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CHAPTER 1: Introduction
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Figure I.1. Relationships among the Lactuca genus and descendants of the different typology groups. Within the
Lactuca genus, it is admitted that there are four main species: three wild ones (L. saligna, L. serriola and L. virosa) and
one domesticated (L. sativa). When there is documented evidence, relationships between species/cultivar are in full
lines, when relationships are hypothetical they are represented in dotted lines. L. serriola is certainly one of the direct
ancestors of L. sativa. However, there is evidence for the introgression of genes from other wild species during
domestication. It is not clear if the stalk lettuce derives from the cos type or even earlier. Latin lettuce is not shown

because of the lack of evidence regarding its origins. Adapted from de Vries, 1997.



1. Introduction to the Lactuca genus

Lactuca spp. are annual diploid (2n=18) plant members of the Asteraceae family. The name
of the genus “Lactuca” derives from the Latin word “lac” (milk) due to the milky latex exuding from
the plants when touched. Within the Lactuca genus which contains about 100 species, four species
are well-described and characterized: the cultivated one, Lactuca sativa, and three wild species,
Lactuca saligna, Lactuca serriola and Lactuca virosa, which can be crossed with Lactuca sativa
(Ryder, 1999). All four are herbaceous hermaphroditic plants with a life cycle divided into two

stages: the vegetative stage (from seed to plant) and the reproductive stage (from plant to seed).

The geographic origin of wild lettuce was presumed to be Egypt (Lindqvist, 1960b), but a
more recent publication suggests that wild lettuces originated from South-West Asia, in the region
between Egypt and Iran. Indeed, a higher number of wild lettuces can be found in Mesopotamia (de
Vries, 1997). L. saligna and L. serriola are widely spread to every inhabited continent (Lebeda et al,,
2004) and they both show prickles along their leaves. L. saligna with its almost linear leaves
(Lindqvist, 1960b) is also called “least lettuce”, while L. serriola is named “prickly lettuce”, because
of its harder prickles in its lobed leaves and stem. L. virosa, the “great lettuce”, does not share the
same geographic origin, and that is why it cannot be found in Asia (Lebeda et al., 2004). This last
species shows many variations (leaves can be lobed or not, some with prickles others not) but all

have broad leaves (Lindqvist, 1960b).

The domestication of L. sativa (Figure 1.1) is not clearly understood. Indeed, even if
L.serriola and L. sativa can be crossed and hybrids are self-fertile (Thompson et al., 1941;
Thompson, 1943) and L. serriola is considered as one of the direct ancestor (de Vries, 1990; de Vries
and van Raamsdonk, 1994), a polyphyletic origin of L. sativa was suggested (Kesseli et al., 1991).

Consequently, the implication of L. saligna cannot be completely excluded.

Speaking of L. sativa involves a specific vocabulary that needs to be defined. L. sativa is
divided into several morphological types/typologies/groups of cultivars according to their color,
leaves shape, size, texture, taste and heading shape. Within each type, breeders developed varieties

which can be seen as accessions.

The number of morphological types within L. sativa has been subject to debate (Davis et al.,
1997; Thicoipé, 1997), but since the work of Ryder the number of seven typologies resulting from
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domestication seems to be accepted (Figure 1.1) (Ryder, 1999; Kristkova et al., 2008). The
domestication of lettuce can be seen as a journey that starts with the “cos lettuce” (L. sativa var.
longifolia, also called romaine lettuce) between the Euphrates and the Tigris (de Vries, 1997). The
first mention of this type goes back to ca. 2500 B.C. in Egypt, where lettuce played an important role
and was considered an aphrodisiac. Indeed, in Egyptian mythology the fertility and procreation god
Min is often represented with erected lettuces, plants from which he draws his own erection (Harlan,
1986). Cos lettuces are tall plants with upright head and grouped leaves. However, it seems that cos
lettuce was not the only type cultivated in Egypt, because there is also an indication of the use of
“oilseed lettuces” (de Vries, 1994), which are not bred for eating but for the oil contained in their
large seeds. The next step of this journey takes place on the shores of the Mediterranean sea under
the rule of the Roman empire, where “leaf lettuce” (var. acephala Alef.) derived from cos lettuce
appeared in the 1st century B.C.. Leafy types show an open rosette with awide range of colors (green
to red). But domestication not only happened to the west of Mesopotamia but also to the east, in
China. Indeed, the “stalk lettuce” (var. angustana) crop appeared there in the 1st century A.D. (de
Vries, 1997), where its swollen stalk is consumed. More recently (CA. 1500-1600), the cabbage lettuce
types were derived from cos lettuce (Lindqvist, 1960a), leading to two new types: “butterhead
lettuce” (var. capitata L. nidus tenerrima) in Europe and “crisphead lettuce” (var. capitata L.
salinas) in North America. The latter can be subdivided into the two typologies “Iceberg” and
“Batavia”. Both butterheads and crispheads are eaten raw, but butterheads have soft and tender
leaves while crispheads have thick and crispy ones. Crispheads also display a robust root system
that derives from L. virosa. According to Lebeda, the seventh lettuce typology is “Latin lettuce”,
which is a minor type and shares similarities to both romaine and butterhead. All these
morphological types have been selected over time, depending on climatic and physiologic factors,

as well as from pathogen resistances.

2. The domesticated lettuce: Lactuca sativa

The domestication process of L. sativa led it to be very different from the wild species. The
differences are morphological, like the formation of the head lettuce at the vegetative stage, and a

less bitter taste through the reduction of latex production.
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2.1. L. sativa physiology

Lettuce grows at temperate to cold temperatures, with an optimal growth temperature at
18-20 °C and seed dormancy induced above 28-30 °C. The production of anthocyanins and white
latex (depending on cultivars) is enhanced by unfavorable growth conditions, like low temperature
(less than 3 °C for germination and less than 7 °C for growth), negatively influencing the taste of the
lettuce product. To avoid it lettuces can be grown under different conditions varying from high tech
growing systems (hydroponic, heated greenhouses, vertical farming...) to simple growing systems
(open-fields, greenhouse tunnel and heated greenhouse). The commercial varieties are adapted to

one of these.

The life-cycle of lettuce is a short one, where it self-pollinates and the reproduction is
ensured by seeds. The vegetative stage of the life cycle is dominated by the rosette, which is the
consumed part of the plant, and ends with the bolting of the stem. Then the stem forms a corymb
ramified flower stalk at the beginning of the reproductive stage. The lettuce inflorescence is only
opened for 1 to 2 hours in the morning (depending on the climatic conditions and the season), a
strong constraint to realize crosses. Moreover, lettuce is hermaphroditic, meaning that all flowers
display both male and female reproductive organs. In optimal climatic conditions, when the flower
open, the style elongates and the pollen is spread over the stigma. Then the flower closes a few
minutes afterward and the ovule is fertilized. The fertilized ovule maturates for two weeks to
become the seed. Both stages of its life cycle are useful for marketing: the vegetative stage is used

for entire plant marketing and the reproductive stage is used for seed marketing.

2.2.  The majortypologies

Lettuce typologies differ in color, leaves shape, size, texture, taste and suitability to make a
heading shape, meaning it grows into a round-head shape with the leaves growing from the base

center. On the market, four typologies stand above the rest (Davis et al., 1997).

2.2.1.  Butterhead
This type forms smaller heads than those produced by crisphead types. Because of its
smaller size butterheads are lighter (~0.5 kg). Leaves are folded, broad rather than long and crinkled
in the interior. They have a light to dark green outside and a creamy yellow inside. The texture is

mostly smooth and oily and the taste ranges from bland to relatively sweet (Davis et al., 1997).
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2.2.2.  Coslettuce
Cos (or romaine) lettuces have long and loaf-shaped heads, weighing about 0.7 kg. Leaves
are longer than broad and spatulated. Outer leaves are normally dark green and inner leaves
yellowish. The texture is characterized by its coarseness and crispness. Compared to crisphead
types the taste ranges from sweet to strong. Different sub-typologies can be distinguished within
Cos lettuces, depending on size and opened/headed top: from mini cos to midi cos, to little gem to

romaine (Davis et al., 1997).

2.2.3. Iceberg and Batavia, the crisphead types

The crispheads are characterized by a crispy texture and a large and firm head. The plant
weight is about 1 kg. The leaves are broader than long and dark green (bright or dull dark green),
while the inner foliage is either white or creamy yellow. Batavia colors can vary from red, blond and

dark green, whereas the iceberg type is more often green and the taste mild (Davis et al., 1997).

2.2.4. Leafy type

Leafy type lettuces show a wide range of sizes, shapes and colors, but the common point is
the formation of a leaf rosette that may be long, broad, rounded, spatulated or lobed, with frilled or
smooth margins. As butterheads the leafy lettuce weighs up to 0.5 kg. The leaf colors vary from type
to type: dark or light green, with or without red color. Leaf lettuce has fewer bleached leaves than
crisphead types, which is why they have a stronger taste and higher content in vitamins and

minerals. Texture ranges from crisp to soft depending on the type (Davis et al., 1997).

2.3. The salad market: a worldwide context

In a worldwide context, clients can have very different expectations, which the processing
and production industries must anticipate. But upstream from these industries breeding companies
must create new varieties that offer new characteristics and that are compatible with processing
and production industries. Because of its susceptibility to climatic conditions (temperature,
photoperiod) the lettuce crop is mainly found in temperate areas, of both the Northern and
Southern hemispheres. Moreover, lettuce’s fragility in post-harvest stages limits commercial
exchanges, which is why lettuce is mostly consumed in the region of production. But, for iceberg
lettuce, which is more tolerant to oxidation and so more suitable to transports, exportation

between continents is possible (Thicoipé, 1997).
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Figure 1.2: Production of lettuce and chicory between 1994 and 2017. Data from FAOSTAT (www.fao.org) and

UN Comtrade (www.comtrade.un.org). (A) Worldwide total production and yield quantities of lettuce and chicory.

Between 1994 and 2017 the production of lettuce and chicory increased as well as the difference between

production and surface harvested, suggesting that lettuce and chicory cultures have a better yield. (B) Mean

repartition of the lettuce and chicory production by continent, between 1994 and 2017. The production in this

period was led by Asia and North America, followed by Europe. (C) Mean production per year for the top 10

producers of lettuce and chicory, between 1994 and 2017. The world production is largely dominated by China,

followed by the USA. Together, they produce half of the world’s yearly production. (D) Lettuce production and

exchanges in the European Union. The shades of green represent the strength of the excess of the lettuce balance

trade while the shades of red stand for the strength of its deficit. * rank within the EU.




2.3.1. A worldwide market

The domestication process led lettuce to be consumed in all continents, due to agronomic
and taste appeals. This worldwide consumption was accompanied by increased production.
Indeed, according to the Food and Agriculture Organization (FAO), lettuce production and the
related chicory (Cichorium intybus var. foliosum, C. endivia var. crispa and C. endivia var. latifolia)
increased yearly from 14 Million metric tons in 1994 to 26 Million metric tons in 2017 (Figure 1.2.A).
The production is concentrated in Asia and America (Figure 1.2.B) with, obviously, China and the
USA as principal producers (Figure 1.2.C). As an example of the economic value of lettuce the US
production was worth 1.77 billion dollarsin 2017, as reported by the U.S. Department of Agriculture
(USDA). Despite its fragility, lettuce is exported. The USAis one of the main exporting countries with
300 000 metric tons per year, according to the U.S. Department of Commerce (data for 2018), most
of it to Canada (85 %) but also to longer-range destinations like Honk-Kong (5 %) or the United
Kingdom (UK). But, according to the U.S. Department of Commerce, the USA mainly ships iceberg
crisphead types.

2.3.2. The European market

The European Union (EU) is both a very important production area and a major market for
consumption. Indeed, according to UN Comtrade, the European market accounts for 62 % of the
worldwide exports, while 68 % worldwide imports are made by EU members, meaning that 91 % of
EU imports come from an EU member. This 91 % amounts to 1.37 billion euros per year. In 2018, the
total EU lettuce production was about 2.5 million metric tons and the main producers were Spain,
Italy and France, as reported by Eurostat (Figure 1.2.D). However, it is possible to distinguish two
groups of countries within the EU (Figure 1.2.D): the countries with a positive “lettuce balance of
trade” (Spain, Italy, the Netherlands, Belgium and Portugal) and the ones with a negative balance
(Germany, UK, Poland, France and Greece). The lettuce production is concentrated in the
Mediterranean areas, which is why Spain and Italy are the principal producers, with 959 000 and
433 000 metric tons in 2018, respectively. Moreover, Spain is the major exporter worldwide and
bulks 28 % of the worldwide lettuce exports, mainly iceberg type to the UK (40 %) and to Germany
(30 %). Italy produces mainly Iceberg for its exports to Germany (40 %), Austria (20 %) and the UK
(12 %). France is the third lettuce producer within the EU in 2018 and the seventh world producer
(Figure 1..2.C). However, France exports yearly 121 million euros of lettuce while importing for 137
million euros, and is therefore considered as an importing country, according to UN Comtrade.

French clients are Germany (60 % of the exports) and the UK (mostly iceberg type from Brittany).
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Germany is the fourth producer, but also the first importer, mainly Iceberg types from Spain,
Butterhead and Batavia from France and Belgium. Despite its large lettuce production, the German
“lettuce balance of trade” is very unprofitable (Figure 1.2.D). The Netherlands is the fifth producer,
exporting 80 % of their lettuce production. Most of it goes, again, to Germany (65 %) and to the UK
(8 %).

2.4.  Current academic research hotspots

Due to the important economic role of L. sativa, studies on lettuce mainly focused on that
domesticated species. Those studies include stress tolerance; as to cadmium (Bautista et al., 2013;
Dawuda et al., 2019; Wang et al., 2019) or to salt (Xu and Mou, 2015; Di Mola et al., 2017; Hnilickova
et al., 2019); or resistance to bacterial pathogens (Hayes et al., 2014; Nicolas et al., 2018, 2019). But
the most investigated field in lettuce research is the downy mildew caused by the oomycota
pathogen Bremia lactucae (Giesbers et al., 2018; Missio et al., 2018; Dhar et al., 2020; Fletcher et al.,
2019; Meisrimler et al., 2019; Pelgrom et al., 2019). Indeed, according to the International Bremia
Evaluation Board (IBEB), B. lactucae is the major threat to lettuce production. The IBEB is a joint
initiative of lettuce breeding companies from the USA, France and the Netherlands, the University
of California Davis (UC Davis), the Dutch inspection service (Naktuinbouw) and the French National
Seed Station (GEVES). Its mission is to identify new races of that pathogen that could be major
threats to the American and European lettuce industries. Moreover, B. lactucae was ranked 13th
oomycete pathogen in plants, based on its scientific and economic importance (Kamoun et al.,

2015).

From the genomic point of view, the chloroplast genome (or cpDNA) was the first of the
genomes of L. sativa to be assembled assembled and released (Kanamoto et al., 2006). The nuclear
genome of is about 2.38 Gb and composed of 9 pairs of chromosomes (Michaelson et al., 1991;
Koopman and De Jong, 1996), and its sequence was released 11 years after the chloroplastic one
(Reyes-Chin-Wo et al., 2017). Its annotation was made possible thanks to the previous building of
its transcriptome (Truco et al., 2013). Just recently, the mitochondrial genomes (or mtDNA) of L.

sativa (363 kb), L. saligna (368 kb) and L. serriola (363 kb) were published (Kozik et al., 2019).

14



3. The mitochondria

Mitochondria are organelles of about 0.2-1.5 um present in the cytosol of almost every
eukaryotic cell (Roger et al., 1998; Karnkowska et al., 2016). Their main cellular function is the
production of adenosine triphosphate (ATP) by oxidative phosphorylation, used by the cell as a
source of energy, but mitochondria are also involved in signaling, cellular differentiation and cell
death. In plants and more largely in eukaryotes, maternal inheritance is the predominant pattern of
mitochondria transmission (Birky, 2001). However, in several plant species inheritance can be
paternal, like in bananas (Fauré et al., 1994), cucumber (Havey et al., 2004) and the green alga
Chlamydomonas (Aoyama et al., 2006), or biparental like in Geranium (Guo and Hu, 1995) and the
Chinese pine (Guo et al., 2005).

3.1.  Abrief history of mitochondria discovery

The first observation of what could be mitochondria goes back to the 1840s, before they
were identified by Richard Altmann in 1890. Altmann named them “bioblast”, an elementary
organism that lives within the cell and carries vital function. Indeed, he discovered that his bioblasts
display the same staining as bacteria. The name “mitochondria” was coined by Carl Benda in 1898
and comes from the Greek “mitos” (thread) and “chondros” (granule). Until the development of
high-resolution electron microscopy, mitochondria were studied by staining with the redox-dye
Janus Green B, thanks to the works of Leonor Michaelis in 1900. Even if mitochondria were known
in animals since 1890, they were first described in plants in 1904 by Meves in Nymphaea alba (white
nenuphar). Mitochondria isolation started in 1934 with the works of Bensley and Hoerr (Bensley and
Hoerr, 1934), improved in 1946 by Albert Claude (Claude, 1946) and in 1948 by Hogeboom,

Schneider, and Palade with the use of an isotonic sucrose medium.

Purified mitochondria set the start of biochemical approaches to elucidate its functions. In
1946, the exclusive mitochondrial localization of cytochrome oxidase activity was demonstrated
(Hogeboom et al., 1946). The aerobic oxidation of citric acid cycle metabolites and of fatty acids
accompanying the formation of ATP from inorganic phosphate and adenosine diphosphate (ADP)
was elucidated by Eugene Kennedy and Albert Lehninger (Kennedy and Lehninger, 1949). In the
same year, the coupling between the oxidation of nicotinamide adenine dinucleotide (NADH) and
the phosphorylation of ADP was shown (Friedkin and Lehninger, 1949). The control of respiration

by the availability of inorganic phosphate and ADP was demonstrated by several laboratories on
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Figure 1.3. Schematic view of the mitochondrial internal structure. The mitochondria is surrounded by two
lipid bilayers: the Outer membrane (OM) and the Inner membrane (IM), delimiting the intermembrane space and
the matrix. The import of proteins from the cell cytosol into the mitochondrial matrix is assured by the TOM
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proton pumps of complexes I, Il and IV of the electron transport chain. The mitochondrial genome “swims” in the
matrix but is probably attached to the inner surface of the IM and it is associated with proteins involved in its

structuring and expression, together forming the nucleoids.



the period 1951-1952 (Rabinovitz et al., 1951; Lardy and Wellman, 1952). The discovery of the
mitochondrial localization of the respiratory chain and ATP production led Philip Siekevitz to

nickname it “the powerhouse of the cell” in 1957 (Ernster and Schatz, 1981).

3.2.  Origin and evolution: the endosymbiotic theory

The endosymbiotic theory was first proposed by Mereschkowsky in 1905 to explain the
origin of chloroplasts. However, he firmly rejected the possibility that mitochondria might have
evolved from an endosymbiosis event. Mitochondria were linked 81 years later to that
endosymbiotic theory by Lynn Margulis (born Sagan, Sagan, 1986). The theory proposed that a free-
living organism, or proto-mitochondria, survived endocytosis and was incorporated into the
cytoplasm. Then the ability of the proto-mitochondria to perform respiration within the cytoplasm
gave a considerable evolutionary advantage to the host cell. Nowadays it is commonly accepted
that mitochondria have originated through endosymbiosis and believed that the proto-
mitochondrial ancestor was an aerobic Alphaproteobacteria related to the obligatory parasites of
the Rickettsiale branch (Andersson et al., 1998). However, the identification of the closest relative to
the proto-mitochondrial ancestor remains controversial (Thrash et al., 2011), as evidenced by a
recent study suggesting that mitochondria evolved from a lineage that branched off before the

divergence of Alphaproteobacteria (Martijn et al., 2018).

3.3. The internal structure of the mitochondria

Because of its endosymbiotic origin mitochondria displays two membranes: the outer
mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM) (Figure 1.3). The
OMM is porous and allows exchanges between the cytosol and the inner membrane. To do so it
contains three membrane protein families that form channels as part of larger protein complexes.
Two of these three complexes, the TOM (translocase of the outer membrane) pore and the SAM
(sorting and assembly machinery) insertase allow the translocation and insertion of almost all
proteins targeted to the mitochondria. The third complex is the mitochondrial porin (or VDAC, for
voltage-dependent anion channel) that allows ions and small uncharged molecules to go through
the membrane. The IMM works slightly differently, itis a tight diffusion barrier to ions and molecules
that cannot cross this membrane without help from specific transporters. A membrane potential of
about 180 mV results from its selectivity for ions. The inner membrane is the home of oxidative

phosphorylation.
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These two membranes define three compartments, each one with its distinct role: the
intermembrane space between the OMM and the part of the IMM that is known as the inner
boundary membrane, the mitochondrial matrix surrounded by the IMM and the cristae which are
invaginations of the IMM into the matrix. The intermembrane space is a place where molecules are
passing that is why carriers can be found as well as the ATP/ADP ones. The mitochondrial matrix has
a pH of about 8 (Llopis et al., 1998) that drives the transmembrane electrochemical gradient needed
for ATP synthesis. The matrix contains the citric acid cycle, or Krebs cycle, among other enzymes, as
well as the mtDNA and ribosomes, and is the site of mtDNA replication, transcription and of protein
translation. Finally, the cristae contain the complexes of the mitochondrial electron transport chain

(MtETC), the full ATP synthase and a large amount of cytochrome c.

3.4.  The electron transport chain

In the plant cell, energy production occurs in two organelles: the chloroplast and the
mitochondria. Both rely on an electron transport chain which sets a proton gradient across the
membrane used for the phosphorylation of ADP into ATP (Sousa et al., 2018). In chloroplasts, the
energy production process is photosynthesis, which involves the conversion of water and CO, into
complex organic molecules. It can be split on two reactions: the one that takes place in the light and
the one that takes place in the dark (Johnson, 2016). The light-dependent reaction occurs in the
thylakoid membranes and using the energy of light splits the water into oxygen, and the electrons
freed up from H,0 are transferred to ATP and NADPH. The dark reaction occurs in the chloroplast
stroma, where the energy released from ATP and NADPH is used to reduce CO, to carbohydrates, by

the enzymes of the Calvin cycle (Johnson, 2016).

In mitochondria, the energy is produced during oxidative phosphorylation which relies on
the oxidation of NADH through the mtETC located in the cristae of the IMM (Sousa et al., 2018). To
do so, the chemical energy stored in the products of the citric acid cycle is converted into an
electrochemical gradient over the inner membrane by a series of proton pumps which are three of
the four complexes of the mtETC (Figure 1.4). The complex I (or NADH ubiquinone oxidoreductase)
is one of the three proton pumps and its role is oxidizing NADH into NAD*, which is used by the Krebs
cycle, a proton that is pumped out of the matrix into the intermembrane space and an electron that
is used by complex Il to reduce ubiquinone to ubiquinol. Complex Il, or succinate dehydrogenase,
is the only one of the four mtETC complexes that does not pump out protons. Besides its role in the

mtETC complex Il is also part of the Krebs cycle, where it catalyzes the oxidation of succinate to
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fumarate. The ubiquinol is then used by the complex Il to transfer electrons to cytochrome c.
Complex Il or cytochrome c reductase is the second proton pump of the mtETC. Finally, the
electrons obtained from the reduction of cytochrome c¢ are transferred by complex IV, or
cytochrome c oxidase, to a molecule of oxygen that is the terminal electron acceptor and form a
molecule of water. Complex IV is the third and last proton pump of the mtETC but also the less
efficient. Indeed, complexes | and Ill pump out 4 protons per pair of electrons crossing the
complexes, while complex IV pumps out 2 protons. The proton gradient thus established drives the
membrane-embedded rotor of the ATP synthase (F, domain) and ATP is produced by
conformational changes in the nucleotide-binding pockets of the F; part of the synthase (Sousa et

al., 2018).

3.5.  Organization of the mitochondrial population within the cell

The organization of the mitochondrial population, or chondriome, within the cytosol
depends on the organisms. The chondriome can be seen as a dynamic structure where
mitochondria are highly mobile and can merge or divide by fusion and fission. In mammals the
chondriome is organized in extended reticular webs (Koning et al.,, 1993). The number of
mitochondria in yeast chondriome varies according to the type of the media, depending on the
energetic pathway required. Indeed, when respiration is needed like during growth on ethanol yeast
cells carry around 30 small mitochondria, while on fermentation conditions on a glucose-rich
medium they display 2 to 3 branched filamentous mitochondria (Visser et al., 1995; Raja et al., 2013).
In mammals the number of mitochondria depends on the cell type studied (Veltri et al., 1990), but
was estimated at 100 in human ovarian cancer cell line A2780 (Satoh and Kuroiwa, 1991). The plant
chondriome is composed of a discrete and pleomorphic population where mitochondria display
spherical to tubular forms. A mesophyll cell of Arabidopsis thaliana carries between 200 and 300
mitochondria per cell (Logan, 2006), but this number can be higher in other cell types, as in
protoplasts prepared from rosette leaves where it is comprised between 300 and 400 (Preuten et
al., 2010), or in other species, as it has been evaluated to be between 500 and 600 in mesophyll

protoplasts of Nicotiana tabaccum (Sheahan et al., 2004).
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4, The mitochondrial genomes

4.1. The mtDNA within mitochondria

The mtDNA, located in the matrix, is not free. Indeed, it is compacted and associated with
other proteins as the genome of Escherichia coli thatis 10*-fold compacted (de Vries, 2010). This was
shown in human mitochondria where the genome is located in a structure called nucleoid (Satoh
and Kuroiwa, 1991) distributed all over the reticular web of mitochondria (Alam et al., 2003) and fold
to~100 nm (Kukat et al., 2011). The copy number of the mtDNA within the nucleoid seems to depend
on the cell type. Indeed, it was shown that in an epithelial ovarian carcinoma cell line (A2780)
nucleoids contain a single mtDNA copy (Kukat et al., 2011), unlike HelLa and 143B cell lines
containing 6 and 8 mtDNA copies per nucleoid, respectively (Legros et al., 2004). Moreover, this
publication shows that the number of nucleoids per cell is greater than 450 in both cell types, and
that in animals, or at least in humans, mtDNA copies outnumber mitochondria. Nucleoid packaging
requires several associated proteins organized into two groups: the core nucleoid factors and the
peripheral factors. The core nucleoid factors are DNA binding proteins involved in transcription
and/or replication, such as mitochondrial transcription factor A (TFAM) that is involved in
transcription (Fisher and Clayton) by inducing a DNA U-turn which promotes transcription initiation
(Ngo et al.,2011; Rubio-Cosials et al., 2011). Moreover, TFAM is also considered to be involved in the
packaging of the mtDNA (Kaufman et al., 2007) and it seems to be the central factor in the
structuring of the human mitochondrial genome (Kukat et al., 2015). The human core nucleoid also
includes factors necessary for genome replication and transcription, as single-stranded binding
protein mtSSB, the DNA polymerase POLy, its accessory subunit POLG2, the replicative DNA
helicase TWINKLE, the mitochondrial DNA-directed RNA polymerase POLRMT and transcription
factor TFBM2. Peripheral factors are not directly associated with the mtDNA but through protein-
protein interactions and seem to play a role in modulating ATP production by regulating the
organization and metabolism of the mtDNA, such as protein M19 (Sumitani et al., 2009), or in
stabilizing core nucleoid factors, such as prohibitin (PHB) that stabilizes TFAM (Kasashima et al.,
2008). The membrane-bound ATPase ATAD3 (ATPase family AAA domain-containing protein 3)
belongs to both groups: it is a DNA binding protein that can be associated with nucleoids, but it also
has additional functions, such as mitochondrial-endoplasmic reticulum interactions (He et al.,

2007).
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Copies per Human
Category Name AGI mtDNA(*) homologue
POL1A At1g50840 5
DNA Polymerase POLy(**)
POL1B At3g20540 2
Helicase/primase TWINKLE At1g30680 192 (32) TWINKLE
Topoisomerase | TOPI At4g31210 61 -
, GYRA At3g10690 981 (491)
Topoisomerase -
GYRB At5g04130 676 (338)
. RECA2 At2g19490 462
Recombinase -
RECA3 At3g10140 ?
o ODB1 Atlg71310 673 (61) RAD52
DNA-binding
SWIB5 At1g31760 141 (RAD51?)
0OSB1 At1g47720 4
OSB3 At5g44785 171
o 0SB4 At1g31010 180
ssDNA-binding mtSSB
SSB1 At4g11060 493 (123)
SSB2 At3g18580 657 (164)
WHY2 Atlg71260 974 (41)
MutS-like MSH1 At3g24320 2(1) -
DNA ligase LIG1 At1g08130 42 LIGIT*
HMG-box protein - - TFAM
Dimethyl transferase-like TF - - TFB2M
RPOTm At1g68990 5
RNA polymerase POLRMT
RPOTmp At5g15700 31

Table I.1. Plant mitochondrial nucleoid factors. * Data from Fuchs et al., 2020. For proteins known or assumed
to be present in homo- or hetero-oligomers the inferred number of complexes is shown in bracket. ** Functional

homologues, not evolutionary linked.



The composition of plant mitochondrial nucleoid is not yet fully resolved, but a set of factors
involved in the expression, maintenance, and segregation of the organelle genomes have been
associated with this complex (Chevigny et al., 2020) (Table I.1). Among the factors identified in
plants there is single-stranded DNA (ssDNA) binding proteins SSB1 and SSB2 (Elo et al., 2003;
Edmondson et al., 2005), orthologs to human mtSSB. The plant mitochondrial DNA polymerases are
POL1A and POL1B that are functionally homologous to the human POLYy, but not evolutionary
related to it (Parent et al., 2011), but to bacterial DNA polymerase I. Mitochondrial transcription is
mediated by the phage-type DNA-directed RNA polymerases RPOTm and RPOTmp (Hedtke et al.,
1997; Yadav et al., 2019). The replicative DNA helicase in plants is the ortholog of human TWINKLE
(Diray-Arce et al.,, 2013). The DNA tangles and supercoiling are managed by the type I
topoisomerase Gyrase, and by the type | topoisomerase TOP1 (Wall et al., 2004; Cho et al., 2004).
The RecA-like recombinases RECA2 and RECA3 (Shedge et al., 2007) are also probably part of the
mitochondrial nucleoid, as well as the MutS-like homolog MSH1 (Xu et al., 2011) and the plant-
specific ssDNA-binding proteins of the OSB, WHIRLY and ODB families (Zaegel et al., 2006;
Cappadocia et al., 2010; Janicka et al., 2012; Chevigny et al., 2020). But all do not have the same
stoichiometry (Table I.1). Indeed, quantification of mitochondrial proteins absolute copy numbers
showed that the ssDNA binding factors and the gyrase are present at high-copy numbers, while the

transcriptional and replicative enzymes are present at a much lower level (Fuchs et al., 2020).

In a review, Gualberto and Kiihn (Gualberto and Kiihn, 2014) listed the factors that they
considered as members of the mitochondrial nucleoid of A. thaliana. But none of the so important
human TFAM or ATAD3 seems to have a homolog in plants. Furthermore, the DNA composition of
the plant nucleoid remains unclear. Indeed, the plant mtDNA is considered as constituted by a
group of subgenomic molecules, instead of a single circular genome as in animals, raising the
question of the DNA composition of the nucleoid. Moreover, it has been shown that vegetative plant
tissue contains less than one mitochondrial genome per mitochondria, and that during division not

all mitochondria inherit a copy of the mtDNA (Preuten et al., 2010; Arimura et al., 2004).

The regulation of plant mtDNA copy numbers might differ according to the type of cell and
developmental state. In A. thaliana it varies between organs and is not constant during the
development of cotyledons and leaves (Preuten et al., 2010). In Oryza sativa (rice), a much higher
mtDNA copy number was found in egg cells as compared to leaf mesophyll protoplasts (Takanashi

etal., 2010). However, such a variation was not found in Arabidopsis and tobacco, where equivalent
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mtDNA copy numbers were determined in egg cells and in mesophyll cells (Wang et al., 2010). The
authors of that study also found that egg cells of Pelargonium zonal own a very large content of
mtDNA, implying that the mtDNA can be selectively amplified in the generative cells of some species
(Wang et al., 2010). In contrast, on the other side of the plant life cycle, a 50-fold-mtDNA reduction
was observed during pollen development (Sodmergen et al., 2002). This dramatic decrease would
be because of selective degradation and could be a mean for rapid access to phosphate in case of
nutrient-deficient conditions (Takami et al., 2018). Several nucleases have been identified that

could be involved in that process (Tang and Sakamoto, 2011).

4.2, Size and content

Over the course of evolution, the endosymbiotic relationship between the host cell and the
proto-mitochondria shaped the bacterial genome which would become the mtDNA. This process
led the mtDNA to show a high size diversity across kingdoms and species. Indeed, even if the size of
the mtDNA is quite conserved within mammals; 16 kb in humans (Figure 1.5.A) (Anderson et al.,
1981) and rats (Rat Genome Sequencing Project Consortium, 2004) or 17 kb in rabbits (Gissi et al.,
1998); it varies substantially in size in plants; from 200 kb in rapeseed (Handa, 2003), 368 kb in
Arabidopsis (Figure 1.5.B) (Unseld et al., 1997; Sloan et al., 2018) and up to the several millions base
pairs (11.3 Mb) in the striped corn catchfly, Silene conica (Sloan et al., 2012); or in fungi mtDNA; from
18.8 kb in Hanseniaspora uvarum (Pramateftaki et al., 2006) to 105 kb in Nakaseomyces bacillisporus
(Bouchier et al., 2009) via 85 kb in Saccharomyces cerevisiae (Foury et al., 1998). All the listed
genomes (excepted Silene sp. ones) have in common to be smaller than bacterial genomes. Indeed,
an Alphaproteobacteria such as Mesorhizobium loti has a 7 Mb genome (Kaneko, 2000) which is far
from the 16 kb of the human mtDNA. Even if a drastic genome size reduction can be observed in
parasites, such as Rickettsia prowazekii and Mycoplasma genitalium and their 1.1 Mb and 580 kb
genomes, respectively (Andersson et al., 1998; Su and Baseman, 1990), or the eukaryotic parasite
Encephalitozoon cuniculi and its 2.9 Mb nuclear genome (Katinka et al., 2001), the mechanisms of
genome reduction are different (Timmis et al., 2004). Whereas genome reduction in a parasite is a
specialization to the nutrient-rich intracellular medium of his host and the loss of genes that are no
longer needed, the reduction in size of the mtDNA during evolution was, in addition to the loss of
redundant genes, by export of genetic materials to the nucleus, and the proteins that are still

required for mitochondrial function are synthesized in the cytosol and imported into mitochondria.
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That is why, concerning the mtDNA, size doesn't always matter. Indeed, the mtDNA carries
a variable number of protein-coding genes that is not correlated to its size. However, these genes
are always involved in the mitochondrial electron transfer chain or in the mitochondrial gene
expression system. For instance (Figure 1.5), the large mtDNA of A. thaliana carries a total of 57
genes (32 protein-coding genes, 22 tRNA genes and 3 rRNA genes: 5S, 18S and 26S) (Unseld et al.,
1997) which is only 20 genes more than the human mtDNA gene content (37 genes: 13 protein-
coding genes, 22 tRNA genes and 2 rRNA genes: 12S and 16S) (Anderson et al., 1981) for a genome
that is 23-fold larger. In fact, the plant mtDNA is mainly composed of non-coding sequences, like in
Arabidopsis (Figure 1.6) where the 57 mitochondrial genes and their introns cover only 26.6 % of the
genome. In potato mitochondria, the transcribed regions corresponding to mature transcripts
account to only 25 % of the genome (Varré et al., 2019). Among the 73 % non-coding sequences of
the A. thaliana mtDNA 6.8 % are repeated regions, 4 % are of nuclear origin and 1.2 % were imported
from the chloroplast. Finally, more than half of the mtDNA of A. thalianais composed of sequences
from unknown origin (Marienfeld et al., 1999) that might have been inherited through horizontal
transfer (Bergthorsson et al., 2003). For larger mtDNA genomes, such as the ones of S. conica which
do not encode for more factors, this proportion is even higher. Flower plant mtDNA-encoded
protein genes can be divided into two groups: the 24 core genes that are present in all plant
mitochondrial genomes (atpl, atp4, atp6, atp8, atp9, ccmB, ccmC, ccmFc, ccmFn, cob, cox1, cox2,
cox3, matR, mttB, nadl, nad2, nad3, nad4, nad4L, nad5, nad6, nad7, and nad9) and + 17 variable
protein genes, which mostly code for subunits of the mitoribosome. The three rRNA genes 5S, 18S
and 26S are also present in all plant mtDNA genomes, but the number of tRNA genes are variable,
with several tRNA species that are imported from the cytosol and others that are expressed from
chloroplast sequences inserted in the mtDNA (Marechal-Drouard et al., 1990; Skippington et al.,
2015).

The plant mitochondrial genomes are characterized by their high proportion of repeated
sequences. Small repeated sequences (<35 bp) can also be found in yeast or animal mtDNA and can
be involved in large scale deletion linked to diseases in humans (Schon et al., 1989; Phadnis et al.,
2005). In plants, however, repeated sequences can go up to several tens of kilobase-pairs, and are
not conserved in sequence or number (Wynn and Christensen, 2019). That is why they have been
classified into three categories; large repeated sequences (= 500bp), intermediate-size repeats
(50 -500 bp) and microhomologies (< 50 bp). These sequences can be involved in homologous

recombination events and consequently have a major impact on the structure of the mtDNA.
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Figure I.7. Plant mtDNA structure. (A) The mtDNA of A. thaliana ecotype Col-0 carries two large repeated regions
(L-1 and L-2) that are involved in frequent homologous recombination (in blue when L-1 involved or in pink when
it is L-2). These recombination events lead to four different possible configurations of the mtDNA, two of them (2
and 4) subdivided in subgenomes (a and b). The different mtDNA molecules are represented in circular form, for
convenience. (B) The plant mtDNA can exist in alternative linear structures that can produce circular genome
maps through repeated regions. (C) Electron microscopy observations of mtDNA led to consider it as constituted
by a mixture of branched, linear or circular molecules. Branched molecules might be the consequence of

homologous recombination events. Adapted from Sloan et al., 2013 and Gualberto et al., 2014.



4.3.  Structure of the plant mtDNA

The large repeats are involved in frequent and reciprocal homologous recombination
events that shape the mtDNA, redistribute the sequences and generate sub-genomic mtDNA
molecules (Figure I.7.A). The plasticity of the mtDNA by recombination makes it difficult to model
the structure of the mtDNA, which is usually represented as a single circular structure called “master
circle” because it is usually possible to map the genome into a circle. However, such genome-size
circular structures have only been observed in very few species, in relatively old publications
(Negruk et al., 1986; Oda et al., 1992) that were not reproduced (Oldenburg and Bendich, 1998). In
fact, pulse-field gel electrophoresis (PFGE) and microscopy studies have shown that the plant
mtDNA consists of a mixture of head-to-tail concatemers, circularly permuted linear molecules
(Figure 1.7.B) or branched molecules (Figure 1.7.C) (Sloan, 2013). Indeed, electron microscopy
showed that most large molecules observed are linear or rosette-like, while most of the circular
molecules are small (Backert et al., 1996, 1997b), and that an important proportion of the mtDNA
was found to be single-stranded (Backert et al., 1997a). Structural analysis using moving pictures
and PFGE go in the same direction, suggesting that the plant mtDNA mainly exits as large and
complex branched molecules or simple linear ones derived from the complex forms (Bendich, 1996).
Recently, a study about the lettuce mtDNA confirmed these results and has shown that the lettuce
mtDNA mostly consists of branched molecules, but that circular, linear, and branched circular
structures can be observed as well (Kozik et al., 2019). It is generally accepted that the mitochondrial
genome of plants consists of a collection of subgenomes produced by recombination between
direct repeated sequences within one or several chromosomes. Another model could be of an
mtDNA constituted by circularly permuted linear molecules containing overlapping ends (Figure
1.7.B), allowing in silico mapping of these molecules one over the other into a circle, even if such a
structure does not exist in vivo (Sloan, 2013). Interestingly, the concatemeric mitochondrial ggnome
inserted in the nuclear genome of A. thaliana (Stupar et al., 2001) suggests a model where the
genome is represented by concatemeric linear molecules (Figure 1.7.B). Most of the models
described suppose linear molecules, of which the linear ends need to be protected. This has been
shown in the S-type cytoplasmic male sterility (CMS-S) genotype of maize. This particular
cytoplasm carries two supplementary linear molecules S-1 and S-2 of 6 397 bp and 5 452 bp,
respectively, of which the end of both are protected by attached proteins (Paillard et al., 1985;
Levings and Sederoff, 1983; Kemble and Thompson, 1982). But those proteins have not been
identified.
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In contrast to the recombination involving large repeats, the ectopic recombination
between intermediate-size repeats and microhomologies is infrequent, usually asymmetric, and
not reversible (Woloszynska and Trojanowski, 2009; Janicka et al., 2012). These rare recombination
events contribute to the heteroplasmic state of the mtDNA and are responsible for the different
configurations of the mtDNA, called sublimons, that can co-exist with the main genome in the same
individual, often less than one copy per cell (Small et al., 1989; Woloszynska and Trojanowski, 2009).
Consequently, the stoichiometry of the different sequences that constitute the plant mtDNA might
not be uniform, some being more represented than others in a cell (Preuten et al., 2010). But other
studies showed, on the contrary, remarkable stability of the genome in the first stages of seed
development (Paszkiewicz et al., 2017). During mitochondrial division the mtDNA is not equally
transmitted to the daughter mitochondria, and the mitochondria which inherited DNA might not
get a complete mtDNA genome (Arimura et al., 2004; Takanashi et al., 2010). Therefore, in a cell,
mitochondria outnumber the copies of mtDNA, and some mitochondria do not contain any DNA
(Preuten et al., 2010). Taken together, all these data led to build a global model where plant mtDNA
is divided into several subgenomic molecules, obtained through recombination events, spread

along the chondriome of the cell.

The increase in available data from assembled plant mitochondrial genomes tends to
confirm their multipartite structure. This is true for large genomes composed of multiple
chromosomes, like the one of cucumber and its 3 circular chromosomes (1.6 Mb, 84 kb, and 45 kb)
(Alverson et al., 2011), and the ones of Silene noctiflora and Silene conica which are segmented in 58
and 128 circular chromosomes (from 44 kb up to 192 kb), respectively (Sloan et al., 2012).
Quantitative data accompanying assembled genomes do not permit to conclude about the
stoichiometry of the different chromosomes. Indeed, in cucumber the coverage of the 3 circular
chromosomes is different (1.6 Mb: ~90X, 84 kb: ~65X, and 45 kb: ~41X) (Alverson et al., 2011), while
the mitochondrial genome of Psilotu