXII
upstream region (NCBI, NC_007579). This homology indicates that ATP6-2 possibly utilized
the COXII regulatory elements. In several species, both the ATP6 and the COX genes reside
on recombinationally active sites of the mitochondrial genome (Hanson and Bentolila 2004).
A conserved sequence between the upstream regions of ATP6-1a and COXII might provide
the necessary homology for BIR and the emergence of a chimeric ATP6-2 gene. Due to the
multipartite nature of mitochondrial genomes (Butow 1986) both genes could co-exist and be
passed down to the progeny. It is likely that this recombination-mediated duplication was
simultaneous with B-type plasmon speciation. Interestingly, no aa change was detected
between the coding regions of ATP6-1a from T. aestivum and T. timopheevi and ATP6-2.
The absence of variation among these genes may indicate recent duplication of ATP6 in B-

type cytoplasm.

In this study, three plasmons derived from Ae. variabilis, Ae. heldereichii and Ae.
uniaristata were clustered with the B type cytoplasm (Figure 1.7). Previously distinct
plasmon types were assigned to these species (Tsunewaki 1993). This discrepancy may stem
from insufficient coverage of RFLP analysis employed in the previous study (Wang et al.
2000). This limitation can hinder detection of all possible polymorphism across the
mitochondrial genome, including the ATP6 region (Wang et al. 2000). It is also possible that
different research groups utilized different accessions of these species for alloplasmic line
construction. Precise evolutionary analysis of these plasmons requires a more comprehensive
analysis utilizing many more accessions from diverse origins to account for possible

heterogeneity and classification discrepancies.
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The ATP6-1b gene is associated with the S and D plasmons

The ATP6-1b ortholog was detected in most of the D and S type plasmons. Results of
this study indicate that these cytoplasmic genomes are similar based on the absence of ATP6-
2. Previous studies (Tsunewaki 1993; Wang et al. 2000) classified the D plasmon into three
sub-classes; D, D? and D’. Based on this classification, D plasmon exists in Ae. tauschii and
Ae. ventricosa, and the D? plasmon in Ae. crassa, Ae. juvenalis and Ae. vavilovii. The only
member of D’ sub-class identified so far is Ae. cylindrica. The analysis here shows that the D
and D’ sub-classes have identical ATP6-1b sequence. This clearly indicates that diploid Ae.
tauschii was the maternal parent of tetraploid Ae. ventricosa and Ae. cylindrica. This
phylogenic relationship is further substantiated by other studies utilizing mitochondrial- and

chloroplast-based markers (Goryunova 2010; Tsunewaki 2009).

The D? plasmon members clustered in a group closer to the S-type plasmons (Figure
1.7). Results of this study suggest that tetraploid Ae. crassa is the potential parent of the
hexaploid D? type species. This evolutionary relationship also was proposed by Tsunewaki
(2009) utilizing plasmon genome fingerprinting. However, the diploid origin of tetraploid Ae.
crassa plasmon has not been recognized. Based on nuclear C-banding and FISH analysis
(Badaeva et al. 2002), one genome (X of tetraploid Ae. crassa was believed to be derived
from a species belonging to the Sitopsis section and another (D) from Ae. tauschii. These
results indicate that tetraploid Ae. crassa was derived from a hybridization between Ae.
tauschii and a S genome donor. Although mitochondrial and chloroplast genome
fingerprinting implicated Ae. tauschii as the maternal parent in this hybridization, results
presented here indicate to the contrary that the S donor genome was indeed the maternal
parent (Figure 1.7). The close relationship of tetraploid Ae. crassa to the S type species
implicates diploid Ae. bicornis as the potential S genome and maternal donor (Figure 1.7).

Chloroplast and nuclear analysis revealed vast intra-specific diversity within Ae. tauschii
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(Badaeva et al. 2002; Goryunova 2010). Thus it is possible that an extinct accession of Ae.
tauschii differentiated to contain the D? plasmon. Furthermore, it also can be postulated that
although Ae. bicornis was the maternal parent of tetraploid Ae. crassa plasmon, the
introgression of the D nuclear genome from the paternal donor resulted in drastic structural
modifications in the S mitochondrial genome, altering its fingerprinting pattern to be more
similar to the D counterpart. Similar changes in the nuclear S genome resulted in the
formation of B and G genomes of polyploid wheat. It can then be argued that both the nuclear
and cytoplasmic genomes of the ancestral S genome were dramatically modified during the

evolution of the Triticum-Aegilops group of species.

Five different species that contained the S type cytoplasm were utilized in this study;
Ae. bicornis, Ae. searsii, Ae. kotschyi, Ae. sharonensis and Ae. longissima. Previous studies
(Tsunewaki 1993) demonstrated high similarity among these S subgroups for both
mitochondria and chloroplast fingerprinting. Diploid Ae. sharonensis and Ae. longissima
were clustered together in this study, confirming previous reports regarding their close
relationship. Tetraploid Ae. kotschyi plasmon was clustered with these diploid species,
indicating that one of these species was the likely donor of the cytoplasm. Based on
chromosome C-banding and FISH analysis, Badaeva and colleagues (Badaeva et al. 2004)
proposed that Ae. kotschyi is derived from a hybridization of Ae. umbellulata and Ae.
sharonensis. The results presented here indicate that Ae. sharonensis served as the maternal

parent in that hybridization.

A unique form of nuclear-cytoplasmic interaction was characterized in alloplasmic
lines with Ae. longissima (S type) and Ae. tauschii (D type) cytoplasm (Asakura et al. 1997;
Maan 1992b). In these lines, nuclear-cytoplasmic compatibility can be established by the
presence of a specific nuclear gene(s) derived from the cytoplasm donor or other species.

Two accessions of Ae. longissima were identified previously which behaved differently in
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regard to their interaction with the durum nucleus in the alloplasmic condition (Maan 1996).
One accession, which was designated as b, produced a fertile (Ae. longissima) durum line
while the other, designated c, did not produce viable alloplasmic lines (Maan 1996). In the ¢
accession, the presence of two genes, scs (Species Cytoplasm Specific) and Vi (Vitality), are
necessary for complete recovery of vigor and fertility, respectively (Maan 1992a). Here two
types of Ae. longissima plasmon also were identified according to their ATP6-1b sequence
(Figure 1.7). One type grouped with the S plasmons and the other with the D plasmons. The
later Ae. longissima type is indeed the c accession that was incompatible with the durum
nucleus. Interestingly, the nuclear-cytoplasmic compatibility of both Ae. tauschii and Ae.
longissima (c accession) cytoplasm with the durum nucleus can be ameliorated by the same
gene system (Asakura et al. 1997; Maan 1992b). This phenomenon may be due to the fact

that these plasmons share the same mitochondrial genome sequence and/or structure.

Classification of the U, C and T cytoplasm

Three different plasmon types have been identified in Ae. triuncialis species (Endo
1975). The first type is similar to Ae. umbellulata, the second is closer to Ae. caudata, and the
last shows higher similarity to Ae. mutica plasmon (Endo 1975). The Ae. triuncialis accession
used in this study possesses the ATP6-1b, and classified with Ae. mutica and Ae. triaristata
cytoplasm, indicative of their close relationship. Homology between Ae. triuncialis and Ae.
triaristata cytoplasm also was indicated by previous studies (Tsunewaki 1993). Previous
studies revealed that, although the chloroplast genome of Ae. mutica and Ae. triuncialis
plasmon are similar to each other (Provan et al. 2004; Tsunewaki 1993; Wang et al. 1997),
their mitochondrial genomes are quite different (Tsunewaki 1993; Wang et al. 2000). In our
study, based only on mitochondrial gene sequence and not the structure, similar classification
as that based on chloroplast genome RFLP is derived. There has been much debate over the

rate of evolutionary change in the mitochondria and chloroplast genomes - both in terms of

38



point mutation and recombination. Although Tsunewaki (1993) concluded evolutionary
changes occur at a faster rate in the mitochondria than in the chloroplast, the opposite
conclusion was reached by other groups (Wang et al. 1997). Results presented here indicate
that point mutations accumulate at the same rate in the mitochondrial ATP6-1 region and the
chloroplast genome. However, structural alterations in the mitochondrial genome, which
occur more frequently, can lead to higher diversification and observed discrepancy between
mitochondria and chloroplast fingerprinting data of Ae. mutica- and Ae. triuncialis -type

cytoplasm.

Aegilops umbellulata also carries the U type cytoplasm, possessing ATP6-1c in its
mitochondrial genome. The ATP6-1c ortholog also has been identified in Ae. comosa and Ae.
columnaris plasmons. Results presented here indicate that tetraploid Ae. columnaris ATP6-1c
has higher homology to diploid Ae. columnaris ATP6-1c. This evidence is consistent with
previous results regarding the likelihood of Ae. umbellulata as the cytoplasm donor of Ae.
columnaris (Tsunewaki 2009). Aegilops caudata was the only plasmon with ATP6-1d

orthologs.

Conclusions

Cytoplasmic genetics is intricate, elegant, and complex. However, close study reveals
insights into mitochondrial genome alteration and evolution. Detailed analysis of genes and
gene classes provides a useful and informative model for evolutionary studies within species.
In the current study, we investigated ATP6 variability in the Triticum-Aegilops species in an
evolutionary context, characterizing gene gain/loss, rearrangement patterns and
stoichiometric shifts. Four major ATP6-1 orthologs were detected, point mutations were
characterized within each ortholog, and presence/absence of ATP6-2 was established as a
possible recent evolutionary event. These findings illuminate the critical nature of ATP6

functionality and diversification, and contribute to a more complete understanding of the
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evolutionary process in the Triticum-Aegilops species. Although ATP6 can provide a suitable
model for evolutionary studies within species, whole genome sequencing data of both
chloroplast and mitochondria are needed for a comprehensive explanation of plasmon

genetics and its evolution.
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CHAPTER I1. AN INTEGRATIVE APPROACH TO STUDY NUCLEAR-
CYTOPLASMIC INTERACTIONS (NCI) IN WHEAT (TRITICUM AESTIVUM)
ALLOPLASMIC LINES
Abstract

Three different genome components, vis. mitochondria, plastids, and the nucleus co-
exist in every plant and algae cell. A compatible interaction between these genomes is
required for the evolution and adaptation of organisms. This interaction, however, can be
dissociated and re-constituted by frequent interspecific hybridizations. Several studies have
addressed the effect of interspecific hybridization on nuclear intra-genomic interactions.
However, the magnitude and essence of inter-genomic interactions between nuclear and
cytoplasmic genomes remains unknown. To study these aspects of inter-genomic interactions,
we utilized alloplasmic wheat lines Triticum aestivum cv. Chris and T. aestivum cv. Selkirk
possessing alien cytoplasm derived from Ae. mutica. An integrated approach was employed
including comparative QTL (Quantitative Trait Locus), epigenetic and expression analyses to
elucidate the effect of cytoplasmic genomes on nuclear gene interaction and expression. QTL
analysis was conducted for three physiological traits: dry matter weight, height and spike
number per plant. QTL controlling each trait were detected separately for two F, populations,
both segregating for the same nuclear alleles (Selkirk and Chris) but one possessing the
original B type cytoplasm and another with Ae. mutica T-type cytoplasm. The methylation
profile of alloplasmic lines was compared with their corresponding euplasmic line.
Polymorphic methylated fragments were sequenced and annotated. The expression patterns
of polymorphic methylated genes were investigated using g-RT-PCR. Our results indicate
that different QTL control the same trait in alloplasmic and euplasmic populations. A QTL on
chromosome 5A was detected that controls several traits in an interactive way with

cytoplasm. Furthermore, eight genic regions were detected that exhibited methylation
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patterns affected by cytoplasm type. The genes in those regions belong mostly to plant
defense and carbon metabolism pathways. Expression analysis revealed that the transcription
level of two genes significantly differ between alloplasmic and euplasmic lines. In general,
the present study showed that cytoplasmic genomes drastically affect the nuclear gene
network controlling physiological traits. This effect can be at least partially due to epigenetic

regulation that can consequently influence gene expression

Introduction

More than ninety-five percent of organellar-targeted proteins including structural,
enzymatic and regulatory components are encoded by the nucleus and then transferred to
organelles (anterograde signaling). Alternately, organelles regulate nuclear genes through
retrograde signaling. These retrograde signals mostly regulate nuclear genes involved in
photosynthetic and metabolic pathways. Maintenance of regulatory cross-talk between
nuclear and organellar genomes is crucial for the functionality and survival of organisms
under evolutionary pressure. However, regulatory communication can be dissociated and re-

constituted by interspecific hybridization.

Interspecific hybridization is widely recognized as a common evolutionary
phenomenon that imparts new species with superior characteristics (ADAMS and WENDEL
2005; SoLTis and SoLTis 2009). This superiority is believed to stem from the emergence of
novel intra-genomic interactions between nuclear genomes, as well as interactions between
nuclear and cytoplasmic genomes. These novel interactions can ultimately facilitate the

evolution of organisms and speciation.

In the first step following hybridization, early polyploids experienced “genetic
shock”, a term first proposed by McClintock (1984). Genetic shock enables

neoallopolyploids to overcome two major barriers: correct chromosomal pairing, and
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balanced gene expression. Vast alterations in genetic and epigenetic content seem necessary
to facilitate the co-existence of divergent genomes within the same cell (CHEN 2007). In this
coordinated process, retro-element activation is enhanced, which results in genetic-level
modifications (MADLUNG et al. 2005). This trimming step, along with other related
modifications, is associated with elimination of genome-specific sequences and chromosomal
rearrangements. This process ensures efficient pairing of homologous chromosomes, which is

crucial for allopolyploid reproduction (CHEN 2007).

Along with genetic modifications, drastic regulation in gene expression - particularly
among homeologous genes - is necessary to maintain the functionality and homeostasis of
metabolic pathways in new allopolyploids. Several interrelated mechanisms have been
identified that regulate the expression network including cis- and trans- mechanisms. These
mechanisms establish the novel intra- and inter-genic interactions in allopolyploids. The
majority of homeologous gene interactions are additive, which indicates the divergence of
cis-elements between genomes. However, non-additive interactions have been detected

among regulatory components or/and epigenetic regulation (JACKSON and CHEN 2010).

Although there are species [for example, Brassica (NAGAHARU 1935) and
Tragopogon (SoLTis and SoLTis 1999) genera] where the reciprocal crosses produced natural
allopolyploid lines, most historic interspecific crosses are recognized as only maternal-
specific hybridizations. In Triticum (TSUNEWAKI 2009), Aegilops (TSUNEWAKI 2009),
Gossypium (WENDEL and CRONN 2003) and Arabidopsis (SALL et al. 2003) genera,
allopolyploid lines were produced and established in a maternal-specific manner.
Furthermore, specific cytoplasm types have been identified that contribute adaptability to
specific habitats (AcosTA and PREMOLI 2010; ALLAINGUILLAUME et al. 2009). This evidence

suggests the importance of nuclear-cytoplasmic interaction (NCI) upon hybridization.
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There are generally two interrelated mechanisms by which cytoplasmic organelles,
including mitochondria and chloroplasts, can control the nuclear gene expression: i.)
retrograde signaling and ii.) imprinting. The retrograde mechanism is a signaling pathway,
originating from mitochondria and/or chloroplasts, which coordinates the corresponding
nuclear genes (WoobsoN and CHORY 2008). Several candidate gene systems have been
proposed in plants that function as retrograde signals, including redox (reduction/oxidation)
signals (FEY et al. 2005), Mg-proto (STRAND et al. 2003) and reactive oxygen species (ROS)
(LEE et al. 2007; RHOADS and SuBBAIAH 2007). These particular signals co-regulate a subset
of nuclear genes involved in photosynthesis, stress-response or organelle structure. As such,
these signals are an indirect representation of mitochondria/chloroplast states by which
nuclear genes can co-regulate their expression to maintain balance between different

pathways.

Parental regulation of gene expression is a well-documented mechanism known as
imprinting (GEHRING 2013). In this process, the allele transmitted by either the maternal or
paternal parent is expressed in the progeny. Epigenetic regulation seems to be the
predominant mechanism controlling imprinting (GEHRING 2013). Although imprinting
regulation was detected in different developmental stages in mammals, the expression of
detected imprinted genes in plants has been limited to endosperm development (BELMONTE et

al. 2013; He et al. 2010; KOHLER et al. 2003).

Development of a near-complete set of alloplasmic lines (lines with alien cytoplasm)
provides a valuable resource to study nuclear-cytoplasmic interactions (NCI) in wheat
(TsuNEwAKI 2009). Several alien cytoplasms from Aegilops species have replaced the B-type
cytoplasm commonly detected in euplasmic Triticum aestivum and T. turgidum cultivars
(MAAN 1991; TSUNEWAKI et al. 1996). In these alloplasmic lines, a vast range of phenotypic

modifications have been observed due to new NCI.

o1



To elucidate novel insights into NCI, two alloplasmic wheat lines possessing Ae.
mutica cytoplasm were compared with their corresponding euplasmic lines (see below).
These lines were used in the present study to fulfill three critical objectives: i.) to identify
major loci that control the same physiological traits in alloplasmic and euplasmic lines. This
comparative analysis will help us to ultimately identify the gene(s) that interact with each
type of cytoplasm. Such gene(s) can be considered as potential candidates that channelize the
cytoplasm-specific direction of polyploid evolution. ii.) to assess the possible effect of alien
cytoplasm on the methylation profile of nuclear genes; and iii.) to analyze the effect of
methylation modification on the expression patterns of alloplasmic and euplasmic lines for

selected genes.

Material and Methods

Plant material

The nucleus of two wheat cultivars including T. aestivum cv. ‘Selkirk” and T.
aestivum cv. ‘Chris’ were transferred to the Ae. mutica cytoplasm through recurrent
backcrossing (MAAN 1977). In the alloplasmic condition, the cytoplasm derived from Ae.
mutica, which is categorized as a T-type plasmon, induces hybrid vigor when it replaces the
wheat cultivar Chris cytoplasm (Figure 2.1). However, this drastic alteration is not detectable
in alloplasmic lines with the Selkirk nucleus. This differential effect facilitates the

identification of causal loci via a comparative QTL analysis approach.
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Figure 2.1. Phenotypic differences between euplasmic and alloplasmic lines. a) Drastic
increase in height is observable in (Ae. mutica) Chris compared with the euplasmic Chris line.
b) Supernumerary spikelets (SS) is another phenotype observed in alloplasmic wheat lines
with Ae. mutica cytoplasm

Developing the mapping populations

Two F, populations were developed to identify the potential QTL that are interacting
with cytoplasm. The first one contained 282 individuals derived from (Ae. mutica) T.
aestivum cv. Selkirk x (Ae. mutica) T. aestivum cv. Chris, which is segregating for nuclear
alleles in Ae. mutica cytoplasm. The second F, population contained 245 individuals
developed based on a cross between euplasmic T. aestivum cv. Selkirk x T. aestivum cv.
Chris. Cytoplasmic interacting loci were then identified through a comparison between

population-specific QTL.

Phenotyping

Both eu- and alloplasmic F, populations were planted in controlled conditions in two
seasons at the Agricultural Experiment Station Research Greenhouse Complex at North
Dakota State University, Fargo. The first season (Spring 2013) included 102 eu- and 148
alloplasmic individuals and the following season (Fall 2013) consisted of 143 eu- and 134
alloplasmic lines. Corresponding parental lines along with the F; plants were also grown
under the same condition in each season. Three traits including above-ground dry matter
weight (DMW), head number and height were measured after plant maturation for both

populations. Supernumerary spikelet (SS) was measured in alloplasmic populations.
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Genotyping

Total DNA of each F,, F; and parental line was isolated using a glass-filter high-
throughput DNA extraction protocol. DNA quality was assessed through visual observation
on a 1% agarose gel, and DNA concentrations were measured with a NanoDrop 1000
spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA). Isolated DNA
from the 2013 spring and fall seasons were genotyped using wheat 9K and 90K SNP

Infinium assays (Illumina), respectively.

Genetic map construction

GenomeStudio software (Illumina, Inc. San Diego, CA, USA) was used to visualize,
cluster and call each SNP class. Genotypic data from both 9 and 90 K platforms were
imported into R software (R DEVELOPMENT CORE TEAM 2010) and two genetic maps were
constructed for each platform separately. Individuals with high missing genotypic data and
markers with high missing individuals were removed. Furthermore, markers with significant
(P=0.05) distortion from the expected 1:2:1 ratio were removed from the analysis. Linkage
groups were formed considering 0.35 and 10 for maximum recombination fraction (max.rf)
and minimum LOD (min.lod), respectively. The markers of each linkage group were ordered
by the orderMarker function. The number of total crossover events and crossovers per
chromosome were calculated for each individual using the countXO function in the same

package.

Single QTL analysis

To detect main effect QTL, both alloplasmic and euplasmic populations were
analyzed separately using two different software packages. A whole genome QTL scan with a
single QTL model was performed using the function scanone, available in R/qtl package
(version 2.15.1). For this purpose, default settings were used to perform standard interval

mapping (Lander and Botstein 1989). To measure the QTL effect: first, the closest marker to
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each QTL was determined followed by the calculation of phenotypic mean for each
genotypic class. The data was also analyzed using composite interval mapping (CIM),
available in QTLCarthographer V2.5 (WANG et al. 2012). In this method, for QTL detection,
model 6 with forward and backward step-wise regression, five markers as cofactors to control
genetic background, and a 10 cM genome-wide scan window were used. In both QTL
detection methods, one thousand permutations were used to determine the significant
threshold LOD at P=0.05. Every locus above the threshold LOD score was called a definitive

QTL,; those loci with P=0.1 to 0.05 were considered putative QTL.

Two-dimensional QTL analysis

The R/qtl package (version 2.15.1) also was used to identify major two-locus
interactions. For this purpose, the scantwo function was performed to analyze the two-
dimensional QTL relationship between all possible marker pairs. Four models were
considered while calculating interactions using the scantwo function. Briefly, i.) full model [y
=+ P10 + P20z + Ba(ay X o) + €]; ii.) additive model [y = p + B101 + B2 + €]; iii.) single
model [y = n + B101 + €]; and iv) null model, without any interactions [y = i + €] were

considered.

Full LODs were calculated comparing full model values to the null model values.
Additive LODs were estimated by comparing additive model values to the null model values,
and interaction LODs were measured by comparing full model values to the additive model
values. Interactions with highest LODs were selected to make the QTL model using the

makeqtl function. The effect of each interaction was estimated by the addint function.

Comparative methylation analysis
Three replicates of both alloplasmic lines, i.e., (Ae. mutica) Chris and (Ae. mutica)

Selkirk, and their corresponding euplasmic lines T. aestivum cv. Chris and T. aestivum cv.
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Selkirk were grown in controlled greenhouse conditions. Total DNA was isolated from leaf
tissue of each replicate at the seedling stage. The DNA quality and quantity was assessed
through visual observation on a 1% agarose gel and with a NanoDrop 1000

spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA).

Each DNA sample was double-digested by EcoRI-HF/Hpall (NEB, Ipswich, MA,
USA) enzymes at 37°C for three hours. The digestion reaction was prepared in a volume of
20 pl and contained 20 units of each enzyme, 200 ng of template DNA and 1X CutSmart
buffer. After digestion, the enzymes were de-activated by incubating the reaction at 80 °C for
20 min. Two different adaptors including EcoRI and Hpall were ligated to the digested
fragments. The ligation buffer contained 5 uM of EcoRI and 50 uM of Hpall adaptors (Table
2.1), 100 units of T4 DNA ligase (NEB, Ipswich, MA, USA) and the entire digested reaction
from the previous step. This reaction was carried out by incubating the samples overnight at

16°C. The digest/ligation reaction was then diluted at a ratio of 1:5 with distilled water.

Pre-selective PCR amplification was performed using primers (Table 1.1) designed
based on the adaptor sequence plus an additional single selective base at the 3’ end. Each pre-
selective PCR reaction contained 10 pmol of each pre-selective primer, 0.25 mM of each
dNTP, 1X Tag DNA polymerase buffer (Promega Corporation, Madison, W1, USA), 0.75
units of Go Tag® Flexi DNA polymerase (Promega Corporation, Madison, WI, USA) and 5l
of the 1:5 diluted digest-ligation reaction. PCR amplification was conducted using the
Applied Biosystems® 2720 Thermal Cycler and the following program: initial denaturation
for 4 min. at 94 °C followed by twenty-five cycles of one min. each at 94°C, 56°C and 72°C

and a final extension of five min. at 72 °C.

Selective PCR amplification was conducted using selective primer combinations

(Table 1.1). Selective primers were similar to pre-selective primers, but with two or three
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additional variable nucleotides at the 3’ end to selectively reduce the amplified fragment
complexity. The selective amplification was conducted using an Applied Biosystems® 2720
Thermal Cycler and the following program: initial denaturation for 4 min. at 94°C followed
by 35 cycles of one min. each at 94°C, 56°C and 72°C and a final extension of five min. at

72°C.

After the selective amplification step, DNA samples were denatured by heating at
94°C for 5 min. Amplified fragments were separated on 6% denaturing polyacrylamide gels
running at 70W for four hours. Subsequently amplified fragments were visualized following
a silver staining protocol (BAssaM et al. 1991) and polymorphic bands were detected and

isolated for downstream analysis.

Sequencing of the polymorphic bands

Bands that showed consistent polymorphism between the lines with the same nucleus
but different cytoplasm were isolated from the denaturing polyacrylamide gel. These selected
amplified PCR products were purified using a GenElute PCR Clean-Up kit (Sigma-Aldrich,
St. Louis, MO, USA) and sequenced based on the Sanger method (GENEWIZ Inc., South

Plainfield, NJ) using the original primers.

Annotation of polymorphic sequences

To expand the size of polymorphic sequences, homologous contigs of the sequenced
fragments were identified by a blastN algorithm in the wheat 454 sequence database
(WILKINSON et al. 2012). The best significant hit was then used as a query to search for
potential homologous annotated regions in all plant species (NCBI, ncbi.nm.nih.gov). The
homologous wheat contigs also were used in a query of the wheat EST database (CHILDS et

al. 2007) to identify possible exon-intron boundaries of differentially methylated contigs.
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Table 2.1. Sequences of adaptors and primers used for methylation analysis
Adaptors
EcoRl-adaptor-F CTCGTAGACTGCGTACC EcoRl-adaptor-R  AATTGGTACGCAGTC
Hpall-adaptor-F  GATCATGAGTCCTGCT  Hpall-adaptor-R CGAGCAGGACTCATGA
Pre-selective primers

Pre-EcoRI GACTGCGTACCAATTCA Pre-Hpall/Mspl ~ ATCATGAGTCCTGCTCGGT
Selective primer combinations

EcoRI-ACA + Hpa II-TCCA EcoRI-AGG + Hpa II-TCGA

EcoRI-ACA + Hpa II-TTC EcoRI-ACC + Hpa II-TTC

EcoRI-ACA + Hpa II-TGC EcoRI-ACC + Hpa II-TGC

EcoRI-ACA + Hpa II-TTCT EcoRI-ACC + Hpa II-TTCT

EcoRI-ACA + Hpa II-TTGC EcoRI-ACC + Hpa II-TTGC

EcoRI-ACA + Hpa II-TCA EcoRI-ACC + Hpa II-TCA

EcoRI-ACA + Hpa II-TCCA EcoRI-ACC + Hpa II-TCCA

EcoRI-ACA + Hpa II-TCGA EcoRI-ACC + Hpa II-TCGA

RNA extraction, cDNA synthesis and real-time quantitative PCR

To analyze the potential effect of methylation modification on the expression profile
of nearby genes, we conducted a comparative expression analysis between eu- and
alloplasmic lines. Total RNA was isolated from leaf tissues of two-week-old seedlings using
the RNeasy® Plant Mini Kit (Qiagen, Valencia, CA, USA). To calculate the statistical
significance threshold, two biological replications were used for each parental line. The
quantity and quality of isolated RNA was confirmed using a NanoDrop 1000
spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) and 1% agarose
gel electrophoresis, respectively. A QuantiTect® Reverse Transcription kit (Qiagen, Valencia,
CA, USA) was used for cDNA synthesis and genomic DNA removal. Complete degradation

of genomic DNA was confirmed by checking for any amplicon from the minus RT control.

Specific primers for gPCR were designed based on EST sequences near the
methylated polymorphic regions (Table 2.2). Primers were designed using PrimerQuest
software, available at the IDT website (www.idtdna.com), targeting sequences 100-200 bp in
length with a 61°C annealing temperature. Primers were used for gPCR using the SYBR®
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The primers for the

wheat B-actin gene (TA411_4571) were used for an endogenous control. The gPCR data was
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analyzed using the 2**“‘method (Livak and SCHMITTGEN 2001). In this analysis, the

euplasmic lines of each wheat cultivar were used as the calibrator.

Table 2.2. Sequences of primers used for expression analysis

Forward Sequence Reverse Sequence
MDH-F TAAGGCTTCTCCTCTGACTCTC MDH-R CAGTGGATGAGAAGGGATTGAC
Ac-CoA-F GGCAGTGGTGGGTAATTAGAG Ac-CoA-R CACCTCGACCGTCAAATCAT
Aldu-F GCTGCTACTGTTGTGTGTTTC Aldu-R GGCTTACCGGAGTTGCTATTA
Mla-F GTCTACTAGTGGTGGAAGAGGA Mla-R CTGCCTCGTCGAATCAATCA
c394-qRT-F CGAGGAGACTGTACGCAAAT €394-gRT-R CTCTTCCTCTTCACGCTTTCT
Actin-F GGCAACATTGTTCTCAGTGGTGGT  Actin-R TCCTTTCAGGAGGAGCAACAACCT
Results

Plasmon effect on phenotypes of F, populations
Our results show that replacing the original B-type cytoplasm by T-type cytoplasm
will increase the DMW and height in F, individuals (Figure 2.2). However head numbers

were decreased as a result of plasmon replacement (Figure 2.2).

Plotting the values of different traits showed that a positive correlation is present
between DMW and height, DMW and head number and between height and head number for
both populations. However, supernumerary spikelets, which were induced in alloplasmic

situations had negative correlation with other traits (Figure 2.2).
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Figure 2.2. Effect of cytoplasm on phenotype of F, population. Phenotype of dry matter
weight (DMW), height, head number (HN) and supernumerary spikelet (SS) in F,
populations possessing different cytoplasm types. The diagonal plots show the distribution
frequency of each trait in two populations. The scatterplots indicate the interaction of two
traits in alloplasmic and euplasmic populations. The red points indicate the individuals
possessing Ae. mutica cytoplasm (T type) and blue points indicate the individuals having
original B-type cytoplasm. Red and blue lines in each scatterplot correspond to the regression
line of each population. Confidence level is indicated by the darker gray background.

Genetic map construction

The genotypic data of alloplasmic and euplasmic populations from each growing
season were combined together to construct the genetic map. For the 2013 spring season in
which the 9K platform was employed, 1,808 SNPs were detected between Selkirk and Chris
cultivars. Seventeen markers were discarded after filtration for distorted segregation markers.
The remaining markers were mapped to 769 loci which formed 28 linkage groups with an
overall length of 2060.4 cM (Table 2.3). In this map, the highest number of loci were located

on the B genome, followed by A and D genomes, respectively. The A genome was the
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longest genome at 974 cM in length (Table 2.3). The D genome was only 248 cM in length.
The average spacing between two markers across all chromosomes was 2.8 cM, with a range
from 1.1 cM to 15.1 cM (Table 2.3). The maximum gap between markers was 40.5 cM on
chromosome 5A (Table 2.3). In total, 5535 SNP markers have been detected between Chris
and Selkirk cultivars when the 90K platform is employed. These markers were mapped on
1750 loci and 26 linkage groups (Table 2.3). The total length of the constructed map was
3796 cM. In this map, the B genome possessed the highest number of markers and longest
genome. In comparison with the constructed map from the 9k platform, using the 90 K
platform improved the map coverage and resolution. The validity of each linkage group and
the marker order within each group of both maps were assessed by comparing the constructed

genetic maps with the previous consensus map.

Effect of cytoplasm on recombination frequency

Our experiments with two genotyping platforms revealed that a number of
recombination events per chromosome followed a general reduction trend in linkage groups
4A, 1B.1, 6B, 6A.1, 7B, 7A.2, 2A and 2D.1 for the spring experiment (Figure 2.3). Among
them, more drastic reduction was observed in linkage group 4A. The 90 K platform which
was employed for the fall season improved the resolution of the genetic map (Table 2.3).
Higher resolution revealed that the alloplasmic lines show a reduction in the number of

recombinations for a majority of chromosomes (Figure 2.3).
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Table 2.3. Summary of two genetic maps, constructed by 9K and 90K Illumina platforms

Constructed genetic map using 9K platform Constructed genetic map using 90K platform
(2013 Spring) (2013 Fall)
Chr. |n.mar |length [ave.spacing |max.spacing n.mar |length fave.spacing |max.spacing
1A |85 1134 1.3 14.8 1A [144 214 1.5 19.5
2A |28 1128 @4.2 33.7 2A |60 2119 (3.6 43.4
3A 39 125.7 (3.3 24.5 3A 89 187.3 2.1 13.6
» BA 4l 166.6 4.2 33.6 4A |73 2285 (3.2 30.1
Q BA 30 1522 5.2 40.5 5A 149 1937 4 44.8
§ 6A.1 |49 1423 B 45.8 6A.1 (82 199.2 25 25.7
® BA2 2 10 10 10 6A.2 |6 13 2.6 9.4
7TA.1 22 63.8 3 14.7 7A.1 41 90.2 2.3 9.3
7A.2 [15 879 6.3 39.1 7A.2 140 1208 (3.1 31.9
Total 311 9747 4.5 45.8 Total (584 1458 2.8 44.8
1B.1 |61 679 11 18.2 1B.1 (124 126.8 |1 8.7
1B.2 3 5.5 2.8 5.3 1B.2 |10 38.1 @42 28.3
2B [110 155.2 |14 29.3 2B [248 2934 1.2 19.4
m [3B.1 146 1325 .9 39.7 3B (194 3215 (1.7 49.2
< BB2 9 111 |14 4.2 4B (144 189.9 1.3 16.1
§ 4B 43 102.7 24 21.3 5B (107 2382 2.2 29.7
® BB 41 124 3.1 17.3 6B [79 1372 1.8 16.1
6B |52 132.2 2.6 26.8 7B |103 2322 2.3 40.3
7B [33 96.1 3 17.8
Total 398 8272 2.3 39.7 Total (1009 [1577.3 [1.96 49.2
1D 17 4.2 11.3 1D (18 528 (3.1 19.8
2D.1 |10 76.2 B.5 23.8 2D |28 226.7 8.4 42.2
2D.2 |6 239 438 16.5 3D.1 [16 865 5.8 44.4
o BD @ 121 4 7 3D.2 9 37.4 W47 22.4
Q Ub 3 3.6 1.8 2.8 AD 4 286 9.5 24
§ 5D.1 5 60.3 [15.1 38.9 5D.1 |10 859 9.5 37
® BD2 2 10 10 10 5D.2 4 339 113 29.8
6D 8 134 1.9 9.6 6D |25 954 4 31.9
7D 6 323 6.5 15 7D 17 1137 [7.1 40.8
Total |49 2488 6.3 38.9 Total [131 761 7 44.4
Overall 758 2050.7 2.8 45.8 1724 [3796.3 2.2 49.2
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Figure 2.3. Effect of cytoplasm on recombination. T indicates the number of recombinations
in the population with Ae. mutica cytoplasm and B indicates the number of recombinations in
the normal (euplasmic) cytoplasmic condition.

In fall season, a QTL has been detected on chromosome 5A which controls the DMW
in alloplasmic lines. Synteny analysis revealed that this region is located at the same end of
the chromosome 5A long arm where a QTL was detected in the euplasmic lines in spring
season. Another QTL was detected on chromosome 2D that controls DMW in both allo- and

euplasmic lines in fall season.

Table 2.4. Major QTL controlling different traits

2013 Spring 2013 Fall
Alloplasmic Euplasmic Alloplasmic Euplasmic

Trait Chr. | Pos. R? Chr. [ Pos. R? Chr. | Pos. R? Chr. | Pos. R?
DMW

7D 19-32 10 5A 130-152 | 4 5A | 0-12 10 2D | 42-56 43

7A | 40-54 10 2D | 48-60 17
Height

5A 138-152 | 12 5A 140-152 | 12 5A 0-21 24 5A 0-12

2D.1 | 67-76 21 2D | 122-150 | 8

Spike number

1B.1 | 25-39 19 7B 6-12 11 6A | 29-53 17 2B | 93-113 | 0.1

7D 4-32 8 5A 16-29 14 2D 176-208 | 13 2A 142-151 | 0.1
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Two-dimensional QTL analysis for DMW indicates that the interaction pattern
between different nuclear loci depends on the cytoplasmic type and the environmental
season. In spring 2013, in the alloplasmic population, the major interaction was detected
between linkage groups 7B/6A.2 and was responsible for 8% of DMW variation in the
alloplasmic condition (Table 2.5). However in euplasmic population, this interaction was not
detected. Indeed, in euplasmic lines, four major interactions control 43% of the variation. In
the fall 2013 season, however, an interaction between chromosomes 2B and 2D is the most
prominent interaction that could not be detected in euplasmic population. On the other hand a
locus on chromosome 7B was detected that interacts with two loci on chromosomes 2D and

6D (Table 2.5)

Plant height: QTL analysis for plant height in spring season detected a significant
QTL on linkage group 5A for both alloplasmic and euplasmic lines (Table 2.4). Furthermore,
in euplasmic lines, another QTL was detected on linkage group 2D.1 (Table 2.4). The
location of QTL on chromosome 5A was similar in both alloplasmic and euplasmic
population. The interval of this QTL was also similar to the QTL that controls the DMW in
the euplasmic and alloplasmic lines in the spring and fall seasons, respectively. This
similarity in interval location may indicate that there is one major gene or gene cluster on the

long arm of chromosome 5A that is responsive to plasmon type.
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Table 2.5. Major epistatic interactions in spring

Population \ Chr. 1 \ Pos. 1 \ Chr. 2 \ Pos. 2 \ LOD \ R%(%)
Dry matter weight (DMW)

T 7B 85 6A.2 10 5.2 8.4
B 2D.1 76 6D 1 5.6 13.5
B 3B.2 1 1A 55 4.3 11.1
B 3A 8 5D.1 0 4.6 9

B 5A 12 4B 147 4.54 9
Plant height

T 4B 48 4A 83 5.3 13.3
T TA.1 37 6D 13 5 12.8
T 2B 20 4A 96 4.8 10.4
B 5A 143 2A 1 5 9.8
B 2B 22 4A 30 4.4 7.9
B 5D.1 41 4D 0 4.3 8.3
Spike number

T TA.2 49 1B.1 40 6.5 10
T 1A 55 4A 104 8 12.7
T 2B 72 2A 2 6.8 11
B 4A 77 7B 39 10.8 23
B 4A 38 TA.2 73 7 16
B TA.1 18 TA.2 23 7.8 18
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Table 2.6. Major epistatic interactions in fall

Population IChr. 1 Pos. 1 IChr.2  JPos.2 |LOD % var
Epistatic interactions controlling dry matter weight

T 2D 59 1D 30 3.6 9.2
T 5B 208 4D 0 3.8 9.7
T 2B 231 2D 0 4.3 11
B 7B.3 188 2D 59 5.7 14
B 7B.3 143 6D 28 6 14
Epistatic interactions controlling height

T 6A 68.9 4D 0 6.8 18
T 4D 0 5B 238 3.5 10
T 5D.2 0 1B.2 0 5.7 15
B 3B 12 2D 59 3 8
B 6A 79 2D 59 3 8
B 2D 33 5A 78 2.8 7
Epistatic interactions controlling head number

T 3B 217 1B 52 5.2 18
T 3B 127 6B 136 5.8 16
T 3B 321 7B.3 135 5.1 16
B 4A 76 2D 116 5.6 18
B 3A 76 4D 28 5 16
B 5A 78 6D 92 4.6 14

Two-dimensional QTL analysis for alloplasmic population in spring identified a
significant epistatic interaction between chromosomes 4A and 4B (Table 2.5). Along with
two other putative interactions, epistatic interactions could explain about 36% of detected
variation for height in alloplasmic population. For the euplasmic population in the same
season, three major interactions were identified that could explain 26% of observed variation.
A locus on chromosome 2B was detected that was involved in epistatic interaction in both
euplasmic and alloplasmic conditions. This may indicate the possible importance of this locus
in controlling height in both plasmon conditions. Furthermore an interacting locus on
chromosome 5A was detected that resides on the same position where other significant QTL
were detected. Two dimensional QTL analysis in fall season revealed a major gene on
chromosome 4D that is interacting with two genes on 6A and 5B. On the other hand
chromosome 2D is the prominent interacting locus in the euplasmic population in the same

season.
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Spike number: For alloplasmic condition in spring season, CIM revealed one
significant QTL on chromosome 1B.1 that controls spike number (Table 2.4). Furthermore a
putative QTL was detected on chromosome 7D. However in the euplasmic condition two
putative QTL were detected (Table 2.4). In fall season for alloplasmic lines, a QTL was
detected on chromosome 6A that control 17% of head number variation in alloplasmic lines.

However two putative QTL residing on group 2 were detected in euplasmic lines for this trait.

In the spring, three major interactions could explain 34% and 57% of head number
variation in alloplasmic and euplasmic lines, respectively. Our data indicates that the majority
of these loci reside on group 7 and 4 of the wheat genome. In fall season, however, different
loci on chromosome 3B were detected that were involved in interaction. Interestingly all of
these major interactions were detected among different loci of the B genome. In euplasmic
populations the major interactions were detected in 4A/2D, 3A/4D, 5A, 6D which can explain

48% of spike number variation.

Methylation profile of nuclear genes altered by plasmon type

To assess the effect of cytoplasm on epigenetic regulation of the nuclear genome, we
compared the methylation pattern of alloplasmic lines with their corresponding euplasmic
lines. Two classes of polymorphic bands were detected in our analysis: i.) Presence of an
amplicon in alloplasmic lines and absence in corresponding euplasmic lines, which indicates
methylated alleles in the euplasmic lines, and ii.) absence of an amplicon in alloplasmic lines
and presence in the euplasmic line, indicating a methylated allele in the alloplasmic line,

possibly the result of a cytoplasmic interaction.
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In total, thirteen bands were detected, isolated and sequenced that showed

polymorphism between alloplasmic and euplasmic lines. Homologous regions could not be

identified for five of these fragments in any species. However, for other eight fragments,

significant homology was identified (Table 2.7). Mapping the positions of EcoRI/Hpall

restriction recognition sites, polymorphic fragments and ESTs on the wheat contigs revealed

that six of these potential methylated sites reside directly on or nearby expressed regions

(Figure 2.4).

Table 2.7. List of the genes for which the methylation pattern was modified by the plasmon

type.

Fragment Lv(egg)t h Homologous sequence E-value Comment*
EHM-2- 509 Triticum aestivum cultivar Carazinho transposon 5e-11 Methylated
EHM-2- 434 Triticum aestivum cytosolic acetyl-CoA carboxylase (Acc-2) 5e-106 Methylated
EHM-2- 232 Hordeum vulgare Mla locus 3e-30 Methylated
EHM-2- 311 Brachypodium distachyonacyl amino-acid-releasing enzyme-like 5e-33 Methylated
EHM-2- 196 Triticum aestivum cultivar Chinese Spring hexose carrier, LR34, 3e-34 Methylated
EHM-3- 603 T. aestivum stress-induced receptor-like kinase Aldu gene 0 Methylated
EHM-3- 150 T. aestivum, malate dehydrogenase, Partial cds 2e-08 Methylated
EHM-3- 613 T. aestivumAWJIL175 (LRR gene family) le-48 Methylated

* Indicates methylation status in comparison to corresponding alloplasmic/euplasmic line. For example “Methylated in

Chris” indicats methylated in euplasmicchris, but unmethylated in alloplasmic (Ae. mutica)Chris and vice versa
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Figure 2.4. Methylated sites annotation. The blue bars indicate the polymorphic fragments
detected in our experiment. Solid black lines represent the contigs showing significant
homology to polymorphic fragments. Restriction recognition sites of both EcoRI and Hpall
enzymes are indicated by purple texts. The position of potential ESTs is represented by red
bars.

Expression analysis of polymorphic methylated genes

To analyze the effect of methylation polymorphism on expression levels, the relative
transcription abundance of five ESTs were investigated. These ESTs include CK194668 (Mla
gene), CD876504 (malate dehydrogenase), CD876463 (cytosolic acetyl-CoA carboxylase),
Aldu gene (CJ564017) and TA53651. From these ESTSs, no expression was detected for the

Mla gene. Expression levels of malate dehydrogenase and cytosolic acetyl-CoA carboxylase
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were comparable between eu- and alloplasmic lines. This suggests that different methylation
profiles in these genes do not affect the transcript level; or, more likely, that expression
alteration occurs in a tissue- or developmental- specific manner. However, drastic down-
regulation (five-fold in SK and 16-fold in Chris) was detected in alloplasmic lines for Aldu
gene (Figure 2.5). Alternately, significant overexpression of TA53651 (contig 1427394) was
detected in both alloplasmic lines relative to their euplasmic lines. This overexpression was
about 1.5-fold compared to euplasmic lines. These alterations in Aldu and TA53651
expressions may indicate the general effect of Ae. mutica cytoplasm on the transcription level

of nuclear genes.
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Figure 2.5. Expression analysis of detected polymorphic methylated genes. Blue bars indicate
the expression level of genes in alloplasmic condition relative to euplasmic expression level
(red bars).

Discussion
Interspecific hybridization has played an important role in the speciation of organisms
in both Plantae and Animalia kingdoms. It is believed that more than 10% of animal and 25%
of plant species experienced interspecific hybridizations during their evolution (MALLET
2005). Neo-allopolyploid species derived from these hybridizations usually show more
adaptive characteristics compared with their parental species. These characteristics enable

them to occupy new niches (MALLET 2007). To elucidate the role of interspecific
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hybridization on speciation, attention has mostly focused on nuclear hybridization (HEGARTY
and Hiscock 2005; MALLET 2005; MALLET 2007). However, interspecific hybridizations
also result in novel nuclear-cytoplasm combinations and it was recently proposed that
cytoplasmic genomes in interaction with nuclear alleles can convey adaptive superiority to
the previously less-adapted species (BUDAR and Roux 2011). From a biological point of
view, the co-evolution of three genomes including nuclear, mitochondria and chloroplast is
critical for the superiority and survival of the organism (RAND et al. 2004; WoODSON and
CHoRY 2008). Hybrids with different degrees of NCI compatibility can emerge as a result of
natural interspecific hybridization (LEVIN 2003). Upon genome stabilization, the survival or
extinction of the new nucleus-cytoplasm hybrids depends upon the magnitude and the nature
of selection pressure, natural or imposed. In most cases, historical hybridizations took place
in a maternal-specific direction, although their reciprocal crosses were possible. This may
indicate the importance of parental cytoplasm in cross-ability or post-zygotic adaptive

characteristics of the progeny.

Production of alloplasmic wheat lines provides the means to study NCI. These lines
possess novel hybrids that enable us to study NCI in a systematic way. A vast portion of these
alloplasmic lines include unique nuclear and cytoplasmic combinations that cannot be studied

in natural populations (MAAN 1992; TSUNEWAKI 2009; TSUNEWAKI et al. 1996).

The current study was devised to elucidate the role of NCI in controlling the major
physiological traits including plant biomass, height and spike number per plant. These traits
have been selected as an indicator of potential heterosis. Furthermore, the effect of plasmon

on epigenetic and expression of nuclear genes was investigated.
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Nuclear genes are interacting with cytoplasm and the environment

We identified that QTL controlling physiological traits are dynamic, affected by both
environment and cytoplasm type. This led us to conclude that cytoplasmic genomes like
environment modify the nuclear gene network controlling these traits in plants. A major QTL
for DMW was detected on chromosome 5A that interacts with cytoplasm type in both
seasons. In previous studies, the Q gene, which is involved in wheat domestication, has been
mapped on the same arm of 5A chromosome (ZHANG et al. 2011). This gene encodes an
AP2-like transcription factor that controls several traits in wheat, including height and head
morphology (SIMONS et al. 2006). It is likely that this gene or other gene(s) involved in wheat
domestication interact with cytoplasm and facilitate the superiority of the organism under
natural or artificial selection. Another QTL that controls DMW in alloplasmic lines in the
spring season was detected on chromosomes 7A and 7D. Interestingly, these QTL did not
express in the euplasmic line in the same growing season. In Arabidopsis lyrata, QTL
analysis in populations derived from reciprocal crosses identified a QTL that improved

fitness in interaction with cytoplasm (LEINONEN et al. 2013).

In alloplasmic conditions, nuclear genes can affect plant vigor in interaction with
mitochondria, chloroplasts, or both organelles. Alterations in nuclear-mitochondrial
interaction can be observed, in most cases, in terms of male fertility/sterility (CHASE 2007;
HANSON and BENTOLILA 2004). Alternately, nucleus-chloroplast interactions affect
photosynthesis efficiency and consequently plant vigor (KUusHNIR et al. 1991; PETER et al.
1999; VANDERME.JP 1974; ZUBKO et al. 2001). In wheat, a QTL associated with a gene
involved in photosynthesis and chlorophyll b accumulation was identified on chromosome
7A (FREEMAN et al. 1987). We suggest that the homeologous QTL on chromosome 7D and
7A or other cytoplasm-associated genes may affect photosynthesis performance and,

consequently, biomass.
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QTL analysis for plant height in the alloplasmic and euplasmic population in different
environmental conditions detected a common region on chromosome 5A. Detection of the
same region in both populations may indicate that the same gene(s) are involved in
controlling plant height, regardless of cytoplasmic type. This QTL on chromosome 5A may
also correspond to the Q gene, which has been shown to have a pleiotropic effect on several
traits (SIMONS et al. 2006). A QTL that controls the height and interacting with cytoplasm
was detected on chromosome 2D and is expressed just in euplasmic conditions in both
seasons. Previous studies showed that almost all of the wheat chromosomes are involved in
governing plant height under different developmental and environmental conditions (Wu et
al. 2010). Among these genetic components, a QTL on chromosome 4A was detected that
had several epistatic interactions with other loci (Wu et al. 2010). In our analysis, a QTL on
chromosome 4A was detected that demonstrated an epistatic interaction in both the euplasmic

and alloplasmic condition.

Epigenetic regulation affected by plasmon type

The results of two-dimensional QTL analysis revealed that the non-additive gene
interaction network is dynamic and depends upon the cytoplasm type (Table 2.5). Non-
additive gene interaction could result from the interaction of heterogeneous regulatory
components or epigenetic regulations (JACKSON and CHEN 2010). In the present study, both
the alloplasmic and euplasmic population segregated for the same sets of nuclear alleles. This
suggests that the observed differences between the alloplasmic and euplasmic populations

might have resulted from an epigenetic regulatory phenomenon, affected by plasmon.

To assess this hypothesis, we conducted a comparative analysis using methylation
profile of parental lines. Our analysis revealed that the plasmon alteration can affect the
methylation profile of the nuclear genes. Most of the differentially detected methylated genes

belong to stress-responsive and energy production pathways. It has previously been shown
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that stress-responsive genes are mostly expressed in a non-additive manner in polyploids
(WANG et al. 2006). This non-additive expression pattern was suggested to result from a
pronounced epigenetic regulation (JACKSON and CHEN 2010). Recently, a genome-wide
epigenomic study among Arabidopsis accessions also revealed that stress-responsive genes
are under a high level of methylation regulation (SCHMITZ et al. 2013). Based on our analysis,
a fraction of genes involved in plant defense can be epigenetically regulated by the signals
that originate from organelles (Table 2.6). It was previously shown that replacing the
plasmon with an alien counterpart affects the resistance level of alloplasmic lines
(DHITAPHICHIT et al. 1989; KEANE and JONES 1990; WASHINGTON and MAAN 1974;
WORLAND et al. 1987). These modifications of the resistance levels may be the result of

changes in the methylation profile of stress-responsive genes.

One of the genes detected as a potential target for cytoplasmic methylation regulation
was Malate dehydrogenase (MDH). Several isoforms of this enzyme exist in plant cells
(MILLER et al. 1998). One isoform is located in the mitochondria, which is involved in the
citric acid cycle. Another isoform is present in the chloroplast and is important for
maintaining the redox equivalent balance between stroma and cytosol. The cytosolic form
assists the malate-aspartate shuttle, and the peroxisomic form is involved in B-oxidation
(MILLER et al. 1998). Interestingly, it was shown that in transgenic tomato plants, down-
regulation of the mitochondrial MDH is associated with enhancement of photosynthetic
performance and growth (NUNES-NESI et al. 2005). The role of this gene in photosynthetic
performance and growth of (Ae.mutica) Chris lines is a topic of investigation for further

study.

In the present study, the methylation profile of cytosolic acetyl-CoA carboxylase
(Acc-2) was also altered in the alloplasmic lines. This enzyme is involved in fatty acid

elongation and flavonoid biosynthesis (PoDKOWINSKI et al. 2003). It is believed that the
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cytosolic and plastid isoforms of acetyl-CoA carboxylase have a critical role in carbon flux
from photosynthesis to synthesis of primary and secondary metabolites (PODKOWINSKI et al.

2003).

Detecting these genes as potential methylation sites may indicate the presence of a
strict co-regulation between retrograde and anterograde signaling pathways in the cells. In
this co-regulation process, changing the plasmon type will affect the methylation profile of

organelle-targeted nuclear genes via a retrograde signaling pathway.

Modification in methylation affects the expression level

Our expression analysis showed that the expression levels of two polymorphic
methylated regions were significantly modified in alloplasmic lines (Figure 2.4).
Interestingly, the methylated alleles (epialleles) were associated with the higher expressions
of overlapped EST. Recent evidences suggest that the CG methylation in the gene body is
positively correlated with the expression level (KuLis et al. 2012; ScHmITZ et al. 2013). This
observation can explain the higher expression of Aldu and TA53651 in euplasmic and

alloplasmic lines, respectively.

Although polymorphic epialleles have been found in malate dehydrogenase and
cytosolic acetyl-CoA carboxylase (Table 2.6), no expression differences were detected
between them. Both of these genes are presented as a gene family (MILLER et al. 1998;
PobkowINsKI et al. 2003) and their expression has been shown to be tissue-specific (HAWKE
and LEecH 1987; O'HARA et al. 2002; THELEN et al. 2001). It is possible that methylation
differentiation does not have any effect on these genes, or more likely the expression
difference cannot be detected in particular tissue. More specific expression analysis seems

necessary to provide more resolution for these two genes
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GENERAL CONCLUSION
Increasing genotypic diversity is one of the crucial requirements for sustainable wheat
breeding programs. Organelles, including chloroplast and mitochondria, have their own
genomes. These genomes can be considered a source of additional genetic diversity to
existing nuclear genome diversity. However, systemic analyses need to be conducted to
characterize this genetic diversity in cytoplasmic components, and to characterize the

differential effects those components impart.

Our first experiment was conducted to characterize the mitochondrial diversity among
Triticum-Aegilops species. We chose the ATP6 gene sequence for our analysis because it
resides on a recombination-active site of the mitochondrial genome. In this analysis, we have
shown that cytoplasmic diversity is very narrow among hexaploid and emmer wheat lines.
The narrow germplasm base of the mitochondria is a limiting factor for further selection and
improvement of wheat cytoplasmic genome breeding efforts. Alternatively, significant
diversity was detected in mitochondrial genomes of wheat wild relatives, including Aegilops
species. This diversity can be introduced into wheat cultivars via a recurrent backcross
method. In this crossing methodology, the wild species needs be the female parent, followed
by recurrent backcrossing with the wheat cultivar as the male parent. The end product of this
procedure is considered as an “alloplasmic” line that can be further utilized in breeding or
pre-breeding programs. In this analysis, we concluded that two general forces drive
mitochondrial genome diversity. These forces include genomic rearrangements that can be
associated with gene duplication (such as the ATP6 gene in different species) and point
mutations, which further diversify cytoplasmic genomes. Our data showed that strong
positive selection occurs in the ATP6 gene region, indicating the likely importance of this
gene in the evolution of mitochondria and the consequent wheat species. Further analysis,

however, is necessary to investigate the evolutionary trajectory of this crucial gene in other
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species. Ancestral lines of some species also were identified based on the phylogenetic
relationships of the ATP6 sequence. These evolutionary relationships help us improve our

understanding of wheat cytoplasm evolution and its diversification during domestication.

Our second experiment showed that the cytoplasmic diversity existing in wheat
alloplasmic lines affects phenotypic diversity observed among those lines. Several traits were
identified that can be altered by the introduction of an alien cytoplasm. Plant height, head
number and dry matter weight are among the traits that are greatly affected by cytoplasmic
genomes. These effects are controlled via interactions between nuclear and cytoplasmic
alleles. In one of the cases, alloplasmic lines with Chris nuclei and Ae. mutica cytoplasm
demonstrated drastic effects on the observed traits. However, no such effect was observed in

the Selkirk cultivars having the same cytoplasm.

To further elucidate the genetic mechanism of this interaction, we employed an
integrative approach including genomic scan (QTL analysis), epigenetic (methylation
polymorphism) and transcription (QPCR) analysis. In the QTL analysis, we identified a QTL
on the long arm of chromosome 5A that affects several traits via interaction with Ae. mutica
cytoplasm. We postulate this QTL is related to the Q gene, which is involved in wheat
domestication. The Q gene was characterized previously as a transcription factor that controls
several traits, including height and spike morphology. This gene could facilitate the
domestication of wheat in coordination with cytoplasmic genomes. However, this hypothesis

needs to be addressed in future experiments.

We also showed that cytoplasm substitution is associated with changes in genome
methylation profiles. Several genes were detected as targets for cytoplasm-originated
methylation polymorphism. Interestingly, the majority of these genes are categorized as

organelle-targeted genes. This finding indicates the existence of a highly controlled
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communication between organelles and nuclear genes. In this cross-talk, organelles regulate

the methylation pattern of nuclear-encoded organelle-targeted genes.

Furthermore, several stress-responsive genes were detected based upon a changing
methylation profile in response to cytoplasm replacement. Mitochondria and chloroplasts are
the primary sources for environmental stimuli perception. These organelles can trigger a set
of nuclear genes by a retrograde signaling pathway. Our findings revealed that methylation

modification of stress-responsive genes can be a part of this retrograde signaling.

Our investigation in transcriptome level proved that modification in methylation
affects the expression pattern of target genes. In a most extreme case, the expression of the
Aldu gene was shown to be drastically down-regulated in alloplasmic lines with Ae. mutica

cytoplasm.

In general, our research revealed that a wide range of cytoplasmic diversity exists in
wild relatives of wheat. Introgression of this diversity into present wheat cultivars may be

beneficial toward improving wheat germplasm and for the development of superior cultivars.
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