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ABSTRACT 

Interactions Between the Organellar Pol1A, Pol1B, and Twinkle DNA Replication 
Proteins and Their Role in Plant Organelle DNA Replication 

Stewart Anthony Morley 
Department of Microbiology and Molecular Biology, BYU 

Doctor of Philosophy 

Plants maintain organelle genomes that are descended from ancient microbes. 
Ages ago, these ancient microbes were engulfed by larger cells, beginning a process of 
co-evolution we now call the endo-symbiotic theory. Over time, DNA from the 
engulfed microbe was transferred to the genome of the larger engulfing cell, eventually 
losing the ability to be free-living, and establishing a permanent residency in the larger 
cell. Similarly, the larger cell came to rely so much on the microbe it had engulfed, that 
it too lost its ability to survive without it. Thus, mitochondria and plastids were born. 
Nearly all multicellular eukaryotes possess mitochondria; however, different 
evolutionary pressures have created drastically different genomes in plants versus 
animals. For one, animals have very compact, efficient mitochondrial genomes, with 
about 97% of the DNA coding for genes. These genomes are very consistent in size 
across different animal species. Plants, on the other hand, have mitochondrial genomes 
10 to more than 100 times as large as animal mitochondrial genomes. 

Plants also use a variety of mechanisms to replicate and maintain their DNA. 
Central to these mechanisms are nuclear-encoded, organelle targeted replication 
proteins. To date, there are two DNA polymerases that have been identified in plant 
mitochondria and chloroplasts, Pol1A and Pol1B. There is also a DNA helicase-primase 
that localizes to mitochondria and chloroplasts called Twinkle, which has similarities to 
the gp4 protein from T7 phage. In this dissertation, we discuss the roles of the 
polymerases and the effects of mutating the Pol1A and Pol1B genes respectively. We 
show that organelle genome copy number decreases slightly and over time but with 
little effect on plant development. We also detail the interactions between Twinkle and 
Pol1A or Pol1B. Plants possess the same organellar proteins found in animal 
mitochondria, which are homologs to T7 phage DNA replication proteins. We show 
that similar to animals and some phage, plants utilize the same proteins in similar 
interactions to form the basis of a DNA replisome. However, we also show that plants 
mutated for Twinkle protein show no discernable growth defects, suggesting there are 
alternative replication mechanisms available to plant mitochondria that are not 
accessible in animals. 
Keywords: Arabidopsis, DNA replication, plant organelles, DNA polymerase, DNA 
helicase-primase, qPCR, yeast-two-hybrid 
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CHAPTER 1: Introduction 

Discovery of the organelles 

 In 1665 Robert Hooke became the first person to observe cells with a simple 

microscope.1 Almost one hundred and fifty years later in 1804 Franz Bauer described 

the discovery of the first observed organelle, the nucleus.2 Finally, it would take nearly 

eighty more years before Richard Altmann would publish and describe what he called 

“bio-blasts” in 1890 or what we now call mitochondria.3 Around the same time in 1883 

A. F. W. Schimper described “chloroplastids”, what we now know as chloroplasts.4 

Today it’s common knowledge that nearly all eukaryotes possess mitochondria. 

Using the citric acid cycle5 and oxidative electron transport chain6 these organelles 

produce ATP, which the cells use as a main source of energy. In addition to 

mitochondria, plant possess chloroplasts which serve a similar but slightly different 

role. Chloroplasts turn light energy into chemical energy via photosynthesis and fix 

carbon into sugars using the Calvin cycle.7 These seemingly simple discoveries were 

extremely important to our understanding of cell physiology; however, there was still a 

major discovery to be made. This was the discovery of organellar DNA in mitochondria 

and chloroplasts (mtDNA and ctDNA respectively).8,9 

Evolutionary origins of each organelle  

Once we knew mitochondria and chloroplasts possess their own unique DNA 

two crucial questions arose: Why do organelles have their own DNA and where does it 
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come from? The answer to these questions takes shape in the endosymbiotic theory first 

proposed by Konstantin Mereschkowski in 190510. This theory states that through 

endosymbiosis, a larger cell engulfed a smaller one and rather than destroying it, 

developed a symbiotic relationship with it. Over time, more and more DNA from the 

smaller engulfed cell was shuttled to the nucleus of the larger cell until it eventually lost 

the ability to be free living, transforming into an organelle. Likewise, the larger cell 

became so dependent on the smaller engulfed cell that it too could not survive without 

it. This theory was developed before knowing these organelles contained DNA, a 

remarkable achievement. 

 In general terms, mitochondria are descendants of ancient proteobacteria and 

cyanobacteria, respectively.11,12 Access to DNA sequence data of chloroplasts and 

mitochondria provide more insight into the endosymbiotic theory. Based on 

phylogenetic data, mitochondria are thought to be descendants of Rickettsiales.13 

Rickettsiales is an order of small alphaproteobacteria that form endosymbionts with 

eukaryotic cells. Culturing Rickettsiales is difficult, as they require a eukaryotic host to 

survive. Furthermore, microbes in the Rickettsiales order actively undergo genome 

reduction of their already relatively small genome (<1.5 Mbp).14 These facts provide 

strong support that Rickettsiales represents an ancient ancestor of modern mitochondria. 

Chloroplast origins are more complicated. Currently, scientists believe there are 

three lineages of chloroplast that split from one endosymbiotic event; Glaucophyta, 
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Rhodophyceae, and Chloroplastida.15,16 Glaucophytes form the smallest of the three lineages, 

consisting of freshwater algae and is also thought to be the first group to branch off.17 

Rhodophytes consist of a diverse group of red algae whose chloroplasts are also called 

rhodoplasts, translating literally to “red chloroplasts.” Although a major lineage of 

chloroplasts, Rhodophytes do not represent any of the chloroplasts found in plants.18 

Plant chloroplasts are represented by Chloroplastida, the largest and most diverse 

lineage. Host organisms for Chloroplastida include green algae and land plants. In 

general, chloroplast discussions revolve around the Chloroplastida lineage.19 

DNA replication in plant and animal organelles 

Genome size 

 Endosymbionts are subject to genome modification via the following processes: 

mutation, selection, genetic drift, and recombination.20 Almost all endosymbionts have 

their genomes reduced in size as genetic material gets transferred to the nucleus of the 

host organism. This has been observed in many bacterial species21,22 and other studies 

show that reduction of the endosymbionts’ genome can promote gene transfer to the 

nucleus.23 

The same process has occurred in eukaryotic mitochondria and chloroplasts. 

However, mitochondrial genomes in plants have evolved almost in complete contrast to 

animal mitochondrial genomes (Figure 1-1). Most animal mitochondrial genomes are 

roughly 16 kb in size and seem to have been selected for the economy of their small 
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size.24 The number of DNA copies per organelle varies from study to study. Older 

estimates place as many as 10 copies per organelle25 whereas more recent data suggests 

it may be as low as 1.26 Regardless of the actual number, mitochondrial genome copy 

number is thought to be tightly regulated in animal cells.27 

In contrast, plant mitochondrial genomes are not only much bigger, but can vary 

in size from species to species. Sizes of plant mitochondrial genomes range from 187 to 

2400 kb in size28 and the number of copies per organelle varies widely based on tissue 

type, development, and in some cases, researcher opinion. One study observed certain 

tissues possessed less than 1 genome copy per mitochondrion whereas other tissues 

contained over 100 per organelle.29 The same study also noted that as the plants 

developed, mtDNA levels declined. However, contrary to this study, a separate 

publication found that genome copies per mitochondrion varied between 40 in young 

leaves to 280 in mature leaves in Nicotiana tabacum.30 Consistent in all of these studies is 

a higher concentration of genome copies per mitochondrion in root tip tissues than in 

other parts of the plant. The high variance in size and copy number of plant mtDNA 

suggests that these genomes evolved over a much longer period of time than their 

animal counterparts. Although the exact copy number appears to vary widely, we can 

safely assert that plants maintain much higher genome copy number per mitochondrion 

than animals. Why plants maintain such large mitochondrial genomes at such high 

levels is still a subject of debate, with no clear answer. 



5 
 

 
Figure 1-1. Nuclear and organelle genome sizes among different organisms. Mitochondrial 
genomes among animals are compact and remarkably similar in size; ~16.5 kb. Plants however 
have mitochondrial genomes that dwarf those found in animals and vary in size from species to 
species. Chloroplast genomes vary less in size from organism to organism but still are relatively 
large compared to animal mitochondrial genomes. Organelle genome sizes are independent of 
nuclear genome size. 

 
Compared to mitochondria, chloroplast genomes are fairly uniform ranging 

between 120 and 160 kb in size with some exceptions as large as 2000 kb.31,32 This 

uniformity indicates that genome reduction in chloroplasts took place in a relatively 
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short period of time soon after endosymbiosis.33 Genome copy numbers for chloroplasts 

seem to be more related to plastid size rather than tissue type. Genome copy number 

estimates per chloroplast range anywhere from several hundred to nearly two thousand 

per organelle.34,35 Substantial evidence has also shown that as plants age, ctDNA levels 

decline.36-39  

Genome structure and content 

The coding content of plant versus animal organelles varies significantly. For the 

most part, animal mtDNA possesses the same 37 genes; two for rRNAs, 13 for proteins 

and 22 for tRNAs (Table 1-1).24 All 37 of these genes possess homologs in plants, fungi, 

and protists. To date, mtDNA gene content among animals only varies in nematodes,40 

a bivalve,41 and cnidarians.42 In these exceptions, there have been losses and gains of 

different mitochondrial genes, mostly tRNA genes. 

In contrast to animals, plant mtDNA also contains many more genes and large 

portions of non-coding or undefined DNA.43 A typical plant mitochondrial genome 

encodes anywhere between 50 and 100 genes (Table 1-1)44 but this does not account for 

the large size of the genomes we observe. The amount of non-coding DNA in plant 

mitochondria can vary widely but in general nearly half cannot be assigned a function.45 

Much of this non-coding DNA is made up of introns, repeats, and duplications of 

regions of the genome.43 The known genes consist of rRNA and tRNA genes as well as 

subunits for oxidative phosphorylation chain complexes.46 Considering the harsh 
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selection animals made toward compact mitochondrial genomes, it’s interesting to 

observe how plants seemingly maintained or even duplicated introns in theirs. This 

includes small non-coding DNA repeats found throughout plant mitochondrial 

genomes. These small repeats can often undergo expansion, duplicating themselves 

multiple times. The leading hypothesis explaining this phenomenon suggests a bias in 

conserving genes to keep mutation rates low, whereas break-induced replication in 

noncoding regions explains expansion and rearrangements.47  

In general, genes are conserved in most chloroplast genomes. For the most part 

these consist of rRNA, tRNA, and genes involved in photosynthesis (Table 1-1).31,32 Loss 

of genes seems to be the only difference in gene content when comparing genomes. In 

these cases, essential genes have been lost from the chloroplast genome and transferred 

to the nucleus. Considering the three lineages of chloroplast genomes, it’s interesting to 

observe the relatively conserved number and type of genes found in these genomes. 

Such patterns suggest key genes are crucial to maintaining multi-subunit complexes or 

that significant barriers exist to transporting them outside the organelle environment.  
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Table 1-1. Genome size and content of model plants, fungi, algae, and animals 
Species mtDNA genome size Genes encoded Ref. 
  Protein rRNA tRNA 
Land Plants      
Arabidopsis thaliana 366,924 33/117* 3 21 48 
Beta Vulgaris 368,801 27/140* 5 26 49 
Brassica rapa 219,747 34/78* 3 18 50 
Glycine Max 402,558 36/88* 3 19 51 
Gossypium raimondii 676,078 39 6 30 52 
Nicotiana tabacum 430,597 37/156* 4 23 53 
Oryza sativa 491,515 33/54* 6 33 54 
Triticum aestivum 452,528 35/39* 9 25 55 
Zea Mays 569,630 39/163* 4 29 56 
      
Fungi      
Ashbya gossypii 23,564 8 2 23 57 
Neurospora crassa 64,840 22/28* - 28 58 
Saccharomyces cerevisiae 78,917 8 2 24 59 
Schizosaccharomyces pombe 19,431 6/10* 2 25 60 
      
Algae      
Chlamydomonas reinhardtii 15,758 8 14 3 61 
Dictyostelium discoideum 55,564 33/42* 2 18 62 
      
Animal      
Homo sapiens 16,569 13 2 22 63 
Mus Musculus 16,299 13 2 22 64 
*Includes predicted/hypothetical genes that have not been annotated or reviewed. 

 

Animal mtDNA consists of a singular circular molecule65 and is very gene dense, 

with about 97% of the DNA coding for functional genes.63,66 In most animals, the small 

non-coding region is a control region that has important elements to regulate DNA 

replication and gene transcription.67 One large exception to these norms can be seen in 

non-bilaterian animals, which possess large segments of non-coding DNA as well as 

varying levels of linear and circular DNA molecules.66 
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Although plant mitochondrial genomes are mapped as circular molecules 

(sometimes called master circles), circular molecules equal to a genome equivalent have 

only been observed in cultured liverwort cells.68 Typically, plant mtDNA is observed 

primarily as large sub-genomic linear molecules. Other structures found in lower 

abundance include lariats, rosette like structures, catenane molecules, and branched 

linear molecules.69-71 When observed on a pulsed field gel, a large collection of plant 

mitochondrial DNA remains locked in highly complex arrangements.72 Viewed by 

electron microscopy, these complex arrangements form DNA ‘rosettes’  and branched 

molecules indicating high levels of recombination. Other high molecular weight plant 

mtDNA simply does not enter the gel at all and has been theorized to be relaxed circle 

DNA, other replication intermediates, or DNA somehow bound to a matrix of other 

materials. 

Plant mtDNA is also subject to much more rearrangement due to the many 

repeat regions found throughout the genome.73 An example of this can be observed in 

Arabidopsis thaliana ecotypes Col-0 and C24. These two ecotypes have genetically 

identical mitochondrial genomes, but arrange their genes in different orders. 

Interestingly, this rearrangement occurred recently, only 200,000 years ago.47 Despite 

the high rate of rearrangement in plant mtDNA, the mutation rates of these genomes 

are extremely low. This is directly contrary to patterns observed in humans and 

animals, in which the mutation rate in the mitochondrial genome is high enough that 
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different ethnicities and population can be tracked completely through sequencing of 

the mitochondrial genome. This pattern of strict gene arrangement and no 

recombination is maintained throughout the animal kingdom.74 

Chloroplast genomes are much simpler and exist primarily as homogeneous 

closed circle DNA molecules.75,76 A small portion of these molecules exist as circular 

dimers.77 One exception to these observations can be seen among two species of brown 

algae.78 These organisms display a collection of circular chloroplast molecules that differ 

in size. The hypothesis in this instance is that the collection of these heterogeneous 

molecules make up the entirety of the chloroplast genome of these brown algae.  

Most chloroplast genomes possess a large inverted repeat. In spinach, lettuce, 

and corn, this repeat is between 22–24 kb in length, nearly 16% of the chloroplast 

genome.77 Studies have shown that when this repeat is removed there are more 

recombination events and fewer nucleotide substitution events.79,80 Therefore, these 

large inverted repeats are thought to be used by the chloroplasts as a way to maintain 

fidelity, and correct mutations or errors in replicated DNA. 

Genome replication mechanisms 

In animal mitochondria 

Several modes of DNA replication in animals have been proposed (Figure 1-2). 

These include rolling circle, theta replication, strand-displacement, and RITOLS 

(Ribonucleotide Incorporation ThroughOut the Lagging Strand)/bootlace.81 Rolling 
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circle replication assures efficient reproduction of genomes exploiting a bacteriophage-

like mechanism. However, amongst animals only nematode worms have been observed 

employing rolling circle DNA replication in mitochondria.82 Theta replication can be 

commonly observed among other invertebrates and was first characterized in Drosophila 

melanogaster. 

 

Figure 1-2. Replication methods of mitochondrial and chloroplast DNA. (A) Rolling circle 
replication involves unidirectional replication after DNA nicking of one strand of DNA. DNA 
replication continues along the circular molecule displacing the nicked strand. Upon reaching 
the initial start site, the displaced strand may be nicked and ligated to form a new single stranded 
circular molecule or synthesis may continue, creating a linear concatemeric molecule which is 
later converted into multiple single stranded circular copies of the parent molecule. (B) Similar 
to rolling circle replication, Displacement loop replication proceeds unidirectionally by first 
displacing one of the strands of DNA. Unlike rolling circle, the displaced strand is not nicked 
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and maintains its circular form. Upon synthesizing a certain portion of the genome (commonly 
2/3) a second origin site is revealed that allows synthesis in the opposite direction. By the time 
the first double stranded DNA molecule is finished, synthesis on the parent strand is still 
completing. Once replication reaches the initial start site, the parent strand is displaced as a 
single stranded circular DNA molecule. The single stranded circular molecules formed by rolling 
circle and displacement loop replication are later turned into double stranded copies by DNA 
replication machinery. (C) Recombination Driven Replication involves the use of many linear 
and circular pieces of DNA that share homology. These pieces recombine to form branched linear 
and “rosette” like intermediates that are copied and replicated by DNA machinery. (D) Electron 
Micrograph image of DNA forming a “rosette” as a result of recombination. (E) Theta 
replication is so named because of the intermediate it forms as a result of bi-directional DNA 
replication. Replication initiates bi-directionally at an origin of replication, forming two 
replication forks. When these replication forks meet, the two double stranded circular molecules 
are separated. (F) The RITOLS (Ribonucleotide Incorporation ThroughOut the Lagging 
Strand)/Bootlace strategy of replication involves the lagging strand of a replication fork. While 
the leading strand replicates normally, pre-synthesized RNA molecules hybridize to the lagging 
strand of DNA. Gaps are filled in and the primers removed by DNA replication machinery. 
 

In nearly all vertebrate animals, mitochondrial DNA is replicated via a 

mechanism called strand-displacement replication, commonly referred to as D-loop 

displacement. In this method, a single strand of DNA is displaced as replication 

proceeds. When nearly two thirds of the molecule is replicated, the site for lagging 

strand synthesis is revealed and initiates.83 Simultaneous replication forks have also 

been observed. Replication via strand displacement or D-loop displacement always 

initiates from the non-coding control region of animal mtDNA. 

RITOLS/bootlace replication is another form of strand displacement replication 

that involves a unique and rather odd mechanism. RITOLS was coined after scientists 

observed replication intermediates that were resistant to DNA endonucleases but 

sensitive to RNaseH.84 Later, they found that a substantial amount of RNA was present 
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in these replication intermediates.85 Thus they proposed that pre-synthesized RNAs 

hybridized to the lagging strand of DNA synthesis rather than being synthesized 

concomitantly with the leading strand. These RNAs hybridize to ensure there are no 

gaps of single stranded DNA. 

In all of the above mentioned cases animals utilize a simple minimal DNA 

replisome. This replisome has been reconstituted in vitro and is made up of DNA 

helicase TWINKLE, and DNA polymerase POL γ.86 Together, these two enzymes are 

fairly processive and can create molecules about 2kb in length. The addition of single 

strand binding protein to TWINKLE and POL γ increases the processivity of this 

replisome to create genome sized molecules of 16 kb. 

In plant mitochondria 

Plants most likely use multiple mechanisms within the same mitochondrion due 

to the complex structure of their mtDNA. The structure of plant mitochondrial DNA 

makes strand displacement or D-loop replication implausible although there is one 

instance of this mechanism observed in petunia flowers.87 Rolling circle replication has 

also been observed in Chenopodium album suggesting there may be more widespread use 

in other plants as well.88,89 The main difference that distinguishes plants from animals is 

the use of recombination to initiate DNA replication. In contrast to animals which 

always begin replicating mtDNA in the non-coding control region of the genome, we 

cannot predict where mitochondrial DNA replication initiates in plants. This is due to 
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the large amount of non-coding DNA, repeat regions, and complex replication 

intermediates frequently observed in plants. Because of this, many scientists 

hypothesize that the main mechanisms plants use for mtDNA comes from a 

combination of recombination driven replication (RDR) and recombination 

independent rolling circle replication. 

The polymerases used to replicate plant mtDNA are low-fidelity DNA 

polymerases. Interestingly, despite their low-fidelity and the propensity of plant 

mitochondrial genome to undergo frequent rearrangements, plant mtDNA remains 

remarkably resistant to mutations in coding regions. This could be due to multiple 

DNA replication strategies and mechanisms that are not present in animal 

mitochondria, which use only one set of enzymes. The complexity of plant mtDNA 

replication may actually serve as a boon to the plant, allowing multiple synthesis and 

repair pathways to correct mutations. 

The size, complexity, and variation of plant mtDNA from species to species make 

it difficult to clearly define essential replication mechanisms. A lack of mutants and 

easily accessible genetics make certain details such as recombination machinery, 

initiations sites, and DNA replisome proteins vague and unclear. 

In plant chloroplasts 

ctDNA replication is much less complicated and better understood than plant 

mitochondrial DNA replication. Chloroplasts utilize a double displacement loop 
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strategy to initiate DNA replication.90 The two displacement loops begin on opposite 

strands and begin replicating unidirectionally towards each other until they meet. At 

this point the displacement loops fuse forming a Cairns or theta structure and DNA 

replication continues bidirectionally until two daughter molecules are created. 

Some exceptions to the double D-loop replication model exist but they do not 

involve complicated recombination, rolling circle, or branched linear structures we see 

in plant mitochondria. For example, Chlamydomonas and Oenothera possess two 

displacement loops, but discontinuous DNA replication begins shortly after initiation 

rather than after the fusion of the two D-loops.91,92 Euglena possesses only one origin of 

replication site and appears to replicate bidirectionally from this site rather than 

forming two displacement loops.93 

Similarity to T7 bacteriophage 

T7 phage replicates DNA with a simple DNA replisome (Figure 1-3) consisting of 

proteins gp5 (T7 DNA polymerase), gp4 (DNA helicase/primase) and gp2.5 (DNA 

single stranded binding protein). E. coli thioredoxin also binds to gp5 to increase the 

processivity of the enzyme.94 Animal mitochondria use a similar system consisting of 

DNA POL γ, TWINKLE, and SSB1 protein.95 Since plant organelles possess the same 

proteins, one could logically assume that the same replisome is tasked with maintaining 

and replicating DNA in chloroplasts and plant mitochondria. However, while Twinkle 

knockouts in animals cause embryo lethal effects, Twinkle knockouts in plants lead to 
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no distinguishable phenotype. Genome copy numbers in organelles also remain 

unchanged. This presents a fatal flaw to the idea that a Twinkle-Pol1A/B replisome is 

the main driver of DNA synthesis in plant organelles. This also highlights the likelihood 

of plants utilizing multiple methods to replicate organellar DNA rather than a 

dependence on one mechanism.  

 
Figure 1-3. Minimal DNA replisome of T7 phage. There are four proteins involved in the 
minimal DNA replisome of T7 phage. These are; gp5 DNA polymerase, gp4 DNA 
helicase/primase, gp2.5 single stranded binding protein, and E. coli thioredoxin. Thioredoxin is 
the only host protein involved in this replisome and binds to gp5. Without thioredoxin, gp5 loses 
processivity. 
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Organelle DNA replication proteins 

 Table 1-2 summarizes the necessary proteins and functions required for DNA 

replication and maintenance in plant organelles. 

Table 1-2. Proteins involved in organellar DNA replication in Arabiodpsis thaliana 
Function Protein Name TAIR Homology Localization* Ref. 
DNA 
polymerase 

Pol1A or Pol 
gamma 2 

At1g50840 Bacterial M, P 96-98 

 Pol1B or Pol 
gamma 2 

At3g20540 Bacterial M, P 96-98 

Helicase Twinkle At1g30680 Phage M, P 99,100 
 DNA2 At1g08840 Mammalian ? 101,102 
Priming Twinkle At1g30680 Phage M, P 99,100 
 RNA polymerase: 

  RpoT1 
  RpoT2 
  RpoT3 
  rpoA 
  rpoB 
  rpoC1 
  rpoC2 

 
At1g68990 
At5g15700 
At2g24120 
AtCg00740 
AtCg00190 
AtCg00180 
AtCg00170 

 
Phage 
Phage 
Phage 
Bacterial 
Bacterial 
Bacterial 
Bacterial 

 
M 
M, P 
P 
P 
P 
P 
P 

103-106 

Primer Removal RNaseH 
AtRNH1B 
AtRNH1C 
EXO1 
EXO2 

 
At5g51080 
At1g24090 
? 
? 

 
Bacterial 
Bacterial 

 
M, P 
P 

 
107 
107 
108 
108 

ssDNA binding, 
recombination 
monitoring 

SSB1 At4g11060 Bacterial M, P 46,109 

 SSB2 At3g18580 Bacterial M 46 
 OSB1 At3g18580 Bacterial-like, 

but unique to 
plants 

M 110 

 OSB2 At4g20010 Unique to plants P 46 
 OSB3 At5g44785 Unique to plants M, P 104,110 
 OSB4 At1g31010 Unique to plants M 110 
 WHY1 At1g14410 Unique to plants P 111-113 
 WHY2 At1g71260 Unique to plants M 111-113 
 WHY3 At2g02740 Unique to plants P 111-113 
 ODB1 At1g71310  M, N?  
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 ODB2 At5g47870  P, N?  
Recombination RecA1 At1g79050 Bacterial P 114 
 RecA2 At2g19490 Bacterial M, P 114 
 RecA3 At3g10140 Bacterial M 114,115 
 MSH1 At3g24320 Bacterial M, P 116 
Topoisomerase Topoisomerase I At4g31210 Bacterial M, P 104 
 DNA Gyrase A At3g10690 Bacterial M, P 117 
 DNA Gyrase B1 At3g10270 Bacterial P 117 
 DNA Gyrase B2 At5g04130 Bacterial M 117 
 DNA Gyrase B3 At5g04110 Eukaryotic N 117 
Ligation LIG1 At1g08130 Bacterial M, N 46 
* Localization to M (mitochondria) or P (plastids) 

 

Key functions required for DNA replication in plant organelles include; 

polymerization, DNA unwinding, priming, strand separation, recombination, and 

ligation. These functions are carried out by nuclear encoded proteins that target to 

either the mitochondria, chloroplasts, or both. For the sake of simplicity we will only 

discuss those replication proteins described in Arabidopsis as homologs exist in all 

vascular plants. 

An interesting point to mention is that DNA replication proteins in plant 

organelles have interesting ancestral sources. For example, the DNA polymerases are 

bacterial in origin, however Twinkle DNA helicase-primase and RNA polymerases are 

phage-like. Other proteins like the Whirly class of single strand DNA binding proteins 

are unique to plants. Thus we see an interesting mosaic of proteins from different clades 

of life involved in replicating organellar DNA. 
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Polymerization 

To date, two organellar DNA polymerases have been discovered in both 

mitochondria and chloroplasts. The nomenclature of these plant organellar DNA 

polymerases has a convoluted history. Initially, they were called Polymerase gamma 2 

and 1, in reference to human mitochondrial DNA POL γ.118 However, further studies 

disputed this characterization and found they had more in common with bacterial DNA 

polymerase I; so they are also commonly referred to as Pol1A and Pol1B.119 

Furthermore, other studies frequently refer to these proteins as plant organellar DNA 

polymerases, or POPs.120 Thus, we have three different names for the same protein. We 

will refer to the proteins as DNA polymerase 1A and 1B. These are the only DNA 

polymerases known to function within the chloroplasts and mitochondria in plants. 

When comparing Arabidopsis Pol1A and Pol1B with E. coli DNA polymerase I, 

several notable structural differences can be observed. The most obvious is that the 

plant polymerases lack a 5’-3’ exonuclease domain present in E. coli DNA polymerase I. 

In its place is a long sequence of amino acids with no functional assignment. It is 

possible that as plants evolved this 5’-3’ exonuclease function became irrelevant and 

was not maintained as mutations accumulated in this domain of the polymerases. The 

second difference between the plant and bacterial DNA polymerases is a stretch of 

amino acids that has been inserted between the 3’-5’ exonuclease domain and the 

polymerase domain. 
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Although Pol1A and Pol1B are very similar to each other, notable differences 

between the two have been observed. Pol1B knockouts grow slightly slower and have 

fewer genome copy numbers per organelle than Pol1A knockouts.121 Additionally, 

Pol1B mutants show increased sensitivity to double stranded DNA breaks.119 However, 

recent studies show that Pol1A replicates DNA with more fidelity and has an increased 

ability to displace DNA when replicating over short single stranded gaps of DNA.122,123 

When determining the importance of each polymerase, these two findings seem to 

contradict each other. The growth delay and lower genome copy numbers in Pol1B 

mutants suggests Pol1B is more essential to DNA replication, however the greater 

fidelity and strand displacement displayed by Pol1A goes contrary to this statement. It’s 

important to note that a double mutant for both DNA polymerases has not successfully 

been created and is seed lethal. However, heterozygous plants containing a single copy 

of either Pol1A or Pol1B are able to grow to maturity. In summary, it appears that 

Pol1A is a more processive DNA polymerase than Pol1B, which is more involved in 

DNA damage repair. This conclusion is somewhat circumstantial, as this hypothesis has 

not been directly tested in a singular study.  

Pol1A and Pol1B are processive enough to replicate an entire genome equivalent 

in both mitochondria and chloroplasts.119,124 They are much more processive than E. coli 

DNA polymerase I which is involved mostly in Okazaki fragment processing and DNA 

repair and cannot replicate much more than several dozen bases.125 Interestingly, 



21 
 

recombinant versions of E. coli DNA polymerase I that are able to bind thioredoxin 

display a dramatic increase in processivity.126 This increase in processivity mimics the 

behavior of T7 DNA polymerase (gp5) which binds thioredoxin to improve 

processivity. Plant organelle DNA polymerases may also bind thioredoxin to achieve 

high processivity, although this has yet to be shown. If the plant enzymes bind 

thioredoxin it would also help explain why they are so much more processive than their 

cousin found in E coli. 

Both Pol1A and Pol1B are able to bypass DNA lesions and continue replicating 

DNA. Typically, translesion bypass DNA polymerases do not replicate DNA with great 

fidelity, for example POLQ DNA polymerase in humans makes an error approximately 

every 200 bases and many yeast translesion DNA polymerases have error rates even 

higher than this.127,128 For comparison, human POLG makes an error approximately 

every 100,000 – 1,000,000 bases. Arabidopsis Pol1B will misincorporate one nucleotide 

approximately every 2,000 bases, much more error-prone than POLG, but highly 

faithful compared to other translesion synthesis DNA polymerases. One reason for the 

greater fidelity is likely because Pol1A and Pol1B possess 3’-5’ proofreading 

exonuclease domains which are typically not present in translesion synthesis DNA 

polymerases. 

Three unique amino acid insertions have been identified in both Pol1A and 

Pol1B that confer translesion activity. Two of these insertions exist in the ‘thumb’ 
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domain of the polymerase (insertions 1 and 2) and the third resides in the ‘finger’ 

domain (insertion 3). These appear to be flexible elements as mutants lacking all three of 

these insertions are still able to synthesize DNA.128 The translesion activity of Pol1A and 

Pol1B is negatively affected by the removal of insertions 1 and 3, indicating that these 

enzymes acquired translesion activity through evolution and the acquisition of these 

insertions. 

Ligation 

 The amount of information surrounding plant organellar DNA ligases is 

extremely lacking and understudied. Although we have some information concerning 

DNA ligases in plant mitochondria, no DNA ligase has been confirmed or observed 

functioning in plastids. This presents a potential avenue of research, as the activity of 

this enzyme in both organelles must be present, but little to no work physically 

identifies the enzyme responsible. 

Four DNA ligase genes have been identified in the genome of Arabidopsis; 

however, only DNA ligase 1 (LIG1) has been identified in mitochondria. If LIG1 is 

transcribed from a second alternate start codon it localizes to the nucleus.129 No 

confirmation of LIG1 activity or any other DNA ligase has been confirmed in 

chloroplasts. Plant LIG1 knockouts are seed-lethal and knockdown mutants display 

severe growth defects due to effects on the nuclear genome rather than the 

mitochondrial genome.130 



23 
 

 DNA ligase III (LIG3) in animals has been shown to have important roles in 

mitochondria. LIG3 knockouts in mice are embryo lethal, and have mitochondria with 

abnormal morphology and reduced DNA content.131 The same study shows that LIG3 is 

essential for mitochondrial DNA integrity but not for Xrcc-1 mediated nuclear DNA 

repair. A homolog to LIG3 with a potential mitochondrial localizing signal has been 

identified in the genome of Hordeum vulgare but a cDNA has not been identified.132 LIG3 

has not been observed in Arabidopsis and most other plants. 

DNA unwinding 

 In Arabidopsis, two well studied helicases unwind DNA in mitochondria and 

chloroplasts: Twinkle, and DNA2. Arabidopsis also employs several Gyrases to relieve 

tension in DNA. There may be other DNA unwinding enzymes active in the organelles 

but these have not been identified. Twinkle and DNA2 are assumed to be responsible 

for most of this activity. 

Twinkle gets its name from the bacteriophage T7 gp4 DNA primase/helicase 

protein (T7 gp4-like protein With Intramitochondrial Nucleoid + K + Localization + E).133 

Like its name implies, Twinkle is a dual function protein that unwinds and primes 

DNA for synthesis. When unwinding DNA, Twinkle forms a hexamer or ‘lock washer’ 

around a single strand of DNA. This hexamer is not a perfect ring, with a gap between 

the first and last unit of Twinkle, taking on the appearance of a lock washer.134 In T7 

phage, Twinkle unwinds DNA using a ‘hand-over-hand’ mechanism in which the 
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lagging Twinkle protein within the hexamer translocates 2 nt along the DNA by ATP 

hydrolysis (Figure 1-4). This mechanism is similar to mechanisms observed in E. coli 

DnaB helicases. 

 

Figure 1-4. ‘Hand-over-hand’ mechanism of Twinkle helicase in T7 phage. In this diagram the 
different units of Twinkle are labeled A-F. When forming a hexamer, the ring of Twinkle proteins 
form a ‘lock washer’ in which unit A is slightly separated from unit F. The lagging unit F 
translocates along single stranded DNA by 2 nt upon the hydrolysis of ATP. This repeats for 
every lagging unit of Twinkle. Taken from Gao et al.134 

In Arabidopsis and T7 phage, Twinkle possesses a zinc finger domain in the 

priming domain of the protein that binds DNA and synthesizes RNA primers for 

replication. In humans, amino acid changes to this area of the protein have removed the 

zinc finger domain and its priming ability.135 In plants, both abilities remain active.94,99,136 

When compared to T7 gp4, Arabidopsis Twinkle has a slight extension between the 

primase and helicase domains when compared to phage gp4 and a longer N-terminal 

region. Twinkle localizes to both chloroplasts and mitochondria in plants. 

Arabidopsis also possesses a truncated form of Twinkle commonly referred to as 

Twinky. This truncation lacks the C-terminal helicase domain of Twinkle but maintains 
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the primase domain. Very little work has been performed on Twinky and whether it is 

active in priming DNA or is simply a pseudogene is unknown. 

JHS1 is the gene in Arabidopsis homologous to human and yeast nuclease/helicase 

DNA2. In humans and yeast, DNA2 cleaves single stranded DNA where there is a 

junction between ssDNA and dsDNA. The helicase activity of the protein unwinds 

these junctions to allow for cleavage to occur. Experiments with human DNA2 and 

DNA POL γ have shown a positive interaction and the ability to unwind DNA without 

cleaving the D-loop structure observed in human mitochondria.102 Unlike the yeast 

version of the same protein, human DNA2 does not localize to the nucleus but to the 

mitochondria. 

Arabidopsis DNA2 has not been heavily investigated in plants and may localize to 

either organelle. Because of its unique nuclease/helicase activity and unknown 

localization, most scientists assume the bulk of DNA unwinding activity is carried out 

by Twinkle protein. Homozygous DNA2 Arabidopsis mutants are seed lethal but this is 

most likely due to the important functions performed by the protein within the nucleus 

of the cell.137 

Organelle gyrases 

One key study by Wall et al has identified four bacterial-like DNA Gyrase genes 

in Arabidopsis, one GYRA and three GYRB genes.117 DNA Gyrase consists of an A2B2 

tetramer in bacteria and the same holds true in Arabidopsis. Interestingly, Arabidopsis 



26 
 

GYRA has two alternative translation start sites that allow it to dual-localize to both 

mitochondria and chloroplasts. On the other hand GYRB1 is specific to chloroplasts and 

GYRB2 to mitochondria. The third GYRB3 localized to the nucleus. Mutation of GYRA 

leads to an embryo-lethal phenotype while mutation of any of the GYRB genes leads to 

a seedling-lethal phenotype that varies in intensity. Interestingly, GYRA, GYRB1, and 

GYRB2 all show common ancestry with cyanobacteria whereas GYRB3 aligns more 

closely with eukaryotic type II topoisomerases. This helps explain its unique nuclear 

localization but also brings into question whether this gene actually encodes a 

functional Gyrase as some of the conserved topo regions are truncated. 

Homologues of the Arabidopsis GYRA and GYRB genes have been identified in 

Nicotiana benthamiana. Depletion of these genes in Nicotiana leads to abnormally high 

levels of DNA in both mitochondria and chloroplasts.138 Furthermore, DAPI staining of 

affected chloroplasts reveals one or a few large nucleoids rather than many small 

nucleoids present in wild-type plants. These results, in conjunction with those found in 

Arabidopsis indicates that organellar DNA Gyrases are critical for nucleoid partitioning 

by regulating DNA topology. 

Priming 

Arabidopsis utilizes Twinkle and RNA polymerase (RNAP) to prime organellar 

DNA replication. As mentioned previously, Twinkle is similar to T7 gp4 protein and 

possesses both helicase and primase activity. Using Twinkle to prime organellar DNA 
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synthesis is unique to plants, as animals utilize RNA polymerase to prime their 

mtDNA. Nonetheless, plants do contain organellar RNA polymerases that could 

complement the activity of Twinkle. 

Twinkle uses a unique recognition sequence to begin ribonucleotide synthesis 

and appears to prefer cytosine and guanine incorporation over uracil and adenine.136 

The recognition sequence is 5’-(G/C)GGA-3’ where the underlined nucleotides are 

cryptic, meaning they are essential for template recognition but do not become 

incorporated into the extended RNA molecule. If either of the cryptic nucleotides or the 

guanine directly upstream from them are substituted, RNA synthesis is abolished. This 

is unique from other DNA primases, in that two cryptic nucleotides are required for 

synthesis whereas other primases often only require one. The exact mechanism of 

Twinkle association with template DNA is currently unknown. 

Twinkle preferentially incorporates CTP and GTP, which is curious as nearly all 

plant mitochondrial and chloroplast genomes are highly A/T rich.139 Why then would a 

plant organellar primase preferentially incorporate CTP and GTP? One theory points to 

Aquifex aeolicus, a primitive thermophilic bacteria. Aquifex aeolicus initiates primer 

synthesis from a trinucleotide sequence composed of cytosines and guanines much like 

Arabidopsis Twinkle.140 This G-C rich sequence is hypothesized to provide stability 

during primer extension. Similarly, plants may rely on the stability of the template 

sequence 5’-(G/C)GGA-3’ paired with preferential CTP and GTP incorporation to 
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provide thermodynamic stability. Another leading hypothesis is that preferential 

incorporation of CTP and GTP aid in determining Okazaki fragment length.136 

The co-evolution of nuclear, plastid, and mitochondrial genomes in plants has 

led to an interesting arrangement of RNA polymerases (RNAP) in the organelles. 

Unlike animal mitochondria which utilize a single RNA polymerase141 plant organelles 

require multiple; at least two for plastids and one for mitochondria. These genes are 

designated as “RpoT” genes, the “T” indicating their similarity to the single subunit 

RNA polymerases of T3 and T7 phage.142 RNAP that targets to mitochondria are 

designated RpoTm and those that target to plastids are called RpoTp. RpoTmp 

represent RNAP that target to both organelles. Different species may possess multiple 

copies of these nuclear encoded organellar proteins, but the earliest phylogenetic 

versions of these enzymes exist in the waterlily Nuphar advena, a basal angiosperm.143 

Mitochondria do not possess RNAP genes within their genome, therefore all RNA 

polymerases for the mitochondria are nuclear encoded. Plastids on the other hand use 

both nuclear and plastid-encoded RNAPs. Extensive research has been performed on 

how plant RNA polymerases recognize promoters and transcribe genes. This work 

focuses on the potential RNAP has to prime DNA for synthesis rather than its role in 

transcribing genes. 

Three single-subunit mitochondrial RpoT genes have been identified in 

Arabidopsis; however, only two have been proven to localize to mitochondria.106,142 A 
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duplication of one of these genes has led to the creation of a dual targeted 

mitochondrial-plastid RNAP (RpoTmp). How these enzymes coordinate synthesis of 

RNA is largely unstudied although some research suggests RpoTmp is responsible for 

gene synthesis in early seedling development and RpoTm and RpoTp take over once 

the plant has developed more fully.144 Plant organellar RNA polymerases show high 

degrees of conservation with both T3/T7 phage and human orthologs.  

In Arabidopsis, plastids require at least two RNA polymerases; one nuclear 

encoded RNAP, and one eubacterial plastid encoded RNAP. The nuclear and plastid 

encoded version of RNAP are distinct and do not share subunits.145 The nuclear-

encoded plastid RNA polymerase is homologous to the phage-like single subunit RNA 

polymerases found in mitochondria. This RNAP is represented as RpoTp and is 

thought to be a duplication of the mitochondrial RpoTm. 

A nuclear-encoded RNAP has been isolated from P. sativum that seems to act 

more as a primase than an RNAP.146 This is because the isolated enzyme was able to 

synthesize primers shorter than expected for transcription but larger than primers 

generated by other primases. The isolated enzyme also prefers binding to single-

stranded rather than double stranded DNA, a feature common to primases. Finally, the 

isolated enzyme is resistant to inhibition by tagetitoxin, a specific chloroplast RNA 

polymerase inhibitor, as well as polyclonal antibodies specific to purified pea 

chloroplast RNAP. These findings suggest that plastids and probably mitochondria 
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possess an RNAP gene that functions as a DNA primase, although further research on 

this topic is needed. 

Unlike the mitochondrial RNA polymerases, the plastid encoded RNA 

polymerase is made up of multiple subunits that share homology with the core subunits 

of E. coli RNAP; α, β, β’, and β’’. These subunits are encoded from the genes rpoA, rpoB, 

rpoC1, and rpoC2 respectively. Sigma factors for the plastid-encoded RNAP are 

required for promoter recognition but these are nuclear encoded.103 In agreement with 

the theory of endosymbiosis, the core enzyme of the nuclear-encoded plastid RNAP is 

also homologous to multi subunit RNA polymerases of cyanobacteria.142 

In humans and yeast, RNAPs are required to initiate and prime DNA for 

replication in mitochondria.147,148 This makes sense if you recall that Twinkle, a helicase-

primase, is present in animals but lacks the primase activity observed in both phage and 

plants. Therefore, plants may also use their organellar RNA polymerases to prime DNA 

for synthesis. Unfortunately, the ability and scale on which this actually happens is 

understudied, most likely due to the assumption that organellar DNA is primed by 

mimicking the simple replisome found in T7 phage. However, unlike animals in which 

mutation of Twinkle helicase/primase is embryo-lethal, plants with Twinkle knock-out 

mutations grow well, and display no phenotypic defects. Therefore, the ability of RNA 

polymerase to prime DNA for synthesis may be extremely important to plants and 

could be a fruitful area of research. 
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Primer removal 

In E. coli, RNA primers are removed from DNA-RNA hybrids by the 5’-3’ 

exonuclease activity of DNA polymerase I. Since Pol1A and Pol1B lack 5’-3’ exonuclease 

activity, primer removal must be carried out by another enzyme. In humans, RNase H 

in mitochondria removes these primers. Arabidopsis possesses at least two RNaseH 

enzymes that have been shown to localize to mitochondria and chloroplasts.107 One 

study references two exonucleases with homology to the 5’-3’ exonuclease domain of E. 

coli DNA polymerase I (5’-3’ EXO1 and 2) are predicted to localize to chloroplasts or 

mitochondria although research on their organellar activity has not been performed nor 

are gene designations assigned.108 

Strand separation 

Plants utilize at least two types of single stranded DNA binding proteins in their 

organelles. The first is similar to bacterial single stranded binding proteins (SSB). 

Arabidopsis encodes at least two of these genes, called SSB1 and SSB2, although less is 

known about SSB2.46,109 SSB1 functions at replication forks by coating single stranded 

DNA to prevent fork collapse. This protein localizes to both mitochondria and 

chloroplasts and stimulates the activity of E. coli recombination protein RecA. 

The second class of single stranded binding proteins are called organellar single-

stranded DNA binding proteins (OSB). OSB proteins are distinct from the bacterial SSB 

versions and are unique to plant organelles. At least four OSB genes are transcribed in 
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Arabidopsis with OSB proteins localizing to both mitochondria and organelles. Although 

the function of these molecules has not been completely detailed, mutants for OSB1 and 

OSB4 accumulate aberrant mitochondrial DNA sequences resulting from recombination 

products.110 Therefore, OSB proteins are most likely involved in recombination 

surveillance and preventing transmission of incorrect recombination products to new 

mitochondria. 

In addition to OSB proteins, plants utilize Whirly (WHY) and organellar DNA 

binding (ODB) proteins. WHY proteins form tetramers that take on the appearance of a 

whirligig, hence the name Whirly. These proteins are unique to plants and research into 

their function is beginning to attract interest but at the moment is still somewhat scarce. 

There are three Whirly proteins, WHY1, WHY2, and WHY3.111 WHY1 and WHY3 

localize to chloroplasts while WHY2 localizes to mitochondria. Like OSB, Whirly 

proteins appear to be involved in recombination surveillance but also have been shown 

associating with RNA as well. Some researchers have hypothesized that this activity is 

indicative of Whirly facilitating RNA maturation. Whirly proteins also have been 

associated with double stranded DNA repair112,113 and as transcription factors for 

defensive gene expression.149 Plants mutated for WHY1 and WHY3 have variegated 

green/white/yellow leaves indicative of nonfunctional chloroplasts. Further 

investigation of these chloroplasts reveals higher levels of illegitimate recombination in 

these mutants.113 Interestingly, overexpression of WHY2 leads to dysfunctional 
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mitochondria with lower respiratory activity. Inactivation of WHY2 does not affect 

plant development nor mitochondrion morphology.150 Additional research shows these 

proteins act as transcriptional regulators within both the nucleus and organelles of 

plants and are involved in organelle-to-nucleus communication. In summary, the 

Whirlies seem to possess many critical functions in plant organelles despite their 

relatively small size. The Whirlies present many fruitful research avenues and may 

point out key points in evolution where plant organelles diverged from animals. 

At least two ODB genes have been identified but the vast majority of research 

has examined ODB1. ODB1 can bind to both single and double stranded DNA, 

although it has a much higher affinity for single stranded DNA. ODB1 co-purifies with 

WHY2 protein and also monitors DNA recombination.151 ODB1 is identical to RAD52, a 

gene involved in homologous recombination. ODB1 is also distantly related to the yeast 

gene MGM101, which is involved in homologous DNA repair. Predictably, ODB1 

knockout mutants in Arabidopsis have an impaired ability to repair DNA breaks via 

homologous recombination. 

Recombination 

As mentioned in the previous section OSB, ODB, and Whirly proteins all 

participate in monitoring and facilitating correct homologous recombination in 

mitochondria. These proteins are all primarily DNA binding proteins but plant 

organelles also contain proteins whose primary responsibility is DNA recombination. 
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There are two classes of proteins dedicated to recombination in plant organelles. One is 

a MutS homolog called MSH1, and the others are RecA homologs. 

MSH1 is a nuclear encoded gene and mutants display patchy green/white/yellow 

leaves symptomatic of dysfunctional chloroplasts. This phenotype is passed down in a 

non-Mendelian fashion and was originally thought to be the result of mutations in the 

plastid genome.152 Because of this assumption, this gene was originally called chm for 

chloroplast mutator. Later, it was discovered that chm mutants cause rearrangements to 

the mitochondrial genome that lead to the observed phenotypes and defective 

chloroplasts. Despite extensive searching, no mutation or rearrangement of the plastid 

genome has been observed in chm mutants.153 Being homologous to MutS from E. coli 

and MSH1 from yeast, the gene was consequently renamed MSH1 and mutants 

designated as msh1 plants.154 

MutS from E. coli is part of the mismatch repair (MMR) pathway and corrects 

point mutations and small insertions and deletions by preventing recombination 

between partially homologous DNA sequences. Mutations of yeast msh1 lead to a petite 

phenotype indicative of poor respiration. Mutation of yeast msh1 is also accompanied 

by large-scale point mutations and rearrangements in the mitochondrial genome.155 

Interestingly, plant MSH1 mutants do not accumulate point mutations over time, 

suggesting that the plant MSH1 specializes primarily in recombination and is not 

essential for correcting mismatches. 
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E. coli utilizes the adaptor protein MutL and endonuclease MutH to assist in the 

mismatch repair pathway, but no identified homologs to MutL and MutH have been 

identified in plant organelles. Instead, plant MSH1 possesses three recognizable 

domains and three unknown domains to facilitate mismatch repair. These include a 

conserved DNA binding and mismatch recognition domain and an ATPase domain 

homologous to those in E. coli MutS. Plant MSH1 also has a unique GIY-YIG 

endonuclease. Point mutations to the ATPase and endonuclease domains of plant 

MSH1 lead to the defective chloroplast phenotype suggesting that plant MSH1 

represents a compact system of mismatch recognition and base excision without the 

need for MutL or MutH homologs.156 

The results of these studies suggest the main purpose of plant MSH1 is to 

maintain mitochondrial genome stability by rejecting heteroduplex formation. 

Interestingly, MSH1 has been shown to localize to both mitochondria and plastids in 

some but not all plants.156,157 Despite the ability to dual-localize, no effect on plastid 

genome integrity has been observed, indicating an additional yet to be discovered 

function of MSH1 in plastids. 

RecA facilitates homologous recombination by correctly pairing homologous 

sequences, promoting strand invasion, and migrating DNA branches during 

recombination. Eukaryote versions of this protein are called RAD51 homologues. All 

homologous recombination begins with strand invasion mediated by RecA family 
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proteins, making this protein crucial for this type of repair. RecA functions by coating 

single stranded DNA at lesions to form presynaptic filaments. This complex will then 

search for homology within intact double stranded DNA. Once homology has been 

established, the presynaptic complex will destabilize the double stranded DNA 

promoting strand exchange and D-loop formation. 

Arabidopsis encodes three RecA proteins, RecA1, RecA2, and RecA3. RecA1 

localizes to plastids, RecA3 to mitochondria, and RecA2 to both organelles.114 Mutations 

to RecA3 cause mitochondrial rearrangements distinct from those observed in MSH1 

mutants. The rearrangements observed in RecA3 mutants are due to homologous 

recombination of repeated sequences in the mitochondrial genome. Reintroducing 

RecA3 into these mutants results in a reversal of this effect in most of the progeny by 

abolishing aberrant mitochondrial DNA molecules. RecA1 and RecA2 appear to be even 

more essential to homologous recombination as mutations in these genes cause a seed-

lethal phenotype. This may be explained by the lack of the C-terminal domain found in 

both RecA1 and RecA2 as well as bacterial homologs. In bacteria, deletion of this C-

terminal domain enhances the activity of RecA, suggesting that it is involved in 

autoregulation. 
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CHAPTER 2: Chloroplast DNA copy number changes during plant 

development in organelle DNA polymerase mutants 

 

The following chapter is taken from an article published in Frontiers in Plant Science. 

Content and figures have been formatted for this dissertation but otherwise it is 

unchanged. 

 

Abstract 

Chloroplast genome copy number has been shown to be very high in leaf tissue, 

with upwards of 10,000 or more copies of the chloroplast DNA (ctDNA) per leaf cell. 

This is often promoted as a major advantage for engineering the plastid genome, as it 

provides high gene copy number and thus is expected to result in high expression of 

foreign proteins from integrated genes. However, it is also known that ctDNA copy 

number and ctDNA integrity decrease as cells age. Quantitative PCR (qPCR) allows 

measurement of organelle DNA levels relative to a nuclear gene target. We have used 

this approach to determine changes in copy number of ctDNA relative to the nuclear 

genome at different ages of Arabidopsis plant growth and in organellar DNA 

polymerase mutants. The mutant plant lines have T-DNA insertions in genes encoding 

the two organelle localized DNA polymerases (Pol1A and Pol1B). Each of these mutant 

lines exhibits some delay in plant growth and development as compared to wild-type 
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plants, with the Pol1B plants having a more pronounced delay. Both mutant lines 

develop to maturity and produce viable seeds. Mutants for both proteins were observed 

to have a reduction in ctDNA and mtDNA copy number relative to wild type plants, 

measured by quantitative PCR. Both DNA polymerase mutants had a decrease in 

ctDNA copy number, while the Pol1B mutant had a greater effect of reduction in 

mtDNA levels. However, despite similar decreases in genome copy number, 

photosynthesis assays of 14 dpi plants show an increased rate of photosynthesis in 

Pol1A -/- mutants. These results indicate that the two DNA polymerases are both 

important in ctDNA replication, and they are not fully redundant to each other, 

suggesting each has a specific function in plant organelles. 

Introduction 

Through the process of endosymbiosis, ancient bacteria were engulfed by 

precursors of eukaryotic cells, and over time most of the genes required for organelle 

function from these ancestral bacteria have been moved into the nucleus. This raises the 

question, if most genes have migrated to the nucleus, why not all of them? How do 

chloroplasts benefit from maintaining their genomes? Most evidence suggests that the 

unique physiological environment of chloroplasts is required for proper regulation of 

chloroplast-specific genes. John Allen proposes, supported by significant evidence from 

the literature, that redox regulation of gene expression is required within the 

membrane-bound compartment.158 A chloroplast sensor kinase may detect disruptions 
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in the photosynthetic electron transport chain, which responds to changes in redox 

conditions to activate or repress chloroplast gene expression, allowing response and 

regulation of photosynthesis to changing environmental conditions.158 Light has been 

shown to affect the amount of chloroplast DNA (ctDNA) during plant development159. 

Evidence for regulation of chloroplast DNA (ctDNA) by the redox state of cells has been 

reported in Chlamydomonas reinhardtii,160 and similarly for yeast mitochondrial DNA 

(mtDNA).161 

Despite the importance of these organelles, chloroplast and mitochondrial 

genomes possess relatively few of the genes required for their functions in 

photosynthesis and respiration. In Arabidopsis thaliana chloroplasts there are 87 

protein-coding genes and 41 rRNA and tRNA genes.162 These numbers are very similar 

in chloroplast genomes from other higher plant species.32 The organelle genomes 

require fully functional transcriptional and translational machinery for expression of 

the genes. However, plant organelles do not use nuclear DNA replication proteins. 

Instead, they utilize their own unique set of nuclear-encoded organellar localized DNA 

replication proteins to maintain their genomes. Many of these are dual-localized to 

chloroplasts and mitochondria.46,71,124,157 

In this chapter we focus on chloroplast genome replication and maintenance. 

CtDNA in higher plants has been shown to replicate by a double-displacement loop 

mechanism from two specific replication origins163,164 but may also replicate by a 
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recombination-dependent (RDR) mechanism.165-167 The use of two distinct replication 

mechanisms has been observed for many bacterial virus genomes,168 where one 

mechanism is used during the initial stage of infection and another (RDR or rolling 

circle (RC) replication) for rapid replication of the phage genome for incorporation into 

new phage particles. The use of two or more mechanisms has been discussed as a 

possibility for ctDNA replication in plants.167 Replication via a double-displacement 

mechanism from specific origins may be involved in maintaining low levels of the 

chloroplast genome in mature or quiescent cells, while recombination-dependent 

replication may drive rapid replication to generate high copy numbers of the genome 

during early stages of plant development. 

Tobacco and Arabidopsis have been found to encode two closely related 

bacterial-like DNA polymerases, which have been designated Pol1A and Pol1B.97,119,157 

Both are dual-localized to chloroplasts and mitochondria in these species.157 Pol1B has 

been shown to play a role in ctDNA repair and mtDNA maintenance, photosynthesis, 

and respiration.119,169,170 However, in rice and maize a single chloroplast-localized DNA 

polymerase has been identified.36,171 By analysis of mutants the maize enzyme, encoded 

by the w2 gene, appears to be the only DNA polymerase that functions in chloroplasts 

and may also function in mitochondria. There is a paralog of this gene in maize, but the 

protein has not been detected in chloroplasts. Both maize proteins appear to be 

involved in mtDNA replication.36 
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Although the identification and biochemical analysis of plant organelle-localized 

DNA polymerases has been progressing, limited research has been reported on the role 

and degree of redundancy of the two DNA polymerases that are found in Arabidopsis 

and some other species. We have examined the effects of mutations in the A. thaliana 

organellar DNA polymerases on ctDNA replication by quantitative PCR (qPCR) 

analysis of organelle DNA levels. We provide an analysis of the effects of T-DNA 

insertion mutations in either of the DNA polymerase genes on plant growth and 

development and chloroplast genome copy numbers. 

Material and Methods 

Planting and growing conditions 

We obtained the following T-DNA insertion lines from the Arabidopsis 

Biological Resource Center (Figure 2-1; ABRC; www.arabidopsis.org): Salk_022624 for 

Pol1A (At1g50840); Salk_134274 for Pol1B (At3g20540). Pots with the approximate 

dimensions 3 × 3 × 4 (width × length × height) inches were firmly packed with potting 

soil and placed in a tray. The soil was then saturated with nutrient water prepared with 

water-soluble fertilizer (Peter's Houseplant Food). Arabidopsis seeds were planted 

directly onto the surface of the soil and placed in a 4°C cold room in the dark for up to 3 

days. Plants were then moved to a growth room maintained at 22°C with an average 

surface-light exposure of 80–100 μmol m−2 s−1. During the first 5 days of germination 
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trays were covered with transparent plastic covers to maintain humidity and prevent 

drying, after which the covers were removed.  

 
Figure 2-1. Map of the DNA polymerase genes and T-DNA insertions. Note the overall 
similarity between both genes for Pol1A and Pol1B. Both genes possess 12 exons although 
SALK_022624 inserts in the fifth exon of Pol1A whereas SALK_134274 inserts in the first exon 
of Pol1B. 
 
Tissue harvesting and DNA extraction 

Leaf tissue was harvested from plants at 7, 10, 14, and 21 dpi (day’s post-

imbibition). Genomic DNA from these plants was then isolated following a 

cetyltrimethylammonium bromide (CTAB) method for isolating high quality DNA.172 

Screening of T-DNA insertion lines 

To determine if the T-DNA insertion was present, T-DNA specific primers were 

used in conjunction with native gene primers. Primers were designed so that native 

gene primers produced a PCR product about 1 kb in length, and that the T-DNA 

insertion primer paired with the native gene primer produced a PCR product ~500 b in 

length. Details of the primers used in zygosity screening are shown in Supplementary 

Table 2-3. 
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In order to obtain plants that were heterozygous for Pol1A and Pol1B genes, 

homozygous Pol1A and Pol1B plants were emasculated and then pollinated from either 

homozygous Pol1A or Pol1B flowers. This cross generated offspring that were 

heterozygous for both Pol1A and Pol1B, confirmed via PCR. Seeds from the first 

generation of heterozygous plants were collected to screen for all possible combinations 

of Pol1A and Pol1B using PCR as described above. 

Genome copy number analysis 

Mitochondrial and chloroplast genome copy number was analyzed using an 

Applied Biosystems StepOne Plus qPCR machine and PowerUp SYBR green reagents. 

To analyze genome copy number, sequences unique to either ctDNA or mtDNA were 

identified. For ctDNA analysis, the targets psbK, petD, and ndhH were used. For 

mtDNA analysis, these targets included nad9, orf25, and cox1. The housekeeping gene 

AtRpoTp was used as a positive nuclear control and a reference for ΔΔCt calculations. 

A summary of these targets and their specific genes are listed in Supplementary Table 

2-1. Technical and biological replicates were compiled and analyzed using the ΔΔCt 

method.170,173 

Analysis of gene expression analysis in Pol1A insertion line 

mRNA was isolated from 7 dpi plants using PureLink Plant RNA Reagent (Life 

Technologies). RNase free DNaseI was added to remove residual DNA. Purity of 

mRNA was confirmed by running a small amount on a gel and checking for the absence 
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of large DNA bands. cDNA for RT-PCR was generated from the purified mRNA using 

SuperScript III reverse transcriptase (Thermo Fisher). Primers for RT-PCR were 

designed to amplify a portion of the gene near the 3′ end of the mRNA. Primers for RT-

PCR are described in Supplementary Table 2-2. 

Photosynthesis assays 

Seeds from each mutant were germinated in plastic scintillation vials and grown 

under the same conditions as described above. At 14 dpi the vials were placed in a Licor 

6400-22 Lighted Conifer Chamber Package connected to a Licor Li-6400XT analyzer. 

This system has the ability to measure photosynthetic rates and can automatically 

generate CO2 and light response curves. For this study, net photosynthetic rates of 

Pol1A and Pol1B mutants were calculated by measuring total leaf surface area. Total 

leaf area was calculated by scanning each plant and using ImageJ to trace and calculate 

surface area. 

Results 

Phenotype and expression analysis of organelle DNA polymerase mutants 

The T-DNA insertion in Pol1A is in the fifth exon of the gene, while the insertion 

in Pol1B is in the first exon (Figure 2-1). The homozygous single mutant plants 

exhibited slight growth delays but both grow to maturity and produce seeds. Mutants 

in Pol1B mutant plants exhibit a slower growth rate than the Pol1A mutants. This 
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pattern is consistent over time and reproducible (Figure 2-2). This indicates that neither 

DNA polymerase is completely essential for development. 

 
Figure 2-2. Side by side comparison of 23 dpi Arabidopsis. WT (A), Pol1A−/− (B), and Pol1B−/− 
(C) plants. Note the slightly delayed growth of Pol1B−/− plants and the lack of a distinguishable 
phenotype between WT and Pol1A−/− plants (D). 

We previously showed that both DNA polymerases are expressed in most plant 

tissues during development, but there is a difference when comparing expression levels 

of the two genes. Pol1A is most highly expressed (relative to Pol1B) in rosette leaves, 

while Pol1B is expressed more abundantly in non-photosynthetic tissue. We previously 

reported that in Pol1B mutant plants, when expression of Pol1B is knocked down a 

substantial increase (60–70%) in Pol1A expression was observed by qRT-PCR 



46 
 

analysis.170 We were interested to determine if a similar compensatory effect occurs for 

the Pol1A mutant. However, relative expression of Pol1B in Pol1A mutant plants was 

not significantly different from wild-type levels (Figure 2-3). This suggests an important 

role for DNA Pol1A in chloroplasts and ctDNA maintenance, while Pol1B may play a 

more significant role in mtDNA replication and maintenance.  

 
Figure 2-3. RT-PCR of Pol1A and Pol1B expression in Pol1A mutant plants. Although previous 
work has suggested that mutation in Pol1B causes an increase in Pol1A expression, mutation of 
Pol1A does not affect expression of Pol1B. This experiment shows relative levels of each 
polymerase transcript normalized against Actin mRNA. Although mutation in Pol1A knocks 
down its expression, no significant change in Pol1B expression can be observed. 

Our findings are consistent with expression of the Arabidopsis DNA Pol1A gene 

compiled from microarray analysis in the Arabidopsis eFP browser 

(http://bar.utoronto.ca/~dev/eplant/). Pol1A expression is highest in rosette leaves of 

wild-type plants, especially the youngest leaves, but is also high in imbibed seeds and 

developing flowers, and remains relatively high in cauline and older leaves. Expression 

of Pol1A is low in embryos and siliques and in pollen (Figure 2-4), and is stimulated by 
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drought and greatly repressed by osmotic stress.174,175 Coexpression data (ATTED-II) 

indicates that the Pol1A gene is co-expressed along with chloroplast-localized RecA, 

OSB2 (a single-stranded DNA binding protein46) and some helicase genes. These 

proteins may all be involved in ctDNA replication, which would be compatible with the 

involvement of DNA recombination in chloroplast genome replication (RDR) and/or 

repair. There is very little information available for DNA Pol1B in these databases. 

  
Figure 2-4. Arabidopsis eFP browser report showing predicted Pol1A gene expression in 
different plant tissues. Expression of Pol1A is highest in rosette leaves, particularly at a young 
age, however, expression remains relatively high even in senescing leaves. Expression of Pol1A is 
lowest in seed embryos and pollen. 
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Field-inversion gel electrophoresis (FIGE) and restriction pattern analysis of 

ctDNA from the mutants showed no discernable differences in the mutants compared 

to wild-type plants (data not shown). We used a PCR assay to detect any differences in 

rearrangement frequency in the mitochondrial genome, as has been observed for 

mutants affected in mtDNA recombination.116 However, the Pol1A and Pol1B mutants 

showed no differences in rearrangement frequency, indicating that there is no major 

disruption or change in the mechanism for DNA replication/recombination in the 

individual gene mutants for ctDNA or mtDNA (not shown). 

CtDNA and mtDNA copy number determination 

qPCR analysis of ctDNA and mtDNA levels in each of the DNA polymerase 

mutant lines compared to wild-type showed that relative ctDNA levels and mtDNA 

levels, compared to the nuclear genome, are reduced in both Pol1A and Pol1B mutants, 

similar to what has been reported before for single time points.119,170 To determine DNA 

levels at additional stages of growth, we analyzed samples at different time points. We 

examined DNA levels at 7, 10, 14, and 21 days of growth. At all time points there is a 

decrease in organelle DNA copy number in both mutants compared to wild-type plants 

of the same age for all 3 separate targets for each organelle genome at each age (Figure 

2-5). Both Pol1A and Pol1B mutants showed a ~30% reduction in ctDNA at 7 days, a 

~40% reduction at 10 and 14 days, and a 50% reduction at 21 days. At 21 days, there is a 

slightly greater reduction in the Pol1B mutant (~60% decrease) compared to the Pol1A 
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mutant (~50% decrease). These results indicate that both DNA polymerases affect 

ctDNA copy number, in contrast with the finding in maize that a single DNA 

polymerase is responsible for ctDNA replication.36 

Similar but slightly different results were observed with the two mutant lines 

when mtDNA targets were analyzed. At 7 days the Pol1A mutant showed only a slight 

drop in mtDNA copy number, while Pol1B showed nearly a 40% drop (Figure 2-5), 

similar to what we previously reported.170 At 10 and 14 days the Pol1A mutant had a 

20–40% drop in mtDNA copy number, while in Pol1B the decrease was about 50%. At 

21 days, the Pol1A mutant had a 40% decrease in mtDNA, while the PoI1B mutant 

showed a decrease of more than 60%. These results suggest that while both DNA 

polymerases contribute to mtDNA copy numbers, Pol1B appears to play a greater role 

in maintenance of the mitochondrial genome. While qPCR analysis does not directly 

address quality of the DNA, it does show trends over time for the mutants compared to 

wild-type plants, indicating changes in organelle DNA levels during development in 

the mutants compared to wild-type plants.  
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Figure 2-5. Change in relative chloroplast and mitochondrial genome copy number. Note that 
mutations in Pol1A and Pol1B affect chloroplast genome copy number equally (A) however 
mutation of Pol1B causes a more severe drop in mitochondrial genome copy number (B). In both 
mutants, genome copy number gradually decreases but remains lower than wild type as the 
plants age. 
 
Analysis of photosynthesis in DNA polymerase mutants 

The decreases in organelle DNA copy number in the mutants raises a question as 

to whether these changes affect photosynthesis. In previous work with Pol1B mutants 

increases in photosynthesis and related parameters were observed.170 Current 
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measurements showed an increase in net photosynthesis was observed in 14 dpi 

Pol1A−/− plants (Figure 2-6). However, we acknowledge that despite careful controls 

during experimentation, the observed data for Pol1A−/− plants may not be completely 

accurate. Despite this difficulty in making highly precise measurements, the data 

suggests that there is an increase in photosynthesis in Pol1A−/− plants, although it 

cannot be accurately quantified at this time.  

 
Figure 2-6. Net photosynthetic rates in mutant plants. Observed photosynthesis rates appear to 
increase in Pol1A−/− mutants. 
 
Analysis of Pol1A × Pol1B partial double mutants 

The results of qPCR analysis and previous genotyping experiments led us to 

believe that certain genotypes would be more beneficial to plant survival than others. 

To test this theory, we planted seeds on soil in the same manner described above and 

genotyped all plants that were able to successfully germinate and grow. As expected, 
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none of the surviving plants were homozygous for T-DNA insertions in both DNA 

polymerase genes as this most likely is lethal to the plant (Figure 2-7). We also noticed 

that survival for plants possessing only one functioning DNA polymerase gene was 

poor. Interestingly we observed strong pressure to maintain both copies of Pol1B with 

at least one functioning copy of Pol1A. The pressure to maintain both copies of Pol1B 

suggests higher levels of this polymerase are required to maintain healthy plants.  

  
Figure 2-7. Proportion of genotypes from DNA Pol1A × Pol1B crosses. The results come from 36 
plants that were able to successfully grow on soil. The horizontal axes represent the possible 
genotype combinations starting with Pol1A and followed by Pol1B (e.g., +/−, +/− represents 
Pol1A+/−, Pol1B+/−, respectively). The middle bar represents the heterozygous combination of 
genes and is highlighted gray for convenience. Because the results are only from surviving 
plants, certain genotypes were not observed, such as Pol1A−/−, Pol1B−/− as this combination 
most likely is lethal to the plant. A particularly interesting genotype was Pol1A+/−, Pol1B+/+ 
which was present in an uncharacteristically high number of plants. 
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Discussion 

Analysis of mutations in the genes encoding the organellar DNA polymerases 

can provide helpful information for understanding their role in chloroplast DNA 

replication and genome maintenance. However, at the current time analysis of organelle 

DNA polymerase mutants has apparently only been done for Arabidopsis119,170 and 

maize.36 In maize it was shown that a single nuclear-encoded chloroplast-localized 

DNA polymerase (encoded by the w2 gene) is responsible for nearly all ctDNA 

replication.36 In contrast, our results show that both Pol1A and Pol1B are required to 

maintain normal growth of A. thaliana (Figure 2-2, Supplementary Movie 2-1).170 

Both of the previous reports on Arabidopsis focused on Pol1B, which indicated 

effects on mtDNA copy number and mitochondrial structure and on plastid DNA 

repair. In this chapter, we have focused on Pol1A, and show that it plays a role along 

with Pol1B in ctDNA replication as measured by copy number analysis. This analysis 

also indicates that Pol1A contributes to a lesser extent in mtDNA maintenance. Mutants 

in each DNA polymerase gene have a limited effect on phenotype, with Pol1B plants 

growing the slowest, while Pol1A plants grow only slightly slower than wild type 

plants. 

Analysis of partial double mutants indicates a strong preference for at least one 

copy of the Pol1B gene. As expected, no viable homozygous double mutants were 

observed, indicating that at least one copy of one of the DNA polymerases is required 
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for growth, although growth is progressively affected by the loss of either the second 

Pol1A or Pol1B allele. As mentioned previously, there is a strong pressure to maintain 

at least two functioning copies of either DNA polymerase gene, and an even stronger 

pressure to maintain both Pol1B genes with at least one functioning Pol1A gene. This 

suggests that Pol1B is much more essential to plant survival and may also be needed at 

higher expression levels to support a healthy plant. This is in line with our previous 

report that Pol1B mutants are haploinsufficient while Pol1A is not, which suggests an 

additive effect of functional Pol1B gene copy number.170 

Expression of the DNA polymerase genes appears to be very high in young 

developing tissues, especially in meristems.171 Pol1A is expressed most abundantly in 

developing and rosette leaves (Figure 2-4), which agrees with the data available from 

online expression databases. In contrast, Pol1B is expressed highly (relative to Pol1A) in 

non-photosynthetic tissues. However, both are expressed in all tissues. The higher 

expression of Pol1A in leaves suggests that it may play an important role in ctDNA 

replication. However, the small effect of a homozygous insertion mutant for this gene 

on plant growth indicates that the Pol1B gene can at least partially complement the 

Pol1A mutation. 

A significant increase in Pol1A expression was observed in homozygous mutant 

Pol1B plants.170 In contrast, in homozygous Pol1A mutants there is no significant change 

in Pol1B gene expression (Figure 2-3). Pol1A homozygous mutants show an increase in 
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net photosynthesis (Figure 2-6). Photosynthesis was also affected in Pol1B mutants. 

There may be an inverse relationship between mtDNA levels and net photosynthesis. It 

may be a decrease in mtDNA, which would affect mitochondrial function, causes a 

compensatory increase in chloroplast function, including photosynthesis. Thus, while 

mutants in both genes share some similarities (reduction in growth rate and organelle 

genome copy numbers and effect on photosynthesis), there are differences in the levels 

of these effects that strongly suggest different functions for the two DNA polymerases. 

Although, both DNA polymerases have been shown to be dual targeted to 

chloroplasts and mitochondria, we hypothesize that chloroplasts rely more on Pol1A 

whereas mitochondria rely more on Pol1B for DNA replication. We hypothesize that a 

mutation in Pol1B causes increased expression of Pol1A to make up for the loss of 

function of Pol1B proteins. In the reverse scenario, mutation of Pol1A has a less severe 

effect, and Pol1B may compensate for loss of function of Pol1A without the need for 

higher Pol1B expression. Further supporting this hypothesis are localization predictions 

based on protein sequence analysis. When the protein sequences for Pol1A and Pol1B 

are analyzed by localization prediction programs Target P176, PCLR,177 and Predotar 

(https://urgi.versailles.inra.fr/predotar/predotar.html), Pol1A is consistently predicted 

to localize to chloroplasts more strongly than mitochondria while Pol1B is most 

strongly predicted to localize to mitochondria. A summary of these results can be found 

in Table 2-1. A more detailed analysis using ChloroP predicts that the first 91 residues 
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of Pol1A whereas only the first 36 of Pol1B serve as a signal peptide for Pol1B, which 

may help explain the differences in preferred localization.178 However, Pol1B maintains 

high homology with Pol1A beyond its predicted signal for ~60 residues (Figure 2-8). 

Thus, while the genes and protein products are highly homologous, they have some 

significant differences at the N-terminal and other internal regions, contributing to the 

observation that the two DNA polymerases are not fully redundant to each other. 

 

Table 2-1. Prediction of Pol1A and Pol1B 
organelle localization  
Prediction 
program 

Pol1A* Pol1B* 

 Ct Mt Ct Mt 
TargetP 0.928 0.314 0.588 0.741 
PCLR 0.995 - 0.915 - 
Predotar 0.950 0.100 0.600 0.450 
*Each prediction program returns the 
likelihood of each resulting protein 
localizing to either chloroplasts (Ct) or 
mitochondria (Mt). This prediction is made 
based on the amino acid sequence of each 
polymerase. 
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Figure 2-8. Predicted signal peptides of Pol1A and Pol1B and sequence homology in the early 
region of each polymerase protein. Predictions of each protein's signal peptide was made using 
ChloroP. Residues highlighted in yellow represent the predicted signal peptide to be cleaved after 
localization. Note that despite a much shorter predicted signal peptide, Pol1B continues to 
maintain high homology with Pol1A for ~60 more residues. The first region of dissimilarity 
between the two polymerases is highlighted in pink. 

In contrast to the computer predictions, both Pol1A and Pol1B have been shown 

to be dual-targeted to chloroplasts and mitochondria.157 However, the two DNA 

polymerases may not be equally localized to both organelles at all stages of plant 

development. It was reported that plastid localization of Pol1A was only obtained when 

the entire 5′UTR was included in the GFP fusion construct. When the UTR was deleted, 

initiation of protein synthesis occurred only at the annotated start codon and 

localization became dual-targeted. The 5′UTR lacks an in-frame upstream start codon, 

suggesting that an alternate non-AUG start codon was used.157 Localization may vary 

depending on growth conditions, which could dictate which form of the protein is 

translated and thus which organelle it is targeted to. This may also play a role in the 

localization of the proteins when one of the DNA polymerase genes is knocked out in 

the T-DNA insertion lines. The absence of one DNA polymerase may trigger signal(s) 
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for expression of a form of the other DNA polymerase that can compensate for the 

mutated enzyme. This could explain some of the slight differences in growth rate and 

other characteristics between the two mutants. The proposed presence of an alternate 

mechanism for ctDNA replication could also explain why disruption of one or both of 

the mapped origins (ori) is not lethal, while some of the linear fragments generated still 

map near the mapped ori regions.179,180 The confirmation and characterization of 

different replication mechanisms and differential localization of the organellar DNA 

polymerases during plant development or in response to mutation or stresses deserves 

further study. 

It is interesting that of the four species for which organellar DNA polymerase 

genes have been characterized, Arabidopsis and tobacco, which are dicotyledonous 

plants, have two organelle localized DNA polymerases that both appear to be essential 

for normal growth and replication of chloroplast and mitochondrial genomes. In 

contrast, maize and rice, which are monocots, appear to have a single DNA polymerase 

that is responsible for substantially all ctDNA replication. Analysis of organelle DNA 

polymerases in additional species will be required to determine whether this is a 

consistent pattern, which would suggest significant differences in the replication 

machinery for plants from these two lineages. 

Chloroplast genome copy numbers per cell are highest in young 

photosynthetically active leaves. Chloroplast genome copy number varies widely 
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between tissues, ranging from 3 to 275 copies per plastid in leaf cells of different 

developmental stages.34,181 For other species there are 10–400 copies of the chloroplast 

genome per plastid, translating to 1000–50,000 genome copies per plant cell.182,183 This 

number has been given as a compelling basis for chloroplast genetic engineering. Such 

high copy numbers could theoretically lead to high expression of introduced genes. 

Indeed, high yields of gene products in engineered chloroplasts have been 

reported.184,185 

Conclusion 

In summary, there are two closely related organelle-localized DNA polymerases 

in A. thaliana. While mutants in either gene have only a slight effect on plant growth 

and net photosynthesis, the two enzymes do not appear to be fully redundant. Mutation 

of Pol1B causes a more drastic effect on growth compared to the effect of mutation in 

Pol1A. This is supported by genome copy number analysis. Mutation of either DNA 

polymerase causes a similar decrease in ctDNA copy number, while mutation of Pol1B 

causes a more substantial reduction in mtDNA genome copy number than Pol1A 

mutation. While knockdown of Pol1B resulted in increased expression of Pol1A, 

suggesting compensation for the loss of Pol1B,170 knockdown of Pol1A did not lead to 

any significant change in Pol1B expression (this work). However, Pol1A mutants exhibit 

a small increase in net photosynthesis, suggesting some adjustment in plants to the 

reduction in organelle DNA levels. Analysis of double mutants suggests that while 
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homozygous mutants of either DNA polymerase are still viable, there is a strong 

pressure to maintain two functioning copies of Pol1B or at the least two functioning 

copies of either DNA polymerase. These findings indicate that both are important for 

plant organelle genome replication and plant development, and suggest distinct roles 

for Pol1A and Pol1B in Arabidopsis. A better understanding of the dynamics and 

controls of ctDNA copy numbers are important to improve chloroplast genetic 

engineering to overexpress introduced genes, which is relevant to this special topic 

issue. 
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CHAPTER 3: Arabidopsis thaliana organelles mimic T7 DNA replisome with specific 

interactions between Twinkle protein and DNA polymerases Pol1A and Pol1B 

 

The following chapter is taken from an article submitted for publication. At the time of 

submission the article had not officially been accepted. Therefore there may be slight 

differences between the completed article and the version that appears here. 

 

Abstract 

Background 

Plant chloroplasts and mitochondria utilize nuclear encoded proteins to replicate 

their DNA. These proteins are purpose built for replication in the organelle 

environment and are distinct from those involved in replication of the nuclear genome. 

These organelle localized proteins also have ancestral roots in bacterial and 

bacteriophage genes, supporting the endosymbiotic theory of their origin. We examined 

the interactions between three of these proteins from Arabidopsis thaliana: a DNA 

helicase-primase similar to bacteriophage T7 gp4 protein and animal mitochondrial 

Twinkle, and two DNA polymerases, Pol1A and Pol1B. We used a three-pronged 

approach to analyze the interactions, including Yeast-two-hybrid analysis, Direct 

Coupling Analysis (DCA), and thermophoresis. 
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Results 

Yeast-two-Hybrid analysis reveals residues 120-295 of Twinkle as the minimal 

region that can still interact with Pol1A or Pol1B. This region is a part of the primase 

domain of the protein and slightly overlaps the zinc-finger and RNA polymerase 

subdomains located within. Additionally, we observed that Arabidopsis Twinkle 

interacts much more strongly with Pol1A versus Pol1B. Thermophoresis also confirms 

that the primase domain of Twinkle has higher binding affinity than any other region of 

the protein. Direct-Coupling-Analysis identified specific residues in Twinkle and the 

DNA polymerases critical to positive interaction between the two proteins. 

Conclusions 

The interaction of Twinkle with Pol1A or Pol1B mimics the minimal DNA 

replisomes of T7 phage and those present in mammalian mitochondria. However, while 

T7 and mammals absolutely require their homolog of Twinkle DNA helicase-primase, 

Arabidopsis Twinkle mutants are seemingly unaffected by this loss. This implies that 

while Arabidopsis mitochondria mimic minimal replisomes from T7 and mammalian 

mitochondria, there is an extra level of redundancy specific to loss of Twinkle function.  

Introduction 

Mitochondria and chloroplasts possess their own unique genomes. These 

genomes originated from small free living organisms that were engulfed by larger ones 

during the process of endosymbiosis.186 Over time, the engulfed organisms lost more 
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and more of their DNA coding capacity to the nucleus of the larger organism until they 

lost the ability to be free living. However, time has not removed all DNA from these 

organelles, leaving behind the modern mitochondrial and chloroplast genomes. This 

DNA is not an artifact, it is fully functional with genes that are replicated, transcribed 

and translated to produce essential proteins for organelle function.44,187 The mechanisms 

in place for maintenance of this DNA are similar to bacteriophage systems and are 

much simpler than the mechanisms involved in eukaryotic nuclear DNA replication 

and bacterial chromosomal replication.71,188 

Many plant organellar DNA replication proteins have been identified and 

characterized in various species.46,71 In this report we focus on the interactions between 

the Arabidopsis organelle DNA replication proteins Twinkle and DNA Polymerases 1A 

and 1B. We propose that a minimal functioning DNA replisome in plant organelles 

consists of the DNA primase-helicase protein Twinkle along with DNA polymerase 1A 

or 1B. We also propose that SSB1 participates in this minimal replisome. This system 

has been described as the minimal mitochondrial DNA replisome in mammals,95 and 

mimics the replication machinery of T7 bacteriophage.94 

Arabidopsis Twinkle protein gets its name from the human homolog,133 which is 

similar to the bacteriophage T7 gp4 DNA primase/helicase protein. In humans this 

protein lacks primase activity due to amino acid sequence differences in the primase 

domain.135 In plants, this protein has both DNA helicase and DNA primase 
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activities.99,136 T7 gp4 protein functions as both a DNA helicase and primase and is 

central to the replication machinery of its genome.94 Structurally, Arabidopsis Twinkle 

and T7 gp4 are very similar; however, Arabidopsis Twinkle has a slight extension 

between the primase and helicase domains when compared to phage gp4 as well as a 

longer N-terminal region. 

Zinc fingers are typically associated with DNA binding domains, with many 

examples found in transcription factors. Zinc fingers may also be involved in protein 

folding and assembly, RNA packaging, and lipid binding.189 Arabidopsis Twinkle protein 

mimics T7 gp4 protein by having a functional zinc finger domain. The zinc finger of T7 

gp4  is required for a functional primase domain.190 In humans and mammals, 

mutations in the ancestral zinc finger motifs lead to a non-functional primase domain 

because of the absence of the cysteine residues necessary to coordinate a Zn+2 atom. 

The ancestral origin of plant organellar DNA polymerases is convoluted. 

Initially, Arabidopsis proteins Polymerase 1A and 1B were designated Polymerase 

gamma 2 and 1, respectively, in reference to human mitochondrial DNA POL γ.118 

However, further studies disputed this characterization and found that the plant 

proteins have more in common with bacterial DNA polymerase I; hence the names 

Pol1A and Pol1B.119 Furthermore, other studies frequently refer to these proteins as 

plant organellar DNA polymerases, or POPs.120 Thus, three different names exist for the 

same protein. In this chapter, we will refer to the proteins as DNA polymerase 1A and 



65 
 

1B. These are the only DNA polymerases known to function within the chloroplasts and 

mitochondria in plants. The phage T7 homolog of Pol1A and Pol1B is the gp5 protein. 

Although Pol1A and Pol1B share approximately 70% amino acid identity with each 

other, studies have identified several different characteristics for each one. Parent et al 

reported that Pol1B serves more of a role in DNA repair than Pol1A,119 and Pol1A 

replicates with more fidelity and is able to displace DNA more effectively than 

Pol1B.128,191 These previous works show that Pol1A and Pol1B are not merely redundant 

DNA polymerases but each has specific functions. 

There are a few structural differences between E. coli DNA polymerase I and 

Arabidopsis Pol1A and Pol1B. The most obvious is that Pol1A and Pol1B lack the 5’-3’ 

exonuclease domain found in E. coli DNA polymerase I. In its place is a long sequence 

of amino acids with no functional assignment. In E. coli, this 5’-3’ exonuclease activity is 

involved in removal of Okazaki fragments.  Lack of this domain in the plant DNA 

polymerases suggests that primer removal has been replaced by another mechanism or 

by other proteins. Therefore, it is possible that as the plant DNA polymerases evolved, 

the 5’-3’ exonuclease domain was not maintained and became non-functional as 

mutations accumulated. The second difference between the plant and bacterial DNA 

polymerases is a stretch of amino acids that has been inserted between the 3’-5’ 

exonuclease domain and the polymerase domain (Figure 3-1). In structural predictions 

this takes on a large looping structure. 
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Figure 3-1. Arabidopsis Pol1A, Pol1B, Twinkle, SSB1, E. coli DNA polymerase I, and T7 gp4. 
“SP” stands for “signal peptide” as predicted by the SignalP server. The light green region in 
Pol1A and Pol1B represents the border of the plastid-like DNA pol a domain which overlaps 
with the dark green region representing the more general DNA pol a domain. Genes are shown 
to scale in terms of cDNA and amino acid length. Black arrows represent primers used to create 
truncations of each protein. 
 

SSB1 is a single stranded DNA binding protein with homologs in many other 

organisms. When making comparisons, this chapter will refer to the T7 phage SSB1 

homolog, gp2.5. An earlier study has shown that in humans, minimal mitochondrial 

DNA replisomes can be formed in vitro with just TWINKLE and POL γ.95 Addition of 

mtSSB1 protein enhances this replisome. This mimics the simple system found in T7 
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phage which consists of gp4 DNA primase-helicase, gp5 (DNA polymerase), and gp2.5 

(SSB) proteins.94 

It stands to reason that plants utilize similar replisomes to maintain their 

organellar DNA. We propose that the minimal DNA replisome in plant organelles 

consists of similar components found in humans and utilized by T7 phage, namely 

Twinkle, Pol1A or Pol1B, and SSB1 proteins. In this chapter, we will illustrate the 

interactions of these proteins, focusing on the specifics of Twinkle and the DNA 

polymerases. We have identified one specific region of Twinkle with a predicted 

disordered structure, and we show that this region is key for Twinkle’s interactions 

with Pol1A and Pol1B. 

Results 

Visual summaries of the Arabidopsis DNA replication proteins included in this 

study with their functional domains are shown in Figure 3-1. SSB1, E. coli DNA 

polymerase 1, and bacteriophage T7 gp4 primase/helicase are included for reference. 

Functional domains are illustrated based on results from the NCBI conserved domain 

database, Uniprot192 databases and published works by Bernstein,193 Gray,100 and 

Richardson.194 Signal peptide regions were predicted using the SignalP195 server. With 

the exception of SSB1, these proteins are unusually large, especially when compared to 

the amino acid length from orthologous plant and animal proteins.196 
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We hypothesized that the disordered N-terminal regions of Pol1A, Pol1B, and 

Twinkle interact with each other. This was supported based on multiple sequence 

alignments of orthologs from other plant species. These alignments revealed high 

conservation in the functional domains and low conservation in unassigned regions of 

each protein (Figure 3-2). Structure prediction also differed in depicting the disordered 

regions of Twinkle and the DNA polymerases. Using the iTASSER structure prediction 

server,197-199 we can see clear divisions between the different functional regions of 

Twinkle (Figure 3-3). These include the primase domain; which includes zinc finer and 

RNA polymerase subdomains, and the helicase domain.  

 

 
Figure 3-2. Multiple Sequence Alignment histograms of Pol1A/B and Twinkle showing residue 
conservation. Multiple sequence alignment was performed using other vascular plant sequences 
and the MAFFT server. High conservation can be observed in the functional domains of each 
protein, particularly in the polymerases. Low conservation occurs most often in the regions 
where no functional domain is predicted. 
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Figure 3-3. Functional regions of Twinkle modeled by iTASSER. This model shows residues 
127-708 of Arabidopsis Twinkle. Clear divisions between the zinc finger (green) RNA 
polymerase (red) and helicase (blue) functional regions can be observed. The primase domain of 
Twinkle is the combination of the zinc finger and RNA polymerase regions. 
 

To test our hypothesis we adopted a yeast-two-hybrid approach. To ensure we 

weren’t missing any interactions, we created a series of protein truncations. The design 

of these truncations is shown in Figure 3-1. These truncations were compiled into yeast 

libraries which were mated against one another to select for interactions. The resulting 

interactions between the truncated protein constructs are summarized in Figure 3-4. 

Our library screen showed consistent interactions between specific regions of 

Twinkle and three other proteins; Pol1A, Pol1B, and SSB1. In particular, the region of 

Twinkle downstream from the predicted signal peptide and before the helicase domain 

appeared repeatedly in many interactions. A similar pattern occurs with the DNA 

polymerases; the region downstream from the predicted signal peptide and slightly 

inside the polymerase domain appear in many interactions. The interacting regions are 
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highlighted in Figure 3-5. These results support our hypothesis that the N-terminal 

region of Twinkle is responsible for interacting with the DNA polymerases. However, 

this does not necessarily indicate that only the N-terminal regions of the polymerases 

interact with Twinkle. The observed interacting regions of the polymerases are very 

large and eclipse several domains of the protein, not just the N-terminal region. Because 

the regions we identified in both proteins are quite large, we decided to further 

investigate the interaction between Twinkle and the polymerases by truncating these 

regions further.  

  

Figure 3-4. Summary of interaction after yeast library mating. Orange bridges between each 
protein represent unique interactions observed between specific gene truncations. Thus, higher 
numbers of unique interactions leads to darker bridges between proteins. 
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Figure 3-5. Regions of Pol1A, Pol1B, and Twinkle involved in the highest number of yeast-two-
hybrid interactions. The regions highlighted above are still rather large and were selected for 
further truncation to specify exactly which regions of the protein led to positive interaction. 
 
Truncating Twinkle 

To make Twinkle truncations we designed primers that shortened the protein in 

10 amino acid increments from either the N-terminal or C-terminal side of the 

interacting region. We amplified and tested different truncations until the interaction 

was lost. After finding the maximum truncation from both the N-terminal and C-

terminal regions that retained a positive interaction, we created a final truncation that 

combined these borders. Residues 120-295 of Twinkle make up the smallest truncation 

that maintains interaction with Pol1A or Pol1B, as illustrated in Figure 3-6. This region 

does not reside in any predicted functional domain and further strengthens our 

hypothesis that the N-terminal region of Twinkle coordinates interaction with DNA 

polymerase. 
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Figure 3-6. Design and results of Twinkle protein truncations. (A) Schematic showing the 
identified regions of Twinkle and Pol1A/B with a high number of positive interactions. Each grey 
line represents a potential 10 amino acid truncation from either the N-terminal or C-terminal 
side of Twinkle. (B) Truncations that succeeded or failed to interact with the interacting region 
of Pol1A or Pol1B. (C) Spot dilutions for interactions between various truncations of Twinkle 
and Pol1A. To keep figures concise, we opted to only display the spot dilutions made with 
Twinkle and Pol1A. Spot dilutions against empty bait (pGBK) or prey (pGAD) vectors are 
included as negative controls. 
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Truncating the DNA polymerases 

We next truncated the DNA polymerase genes as we did with Twinkle in order 

to hone in on a specific interacting region. To do this we used the minimal region 

identified from the Twinkle truncations as a binding partner. Before designing primers 

for the 10 amino acid deletions, we produced truncations using the primers originally 

designed in our library approach (Figure 3-1). The purpose was to identify a 

significantly smaller region of the DNA polymerases that would still interact with 

Twinkle in order to reduce the amount of effort required to produce dozens of 10 amino 

acid truncations. However, we soon discovered we could not reduce the interacting 

region of the polymerases much further than our initial screen had revealed (Figure 3-

7). We also noticed that different regions of Pol1A and Pol1B were able to interact with 

the small region of Twinkle we had identified. Spot dilutions of each interaction allude 

to a much stronger association between Pol1A and Twinkle versus Pol1B with Twinkle. 
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Figure 3-7. Truncations of Pol1A/Pol1B interacting with residues 120-295 of Twinkle. 
Truncations are numbered 1-12 and span Pol1A and Pol1B as designated above. Each 
truncation was tested for association with the interacting region of Twinkle and plated in 1:5 
spot dilutions on selective and non-selective media as a control. Non-selective media is SD -leu -
trp and the selective media is SD -leu -trp -his -ade. Note the stronger interaction between Pol1A 
and Twinkle versus Pol1B and Twinkle. 
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Direct Coupling Analysis of residues potentially involved in interactions 

Direct coupling analysis (DCA) is a bioinformatic technique that quantifies 

interactions between two positions in a sequence and can be used to evaluate 

evolutionary constraints by examining orthologous gene conservation.200 In our case, we 

calculated the direct coupling of Twinkle and the DNA polymerase orthologs taken 

from 90 plant species. Although DCA is typically conducted on hundreds of protein 

sequences, since our model was intended to assess direct coupling in Arabidopsis 

thaliana, we limited the multiple sequence alignment to include only protein sequences 

originating in plant genomes. Furthermore, DCA is shown to systematically improve 

when sequence similarity between the protein sequences is less than 80%.200 To ensure a 

balance between the number of sequences and potential biases incurred by sampling 

only a few species with very similar protein sequences, we included only a single 

protein sequence from each species, sampling from 90 available genomes from different 

species. From this data we generated a heat map and selected 10 residues from each 

protein with the highest likelihood of interaction. Of the 10 residues identified in 

Twinkle, 8 reside in the region we had previously categorized by yeast-two-hybrid 

analysis as important in protein-protein interactions (Figure 3-8). For the DNA 

polymerases, the top 10 residues are spread out much further throughout the protein. 

The exact position of each candidate residue can be seen in Table 3-1. 
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Table 3-1. Top 10 residues likely to display interaction 
between Twinkle protein and Pol1A or Pol1B as predicted 
by Direct Coupling Analysis (DCA). Amino acid 
designations and tri-alanine mutants for each of these 
residues is also displayed. 
Twinkle   

Residue number Amino acid 
Tri-Alanine 

Mutant created 
124 Glu ∆ 123,124,125 
126 Cys 

∆ 126,127,128 
127 Pro 
159 Leu ∆ 158,159,160 
177 Ala ∆ 176,177,178 
185 Asp ∆ 184,185,186 
189 Lys ∆ 188,189,190 
233 Gly ∆ 232,233,234 
430 Thr 

∆ 429,430,431 
431 His 
   
Pol1A/B   

Residue number 
Amino acid 
(Pol1A/Pol1B) 

Tri-Alanine 
Mutant created* 

118 Val/Glu ∆ 117,118,119 
248 Arg/Asp ∆ 247,248,249 
255 Val/Glu ∆ 254,255,256 
412 Pro/Lys ∆ 411,412,413 
422 Glu/Asp ∆ 421,422,423 
427 Leu/Lys ∆ 426,427,428 
495 His/Phe ∆ 494,495,496 
591 Val/Lys ∆ 590,591,592 
634 Asn/Val ∆ 633,634,635 
695 Thr/Gly ∆ 694,695,696 
*Mutants were created for Pol1A and not Pol1B. 
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Figure 3-8. Heat map of residues most likely to interact based on Direct Coupling Analysis. (A) 
Heat map showing the likelihood of residues from Twinkle (y-axis) to interact with residues from 
Pol1A or Pol1B (x-axis) based on mutual information generated from DCA. The raw data used 
to make this heat map was analyzed to identify 10 residues in both the polymerases and Twinkle 
with the highest likelihood for interaction. (B) Location of the 10 residues identified from DCA 
analysis. These residues were picked for point mutation analysis to see how they would affect the 
Polymerase-Twinkle interaction. 
 

We mutated each of these 10 residues and their immediate neighbors in Twinkle 

and Pol1A to determine whether they would disrupt interactions. We chose to mutate 

Pol1A as our previous work showed more positive associations with Twinkle and 

therefore a loss of interaction would be more distinct. All mutations were made by 

substituting the original residues and their neighbors with alanine creating tri-alanine 

mutants. Because DCA analysis is based on gene alignments from many species, we 

mutated the candidate residues and their immediate neighbors to correct for imperfect 

positioning of critical interacting residues in Twinkle or Pol1A. Some of the candidate 

residues in Twinkle were so close together we were able to mutate both of them with 

one clone. Similar to the previous analysis, we observed much stronger interactions 
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between Twinkle and Pol1A vs Pol1B (Figure 3-9). We also detected more interaction 

disruptions between Pol1B and Twinkle due to point mutations. 

 

Figure 3-9. Results of tri-alanine substitution mutation analysis. Tri-alanine mutants were 
created in Twinkle and Pol1A to test for interaction disruption. Mutated residues were selected 
based off of DCA analysis results. While only two mutations caused a disruption of Twinkle 
with Pol1A, most mutations weakened or completely disrupted interaction with Pol1B. 
Mutations in Pol1A were much more distinct, either completely disrupting interaction with 
Twinkle, or failing to affect this interaction at all. 
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Thermophoresis analysis of Twinkle/DNA polymerase interactions 

Although the yeast-two hybrid experiments showed a stronger interaction 

between Pol1A and Twinkle, Pol1B was used to determine the binding constant with 

Twinkle and its different structural modules because this recombinant protein has a 

better yield during protein purification and because of the 70% amino acid identity 

present between Pol1A and Pol1B.  In this experiment a polyhistidine-tagged Pol1B and 

the ligands (full-length Twinkle, Zn++ Finger domain, RNAP domain, primase module 

and helicase module) without a histidine tag were used. The his-tagged Pol1B was 

labeled with a fluorescent dye and the amount was kept constant at 10 nM during the 

binding experiments. After incubation with increasing concentrations of ligand, 

samples were loaded into MST standard capillaries. Pol1B showed specific binding to 

full length Twinkle, the primase and helicase domains, and the zinc finger subdomain. 

The RNAP region did not show appreciable interaction with Pol1B (data not shown; 

region indicated in Figure 3-10). The fitted values from the thermophoretic analysis 

yielded dissociation constants for the ligand partners Pol1B-Twinkle of 1.26 µM, Pol1B-

Primase of 0.81 µM, pol1B-Helicase of 1.97 µM, pol1B-zf of 2.17 µM (Figure 3-10). These 

values are comparable with the binding affinities between T7 DNA polymerase and the 

bifunctional T7 primase-helicase.201-203 The dissociation constants for this interaction are 

in the order of 0.44 µM in the presence of DNA 204. The DNA primase and DNA helicase 

activities are encoded as two independent polypeptides in bacteria. In Bacillus subtilis 
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the dnaG primase protein has been documented to interact with the DNA polymerase 

dnaE helicase with a dissociation constant of 0.75 µM.205 Finally, zinc finger containing 

proteins have been described as interacting partners with DNA polymerases, in which 

cases the zinc finger is especially responsible for physical interaction between both 

proteins.206,207 The confirmation of the interaction between the Twinkle and Pol1B 

provide further support for the role of these enzymes in replicating the Arabidopsis 

thaliana organellar genome. 

 

Figure 3-10. Binding of DNA polymerase B with Twinkle domains. The DNA polymerase B was 
labeled as the target protein at 20 nM concentration and assayed in microscale thermophoresis 
experiments with Twinkle, the primase and helicase domains, and the zinc finger subdomain. 
The thermophoretic data was fitted to the Kd equation described in materials and methods. The 
zinc finger subdomain was able to bind to Pol1B and a Kd was measured at 2.17 µM. The 
RNAP subdomain (red) did not show binding (data not shown). The primase and helicase 
domain were able interact with the polymerase with a Kd of 0.81 and 1.97 µM respectively. The 
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full-length protein interacts with a Kd of 1.26 µM. all proteins were titrated in 16 serial 
dilutions from different concentrations. Graphs were plotted at x axis with enzyme concentration 
and at the y axis with normalized fluorescence. Error bars represent the standard error for three 
measurements. 
 
Discussion 

We have identified a region of Arabidopsis Twinkle DNA primase/helicase that is 

crucial for interaction with the two organellar DNA polymerases. Within this region, 

mutation of several key residues results in complete dissociation from Pol1A or Pol1B 

as determined by yeast-two-hybrid analysis. We have also shown that mutation of key 

residues in Pol1A disrupts interaction with Twinkle. Unlike Twinkle, these key residues 

in the DNA polymerases are spaced much further apart. We suspect this was the main 

reason we could not produce a smaller truncation of Pol1A or Pol1B that maintained 

interaction with Twinkle, whereas the interacting region of Twinkle was localized to a 

very narrow region of the protein. This supports our hypothesis that the N-terminal 

region of Twinkle coordinates an interaction with Pol1A or Pol1B. However, it does not 

confirm that only the N-terminal region of the DNA polymerases is crucial for positive 

interaction with Twinkle. Results from our previous screens also show this same region 

of Twinkle associates with SSB1, supporting the idea that Twinkle coordinates the 

assembly of a minimal DNA replisome. As most vascular plants possess the same 

orthologs of these organellar replication proteins, this pattern is likely to be repeated in 

higher plant chloroplasts and mitochondria of other species. 
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Although we have provided evidence showing that Twinkle and the DNA 

polymerases likely form a minimal DNA replisome, we do not know if this is the sole 

DNA replisome utilized in plant organelles. Additionally, other proteins may provide 

accessory functions such as in E. coli.208,209 For example, almost no research has been 

performed on primer removal. Two 5 '-3' exonucleases have been identified in 

Arabidopsis organelles,210,211 one localizing to the mitochondria and one localizing to the 

chloroplasts, but there not have been any studies on their mechanisms of action. 

Ribonucleases have been reported in plant mitochondria and chloroplasts, but their 

characterized functions are in mRNA and tRNA processing.212 We have also shown 

strong interactions of Arabidopsis Twinkle with SSB1, which may form a crucial part of a 

DNA replisome. 

Pol1A and Pol1B have been shown to be processive enough to replicate an entire 

organelle genome equivalent.119,124 This is much more processive than E. coli DNA 

polymerase I, which is involved mostly in Okazaki fragment processing and DNA 

repair and cannot replicate much more than several dozen bases.125 By itself, T7 DNA 

polymerase gp5 also lacks processivity, but when bound to E. coli thioredoxin becomes 

highly processive. Interestingly, recombinant versions of E. coli DNA polymerase I that 

are able to bind thioredoxin display a dramatic increase in processivity.126 Plant 

organelle DNA polymerases may also bind thioredoxin or other processivity factor to 

achieve their greater processivity, but this has never been shown. If this occurs, it would 
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help explain why these enzymes possess much greater processivity than E. coli DNA 

polymerase I, although they are otherwise quite similar in sequence and function. 

To date, no other organellar DNA polymerases have been identified in plant 

chloroplasts and mitochondria other than Pol1A and Pol1B. In addition to DNA 

polymerase(s), determining what helps unwind and prime DNA for replication is 

crucial to our understanding of DNA replication in plant organelles. We have 

demonstrated an association between the DNA polymerases and Twinkle suggesting 

that these two proteins are part of the DNA replisome in these organelles. However, 

Twinkle T-DNA insertion mutants in Arabidopsis show no noticeable defect in plant 

growth (Nielsen et al., unpublished data) and there is no noticeable decrease in 

organelle genome copy number compared to wild-type plants (Supplementary Figure 

3-1). The plants grow similarly to WT. This is puzzling, as similar interactions between 

T7 gp4 helicase-primase are essential for processive replication of phage DNA.203 In 

addition, conditional Twinkle knockout mice fail to survive and display a rapid 

depletion of mitochondrial DNA in both heart and skeletal muscle tissue.213 If Twinkle 

knockout plants grow well, this strongly suggests that another protein may provide the 

primase activity required for DNA polymerases to function. However, previous work 

has shown that Twinkle efficiently primes DNA synthesis by Pol1A and Pol1B.136 This 

same study demonstrates that Arabidopsis Twinkle cannot prime T7 or E. coli DNA 

polymerase I. We and others have shown that plants can survive with almost no visible 
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growth defects if they have at least one functional organellar DNA polymerase. Despite 

this lack of phenotype, mutating Pol1A or Pol1B leads to an approximate 30% decrease 

in organelle genome copy number.121 Growth at these decreased organelle genome copy 

numbers does not appear to be affected by low light conditions or drought (data not 

shown). 

A simple explanation for the reason Twinkle knockout plants grow normally is 

that there is another DNA replication protein that is either 1) the main helicase/primase 

active at replication forks or 2) another protein compensates for the loss of Twinkle 

activity. In either case, there is an apparent redundancy in Arabidopsis for Twinkle 

function. Other candidates include Twinky (At1g30660), a truncated version of Twinkle 

that retains only the DNA primase domain, and PrimPol (At5g52800), a unique 

primase/polymerase protein. However, T-DNA insertion mutations in either of these 

proteins also lead to no discernable growth defect (Supplementary Figure 3-1). In any 

case, Pol1A and Pol1B must be involved, since they are the only DNA polymerases 

found in the organelles and we and others have been unable to make double 

homozygous mutants in both genes. 

In previous studies, we found that plants with Pol1B mutations had a greater 

decrease in organelle genome copy number relative to plants with Pol1A mutations, 

particularly in mitochondria.121,214 We also observed a slight delay in growth of these 

plants. This suggests that Pol1B is more important for DNA replication in the organelles 
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than Pol1A. If the minimal replisome consists of Twinkle and a DNA polymerase, we 

expected based on our previous results that Twinkle would show a strong association 

with Pol1B. However, our research shows the opposite is true. This could be explained 

by different scenarios: a strong interaction with Twinkle may be detrimental to DNA 

replication, or the roles of Pol1A and Pol1B may be less redundant and more distinct 

from each other. Supportive of this, one study demonstrated that Pol1B is primarily 

involved in DNA repair.119 Other studies show that both DNA polymerases can perform 

translesion repair but Pol1B is more effective at strand displacement than Pol1A.122,128 

This suggests that Pol1A may be more involved in DNA replication whereas Pol1B is 

more involved in DNA repair. This contrasts with findings in maize, where only one of 

the two organellar DNA polymerases was shown to be responsible for replication of the 

maize plastid genome, as mutation of this single gene essentially abolished chloroplast 

DNA replication.36 This maize mutant had about a two-fold reduction in mitochondrial 

DNA, inferring that the second DNA polymerase may function in mitochondria. 

In addition, recombination dependent replication (RDR) could explain the lack of 

a phenotype in Twinkle mutants. Extensive use of RDR in plant organelles has been 

demonstrated as a means of maintenance and repair of mitochondrial and plastid 

DNA.215 This is especially true in mitochondria where direct and inverted sequence 

repeats of ≥50 bp are present throughout the genome. Mutations in recombination 

proteins lead to genome instability and often plant death. One prominent example is 
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RecA, a homolog of the bacterial replication protein RecA. Arabidopsis possess three 

RecA homologs that localize to the organelles (RecA1 [At1g79050], RecA2 [At2g19490], 

RecA3 [At3g10140]). Mutations to these homologs lead to delayed phenotypes, 

increased recombination, and in the case of RecA2 plant death beyond the seedling 

stage.114,166,216 Other recombination proteins that localize to the organelles include single 

stranded DNA binding proteins Whirly111,113 and OSB,110 and a MutS homolog called 

Msh1.154 Mutations to any of these proteins lead to an increase in illegitimate 

recombination and adversely affect plant development. 

Conclusion 

We have used three independent approaches to confirm a positive interaction 

between Twinkle and the organellar DNA polymerases Pol1A and Pol1B. We have used 

a classic molecular biology technique (yeast-two-hybrid), bioinformatics (DCA), and 

biochemistry (thermophoresis) to define important regions and residues that are key to 

this interaction. This three pronged approach provides confirmation of the interactions, 

and can be applied to other protein-protein interaction studies. 

Further work examining the complete DNA replisome of plant organelles will 

identify other proteins involved in mitochondrial DNA replication in Arabidopsis, 

including when Twinkle is mutated. Candidates for study include Twinky, PrimPol, 

RecA, Whirly, and MutS. The same approach we have used to prove the interaction 
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between Twinkle and the DNA polymerases may reveal specific regions in these 

candidate proteins that are crucial for DNA replisome assembly and function. 

Materials/Methods 

Yeast-two-hybrid analysis 

Yeast-two-hybrid analysis was performed using materials and protocols from 

Clontech. This included using the Matchmaker gold strain of yeast for small scale yeast 

transformations following the lithium acetate protocol outlined by Clontech. Different 

truncations of Pol1A and Pol1B were used in yeast-two-hybrid to test for regions of 

interactions in vivo. All constructs were tested for autoactivation by transforming the 

target protein against an empty bait or prey plasmid to eliminate the possibility of false 

positive interactions. For mating experiments, Matchmaker gold yeast was used in 

conjunction with an Arabidopsis library of normalized cDNAs purchased from 

Clontech. 

Cloning of constructs in yeast was performed via traditional methods to create 

gene truncations (primers shown in Supplementary Table 3-1 and 3-2). Constructs were 

inserted into either the pGADT7 (prey) or pGBKT7 (bait) plasmids and transformed 

into E. coli. The resulting E. coli clones were grown up and plasmid DNA harvested via 

miniprep columns from Midsci or Zymoresearch for transformation into Matchmaker 

gold yeast. 
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Tri-alanine substitution mutants were created to test the effects of mutating the 

residues highlighted by DCA analysis. These mutants were created by utilizing 

‘around-the-horn’ PCR. In this approach we used pGAD or pGBK plasmid with 

Twinkle or Pol1A correctly inserted as template DNA for PCR. Using a forward primer 

and a reverse primer with 5’ ends that line up back-to-back, we extended the length of 

the plasmid using high fidelity DNA polymerase in a traditional PCR reaction. The 

forward primer possessed a tri-alanine mismatch region flanked by homologous 

sequences of ~15 bp for Twinkle or Pol1A. The resulting PCR product was a plasmid 

sized blunt ended DNA molecule possessing the tri-alanine substitution we had 

designed. The blunt ends of this molecule were ligated together and transformed into E. 

coli. Colonies were picked, grown and harvested for plasmid DNA which was checked 

for correct insertion of the tri-alanine substitution via Sanger sequencing. Once verified, 

the plasmids were transformed into yeast and measured for interaction using selective 

media. 

Direct Coupling Analysis 

We calculated both direct and indirect interactions between amino acid residues 

in the DNA polymerase and Twinkle genes through a direct coupling analysis of 

sequences from 90 plant species. First, we manually downloaded each DNA polymerase 

and Twinkle gene from the National Center for Biotechnology Information (NCBI),217 

ensuring that each plant species included complete gene annotations for both genes. 
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After separating the downloaded genes into two FASTA files, one for each gene, we 

performed a multiple sequence alignment on each FASTA file separately. We used the 

following CLUSTAL OMEGA 218 command, where ${INPUT} is the FASTA file 

containing the unaligned genes and ${OUTPUT} is the FASTA file containing the 

aligned genes: 

clustalo -i ${INPUT} > ${OUTPUT} 

A comparison of different multiple sequence aligners by Pais, et al. 219 shows that 

CLUSTAL OMEGA performs relatively well for full-length gene sequences, similar to 

sequences used in our analysis. 

Following the individual alignments of each set of sequences, we joined the 

aligned sequences for each species into a single FASTA file by adding 20 asparagine 

residues to the end of the Polymerase II gene followed by concatenating the Twinkle 

sequence for each species. This artificial buffer ensured that interactions identified 

between the two genes were not affected by combining the genes (e.g., residue 

proximity), and facilitated our ability to quickly differentiate between the two genes. 

We used a MATLAB implementation of DCA220 to identify direct information and 

mutual information in each pairwise residue comparison between the two genes. The 

output file contains four columns: the position of the first amino acid residue, the 

position of the compared amino acid residue, the amount of direct information between 

the two residues, and the amount of mutual information between the two residues. We 
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used the following command to perform the direct coupling analysis, where ${INPUT} 

is the combined FASTA file and ${OUTPUT} contains the direct information and mutual 

information for each pairwise comparison: 

matlab -nodisplay -nojvm -nosplash -r "dca ${INPUT} ${OUTPUT}" 

Since the amino acid residues reported in the DCA analysis came from the 

combined multiple sequence alignments (i.e., the position of the first residue of Twinkle 

starts after the 20 asparagine residues that follow the last residue of Polymerase II), we 

determined which residues corresponded to the residues in the original unaligned 

Arabidopsis thaliana sequences and extracted only those pairwise comparisons from the 

DCA output file. We then renumbered the amino acid residues to be congruent with the 

original unaligned sequences (i.e., the first residue of Polymerase II was labeled position 

one in the first column of the output file and the first residue of Twinkle was labeled 

position one in the second column of the output file). Finally, using these labels, we 

created a heat map of the calculated mutual information using the matplotlib and 

scipy.interpolate.griddata libraries in Python version 2.7. We used the heat map to 

visually identify areas of higher mutual information between the two genes. 

Thermophoresis 

Cloning and expression  

Twinkle lacking the first 91 codons was used as template for the construction of 

the DNA primase and helicase domains, and the RNAP and zinc finger subdomains. 
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The primase domain (residues 92-410), RNAP and zinc finger subdomains (residues 

194-410 and 92-186, respectively) were cloned into pET-19b and purified as 

described.128,136 The helicase domain (401-709) was cloned into the pCri-1b vector221 and 

purified as described before, changing Tris-HCl to Potassium phosphate 7.0 in the 

buffer composition. Tags were removed using PreScission protease for the pET 

constructs and TEV protease for the construct in pCri-1b. 

Microscale thermophoresis 

Pol1B was labeled using NanoTemper’s Monolith His-Tag Labeling Kit RED-tris-

NTA at 100 nM concentration. The fluorescent labeled protein was used at a constant 

concentration of 20 nM. The ligands were titrated against labeled Pol1B in 16 serial 

dilutions from 12.8 µM for Twinkle, 30 µM for the helicase domain, 70 µM for the 

primase domain, 30 µM for the RNAP subdomain and 270 µM for the zinc finger 

subdomain. The reactions were incubated in PBS buffer + 0.05% Tween. The 

measurements were performed using a NanoTemper Monolith NT.115pico instrument 

and the analysis was conducted at 10% LED power and 50% MST power with standard 

capillaries. The data from the thermophoretic change was fitted according to the 

equation: 

(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) = 𝑈𝑈 +
(𝐵𝐵 − 𝑈𝑈)(𝐶𝐶 + 𝐶𝐶𝑇𝑇 + 𝐾𝐾𝑑𝑑 − �(𝐶𝐶 + 𝐶𝐶𝑇𝑇 + 𝐾𝐾𝑑𝑑)2 − 4 ∗ 𝐶𝐶 ∗ 𝐶𝐶𝑇𝑇)

2𝐶𝐶𝑇𝑇
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where U is the response value of the unbound state, B is the response value of the 

bound state and CT is the final concentration of the fluorescent molecule. 

qPCR 

Leaf tissue was harvested from wild-type and Twinkle and PrimPol mutant 

plants at 7 and 14 dpi. High quality DNA suitable for qPCR was isolated from tissue 

samples via a cetyltrimethylammonium bromide (CTAB) protocol adapted from Minas 

et al.172 qPCR was used to measure organelle genome copy number by measuring 3 

mitochondrial and 3 chloroplast DNA targets (Supplementary Table 3-3). Mitochondrial 

targets included nad9 (NADH dehydrogenase iron-sulfur protein 3), orf25 (open 

reading frame, encodes plant b subunit of mitochondrial ATP synthase based on 

structural similarity), and cox1 (Cytochrome c oxidase subunit 1). Chloroplast targets 

included psbK (photosystem II reaction center protein K precursor), petD (Cytochrome 

b6-f complex subunit 4) and ndhH (NAD(P)H-quinone oxidoreductase subunit H). 

These targets are unique to mitochondria and chloroplast DNA to avoid overlap with 

the nuclear genome. AtRpoTp (phage-like RNA polymerase, nuclear encoded, plastid 

localized) was used as a standard to measure copy levels. Relative genome copy 

numbers were analyzed using an Applied Biosystems StepOne Plus qPCR machine and 

PowerUp SYBR green reagents. Technical and biological replicates were compiled and 

analyzed using the ∆∆Ct method.173 
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APPENDIX 1: Co-IP of Arabidopsis Pol1A, Pol1B, and Twinkle 

 

The following section contains unpublished data from experiments designed to support 

results found from the yeast-two-hybrid experiments performed in Chapter 3. 

 

Abstract 

Arabidopsis organellar proteins Pol1A, Pol1B, and Twinkle have shown positive 

interactions when tested using a yeast-two-hybrid system. To verify our findings from 

the yeast-two-hybrid, we designed a co-immunoprecipitation experiment to provide 

additional support. By modifying the bait and prey plasmids used for the yeast-two-

hybrid analysis, we were able to perform this experiment while still taking advantage of 

cloning our products into yeast. Tagged proteins were successfully identified from total 

protein extracts. Pulldown experiments failed to display Pol1A, Pol1B, and Twinkle in 

the predicted patterns, but instead displayed a high abundance of Twinkle with no 

detection of Pol1A or Pol1B. This result is particularly odd, as Pol1A and Pol1B were 

both targets of the pulldown. If any result were expected, it would be to see high levels 

of Pol1A and Pol1B and none of Twinkle; however, the opposite result was observed. 

Development of this assay ceased after we were able to utilize thermophoresis to verify 

the results of our yeast-two-hybrid. 
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Introduction 

Previous studies in our lab showed positive protein interactions of Twinkle with 

Pol1A and Pol1B. However, yeast-two-hybrids are notorious for high rates of false 

positives. To validate our yeast-two-hybrid experiments we designed a co-

immunoprecipitation experiment that targeted Pol1A and Pol1B as pulldown targets. 

Based on our yeast-two-hybrid results, we predicted that Twinkle would pulldown 

with either one of the DNA polymerases. 

We designed the pulldown experiments by modifying the same pGAD and 

pGBK vectors provided with the Clontech yeast-two-hybrid system. When used for 

yeast-two-hybrid analysis, these vectors attach GAL binding and activating domains on 

the N-terminal end of each target protein. We created new vectors from pGAD and 

pGBK that deleted these GAL domains (Figure A1-1). These plasmids retained the 

ADH1 promoter, allowing us to express the Arabidopsis proteins in yeast. 
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Figure A1-1. Vectors used for protein expression in yeast cells. Pictured you can see features 
present in the original pGAD (A) and pGBK (B) vectors used in the Clontech yeast-two-hybrid 
system. Modified pGAD and pGBK vectors retain all features except for the GAL activating and 
binding domains (C and D respectively). 
 
Results 

Modified pGAD and pGBK vectors were able to successfully transform into yeast 

cells. Expression of Twinkle, Pol1A, and Pol1B in yeast cells was confirmed by western 

blot analysis of total protein. 
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Twinkle was observed in pulldown experiments, however we did not see Pol1A 

or Pol1B (Figure A1-2).  

 

Figure A1-2. Co-immunoprecipitation of Twinkle with Pol1A and Pol1B. HATwinkle represent 
residues 40-435 of Twinkle protein with an HA tag present on the N-terminal end of the protein. 
mycPol1A/Pol1B represents residues 36-730 or 30-714 of Pol1A or Pol1B respectively. Pol1A 
and Pol1B both possess myc tags on the Ni-terminal end of the protein. In the images above we 
can see the attempts to pulldown Twinkle with Pol1A and Pol1B. As can be seen in the total 
protein images, each protein appears in the total protein blots but only Twinkle appears in the 
pulldown experiments. This is an unexpected result, as we performed the immunoprecipitation 
with a myc tag and Twinkle protein possesses an HA tag. It could indicate that the experiment 
was in fact successful and that levels of Pol1A and Pol1B were simply very low. 
 
Conclusions 

The presence of Twinkle in our pulldown experiments is troubling. Pulldown 

was performed targeting Pol1A and Pol1B as they both possessed the myc epitope 

whereas Twinkle possessed an HA epitope. If anything, we would expect to see high 

levels of Pol1A and Pol1B in the pulldown rather than Twinkle. Several explanations for 
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these results include; (1) Twinkle was able to pulldown effectively, but Pol1A and Pol1B 

were present in such low amounts they were undetectable or were degraded at some 

point in the experiment. (2) Twinkle was produced in such high abundance it was 

difficult to remove from the pulldown protein fractions. (3) Twinkle exhibited some 

type of affinity for the magnetic beads used in the pulldown.  

These results led us to adopt an alternate approach. We used microscale 

thermophoresis to support our yeast-two-hybrid results. 

Experimental design/methods 

The vectors used to perform the yeast-two-hybrid analysis were modified from 

the pGAD and pGBK vectors used in the Clontech Matchmaker gold system. We 

modified each of these vectors to delete the GAL domains present in both the bait and 

prey plasmids. This created protein products that did not possess GAL domains, 

leaving only the protein along with an epitope that was already built into each vector. 

For this experiment, Twinkle was inserted into a modified pGAD vector with an HA 

epitope on the N-terminal end of the protein. Pol1A and Pol1B were inserted into 

modified pGBK vectors and possessed myc epitopes. Tags in both proteins were located 

on the N-terminal end of each protein. Expression of each protein was under the control 

of the constitutive ADH1 yeast promoter. Production of each protein was performed by 

growing the yeast in selective media for 24 hours at 30°, followed by mechanical lysis. 
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Protein pulldown was performed using magnetic beads purchased from Cell 

Signaling and following protocols outlined by the same company. These beads were 

covalently linked to monoclonal antibodies specific for the myc epitope that was 

attached to Pol1A and Pol1B (cell signaling #9B11). After pulldown, the purified 

products were treated with SDS and separated in mini SDS-PAGE gels. Western blots 

were performed by transferring gels to PVDF membranes using the iBlot system. 

Primary antibodies (rabbit monoclonal) specific to myc or HA tags were used to probe 

for Pol1A/B or Twinkle (Cell Signaling #71D10 and #C29F4 respectively). Secondary 

antibodies (anti-rabbit IgG Cell Signaling #7074) conjugated to horseradish peroxidase 

were used to prepare the blot for treatment with Luminol. Detection of proteins was 

performed using Luminol and horseradish peroxidase secondary antibodies provided 

by Clontech (Cell Signaling product #7074). Blots were exposed to X-ray film and 

developed to visualize interactions. 
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APPENDIX 2: Bacterial growth curves 

 

The following appendix contains unpublished data from a study to see if Arabidopsis 

Pol1A or Pol1B can complement the activity of E. coli DNA polymerase 1. 

 

Abstract 

Arabidopsis organellar DNA polymerases Pol1A and Pol1B are bacteria-like 

proteins based on structural and phylogenetic characteristics. However, millions of 

years have given Pol1A and Pol1B time to evolve beyond their bacterial roots into more 

complex proteins. We tested in vivo whether Pol1A and Pol1B still have the ability to 

function in place of E. coli DNA polymerase I, or if evolutionary processes have moved 

it beyond that capacity. To do this, we transformed full length and Klenow fragments of 

Pol1A and Pol1B into E. coli DNA polymerase I mutants. We also cloned the E. coli gene 

polA, which encodes for DNA polymerase I, back into these mutants as a positive 

control. Unfortunately, we were unable to completely knock down expression of polA 

in our positive control E. coli strain. Despite this, we observed that the plant proteins 

were unable to complement the loss of DNA polymerase I in E. coli mutants. 

Introduction 

Pol1A and Pol1B are organellar DNA polymerases found in Arabidopsis. These 

proteins have gone through a number of names including polymerase gamma,118 and 
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plant organellar polymerases (POPs).120 Today, they are called Pol1A and Pol1B because 

of their similarity to bacterial DNA polymerase I.119 In E. coli the gene responsible for 

coding DNA polymerase I is called polA.  

The question we wanted to answer was simple: can Arabidopsis Pol1A and Pol1B 

function in place of E. coli DNA polymerase I? One key difference in the plant proteins 

is the lack of an identifiable 5’-3’ exonuclease domain as well as an overall increase in 

the length of the transcribed gene. The lack of this exonuclease region highly suggests 

that the plant proteins have evolved to function as organelle specialists, and work in 

conjunction with other enzymes that have taken over the 5’-3’ exonuclease role. 

Determining if Pol1A and Pol1B are able to function in E. coli will help us determine 

how far removed Pol1A and Pol1B are from their bacterial cousin. 

To answer this question we obtained E. coli strains that were mutated for DNA 

polymerase I and complemented these mutations by transforming Pol1A, Pol1B, and 

the native E. coli polA gene back into the bacteria. In addition to full length Pol1A and 

Pol1B, we created Klenow only versions of Pol1A and Pol1B. This was to test if 

extensions in the other areas of the plant organelle DNA polymerases were responsible 

for a loss of function in E. coli. 

Results 

WT E. coli grew well as predicted at 42°C while mutant strain RS5065 failed to 

grow at all. RS5065 transformed with polA expression vectors also successfully grew 
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whether induced with arabinose or not. RS5065 transformed with full length and 

Klenow only Pol1A and Pol1B failed to grow successfully under any conditions. 

Conclusions 

Our intent was to create an expression system that would tightly control 

expression of E. coli polA as well as Arabidopsis Pol1A and Pol1B. In our positive control 

strains, induction was performed using arabinose and the cloned polA gene was able to 

successfully complement the exonuclease mutation of RS5065. However, we were 

unable to completely quench basal expression of E. coli DNA polymerase I in our 

expression plasmids. Therefore our negative control performed without induction still 

grew, suggesting that even the smallest amount of polA expression was able to rescue 

RS5065 mutants. (Figure A2-1). 

In either case, E. coli transformed with full length or Klenow fragment Pol1A and 

Pol1B failed to grow when induced (Figure A2-1). Therefore, despite the failure of our 

polA controls, we can confidently state that the plant organellar DNA polymerases do 

not retain enough bacterial characteristics to function in place of E. coli DNA 

polymerase I. 
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Figure A2-1. Bacterial growth curves of E. coli DNA polymerase I mutants. As pictured above, 
WT E. coli grows well at 42°C while the mutant RS5065 fails to grow at all. Positive and 
negative control polA clones both succeed to grow, indicating that even the smallest amount of 
polA expression in un-induced cultures is enough to complement the mutation in RS5065. Full 
length and Klenow only fragments of Pol1A and Pol1B were unable to grow when induced, 
indicating that these proteins no longer provide the necessary functions in bacterial cells. 
 
Experimental design/methods 

E. coli polA mutants were obtained from the E. coli Genetic Stock Center located 

at Yale University. The strain used for this study is designated RS5065, and was first 

described by Konrad.222 The genotype of this mutant is: λ-, trpA33, IN(rrnD-rrnE)1, 

polA546(tx,EX). This mutant is not a DNA polymerase I knockout but has mutated 

exonuclease activity when elevated to 42° C. This temperature sensitive mutation 
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effectively removes all DNA polymerase I activity, as exonuclease function is essential 

to the protein function. 

Full length and Klenow only fragments of Arabidopsis Pol1A and Pol1B were 

cloned into expression vector pJG727 obtained from Dr. Joel Griffitts. This vector 

possesses the arabinose operon allowing for tight expression of cloned products (Figure 

A2-2). Klenow only fragments of Pol1A and Pol1B were made by creating clones that 

possessed only the conserved polymerase domain of each protein. For our experiments, 

Klenow only versions of these proteins consisted of residues 715-1050 and 699-1034 of 

Pol1A and Pol1B respectively. E. coli polA was also cloned into the same expression 

vector as a positive control. These were in turn transformed into RS5065.  

 
Figure A2-2. Expression vector pJG727. Important features to note include the chloramphenicol 
resistance gene (cat), araBAD promoter, and araC gene. 
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Growth curve experiments of these mutants and clones were conducted at 42° C 

to induce the temperature sensitive mutation in RS5065 and to measure for rescue by 

the native E. coli polA gene and Arabidopsis Pol1A and Pol1B genes. Cultures were 

grown to an approximate OD600 of 0.4 and induced so that the final concentration of 

arabinose was 0.1%. Growth was measured using a BioScreen C instrument which 

recorded OD600 absorbance every 15 minutes for a maximum of 24 hours. 
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APPENDIX 3: Yeast cDNA screen against Twinkle 

 

The following appendix contains unpublished data from a cDNA library screen of all 

Arabidopsis genes against Arabidopsis organellar DNA helicase-primase Twinkle. 

 

Abstract 

The minimal DNA replisome in mammals has been characterized in situ 

consisting of DNA polymerase gamma (pol γ), and DNA helicase-primase TWINKLE. 

SSB1 protein also aids in replication by contributing to processivity of the complex. A 

similar system in T7 phage has been described consisting of gp5 DNA polymerase, gp4 

DNA helicase-primase, and gp2.5 single stranded DNA binding protein. Similar 

proteins have been described in Arabidopsis and most likely form the basis of a minimal 

DNA replisome in plant organelles. We attempted to identify other proteins that may 

participate in the minimal DNA replisome of plant organelles. To identify these 

proteins we performed a yeast-two-hybrid screen against Arabidopsis Twinkle using a 

normalized yeast library that contained all cDNAs from Arabidopsis. We decided to use 

Twinkle as the bait protein as it most likely forms the central or main “hub” of protein 

interactions within the minimal DNA replisome of plant organelles. We were able to 

successfully identify and verify the interaction of 23 unique binding proteins, including 

Twinkle itself. 
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Introduction 

Animal mitochondria and T7 phage form minimal DNA replisomes that are able 

to efficiently replicate DNA with a minimum of proteins. In animals, these proteins 

include DNA polymerase gamma (POL γ) and DNA helicase-primase TWINKLE. 

Single stranded DNA binding protein SSB1 is not required but when present confers 

proccessivity to the minimal replisome formed by POL γ and TWINKLE. T7 phage 

possesses homologs of POL γ, TWINKLE, and SSB1 called gp5, gp4, and gp2.5 

respectively. 

Arabidopsis also maintains homologs of these animal and phage proteins within 

its organelles. However, this does not exclude the possibility that other factors interact, 

enhance, or regulate the plant proteins. For example, T7 DNA polymerase protein gp5 

requires E. coli thioredoxin as a host factor to become a processive enzyme.223,224 Because 

of the greater complexity of Arabidopsis, we hypothesized that there could be many 

different binding partners that would be able to regulate the activity of Twinkle and 

control DNA replication. 

Using a normalized yeast library that contains all the cDNAs of Arabidopsis, we 

probed for other proteins that may bind to Twinkle. 

Results 

Of the 24 positive results, we identified 23 potential novel binding partners of 

Arabidopsis Twinkle. The 24th result includes Twinkle itself. This should be expected as 



107 
 

Twinkle forms a hexamer or heptamer in vivo. Identified biding partners are listed in 

Table A3-1. 

Conclusions 

 We identified 23 potential binding partners of Twinkle. However; analysis 

of these proteins has not led to any distinguishable pattern of functional groups with a 

possible role in organelle DNA replication. 

A normalized yeast Arabidopsis cDNA library was purchased from Clontech. This 

library arrived in the prey vector (pGAD) provided by Clontech. Mating of yeast 

libraries was performed by co-culturing the yeast library with yeast possessing Twinkle 

in the bait vector (pGBK). Overnight mating experiments were performed in accordance 

to Clontech’s recommended protocols. 
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Table A3-1. Binding partners of Twinkle discovered from Arabidopsis cDNA yeast library 
Protein Name NCBI reference 
6-phosphogluconate dehydrogenase family protein NM_001341465.1 
SPFH/Band 7/PHB domain-containing membrane-associated protein NM_124536.4 
Genomic Chromosome 5 DNA, 2 iron, 2 sulfur cluster binding protein NM_124551.5 
lipoic acid synthase 1 (LIP1) NM_001335715.1 
Aldolase-type TIM barrel family protein (RSR4) NM_001342589.1 
GDP-L-galactose phosphorylase 1 (VTC2) NM_118819.3 
myb domain protein 25 (MYB25) NM_129546.2 
toprim domain-containing protein NM_179404.3 
cell wall invertase 2 (CWINV2) NM_001339580.1 
Rubisco methyltransferase family protein NM_121430.4 
FASCICLIN-like arabinogalactan protein 15 precursor NM_115097.3 
folic acid binding / transferase NM_001335710.1 
SWIB/MDM2 domain superfamily protein (CHC1) NM_121421.4 
temperature-induced lipocalin (TIL) NM_125192.4 
Disease resistance-responsive (dirigent-like protein) family protein NM_117432.3 
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase protein NM_124567.5 
HSP40/DnaJ peptide-binding protein NM_127615.3 
Aldolase superfamily protein (FBA6) NM_001336598.1 
similar to GTP-binding protein (T7I23.11) NM_100108.5 
P-type ATP-ase 1 (PAA1) NM_001342218.1 
FK506-binding protein 16-2 (PnsL4) NM_001342549.1 
Translation initiation factor 2, small GTP-binding protein NM_001340703.1 
glutamine synthetase 1.3 (GLN1.3) NM_112663.3 
high chlorophyll fluorescence phenotype 173 (HCF173) NM_001332254.1 

 
Experimental design/methods 

Mated yeast was plated on SD –leu –trp to ensure yeast had mated correctly and 

each cell possessed both pGAD and pGBK plasmids. Mating was performed to allow a 

minimum of 10X coverage of each Arabidopsis gene with Twinkle. This coverage was 

verified by counting the number of colonies that formed on SD –leu –trp media. Mated 

yeast was also plated on SD –leu –trp –his –ade media that selected for positive 
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interaction between bait (Twinkle) and prey (Arabidopsis cDNA) proteins. Colonies that 

successfully grew on SD –leu –trp –his –ade media were patched onto fresh plates, 

followed by DNA extraction, PCR amplification, and sequencing to identify the 

interacting cDNA gene. 

Identified cDNA products were then tested for autoactivation. This was done by 

growing the target yeast to saturation in liquid SD –leu –trp for 2-3 days followed by 

zymolyase treatment to lyse the cells. Zymolyase was purchased from Zymo research 

and used in accordance to their recommended protocols. After zymolyase treatment, 

plasmid DNA was harvested from the yeast by subjecting the sample to a standard 

plasmid miniprep kit. The total quantity of plasmid DNA harvested by this method is 

very low, but high enough to successfully transform into E. coli. Transformed E. coli 

were subsequently grown in liquid culture and harvested using a standard plasmid 

mini kit to yield high concentrations of cDNA plasmid. This plasmid, possessing the 

cDNA from the original yeast cell, was then re-transformed into yeast along with an 

empty bait (pGBK) vector to test for autoactivation. Growth on SD –leu –trp –his –ade 

indicates that the cDNA product is able to activate the GAL promoter in the yeast 

without the need for a bait protein. This step revealed that over 60% of identified 

binding partners were able to autoactivate. Specifically, of the 62 potential binding 

partners we identified, only 24 passed the autoactivation test. 
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APPENDIX 4: Leaf-area and mass measurements of  

Arabidopsis Pol1A/Pol1B heterozygotes 

 

The following appendix contains unpublished data that was taken to determine if there 

was a distinct phenotype associated with specific Pol1A/Pol1B genotypes. Some of the 

following was presented at the ICAR conference held in St. Louis MO in 2017. 

 

Abstract 

Arabidopsis possesses two organellar DNA polymerases called Pol1A and Pol1B. 

Previous research has shown that these two are somewhat redundant and able to 

complement the loss of the other. We wanted to see if there were phenotypic differences 

in Pol1A/Pol1B heterozygous plants that could easily be overlooked by casual 

observing. To create heterozygous plants, we crossed homozygous Pol1A and Pol1B T-

DNA knockouts to create a completely heterozygous F1 generation. These plants were 

grown to create an F2 generation with every possible combination of heterozygosity for 

both Pol1A and Pol1B. Seeds from the F2 generation were planted to create an F3 

generation. To accurately phenotype Pol1A/Pol1B heterozygotes, hundreds of F3 plants 

were digitally measured for shoot leaf area at 26 days post imbibition. These plants 

were also measured for mass at the same time. The results of our phenotyping 
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experiments did not determine any statistically significant difference in size or weight 

based on genotype. 

Introduction 

Phenotyping plants can provide valuable information on the physical effects 

certain genotypes have on plant development. Arabidopsis grows relatively quickly, and 

subsequent plants are genetically identical. Arabidopsis is also diploid, simplifying 

genetic analysis which can quickly become complicated in other plant species. Under 

identical growing conditions, any variance in phenotype can be reasonably assumed to 

be a result of altered genetics. 

Previous experience in our lab has shown little difference in plant growth or 

development due to homozygous loss of either Pol1A or Pol1B. Heterozygotes also 

display little negative effect as long as at least one functional copy of Pol1A or Pol1B is 

present. We were interested in seeing if there were in fact phenotypic differences that 

could be easily missed by casual observing. 

We possess Arabidopsis mutants that are T-DNA knockouts for Pol1A and Pol1B. 

By breeding these plants, we created completely heterozygous F1 plants. Seeds 

produced by the F2 generation are every possible combination of heterozygosity of 

Pol1A and Pol1B. These plants were then planted and grown under identical 

circumstances, grown and harvested at 26 days post imbibition (dpi). They were then 
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measured for shoot mass, and digitally scanned for analysis of shoot leaf area. After 

mass and area measurements, the plants were genotyped. 

We were also interested to see if there were any significant differences in plant 

development between wild-type and homozygous Pol1A and Pol1B knockouts under 

low light conditions. We therefore analyzed WT and Pol1A and Po1lB homozygous 

knockouts under 100, 50, and 25 µmol m-2s-1 light conditions. 

Results 

F1 plants were confirmed to be Pol1A/Pol1B heterozygotes. F2 plants could be 

any one of nine different genotypes based on our breeding of homozygous Pol1A and 

Pol1B plants. These genotypes ranged from WT genotypes to complete knockouts for 

both Pol1A and Pol1B, although complete knockouts were not observed as this is most 

likely embryo-lethal. 

Mass and leaf area measurements did not reveal any distinct phenotypes based 

on any particular genotype (Figure A4-1). Similarly, we did not detect any 

distinguishable difference in growth of WT and homozygous Pol1A and Pol1B 

knockouts under varying light conditions (Figure A4-2). It is important to note that 

these experiments were performed in simple growth chambers that do not have tight 

controls for humidity or light quality and intensity. Furthermore, planting soil 

conditions and watering can have great effects on plant development. If these 
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experiments were to be repeated they would require growth chambers with tight 

controls as well as consistent planting/soil conditions. 

 
Figure A4-1. Area and mass measurements of heterozygous Pol1A/Pol1B plants. Genotype 
designations are as follows: (Pol1A/Pol1A, Pol1B/Pol1). For example, the designation +/-, -/- 
indicates the plant is heterozygous for Pol1A (Pol1A+/Pol1A-) and homozygous negative for 
Pol1B (Pol1B-/Pol1B-). In this figure, we see that as long as the plant maintains one functioning 
copy of Pol1A or Pol1B there is little to no effect on plant size or mass. 
 
Conclusions 

Lack of observable phenotypes suggest that one copy of either Pol1A or Pol1B is 

sufficient for plant survival. Pol1A and Pol1B share significant sequence homology, and 
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although evidence has supported somewhat specialized roles for each polymerase, 

there is likely overlap and redundancy between the two. A similar conclusion can be 

drawn from the growth analysis of WT and Pol1A and Pol1B homozygous mutants 

grown under varying light conditions. 
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Figure A4-2. Growth of WT, Pol1A, Pol1B under 100, 50, and 25 µmol m-2s-1 of light. The 
results of this experiment were inconclusive and did not show a significant difference in plant 
size when grown under differing light conditions. 
Experimental design/methods 
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Homozygous Pol1A and Pol1B knockout mutants were bred to create a fully 

heterozygous F1 generation. Seeds from the F1 generation were then harvested and 

planted as the F2 generation. At various time points during F2 development, plants 

were collected and measured for shoot mass and leaf area.  

Shoot mass was measured by clipping the plants at the soil barrier and placing 

the resulting plant on a table top analytical scale. Leaf area measurements were made 

by taking the cut shoot of the plant and scanning the image with a simple desktop 

scanner. The resulting images were scaled and pixel counted using ImageJ to determine 

the area of the leaf. 

Plant genotype was determined by taking the weighed and measured plant and 

subjecting it to a simple DNA isolation followed by PCR. Genotype was determined 

using primers specific to the gene or the T-DNA insert. Primers used for this zygosity 

testing are listed in Supplementary Table 2-3. 
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APPENDIX 5: mtDNA sequencing of Arabidopsis mitochondrial genome 

 

The following is unpublished data that was submitted as a report to the Office of 

Research and Creative Activities. This report was in partial fulfillment of receiving a 

BYU graduate studies fellowship. 

 

Abstract 

The Arabidopsis mitochondrial genome is represented as a large circular DNA 

molecule. In actuality, single molecules of this size have never been observed. Rather, 

smaller circular and linear sub-genomic molecules of Arabidopsis mitochondrial DNA 

(mtDNA) are seen. We believe these smaller molecules constantly recombine with each 

other to initiate synthesis of new Arabidopsis mtDNA. To identify specific regions of 

DNA responsible for this initiation, we performed next generation PacBio and Illumina 

sequencing on samples of enriched Arabidopsis mtDNA. Doing so produced coverage 

maps that show DNA regions that are sequenced more often. We believe higher 

coverage regions correspond to DNA that is replicated more frequently and therefore 

identify specific regions actively involved in initiation of DNA replication. 

Introduction 

The inspiration for this experiment came from a study that showed origins of 

replication could be identified in the archaea Haloferax volcanii by deep sequencing the 
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genome and identifying ‘peaks’ in the sequence coverage.225 This study identified four 

distinct peaks in sequence coverage which corresponded to four unique origins of 

replication. Using this logic, we determined that a similar approach could be applied to 

the mitochondrial genome of Arabidopsis. 

The mitochondrial genomes of plants possess many repeats that make genome 

assembly tricky. For our experiment, we were worried that traditional short read 

Illumina sequencing would lead to high sequence coverage in certain regions that was 

not accurate. To overcome this, we performed long-read PacBio sequencing. The 

advantage of the long reads was to overcome repeats and correctly map the genome.  

Results 

Results of PacBio and Illumina sequencing were plotted on a graph of 

mitochondrial genome position versus coverage depth (Figure A5-1). The resulting 

graph exhibits large spikes at regions on the mitochondrial genome that correspond of 

chloroplast DNA contamination. Because of these large spikes we determined the best 

approach would be to perform whole genome mapping and then examine how the 

reads mapped differently to the mitochondrial genome. The mapping was performed 

using BYU’s MaryLou supercomputer and graphed as described previously. To remove 

noise, a 5,000 and 10,000 point boxcar average was plotted alongside the raw data 

(Figure A5-2). This allowed for easier visualization of high copy regions. 
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Figure A5-1. Raw mapping of PacBio and Illumina reads to the Arabidopsis mitochondrial 
genome. Note the 5 sharp peaks present in the Ilumina (blue) data. These peaks correspond to 
chloroplast DNA and are not representative of the mitochondria. These results led us to conduct 
a second round of mapping using the whole genome. 
 

 

Figure A5-2. Mapping of Illumina reads to the mitochondrial genome after whole genome 
sequencing. To better visualize and smooth out the data a plot of a 5000 point boxcar average 
(orange) and a 10000 point boxcar average (pink) were superimposed on the original data (blue). 
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Coverage analysis after mapping to the entire genome reveals at least four 

locations of interest where distinct peaks can be seen. Peaks of these locations occur at 

approximately positions 0-8000, 193400-206400, 280500-294500, and 346500-357500. 

Analysis of these regions reveals that these peaks lie in relatively gene poor regions of 

the mitochondrial genome. 

Conclusions 

We have developed a method for enriching and analyzing non-pure 

mitochondrial DNA for deep sequencing. We found that a combination of Illumina, 

PacBio, and bioinformatics workflows is crucial to further defining high copy regions of 

the mitochondrial genome. We have identified four regions of the mitochondrial 

genome that may play a pivotal role in initiating DNA replication in the mitochondria. 

Many smaller features can be observed residing between the four larger peaks but as of 

this report an exhaustive analysis has not been performed. These smaller features likely 

correspond to areas where gene transcription is necessary. The data generated from 

these experiments provides a good base for bioinformatics analysis. 

Experimental design/methods 

Initially we attempted to isolate pure mitochondria so that we would be able to 

sequence only mitochondrial DNA. We were able to successfully isolate pure 

mitochondria using the following gradient centrifugation protocol modified from 

Lamppa et al226 (steps can be scaled as needed): 



121 
 

 

Mito homogenization buffer 
• Mannitol   31.9 g 
• 1 M MOPS (pH 7.3) 15 mL 
• 0.5 M EDTA (pH8) 1 mL 
• Distilled H2O  to 500 mL 
After autoclaving, cool solution and add 1g of BSA and 3g of 
polyvinvylpyrrolidone. 

 

Percoll (for two gradients) 
 Volume Percoll 1 M sucrose MOPS dH2O 10% BSA 
60% 15 mL 9 mL 3.75 mL 150 µL 1.8 mL 300 µL 
45% 30 mL 13.5 mL 7.5 mL 300 µL 8.1 mL 600 µL 
27% 20 mL 5.4 mL 5 mL 200 µL 9 mL 400 µL 
21% 20 mL 4.2 mL 5 mL 200 µL 10.2 mL 400 µL 

 

Note: Except for steps 2-4, all procedures should be performed at 4°C. 

1. Surface sterilize 2g of Arabidopsis seeds and imbibe in water for 3-4 days 

at 4°C. 

2. Sow seeds on sterile soil covered with sterile cheesecloth or grow in a 

large flask with liquid media. 

3. Grow seedlings for 7 days under continuous light or 16/8 light/dark 

cycles. (Seedlings will grow through cheesecloth). 

4. Using a razor blade and a sawing motion, cut away seedlings from 

cheesecloth and place in a beaker on ice. If grown in liquid media 

seedlings are filtered through the cheesecloth and placed in the beaker. 
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5. Seedlings are homogenized at 4°C using a household blender and Mito 

homogenization buffer. Use two to four 5 second high speed bursts. Do 

not over homogenize. 

6. Filter ground tissue through two layers of Miracloth, pre wet with Mito 

homogenization buffer. 

7. Pellet chloroplasts in Sorvall GSA rotor (or equivalent) at 5500 rpm for 5 

minutes. 

8. Recover supernatant. 

9. Pellet mitochondria by centrifuging in Sorvall SS-34 rotor at 13,000 rpm 

for 10 minutes. 

10. While centrifuging, prepare step gradient by carefully layering the 

following Percoll concentration solutions, bottom to top: 6 mL 60%, 14 mL 

45%, 8 mL 27%, and 8 mL 21%. Mark the border between the 60% and 45% 

layer. 

a. During centrifugation, the step gradient will smooth out. Isolated 

mitochondria may not be visible after centrifuging but will band at the 

border of the 60% and 45% Percoll gradients. 

11. After centrifugation carefully decant supernatant. Using a paintbrush pre-

wetted with Mito homogenization buffer, carefully resuspend the pellet. 
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12. Gently layer resuspended pellet on the top of the gradient created in step 

10. Centrifuge in Sorvall SS-34 rotor at 10,500 rpm for 30 minutes with the 

brake off. 

a. Remaining or broken chloroplasts are likely still visible after centrifuging. 

These will travel to the bottom and tops of the tube. A faint brownish band 

of mitochondria may or may not be visible at the border of the 60%-45% 

Percoll gradients. 

13. Use a pipette to transfer fractions from the top of the gradient. 

14. Pool the fractions containing mitochondria. 

15. Pellet mitochondria by centrifuging in a Sorvall SS-34 rotor at 13,000 rpm 

for 10 minutes. 

16. (Optional) Decant supernatant and gently resuspend pellet with Mito 

homogenization buffer. Pellet mitochondria in Sorvall SS-34 rotor at 

13,000 rpm for 10 minutes. 

 

Although pure, the amount of isolated mitochondria was small, and the resulting 

DNA isolated was minimal. We needed much more DNA to successfully perform both 

PacBio and Illumina sequencing. 

We then decided to enrich rather than purify mitochondria. We decided to do 

this because we would still get sufficient coverage of the mitochondrial genome. To 
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enrich for mitochondria we utilized differential centrifugation. We did an initial 

centrifugation at 1,000g for 5 minutes to remove large cell debris, followed by two 6,000 

g spins at 10 minutes each to remove a large fraction of chloroplasts. The final 

centrifugation was performed at 21,000g for 30 minutes to enrich for mitochondria. 

DNA from the enriched samples was extracted following a CTAB, phenol-

chloroform protocol.172 After extraction, we verified that our enriched sample was 

fifteen times more concentrated for mitochondrial DNA using qPCR. Large amounts of 

high quality high molecular weight DNA (~5 µg) were required for PacBio sequencing. 

Illumina sequencing only required a maximum of 1 µg of DNA although half or even a 

quarter of this amount was sufficient to gather the needed data. 

Following high quality DNA extraction from enriched organelles, DNA was 

prepared for sequencing by the DNA sequencing center of Brigham Young University. 

DNA was prepared for PacBio sequencing by following two protocols recommended by 

PacBio. These include ‘Guidelines for Using a Salt:Chloroform Wash to Clean Up 

gDNA’ and ‘Guidelines for Preparing 20 kb SMRTbellTM Templates’ both available from 

PacBio. DNA for 250 bp paired end Illumina sequencing was prepared by shearing 

DNA on a Covaris ultrasonicator and cleaning up the DNA with an AMPure cleanup 

treatment. DNA was then processed using the NEBNext® Ultra™ II End Repair/dA-

Tailing Module followed by NEBNext® Ultra™ II Ligation Module. Standard Illumina 

index primers purchased from IDTDNA were used as ligated adaptors.  
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 Conclusions and future directions 

In this dissertation we have compared the organellar DNA polymerases Pol1A 

and Pol1B of Arabidopsis to bacterial DNA polymerase I and DNA helicase-primase 

Twinkle to T7 phage gp4 protein. We have demonstrated that mutation of Pol1A and 

Pol1B have only small effects on plant organelle genome copy number. We have also 

shown how, despite lower copy numbers, plant development continues mostly 

unaffected as long as a single copy of either DNA polymerase is present. In addition, we 

show that Pol1A or Pol1B interact with Twinkle, similar to minimal DNA replisomes in 

animal mitochondria and T7 phage. 

It is tempting at this point to claim that we have proven that plants utilize a 

minimal DNA replisome equivalent to those in animal mitochondria and T7 phage. 

However, as discussed in chapter 3, plants that are homozygous for a T-DNA insertion 

mutation in Twinkle display no growth defects and appear as healthy as WT plants. 

These mutant plants also do not display any differences in organelle genome copy 

number. Mutants of Twinkle in animals result in embryo lethal phenotypes, and T7 

cannot function without its appropriate homolog. The major question left to answer is 

this: If plants possess functioning Twinkle and it interacts with Pol1A or Pol1B to 

replicate DNA similar to animals and T7 phage, why are plants totally unaffected by its 

loss? 
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While we cannot answer that question here, it’s important to remember that 

plant organelle genomes are much larger and complex than T7 phage and animal 

mitochondria. T7 phage possesses a genome approximately 40 kb in size and nearly all 

animal mitochondrial genomes are about 16.5 kb. Arabidopsis chloroplast and 

mitochondrial genomes are orders of magnitude larger, 155 kb and 366 kb respectively. 

This stark difference in size clearly displays different evolutionary pressure between 

plants and animals. And while mitochondrial genomes in animals are always small 

circular molecules, there are many different DNA structures in plant organelles, 

particularly mitochondria. These structures include linear, linear branched, rosette-like, 

and catenane DNA molecules. 

These stark differences make DNA replication in plant organelles much more 

complicated. Replication in animal mitochondria is fairly homogenous, always 

involving the same proteins, always initiating from the same site, and always resolving 

the same way. I believe plants use many other proteins to drive replication in plant 

organelles under different circumstances and based on different DNA structures. The 

next major advancement in studying plant organelle DNA replication will detail how 

these proteins affect DNA replication under different circumstances. I believe part of 

that research will involve reconstituting a functioning DNA replisome in vitro. Other 

studies have successfully accomplished this feat using human mitochondrial proteins,95 

but this was a very simple system for a much smaller genome. The minimal replisome 
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of plants likely utilizes more proteins and will be much more difficult to assemble. And 

while animals maintain only one minimal mitochondrial DNA replisome, I believe 

plants maintain two or more, based on the environment and based on the DNA 

structure being replicated. For example, DNA recombination occurs frequently in plant 

mitochondria. Plant mitochondria possess many recombination proteins that are 

bacteria-like and others that are unique to plants. These proteins are most likely 

involved in DNA replisomes present in the organelles. 

Candidates for future study include the Whirly proteins (Figure C-1). As 

mentioned in chapter 1, these unique-to-plant proteins are heavily involved in 

recombination, organelle biogenesis and health, transcription regulation, and potential 

nuclear-organelle communication. These functions have been described from only a 

handful of publications, showing there is much more to be learned by studying the 

Whirlies. Studying how the Whirlies came to be unique plant proteins may also 

highlight key moments in evolution where animal mitochondria diverged from plants. 

The Whirly proteins also contribute to the unique mosaic of proteins involved in 

organelle DNA replication. This mosaic includes bacterial, phage, and plant proteins. 
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Figure C-1. The Whirly proteins. Whirly1 (yellow), Whirly2 (green), and Whirly3 (blue), are 
recombination proteins that are unique to plants. These proteins provide interesting research 
opportunities and will most likely be involved in the next major research avenue of plant 
organelle DNA replication. Taken from Cappadocia et al.227  
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Supplementary materials 

Supplementary Table 2-1. Primers used for qPCR analysis of mitochondrial and chloroplast 
genome copy number 
Target Genome Gene function 

AtRpoTp Nuclear DNA-directed RNA polymerase 3 
nad9 Mitochondrial NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 
orf25 Mitochondrial Predicted ATP synthase b subunit 
cox1 Mitochondrial Cytochrome c oxidase subunit 1 
psbK Chloroplast Photosystem II reaction center protein K 
petD Chloroplast Cytochrome b6-f complex subunit 4 
ndhH Chloroplast NAD(P)H-quinone oxidoreductase subunit H 

Primer Sequence Tm °C 
5’ AtRpoTp CTGAATGCAGGTCGAAACTCGGG 60.1 
3’ AtRpoTp GCTTGGAAGCCGTCTGCTAGAAC 60.1 
5’ nad9 GTGGGAGCGAGAAGTTTGGGATATG 59.4 
3’ nad9 GGGTCATCTCAATGGGTTCAGAAACC 59.5 
5’ orf25 TCAAAGTGACTCTCGACGGGAGC 60.6 
3’ orf25 TGCCACAAATTCGCAAGCTGATCC 60.5 
5’ cox1 GAAGTAGGTAGCGGCACTGGG 59.7 
3’ cox1 ATTCCAGGTCCACGCATGTTGAAG 59.7 
5’ psbK GTCGCCAAATTGCCAGAGGC 59.7 
3’ psbK CGGCTTGCCAAACAAAGGCTAAGAG 60.7 
5’ petD TATTACGGGGAACCCGCATGG 63.6 
3’ petD GCAAAAGGATCCGCAGGTTCACC 60.9 
5’ ndhH GACTTCCAGGGGGTCCCTATGAG 60.5 
3’ ndhH CCCAACTCCCCTTTTGGAGCTTC 60.2 

 

Supplementary Table 2-2. Primers used for RT-PCR analysis of Pol1A and Pol1B expression 
Primer Sequence Tm °C Target/Purpose 

Actin_F TCCCTCAGCACATTCCTGCAGAT 60.5 Nuclear control/reference 
for expression comparisons Actin_R AACGATTCCTGGACCTGCCTC 60.8 

RTPolA_F TTCCGGCGTCAAAGTCACGTGC 62.6 
Pol1A gene 

RTPolA_R TGCACTTCCCTGGACTGGAGTGT 62.4 
RTPolB_F CCTGAATACCGTTCACGTGCCCA 61.5 

Pol1B gene 
RTPolB_R AGCCGCACTTCCCTGAACAGGA 63.1 
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Supplementary Table 2-3. Primers used for zygosity testing 
Primer Sequence Tm °C Target/Purpose 

PolA_F TTGAAGAGCTTCAGCGAGAAG 54.9 
Pol1A gene 

PolA_R TAGCATGACATGCCTCCTTTC 54.9 
PolB_F TTACCAAAAGCATCATCCTGG 53.0 

Pol1B gene 
PolB_R AGAGTTTTCGTGTTCCCCATC 55.0 
Lbb1.3-1 ATTTTGCCGATTTCGGAAC 51.5 T-DNA specific primer 
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Supplementary Table 3-1. Primers used to create gene truncations 
Primer name Sequence Pos. Features/Restriction cut site 

[A1]5' (1–) GATC CCCGGG T* ATGGCCATGGGGGTTTC 1 SmaI 
[A2]5' (36–) GATC CCCGGG T* CCACTCCCTTCCTTCCTC 36 Excludes predicted signal peptide. SmaI 
[A3]5' (275–) GATC CCCGGG T* GCGAAGGATACCGTGGC 275 15 AA before 3'-5' exonuclease domain. SmaI 
[A4]5' (290–) GATC CCCGGG T* GTCCATTCCTGTGATACAGAGGT 290 3'-5' exonuclease domain border. SmaI 
[A5]5' (640–) GATC CCCGGG T* TGGCCCTCTGTAGGTGG 640 Starts at DNA polA superfamily domain. SmaI 
[A6]5' (715–) GATC CCCGGG T* TGTCATGCTATTGCCTCATTATGTG 715 15 AA before polymerase domain. SmaI 

[A7]5' (730–) 
GATC CCCGGG T* 
TTGATCTCAAATTTTATTCTTCCGTTACAGG 

730 
Polymerase domain border. SmaI 

[A8]3' (–290) 
GATC GGATCC TTA 
GACATGATTCCTAAACTGATTCACGAG 

290 
3'-5' exonuclease border. Stop codon. BamHI 

[A9]3' (–305) GATC GGATCC TTA TTCTTCCTTAACCTCAATCCCG 305 15 AA into 3'-5' exonuclease. Stop codon. BamHI 

[A10]3' (–523) 
GATC GGATCC TTA 
TTTTACAAGAAGTTCACCAAAGGGTC 

523 
3'-5' exonuclease border. Stop codon. BamHI 

[A11]3' (–538) 
GATC GGATCC TTA 
CTCAGCAAGATACTCTCTATCTACAAGT 

538 
15 AA after 3'-5' exonuclease. Stop codon. BamHI 

[A12]3' (–654) 
GATC GGATCC TTA 
TTTCCCAGCTAACTCTTTCAAAACATC 

654 15 AA into DNA polA superfamily. Stop codon. 
BamHI 

[A13]3' (–730) 
GATC GGATCC TTA 
CAAAGAGTCTATAGAGCAAACTTCACA 

730 
Polymerase domain border. Stop codon. BamHI 

[A14]3' (–745) 
GATC GGATCC TTA 
GCCTGATACATTACTTCCCTGTAAC 

745 
15 AA into polymerase domain. Stop codon. BamHI 

[A15]3' (–1050) 
GATC GGATCC TTA 
CTATTTGGCAGCATACCAGTTTTGA 

1050 
Last AA of Pol1A. Stop codon. BamHI 

    
[B1]5' (1–) GATC GAATTC ATGGGGGTTTCTCTTCGTCA 1 First AA of Pol1B. EcoRI 
[B2]5' (30–) GATC GAATTC GTCCCTCGCCGTCGAAT 30 Excludes predicted signal peptide. EcoRI 
[B3]5' (249–) GATC GAATTC AATGTGTCTAGTGCAAAGGAAACC 249 15 AA before 3'-5' exonuclease. EcoRI 
[B4]5' (264–) GATC GAATTC TATAGGAATCTTGTCCATGCTTGC 264 3'-5' exonuclease domain border. EcoRI 
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[B5]5' (618–) GATC GAATTC GGCTGGCCCTCTGTTAG 618 DNA polA superfamily border. EcoRI 
[B6]5' (699–) GATC GAATTC TGCCATGCTATTGCTGCA 699 15 AA before polymerase domain. EcoRI 

[B7]5' (714–) 
GATC GAATTC 
TTAATATCAAATTTTATCCTTCCTTTACAGGGAA 

714 
Polymerase domain border. EcoRI 

[B8]3' (–264) 
GATC GGATCC TTA 
ATATTGATTCATGAGCAGAGCCAC 

264 
3'-5' exonuclease border. Stop codon. BamHI 

[B9]3' (–279) 
GATC GGATCC TTA 
ATCAATCCTGGATACCTCTGTATCG 

279 
15 AA into 3'-5' exonuclease. Stop codon. BamHI 

[B10]3' (–501) GATC GGATCC TTA TTTGGCAAGAAGTTCACCAAAAG 501 3'-5' exonuclease domain border. Stop codon. BamHI 
[B11]3' (–516) GATC GGATCC TTA CTGCGCCAAATAATCCCTATCT 516 15 AA after 3'-5' exonuclease. Stop codon. BamHI 

[B12]3' (–633) GATC GGATCC TTA TTTCCCAGCTAAGGCTTTCAAG 
633 15 AA into DNA polA superfamily. Stop codon. 

BamHI 

[B13]3' (–714) 
GATC GGATCC TTA 
TAAGGAATCAATGGAGCAAACTTCAC 

714 
Polymerase domain border. Stop codon. BamHI 

[B14]3' (–729) GATC GGATCC TTA TCCTGACACGTTACTTCCCT 729 15 AA into polymerase domain. Stop codon. BamHI 
[B15]3' (–1034) GATC GGATCC TTA TTATTTGCCAGCATACCAGTTCTG 1034 Last AA of Pol1B. Stop codon. BamHI 

    
[S1]5' (1–) GATC GAATTC ATGAACTCACTCGCCATTAGAGT 1 First AA of SSB1. EcoRI 
[S2]5' (55–) GATC GAATTC CTTCAACCTCATGGAGTTGATCC 55 15 AA before SSB1 protein family domain. EcoRI 
[S3]5' (70–) GATC GAATTC GGTGTTCATAGGGCGATTATTTGT 70 SSB1 family domain border. EcoRI 
[S4]3' (–70) GATC GGATCC TTA ACCGCGAAATCCCCAAC 70 SSB1 family domain border. Stop codon. BamHI 
[S5]3' (–85) GATC GGATCC TTA TAACGGTGCTTGCCCTAC 85 15 AA into SSB1 family domain. Stop codon. BamHI 
[S6]3' (–175) GATC GGATCC TTA ACGACGAACGCAAATCTCAG 175 SSB1 family domain border. Stop codon. BamHI 

[S7]3' (–201) 
GATC GGATCC TTA 
CTAAATCAATCCTTCTTTTAGCTCATCAAAAG 

201 
Last AA of SSB1. Stop codon. BamHI 

    
[T1]5' (1–) GATC CATATG ATGCGATTTTTGCTTCGTTTACCA 1 First AA of Twinkle. NdeI 
[T2]5' (40–) GATC CATATG TACCCTTCTTCTCCTTCTTATTCTTCA 40 Excludes signal peptide. NdeI 
[T3]5' (265–) GATC CATATG AAGACACGGAGGATCTTATATGGT 265 15 AA before Uniprot primase domain. NdeI 
[T4] 5' (280–) GATC CATATG TCTGAAGTCATTATAGTTGAAGGGGA 280 Uniprot primase domain border. NdeI 
[T5] 5' (405–) GATC CATATG GCTGAGCCATATCCTATACTAGGA 405 15 AA before helicase domain. NdeI 
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[T6] 5' (420–) 
GATC CATATG 
TTTGATGAAATTGATGCCTACTATGATAGAAC 

420 
Helicase domain border. NdeI 

[T7] 3' (–280) 
GATC GAATTC TTA 
AGATGTTTTTTCTATGTCATCAAGACCA 

280 
Uniprot Primase domain border. Stop codon. EcoRI 

[T8] 3' (–295) 
GATC GAATTC TTA 
TTCCATTGCAAGTTTATCTATCTCCC 

295 
15 AA into primase domain. Stop codon. EcoRI 

[T9] 3' (–420) 
GATC GAATTC TTA 
AAAGAAATCTTTGAAGGAGAATAATCCTAGTATAGG 

420 
Helicase domain border. Stop codon. EcoRI 

[T10] 3' (–435) GATC GAATTC TTA ATACTCGTGCCCATGTGTTC 435 15 AA into helicase domain. Stop codon. EcoRI 
[T11] 3' (–709) GATC GAATTC TTA TCAGTACCGCTTGGGTGA 709 Last AA of Twinkle. Stop codon. EcoRI 
*Extra thymine nucleotide added to keep truncation in frame with cloning plasmids 
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Supplementary Table 3-2. Primers used to create 10 residue truncations of Twinkle 
Primer Name Sequence 
Forward primers 
[T2.1] 5' (AA:50–) GATC CATATG AGACAAGTATCTTCCGTTTCTAGAAGA 
[T2.2] 5' (AA:60–) GATC CATATG CGACCAGTTTTGGCCTC 
[T2.3] 5' (AA:70–) GATC CATATG AAAAACAGTCCTTATTACCAAAGGAC 
[T2.4] 5' (AA:80–) GATC CATATG GGTTTATCATCTTACAATTCAATCCCC 
[T2.5] 5' (AA:90–) GATC CATATG GTCCCAACTCCTGTTGATACTG 
[T2.6] 5' (AA:100–) GATC CATATG GCAGATAAGAGGGTTGTTCTATCT 
[T2.7] 5' (AA:110–) GATC CATATG GTGACTTTGAGGCGTAAATTGG 
[T2.8] 5' (AA:120–) GATC CATATG GGAGTTGATGCTGAAAACTGC 
[T2.9] 5' (AA:130–) GATC CATATG CAACATAGTGGCTTGATATGTCC 
[T2.10] 5' (AA:140–) GATC CATATG GAAGGTGGAAACTCTGGAGA 
[T2.11] 5' (AA:150–) GATC CATATG TCTCTTTTTATAGCCCCTGATGG 
[T2.12] 5' (AA:160–) GATC CATATG GCTACATGGAATTGCTTTAGGG 
[T2.13] 5' (AA:170–) GATC CATATG GGGTTAAAAGGTGGAGTTCG 
[T2.14] 5' (AA:180–) GATC CATATG GGGTTGGCATCTGCTGAT 
[T2.15] 5' (AA:190–) GATC CATATG GTTGAAAGAAAAATTACGGTGGAGG 
[T2.16] 5' (AA:200–) GATC CATATG GAGCTAGAACCTCTCTGTGAT 
[T2.17] 5' (AA:210–) GATC CATATG GATTATTTCGCTGCAAGAGCG 
[T2.18] 5' (AA:220–) GATC CATATG AAAACACTCGAGAGAAATCGGG 
[T2.19] 5' (AA:230–) GATC CATATG AAAAGAATAGGTGACGAGATTGTAATTG 
[T2.20] 5' (AA:240–) GATC CATATG TTTACTTATTGGCAAAGAGGGGAG 
[T2.21] 5' (AA:250–) GATC CATATG AGTTGCAAGTACCGGTCTC 
[T2.22] 5' (AA:260–) GATC CATATG TTCTTTCAGGAAAGGAAGACACG 
[T2.23] 5' (AA:270–) GATC CATATG TTATATGGTCTTGATGACATAGAAAAAACA 
[T2.24] 5' (AA:280–) GATC CATATG TCTGAAGTCATTATAGTTGAAGGGG 
[T2.25] 5' (AA:290–) GATC CATATG GATAAACTTGCAATGGAAGAAGCT 

  
Reverse primers 
[T10.25] 3' (AA:–185) GATC GAATTC TTA ATCAGCAGATGCCAACCC 
[T10.24] 3' (AA:–195) GATC GAATTC TTA CGTAATTTTTCTTTCAACCTTCTCTATAGG 
[T10.23] 3' (AA:–205) GATC GAATTC TTA ACAGAGAGGTTCTAGCTCTATACC 
[T10.22] 3' (AA:–215) GATC GAATTC TTA TCTTGCAGCGAAATAATCTTGAATC 
[T10.21] 3' (AA:–225) GATC GAATTC TTA ATTTCTCTCGAGTGTTTTCCGT 
[T10.20] 3' (AA:–235) GATC GAATTC TTA CTCGTCACCTATTCTTTTCTGC 
[T10.19] 3' (AA:–245) GATC GAATTC TTA TCTTTGCCAATAAGTAAACGCAAT 
[T10.18] 3' (AA:–255) GATC GAATTC TTA AGACCGGTACTTGCAACTC 
[T10.17] 3' (AA:–265) GATC GAATTC TTA CTTCCTTTCCTGAAAGAACATCTTAG 
[T10.16] 3' (AA:–275) GATC GAATTC TTA GTCATCAAGACCATATAAGATCCTCC 
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[T10.15] 3' (AA:–285) GATC GAATTC TTA AACTATAATGACTTCAGATGTTTTTTCTATGT 
[T10.14] 3' (AA:–295) GATC GAATTC TTA TTCCATTGCAAGTTTATCTATCTCCC 
[T10.13] 3' (AA:–305) GATC GAATTC TTA AACGGATACACAATTGAGAAAACCA 
[T10.12] 3' (AA:–315) GATC GAATTC TTA CGAAGAAACCTTCGCTGGA 
[T10.11] 3' (AA:–325) GATC GAATTC TTA CGTGTCCTTGTCTTCCGAT 
[T10.10] 3' (AA:–335) GATC GAATTC TTA GTCATTGCAATTCCATAGAAATTTATACT 
[T10.9] 3' (AA:–345) GATC GAATTC TTA AATAACAATTCGAGACGCCTTTTTTAG 
[T10.8] 3' (AA:–355) GATC GAATTC TTA AGCTTGACCAGGTCCATC 
[T10.7] 3' (AA:–365) GATC GAATTC TTA ACCCAAACGCCGTGC 
[T10.6] 3' (AA:–375) GATC GAATTC TTA CGGCCACTTGACACGC 
[T10.5] 3' (AA:–385) GATC GAATTC TTA ATCTTTAAAATGTTCATCCTCACTTTTCT 
[T10.4] 3' (AA:–395) GATC GAATTC TTA AGGTCCCTTAGACATAAGAACC 
[T10.3] 3' (AA:–40) GATC GAATTC TTA AGCATCTAAAATAGCTTCCTTGAGT 
[T10.2] 3' (AA:–415) GATC GAATTC TTA GGAGAATAATCCTAGTATAGGATATGGC 
[T10.1] 3' (AA:–425) GATC GAATTC TTA GGCATCAATTTCATCAAAGAAATCTTTG 

 

Supplementary Table 3-3. Primers used for qPCR analysis 
Primer 
name 

Sequence Genome 
targeted 

Gene target 

5’ AtRpoTp CTGAATGCAGGTCGAAACTCGGG Nuclear 
RNA polymerase 

3’ AtRpoTp GCTTGGAAGCCGTCTGCTAGAAC Nuclear 
5’ nad9 GTGGGAGCGAGAAGTTTGGGATATG Mitochondrial NADH 

dehydrogenase 3’ nad9 GGGTCATCTCAATGGGTTCAGAAACC Mitochondrial 
5’ orf25 TCAAAGTGACTCTCGACGGGAGC Mitochondrial B subunit of ATP 

synthase 3’ orf25 TGCCACAAATTCGCAAGCTGATCC Mitochondrial 
5’ cox1 GAAGTAGGTAGCGGCACTGGG Mitochondrial Cytochrome c 

oxidase subunit 1 3’ cox1 ATTCCAGGTCCACGCATGTTGAAG Mitochondrial 
5’ psbK GTCGCCAAATTGCCAGAGGC Plastid 

PSII K protein 
3’ psbK CGGCTTGCCAAACAAAGGCTAAGAG Plastid 
5’ petD TATTACGGGGAACCCGCATGG Plastid Cytochrome b6-f 

complex subunit 
4 

3’ petD GCAAAAGGATCCGCAGGTTCACC Plastid 

5’ ndhH GACTTCCAGGGGGTCCCTATGAG Plastid NAD(P)H-
quinone 

oxidoreductase 
3’ ndhH CCCAACTCCCCTTTTGGAGCTTC Plastid 
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