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We dedicate this volume to Prof. Steven Tanksley
without whom the tomato system and genome would never
have been developed to the exceptional utility
and quality they serve today.



Preface

The Tomato Genome Sequence: How Did It Happen
and Why Does It Matter?

The tomato genome sequencing project was initiated as part of the Interna-
tional Solanaceae Project (SOL) by a large international consortium of
10 countries (Korea, China, UK, India, The Netherlands, France, Japan, Spain,
Italy and the United States). The tomato was chosen as reference species for
the Solanaceae due to the high level of macro and micro-synteny within this
plant family which comprises more than 3000 species among which some are
important crops such as the fruit-bearing vegetables tomato, eggplant, and
pepper, and the tuber-bearing potato, in addition to a number of medicinal and
ornamental plants. The goal of the tomato genome sequencing project was to
generate new information and resources allowing to shed light on how a
common set of genes can give rise to a wide range of morphologically and
ecologically distinct organisms, and how a better understanding of the genetic
basis of plant diversity can be harnessed to meet the needs of the fast growing
world population for a sustainable food crop production. It is important to
mention that the launching of the tomato genome sequencing project would
have not been possible without the use of the rich resources previously gen-
erated using this plant species. Undoubtedly, the project took advantage of the
large collection of EST sequences, the high number of genetic markers, the
dense and saturated genetic maps, and the well-characterized genomic
libraries already available (http://sgn.cornell.edu/).

In many ways, the project represented a unique scientific and human
adventure where the participants shared the scientific effort and the financial
outlay and worked in close collaboration. Starting with conventional
sequencing technologies the project shifted to the new high-throughput
sequencing technologies, just emerging at the time. In this regard, the tomato
genome sequencing project accompanied the transition from the old to the
new sequencing era. Indeed, the Sanger sequencing method was initially
used, but the advent of next-generation (NextGen) sequencing technologies
has prompted the consortium to adopt these promising techniques. In retro-
spect, we can now say that the choice of these pioneering technologies was a
wise decision, although it posed a risk at the time because there was no prior
experience where the NextGen sequencing technologies have been applied de
novo to sequence a large and complex eukaryotic genome. The consortium
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had to overcome the difficulties of high-throughput data processing and
assembly of “reads” without any possibility to rely on past experience in this
area. An important challenge was the buildup of a pipeline for the genome
sequence assembly, and in this respect, one of the most striking aspects of the
project’s success had been to produce finally a high-quality assembled
tomato genome sequence using for the first time the new sequencing
technologies.

Due to the estimated elevated cost of producing a high-quality sequence
of the complete tomato genome, the initial strategy was the preferred
sequencing of the euchromatin region where the majority of genes reside.
This approach presents the advantage to target only 25 % of the total tomato
genome thus allowing to significantly reduce the sequencing effort. The
BAC-by-BAC sequencing strategy built on the existing saturated tomato
genetic map, and made use of the genetic markers to select seed BACs within
the gene-rich part of the tomato genome. The starting point for sequencing
the genome was BACs anchored to the genetic map, and this minimal tiling
path then extends from seed BACs to cover the whole genome. Once
completed, the BAC-by-BAC tomato genome sequence was anticipated to
provide a framework for shotgun sequencing of other Solanaceae species.
While this approach enabled a rapid progress at the early phases of the
project, it struck quickly with the difficulty of selecting BACs to power the
sequencing pipeline. Finally, the slowness of this process became a serious
obstacle pushing the consortium to seek other alternatives to reinvigorate the
project. The advent of next-generation sequencing technologies offered an
attractive option despite the lack of experience in applying these techniques
to complex genomes. Switching to high-throughput sequencing launched the
project into a new and original adventure where you have to discover
simultaneously both the problems and their solutions. In particular, the
consortium realized that these approaches require massive use of bioinfor-
matics tools that had to be acquired and implemented in a short period of
time.

The switch to a whole genome sequencing approach that combines both
next-generation sequencing and Sanger sequencing boosted the project
leading to a high-quality assembled tomato genome sequence within a rel-
atively short period of time. The present book tells the tale of the tomato
genome sequencing adventure with the various chapters describing in great
detail every step of the sequencing project. Chapters 1 and 2 provides a brief
review of the birth of the tomatoes in the Andean regions of South America,
the history of their botanical classification along with other wild and culti-
vated Solanaceae as well as information about the main production areas.
The following chapters deal with gene and QTL mapping in tomato with a
particular emphasis on the new opportunities that the tomato genome
sequences are providing for the genetic and molecular dissection of complex
traits and how it helps breeders to shape new and better tomato varieties. The
chapter on tomato resources for functional genomics describes the main
resources, strategies, and tools currently available for linking genes to phe-
notypes in tomato. The chapters devoted to the generation of the tomato
genome sequence per se emphasize the sequencing and assembling strategies
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used in the project and the genome quality evaluation and the finishing
methods. A separate chapter is dedicated to the annotation of the tomato
genome with the aim to provide the best gene structures, a high-quality
functional description for the protein-coding genes. The sequencing of the
chloroplast and mitochondrial genomes, described in a specific chapter, adds
to the understanding of the plant evolutionary history of tomato based on the
phylogenetic position inferred from the organelles sequences information.
The following two chapters review recent research on the timing and for-
mation of ancient genome duplications and their evolutionary effects on the
shaping of modern Solanaceae genomes. They also address the synteny
among Solanaceae genomes providing insight into the modes and tempo of
plant genome evolution and illustrating how a better knowledge of genome
synteny and colinearity can facilitate the mobilization of resources from one
species to other in this agronomically important family. The last chapter
describes the tomato-centric databases and other generic resources freely
accessible to Solanaceae community.

While the effort to produce an improved assembly with a larger coverage
of the tomato genome is ongoing, the present version of the tomato genome
(The Tomato Genome Consortium, Nature 2012) is among, if not the best
quality of, all dicot genomes published to date, excluding Arabidopsis.
Producing a reference tomato genome sequence represented a major break-
through and has provided invaluable resource that has opened new avenues
for research. Building on this resource enabled the development of a variety
of genome-wide approaches like whole genome transcriptomic profiling that
is nowadays becoming a routine method for expression studies. Likewise,
genotyping-by-sequencing is currently spreading as a method of choice and
mapping by sequencing is being increasingly used. The access to a complete
genome sequence also fostered epigenetics studies allowing to establish a
genome-wide mapping of various epigenetic marks. More recently, genome
editing is experiencing a rapid growth to address the functional significance
of candidate genes in the tomato model. These are some of the main areas
that have been impacted by the acquisition of a high-quality reference gen-
ome for tomatoes, but most likely, we are only at the dawn of these dramatic
developments and more unexpected ones will break out in the future.

Castanet Tolosan, France Mondher Bouzayen
Mohamed Zouine
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1The Tomato: A Seasoned Traveller

Sophie Colvine and François Xavier Branthôme

Abstract
Originating from South America, tomato is now produced all over the
world. After a slow propagation in European Mediterranean countries since
the sixteenth century, it has started to be largely cultivated in the twentieth
century. It has experienced spectacular growth over the last 50 years both
for processing tomato and fresh market. The growth of global trade reflects
the rise in consumption, with a recent increase in Asia, notably in China,
which has become the first producer in the last years.

Keywords
Tomato � Production � Trade � Processing � Fresh market

Although still a matter of debate, the birth of the
tomato is generally located in the Andean regions
of South America. In this century of rampant and
frenetic globalisation, the slower-paced journeys
that took it from Peru, then Mexico, to the shores
of the Caribbean and South East Asia and from
Southern Italy to Northern Europe before reach-
ing North America are pretty mind boggling.

But, the tomato’s travels have not just been
geographic. It has been consumed and indeed
grown since well before the Christian era
(500 years BC in Mexico) but first had to con-
vince the cultures and people it encountered that it
was safe. Its heart-shaped form and red colours
conquered the Moors who discovered it in Spain,
but it was subsequently considered to be an
aphrodisiac by the Italian Herbalist, Pietro Andrea
Mattioli, who gave it the name of ‘love apple’ in
1544, or as ‘highly toxic’ by the English Physician
and Herbalist, John Gerard in the late sixteenth
century. The suspicions it raised relegated it to the
status of an ornamental plant hidden away at the
bottom of the garden throughout the seventeenth
and early eighteenth centuries. The most that can
be said is that its colour and taste brightened and
spiced up a few soups around 1730 in England

S. Colvine (&)
World Processing Tomato Council, 1328 Route de
Loriol, 84170 Monteux, France
e-mail: colvine@tomate.org

F.X. Branthôme
Tomato News, Brantomate Consulting, 613 Chemin
de la Blanchère, Résidence Golf 2, 84270 Vedène,
France
e-mail: fxb@tomatonews.com

© Springer-Verlag Berlin Heidelberg 2016
M. Causse et al. (eds.), The Tomato Genome, Compendium of Plant Genomes,
DOI 10.1007/978-3-662-53389-5_1
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while at the same time on the other side of the
Atlantic, scientists strongly discouraged its con-
sumption due to its links with Mandrake and
Deadly Nightshade, both members of the Sola-
naceae family. For the tomato to be definitively
considered as a food in its own right, it needed
President Thomas Jefferson’s political influence
and strength of conviction in 1809, a cultural and
industrial revolution and, almost 30 years later,
again in the US, a media offensive by the New
York Times. It would be a further 30 years until,
in 1869, Henry John Heinz founded the company
in Pittsburgh whose name and flagship product
remain inextricably linked to the tomato.

Now grown in all latitudes, or almost, the
tomato has experienced spectacular growth over
the last 50 years (Fig. 1.1). As a member of the
Solanaceae family, it is often compared to the
potato which holds the record for annual world-
wide consumption with more than 376 million
tonnes of potatoes produced in 2013 according to
the FAO. The tomato is more modest by com-
parison and currently settles for an annual pro-
duction level of 164 million tonnes.

Nonetheless, the tomato outclasses its cousin
in terms of production growth (Table 1.1).
Admittedly, potato cultivation already stood at
nearly 271 million tonnes in 1961, precisely ten
times that of the tomato, but during the last
50 years, the amounts of tomatoes produced
worldwide have multiplied by 5.8, jumping from
less than 28 million tonnes in 1961 to nearly 164

million tonnes in 2013. This growth is all the
more pronounced in Asia and especially China,
the world’s biggest producer with just over a
quarter of total production, where there has been
a sevenfold increase in production while in India
production has been multiplied by 18. Over the
same period, potato production only increased by
20 %, weighing-in at just 376 million tonnes in
2013, or barely twice that for tomatoes! These
figures however only account for commercial
production and exclude family farming and
subsistence production which can be fairly sig-
nificant in certain regions.

The reasons for this growth lie in a dramatic
improvement in agricultural productivity which
reflects the wide interest in both vegetables
making it possible to expand production way
beyond what would have been expected based on
existing surface area increases alone. Average
figures given by the FAO (currently 34 t/ha
compared to 16 t/ha in 1961) give only a rough
idea of the astonishing progress made by
agronomy. Average yields for processing tomato
fields in California which are frequently used as
an example, have quite simply jumped from
25 t/ha in 1961 to 105 t/ha in 2014 and some
farmers even manage to reach spectacular yields
of 150 t/ha. In other words, the quality of fruit
harvested from the same field has increased
fourfold in the space of just two generations.
Under glass, average yields are now around
400 t/ha and can even reach 1000 t/ha!

(Source : FAO)

Fig. 1.1 Global tomato
production (million tonnes)
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And examples abound in the main
tomato-producing countries of China, India,
Turkey, Egypt, Italy, Iran, Spain, Brazil and
Mexico and so on. The tomato has continued to
travel which has subsequently led to its being
selected, improved, made more resistant, more
productive, fleshier, redder and eventually taken
from the fields and tables to the processing fac-
tories. As a standard-bearer for the Mediter-
ranean diet, the tomato has quickly adapted to
modern lifestyles. It has even become emblem-
atic for a few leaders in the global food industry,
including some that have themselves engaged in
the lengthy process of selecting varieties and, just
a few decades ago, ‘invented’ the illustrious
ancestors of those jointly used by the processing
industry today.

As such, the tomato has long been the leading
processed ‘vegetable’ in the world. The diversity
of processed tomato products makes it

impossible to list the countless forms in which
the tomato is consumed everywhere on a daily
basis throughout the world. Indeed, the quantities
of tomatoes used for sauces, diced tomatoes,
pastes, on pizzas, for passata, in ketchup, peeled,
chopped, frozen, or powdered tomatoes, to name
just a few of the most common forms, increase
regularly each year. Here, also, growth has been
astonishing with the global industry increasing
its production from 22 million tonnes in the
1990s to nearly 40 million tonnes by the end of
2010. No other vegetable can boast consumption
figures in processed form that represent nearly a
third of its fresh volumes. This is indeed the case
for the tomato which to be consumed the world
over is only processed (and cultivated solely for
this purpose) in what boils down to a quite a
small number of countries. The leader among
them is California which accounted for nearly a
third of worldwide production over the last

Table 1.1 Main
tomato-producing countries
(2012)

Production (tonnes) Area harvested

China 50,000,000 1,000,000

India 17,500,000 870,000

USA 13,206,950 150,140

Turkey 11,350,000 300,000

Egypt 8,625,219 216,395

Iran 6,000,000 160,000

Italy 5,131,977 91,850

Spain 4,007,000 48,800

Brazil 3,873,985 63,859

Mexico 3,433,567 96,651

Uzbekistan 2,650,000 60,000

Russia 2,456,100 117,700

Ukraine 2,274,100 85,700

Nigeria 1,560,000 270,000

Portugal 1,392,700 15,400

Morocco 1,219,071 15,639

Tunisia 1,100,000 28,900

Iraq 1,100,000 62,500

Greece 979,600 16,000

Indonesia 887,556 56,042

Cameroon 880,000 150,000

Source FAO
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10 years with an average annual volume of over
10 million tonnes (Fig. 1.2). One of the strengths
of the American industry is the size of its com-
panies, including 9 which rank among the top 12
biggest tomato businesses in the world.

As a relative newcomer in 2000, the Chinese
industry has quickly become one of the global
leaders. It owes its heavy-weight status to the
strength of its exports of pastes which account
for virtually all of its products. The other
advantage China has is to have spotted and
developed markets that were practically ignored
until the late 1990s thanks to a particularly
competitive commercial policy.

The historical processor and uncontested lea-
der in the European industry is Italy. It only
recently relinquished its place as world leader to
China, a position it occupied for a long time in
quantitative terms due to robust sales of pastes
but also the diversity of exported products and
the domination it holds in the canned sector,
especially peeled tomatoes.

Italy however remains the world leader in
terms of revenue. In 2013, business generated
nearly 2.1 billion US Dollars for the Italian
industry whereas Chinese and American sales
only amounted to 984 and 715 million US Dol-
lars, respectively.

Nevertheless, the processing tomato is also
takes in Spanish, Portuguese, Chilean, Iranian,
Turkish and Greek industries, to name just those
key players in international trade. They all operate
on a global level each with their specific charac-
teristics in terms of processing techniques, prod-
ucts, packaging, customers or geographic zones.
These nine countries account for 80 % of global
processing power for the export market for paste
alone which is the main processed tomato product
marketed today. The price of this growing con-
centration of processing hubs is that a significant
number of regions are increasingly dependent on
supplies of processed tomato products.

The growth of global trade reflects the rise in
consumption (Fig. 1.3). 40 million tonnes of the
159 million tonnes of fresh tomatoes identified
by the FAO are consumed each year throughout
the world in processed form In good years or
bad, this amount rises by the equivalent of one
million tonnes of fresh tomatoes each year, but
the components of global consumption of pro-
cessed tomato products (the different product
categories) evolve at the whims of cultural
choices, social and economic constraints, politi-
cal events and dietary patterns, etc.

(Source : WPTC)

Fig. 1.2 Global production of processing tomato (2012–
2014)

(Source: FAO)

Fig. 1.3 Global production of fresh tomato
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According to FAO figures, average global
consumption per capita was 20.5 kg in 2009,
with variations from 0 to more than 100 kg in
North Africa and the Middle East. This compares
to around 31 kg in the European Union and
44 kg in the US. In terms of processed tomatoes,
it was 6 kg in 2011 according to WPTC figures,
which shows a 50 % increase over the last
15 years (4 kg in 1995). This is both a little and a
lot since this level of individual consumption is
just over one kilogramme of paste, whereas in
2013 just one third of the world’s population
consumed more than this threshold. Although
eating habits and consumption levels can be
incredibly varied from one continent to the other,
the most surprising example is without doubt
China. It is both the world’s leading supplier of
pastes and the biggest consumer of tomatoes and
now accounts for more than 42 million tonnes
per year. Out of this impressive total, only one
million tonnes (2.5 %) are consumed in pro-
cessed form, i.e. the equivalent of about 800
grams of fresh tomatoes per year and per person.
On the other hand, the impression tomatoes has
made on culinary cultures and dietary traditions,
however different they may be, in Italy and the
USA can be clearly seen in the individual con-
sumption ratios. Although far from holding any
records in the discipline, American or Italian
consumers each consume more than 30 kilos of
tomatoes every year in the form of pastes, sauces,
pizzas, etc. For someone living in Parma, Rome
or Naples, fresh tomatoes remain a must which
accompanied with mozzarella, basil or olive oil,
still represent more than 56 % of annual con-
sumption. In Sacramento, Houston or Spring-
field, fresh tomatoes are rarer and ketchup,
sauces and other processed forms of tomato now
account for more than three-quarters of annual
tomato consumption!

The tomato’s forms, tastes and circumstances
may differ, but whether fresh or processed, it
constitutes a universally recognised foodstuff that
is independent of age, religion and culture. With
each minute that passes, 300 tonnes of tomatoes

disappear. 228 tonnes are taken up by fresh con-
sumption and 72 tonnes are consumed in pro-
cessed form. Whatever the latitude or longitude,
these two markets complement each other, grow
together and feed off each other. Nevertheless,
everything, or nearly everything, sets these two
faces of the same crop apart. First, the varieties are
all derived from common ancestors destined for
the fresh market. Some varieties occasionally got
confused as ‘dual-purpose’ varieties but now they
are totally differentiated between the fresh and
processed sectors. Second, there is the period and
type of cultivation; annual and under glass in once
case and highly seasonal and open-field in the
other. Cultivating and harvesting fresh tomatoes is
highly dependent on the availability of manpower
while it is increasingly mechanised for the pro-
cessed sector and then there are the regions of
production, logistical restrictions, techniques and
costs, etc. But in the end, the amounts consumed,
whether fresh or processed, are rising in line with
each other at just over a 25 and 75 %, respectively
of global consumption.

The tomato’s journeys via winds and currents,
through different cultures, skills, culinary arts,
across changing land and seasons as well as for
different economic reasons and industrial logis-
tics have sometimes been unexpected and
eventful but have built up a long and rich history.
They brought the wild cherry tomato all the way
from Peru to the individual ketchup portion
consumed in the fast food restaurants of Shang-
hai. Every day it becomes a little more universal,
it unveils yet more new qualities while research
demonstrates its contribution to health, advances
its farming attributes and positions it in a more
environmentally friendly global approach. The
journey and the story do not stop there. Its col-
ours and forms, its contents, its strengths and its
virtues are yet more complex and secret, but that
is for genetics to discover.

As a geographical, historical, cultural and
artistic link, the tomato already has a great his-
tory. It also has a bright future.

1 The Tomato: A Seasoned Traveller 5



2The Tomato (Solanum lycopersicum
L., Solanaceae) and Its Botanical
Relatives

Sandra Knapp and Iris Edith Peralta

Abstract
The cultivated tomato, Solanum lycopersicum L., is a member of the small
section Lycopersicon along with its 12 wild relatives. An additional four
species from sections Juglandifolia and Lycopersicoides are traditionally
considered as tomato wild relatives. These species are all endemic to
South America, but the cultivated tomato itself has achieved worldwide
distribution with the help of human populations. Tomato and its wild
relatives are part of a larger monophyletic group (the Potato clade) that
also contains the potatoes and their wild relatives. Here we review the
taxonomic and phylogenetic history, relationships and species-level
taxonomy of the cultivated tomato and its wild relatives, and highlight
important studies of diversity that remain to be undertaken in the group,
especially in light of global environmental and climatic change.

Keywords
Taxonomy � Tomato � Solanum lycopersicum � Wild relatives �
Systematics

Introduction

The cultivated tomato, Solanum lycopersicum L.,
belongs to the diverse family Solanaceae, which
includesmore than 3000 species, occupying a wide
variety of habitats (Knapp 2002). The Solanaceae
containmany species of economic use, such as food
(tomatoes, potatoes, peppers and eggplants),
medicines (deadly nightshade, henbane, datura)
and ornamental purposes (petunias). Solanum
lycopersicum was previously recognized as
Lycopersicon esculentumMill., but data from both
morphology and molecular sequences support its

S. Knapp (&)
Department of Life Sciences, Natural History
Museum, Cromwell Road, London SW7 5BD, UK
e-mail: s.knapp@nhm.ac.uk

I.E. Peralta
Facultad de Agronomía, Universidad Nacional del
Cuyo, Almirante Brown 500, 5505 Chacras de Coria,
Argentina

I.E. Peralta
Instituto Argentino de Investigaciones de las Zonas
Áridas, (IADIZA-CCT CONICET Mendoza), Calle
Adrián Ruiz Leal s/n, 5500 Mendoza, Argentina

© Springer-Verlag Berlin Heidelberg 2016
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inclusion in the large genus Solanum L., and a
revised new nomenclature has resulted (Peralta and
Spooner 2001, 2005; Spooner et al. 2005; Peralta
et al. 2006, 2008a). Morphological characters,
phylogenetic relationships and geographical dis-
tribution have demonstrated that tomatoes (Sola-
num sect. Lycopersicon (Mill.) Wettst.) and their
immediate outgroups in Solanum sect. Lycopersi-
coides (A. Child) Peralta and sect. Juglandifolia
(Rydb.) A. Child form a sister clade to potatoes
(sect. Petota Dumort.), with Solanum sect.
Etuberosum (Buk. and Kameraz) Child being sister
to potatoes + tomatoes (Spooner et al. 1993; Per-
alta and Spooner 2001; Spooner et al. 2005; Peralta
et al. 2008a; Rodriguez et al. 2010; Särkinen et al.
2013). Analyses ofmultiple data sets from a variety
of genes unambiguously establish tomatoes to be
deeply nested in Solanum (Bohs and Olmstead
1997, 1999; Olmstead and Palmer 1997; Olmstead
et al. 1999; Peralta and Spooner 2001; Bohs 2005;
Särkinen et al. 2013). The monophyletic Solanum
with the inclusion of all traditional segregate genera
(Cyphomandra Mart. ex Sendtn., Bohs 1995;
LycopersiconMill., Spooner et al. 1993;Normania
Lowe and Triguera Cav., Bohs and Olmstead
2001) is one of the ten most species-rich genera of
angiosperms (Frodin 2004, see also Solanaceae
Source, http://www.solanaceaesource.org). It con-
tains several crops of economic importance in
addition to the tomato, such as the potato (S.
tuberosum L.) and the aubergine or eggplant (S.
melongena L.), as well as other minor crops
(naranjilla, S. quitoense Lam.; tamarillo or tree
tomato, S. betaceumCav. and pepino, S.muricatum
Aiton). Themajority of taxonomists aswell asmost
plant breeders and other users have accepted the
re-integration of tomatoes toSolanum (e.g. Caicedo
and Schaal 2004; Fridman et al. 2004; Schauer et al.
2006; Mueller et al. 2005; Tomato Genome Con-
sortium 2012; see also http://tgrc.ucdavis.edu/key.
html). The tomato and all of its wild relatives were
treated in a taxonomic monograph by Peralta et al.
(2008a).

The tomatoes and their close relatives are
easily distinguished from any other group of
Solanum species by their bright yellow flowers
and pinnate or pinnatifid, non-spiny leaves; the
only other species in the genus with bright yellow

flowers is S. rostratum Dunal, a spiny member of
sect. Androceras (Nutt.) Whalen of the Lep-
tostemonum clade (Whalen 1979) and S.
huayavillense Del Vitto, a member of the
Morelloid clade (Barboza et al. 2013). Here we
provide a brief review of the history of generic
classification of the tomatoes and their wild rel-
atives, species diversity and relationships
amongst wild tomatoes, the position of the tomato
in the Solanaceae and timing of relevant diversi-
fication events in the family and review the his-
tory of tomato introduction from its native range
to a worldwide distribution as a cultivated plant.

Generic Position of the Tomato and Its
Relatives

The system of giving plants a genus and species
name began with Linnaeus in the first edition of
Species Plantarum (1753); before that plant
names were long sentences (polynomials) in
Latin that described the plant and distinguished it
from others. In his first edition of The Gar-
dener’s Dictionary (Miller 1731) Philip Miller,
the English botanist and curator of the Chelsea
Physic Garden, used the generic name Lycoper-
sicon meaning “wolf peach”, a term previously
coined by de Tournefort (1694), and included a
number of taxa with multi-locular fruits
(“roundish, soft, fleshy Fruit, which is divided
into several Cells, wherein are contain’d many
flat Seeds”), all colour variants of the cultivated
tomato (S. lycopersicum). In the same work,
Miller also recognized Solanum, and included
within it the eggplant as “Solanum Americanum,
spinosum, foliis Melongenae, fructu mammoro”
and the potato as “Solanum tuberosum, escu-
lentum” (Miller 1731). His definition of Lycop-
ersicon was confined to plants that we would
today recognize as cultivars of S. lycopersicum,
the cultivated tomato.

In Species Plantarum, Linnaeus (1753) clas-
sified tomatoes in the genus Solanum, and
described S. lycopersicum and S. peruvianum.
The French botanist Adrian de Jussieu (1789), in
his classification, also included tomatoes in
Solanum. Miller (1754), however, continued to
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use both the generic name Lycopersicon and
polynomial nomenclature in the abridged 4th
edition of The Gardener’s Dictionary. He
expanded his definition of Lycopersicon by
including “Lycopersicon radice tuberose, escu-
lentum” (the potato) within it, using the follow-
ing reasoning (Miller 1754): “This Plant was
always ranged in the Genus of Solanum, or
Nightshade, and is now brought under that Title
by Dr. Linnaeus; but as Lycopersicon has now
been establish’d as a distinct Genus, on account
of the Fruit being divided into several Cells, by
intermediate Partitions, and as the Fruit of this
Plant [the potato] exactly agrees with the Char-
acters of the other species of this Genus, I have
inserted it here.” The editor of the posthumously
published edition of The Gardener’s and Bota-
nist’s Dictionary (Miller 1807), Thomas Martyn,
merged Lycopersicon and Solanum, and recog-
nized all Miller’s species as members of Sola-
num. Miller (1754) did not recognize the
tomatoes by their elongate anther cones, used by
later authors (e.g. D’Arcy 1972; Nee 1999;
Hunziker 2001) to justify the segregation of the
genus Lycopersicon, but instead, based his genus
on fruit characters.

A number of classical and twentieth century
authors have recognized the genus Lycopersicon
mainly based on the anther morphology (e.g.
Dunal 1813, 1852; Bentham and Hooker 1873;
Müller 1940; Luckwill 1943; Correll 1958;
D’Arcy 1972, 1987, 1991; Hunziker 1979, 2001;
Rick 1979, 1988; Child 1990; Rick et al. 1990;

Symon 1981, 1985; Hawkes 1990), but others
continued to recognize the tomatoes as members
of the genus Solanum (MacBride 1962; Seithe
1962; Heine 1976; Fosberg 1987). Today,
tomatoes are widely accepted as members of the
large and diverse genus Solanum, based on the
results of both morphological and molecular
analyses (see Peralta et al. 2008a for details).

Species Diversity and Relationships
of Wild Tomato Relatives

Solanum sect. Lycopersicon consists of 13 clo-
sely related taxa; the cultivated tomato, Solanum
lycopersicum, exists only as a domesticated or
feral plant (Peralta et al. 2008a), and 12 wild
species (Table 2.1): Solanum arcanum, S.
cheesmaniae, S. chilense, S. chmielewskii, S.
corneliomulleri, S. galapagense, S. habrochaites,
S. huaylasense, S. neorickii, S. pennellii, S.
peruvianum and S. pimpinellifolium (Peralta
et al. 2005; Spooner et al. 2005; Peralta et al.
2008a). All of the wild species of section
Lycopersicon occur on the western slopes of the
Andes in dry desert or pre-desert environments
(Fig. 2.1; for distributions and environments of
all species see Table 2.1). Four species have
been segregated from the green-fruited species S.
peruvianum sensu lato (s.l.); two of them, S.
arcanum and S. huaylasense, were described as
new (Peralta et al. 2005) from Peru, while the
other two, S. peruvianum and S. corneliomulleri

Fig. 2.1 Distribution maps of tomato wild relatives
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had already been named by Linnaeus (1753) and
MacBride (1962), respectively. In addition, S.
galapagense, a yellow to orange-fruited plant,
was segregated from S. cheesmaniae; both spe-
cies are endemic to the Galápagos Islands (Dar-
win et al. 2003). Lucatti et al. (2013) have
suggested that S. galapagense and S. cheesma-
niae should be considered conspecific but we
think the morphological and combined molecular
evidence argues against the lumping of these
taxa; this will only obscure the useful differences
already seen and used by plant breeders from
these two taxa at whatever rank they are recog-
nized (Grandillo et al. 2011). Peralta et al. (2008a)
put these 12 species into three informal species
groups (‘Arcanum’, ‘Eriopersicon’ and ‘Neoly-
copersicon’, see Table 2.1) based on a combina-
tion of morphological and molecular analyses. All
members of sect. Lycopersicon are diploid
(2n = 24) (Peralta and Spooner 2001; Nesbitt and
Tanksley 2002), characterized by a high degree of
genomic synteny (Chetelat and Ji 2007; Stack
et al. 2009; Tomato Genome Consortium 2012),
and are to some degree intercrossable (Taylor
1986). Non-phylogenetic schemes (Müller 1940;
Luckwill 1943; Rick 1979) for the relationships
of tomatoes and their wild relatives have been
treated in detail by Peralta et al. (2008a), so we
will not treat them here.

Two other sets of species complete the tomato
wild relatives in the broad sense (Table 2.1).
Solanum sect. Juglandifolia contains the two
woody tomato-like nightshades S. ochranthum
and S. juglandifolium. These two species are
partially sympatric and they are morphologically
similar, both being woody perennials with ram-
pant, liana-like stems up to 30 m in length (Cor-
rell 1962; Rick 1988; Peralta and Spooner 2005;
Peralta et al. 2008a). Based on evidence from
molecular sequence data (Peralta et al. 2008a)
sect. Juglandifolia is the sister group of the wild
tomatoes in the strict sense. Sister to both groups
is Solanum sect. Lycopersicoides, comprising the
allopatric sister species S. lycopersicoides and S.
sitiens. These four tomato-like nightshade species
have in common several morphological features
that make them intermediate between tomato and
potato (Rick 1988; Stommel 2001; Smith and

Peralta 2002). Tomato-like morphological char-
acters that together differentiate them from most
of other Solanum species include yellow corollas,
pedicels articulated above the base, pinnately
segmented non-prickly leaves, and lack of tubers
(Correll 1962; Rick 1988). These four allied
outgroup species are diploids (2n = 24), but
strong reproductive barriers isolate them from the
core tomato group (Rick 1988; Correll 1962;
Child 1990; Stommel 2001; Smith and Peralta
2002; Grandillo et al. 2011). Overall, crosses
between the cultivated tomato and all but two (S.
ochranthum and S. juglandifolium) of these wild
species are possible, although with varying
degrees of difficulty (Rick 1979; Rick and
Chetelat 1995; Pertuzé et al. 2002; Grandillo et al.
2011). Although, using special techniques,
introgression lines have been developed between
S. lycopersicoides and S. lycopersicum (Chetelat
et al. 1998; Canady et al. 2006). These have been
useful in the elaboration of genetic maps
(Chetelat and Meglic 2000), and for the under-
standing of cold, pest and pathogen resistances
(Davis et al. 2009).

Cladistic and phenetic studies of species
boundaries and relationships within the tomatoes
and all their wild relatives have used a combi-
nation of molecular and morphological data
(Palmer and Zamir 1982; Spooner et al. 1993;
McClean and Hanson 1986; Miller and Tanksley
1990; Bretó et al. 1993; Marshall et al. 2001;
Alvarez et al. 2001; Peralta and Spooner 2001,
2005; Spooner et al. 2005; Rodríguez et al.
2010). These studies used a variety of tech-
niques, data sets and analysis types; the reader is
referred to the primary literature and to the
summary of the results of these studies in Peralta
et al. (2008a) for further details of specific
algorithms used and parameters set. The four
species with brightly coloured fruits (S. chees-
maniae, S. galapagense, S. lycopersicum, S.
pimpinellifolium) unambiguously form a closely
related monophyletic group in all molecular
analyses and this relationship has been suggested
by all who have studied tomatoes previously
(Müller 1940; Luckwill 1943; Rick 1979).

Rodriguez et al. (2010) used a set of nuclear
COSII (conserved orthologous set II, Wu et al.
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2006) markers to investigate the test their utility
for phylogeny reconstruction in both potato and
tomato. They did not intend to provide a defini-
tive phylogenetic reconstruction for these groups,
but instead focused on identifying markers that
would be useful for future studies. Their analysis
of the tomato clade, however, provided robust
and well-supported hypotheses of species rela-
tionships in which the “red-orange-clade” com-
prising S. lycopersicum, S. pimpinellifolium, S.
galapagense and S. cheesmaniae was consis-
tently recovered with bootstrap values of 100 %
and posterior probabilities of 1 (Rodriguez et al.
2010). Relationships amongst the green-fruited
species revealed several different topologies,
suggesting different gene genealogies, and whe-
ther section Juglandifolia or Lycopersicoides is
sister to the tomatoes sensu stricto was unre-
solved, in contrast to previous studies (see
above). Their Bayesian analysis (Rodríguez et al.
2010) using 18 COSII markers showed two sister
group relationships in the “red-orange clade”—S.
galapagense + S. cheesmaniae and S. lycoper-
sicum + S. pimpinellifolium. This is in accor-
dance with geography (Darwin et al. 2003;
Peralta et al. 2008a) with the two Galápagos
endemics most closely related to each other, and
S. lycopersicum most closely related to its wild
progenitor (Tomato Genome Consortium 2012).
Koenig et al. (2013) recovered S. galapagense as
sister to S. lycopersicum and S. pimpinellifolium
sister to them (they did not include S. cheesma-
niae), but they suggest this result stems from
potential incomplete lineage sorting resulting
from the extremely close relationship amongst
the red- and orange-fruited species. Causse et al.
(2013) also showed that repeated introgressions
from wild species over the course of modern
tomato breeding have resulted in extensive vari-
ation at the molecular level, perhaps obscuring
the relationships of the cultivated species to one
or other of its close wild relatives.

All those studying the cultivated tomato have
unambiguously placed its evolutionary origins
with the other tomato species with brightly
coloured berries. These are all species of dry,
desert habitats, suggesting there is much genetic
variation yet to mine in the very close relatives of

S. lycopersicum to help tomatoes deal with
environmental change to come.

Tomatoes in the Solanaceae

Tomato is a flagship species in the Solanaceae, and
has been extensively used in studies on the evo-
lution and development of fruit characters in par-
ticular (Lippman and Tanksley 2001; van der
Knaap et al. 2002; Seymour et al. 2013). The
Solanaceae themselves are members of the derived
Asterid Clade of flowering plants (Angiosperm
Phylogeny Group 2009) and molecular dating
analyses coupled with fossil evidence suggests
they arose just after the Cretaceous/Tertiary
boundary, approximately 59 Million years ago
(Bell et al. 2010) to ca. 49 Million years ago (Mya;
46.2–53.7 Mya) (Särkinen et al. 2013; see
Fig. 2.2). Fossils available for stratigraphic cali-
bration of the phylogenetic tree of the family are
few (Särkinen et al. 2013) and all dates presented
here must be considered minimum ages; it may be
that older fossils are found that change the absolute,
but not relative, ages of the clades mentioned here.

Solanum lycopersicum belongs to the large
clade Solanoideae (sometimes defined as a sub-
family) whose members possess berries as a fruit
type (with some modifications, see Knapp 2002).
The stem age of the Solanoideae is estimated at ca.
21 Mya (19.0–23.3 Mya), around the same time
that many of the major clades within the family
began to diversify rapidly (Särkinen et al. 2013).
Solanum itself has a stem age of ca. 17 Mya (14.5–
17.7 Mya) and a crown age of ca. 15.5 Mya (13.3–
17.5Mya, see Fig. 2.2). Stem and crown ages differ
due to differential inclusion of putative common
ancestors (extinct taxa) in the group to be analyzed
(see Baum and Smith 2012). This hyper-diverse
genus with its more than 1200 species (see Knapp
et al. 2004) is relatively young and the start of its
diversification occurred in the mid-Miocene.

The tomato (S. lycopersicum) and its relatives
belong to Särkinen et al.’s (2013) SolanumClade I,
and within that to the Potato clade (see Fig. 2.2),
whose stem age was calculated at ca. 14.3 Mya
(12.5–16.3 Mya), with the tomato and its relatives
diverging from the potatoes (section Petota) at ca.
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8 Mya (6.6–9/9 Mya). Within the tomato clade in
the strict sense (excluding sections Juglandifolia
and Lycopersicoides) species diversification was
calculated to have a minimum age of ca. 2 Mya
(1.2–2.6 Mya). The cultivated tomato itself
belongs to a very recently derived groupwithin the
clade and is not a wild species, but instead is a
domesticated plant derived from its wild progen-
itor, S. pimpinellifolium, by humans.

Tomatoes Travelling

The origins of crop plants can be difficult to
decipher, due at least in part to human transport

and use around the world with the globalization
that began in the sixteenth century when Euro-
peans first colonized the New World (Mann
2011). Even modern molecular tools can fail to
unambiguously resolve origins, especially in
groups like tomatoes, where spread has been
global and wild species have been extensively
used in breeding (Grandillo et al. 2011). How
and when Solanum lycopersicum was first
brought from the Americas to Europe has been
debated since the late nineteenth century (de
Candolle 1886; Jenkins 1948). The earliest
description in the European botanical literature of
a tomato dates from the sixteenth century in
Pietro Andrea Matthioli’s (Latinized as Petrus

Fig. 2.2 Dated Solanaceae phylogeny; only major clades shown with representative flowers/fruits alongside. Grey
bars correspond to date ranges as seen in text (from Särkinen et al. 2013, reproduced with permission from BMC
Evolutionary Biology 13:214 (2013). doi:10.1186/1471-2148-13-214)
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Andrea Matthiolus and sometimes also written as
Mattioli) Italian language commentary upon the
work of the first century Greek botanist
Dioscorides of Anazarbos (Mattioli 1544).
Tomatoes were classified and identified by
comparison with plants already known in Europe
and from classical Greek references, and, fol-
lowing this tradition, Mattioli (1544) described
tomatoes in his section “Della Mandragorae,”
(On Mandrakes) as: “Portansi à i tempi nostri
d’un’altra spetie in Italia stiacciante come le mele
rose, and fatte a spicci, de colour prima verdi and
come son mature, di color d’oro, lequali pur si
mangiano nel medesmo modo” (Another species
has been brought to Italy in our time, flattened
like the “mele rose” [variety of apple] and seg-
mented, green at first and when ripe of a golden
colour, which is eaten in the same manner). Most
probably the oldest illustration of tomatoes is a

watercolour part of the unpublished manuscript
of Leonard Fuchs (see frontispiece of Peralta
et al. 2008a, b), and it is considered a “chimera”
since represent in one plant fruits of different
shapes and colours (round, flat, segmented, red
and yellow) and even green fruits with stripes
that might correspond to a wild species. This
painting demonstrates that various different types
of tomatoes (perhaps even wild species) were
known in Europe by mid-sixteenth century. The
earliest published illustration of a tomato is a
rather crude woodcut of a plant with eight-parted
flowers and fascinated fruits in Dodoens’ herbal
(1554) published in the Netherlands. Contem-
poraneous published illustrations of tomatoes in
the sixteenth and seventeenth century literature
(see Fig. 2.3) all depict plants with large, fasci-
nated flowers and multi-locular fruit, clearly
showing that tomatoes came to Europe not as

Fig. 2.2 (continued)
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small-fruited wild species, but as domesticated,
large-fruited plants. These early introductions
were said to have yellow (Mattioli 1544; Besler
1613) or red (Besler 1613) fruits.

de Candolle (1886) suggested the tomato was
introduced from Peru for both historical and
botanical reasons, and subsequent workers on the
group (Müller 1940; Luckwill 1943). Jenkins
(1948) suggested that Mexico was the area from
which the plants were introduced to Europe,
based mostly on linguistic (the Nahuatl name for
S. lycopersicum is ‘jitomatl’, very like tomato)
evidence and the lack of archaeological or lin-
guistic evidence for any domestication in South
America. Peralta and Spooner (2007) considered
the origins for the cultivated tomato to be uncer-
tain, and concluded that evidence is inconclusive

regarding either a Mexican or a Peruvian initial
site of domestication. Recent work with high
density molecular markers has helped to shed
light on some aspects of the story (see below).

Small-fruited cherry tomatoes were considered
to be the wild progenitors of S. lycopersicum (de
Candolle 1886;Müller 1940; Luckwill 1943; Rick
and Holle 1990); these small-fruited plants are
otherwise morphologically nested within the
variation of the cultivated tomato and they are
often seen growing in what appear to be wild
conditions. Nesbitt and Tanksley (2001), how-
ever, suggested that many of these plants with
small fruits were the results of admixtures with the
wild species, S. pimpinellifolium. Molecular
analyses of SNPs in a large collection of
small-fruited tomatoes (Ranc et al. 2008) showed
that cherry-type tomatoes were a complex mixture
of S. pimpinellifolium and S. lycopersicum and did
not form a distinct, recognizable group either
based on morphology or molecules. Blanca et al.
(2013) used the SOLCap platform to analyze a
different set of small and large-fruited tomatoes
from both germplasm collections and wild origin.
They found that a set of Andean accessions could
be distinguished from both S. pimpinellifolium
and S. lycopersicum, but that these plants did not
all have small fruits. Accessions from the eastern
slopes of the Andes in Ecuador and Peru were
suggested to be early cultivars, with Mesoameri-
can accessions also distinct from those found
elsewhere in the world. Blanca et al. (2013)
hypothesize that the plants from Ecuador and Peru
represent early domesticates, pre-breeding popu-
lations, and that the tomato was truly developed as
a cultivated plant in Mexico and Mesoamerica
after being taken there in pre-Columbian times.
European heritage varieties show more molecular
similarity to Mesoamerican accessions than to
South American ones. The similarity of climate in
Mexico and the European Mediterranean may
have contributed to the ease of introduction of the
tomato post-1520.

Blanca et al. (2013) distinguish these
pre-breeding Andean populations at the varietal
level as var. cerasiforme. This has been traditional
in the tomato literature for plants of S. lycoper-
sicum with small fruits, but we consider these

Fig. 2.3 An early wood cut illustration of Solanum
lycopersicum (Mattioli 1590), showing the fasciated
flowers and large multi-locular fruits present in early
European tomatoes. Source Reproduced with permission
of the Library of the Natural History Museum, London
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plants to be the product of domestication, not of
evolution by natural selection, and thus should not
be named using the International Code of
Nomenclature for algae, fungi, and plants
(McNeill et al. 2012). In addition, Blanca et al.
(2013) found that the South American accessions
they identified as distinct had a wide range of fruit
sizes; the accessions were better distinguished
using a panel of morphological characteristics
(similar to those used to distinguish S. pimpinel-
lifolium and S. lycopersicum by Peralta et al.
2008a), thus use of ‘cerasiforme’ could cause
confusion. We suggest this distinct set of acces-
sions be named according to the International
Code of Nomenclature for Cultivated Plants
(Brickell et al. 2009), as has been done for potatoes
(Huamán and Spooner 2002). These conventions
for naming pertain to “plants whose origin or
selection is primarily due to the intentional actions
of mankind” (Brickell et al. 2009). As Blanca et al.
(2013) point out, further sampling of South
American traditional cultivars is necessary to
better understand these patterns. New collecting in
the Andes where tomato pre-breeding and early
domestication occurred is a priority before this
diversity disappears.

Diversity within the cultivated species is likely
to be well conserved ex situ; Ross (1998) cited
62,832 accessions of mainly of S. lycopersium
maintained in gene banks around the world.
A wealth of studies using isozymes (Rick and
Holle 1990) and molecular markers (Williams and
St. Clair 1993; Villand et al. 1998; Blanca et al.
2013) have demonstrated the high genetic diversity
of landrace cultivars in South America.

Nevertheless, areas close to the origin of tomatoes
have not been sufficiently explored to recover
these valuable genetic resources. The richness of
cultural values in Andean communities is also
reflected by their crop diversity, traditional culti-
vation and culinary practices. Small farmers
developed a sustainable agriculture using ancestral
land practices that are less aggressive to the envi-
ronment, select crops adapted to the local condi-
tions and maintain their own seed. Social,
economic and ecological factors are affecting the
in situ conservation of these genetic resources.
Recently, germplasm recuperation efforts have
been focused in tomato local landraces or “criol-
los” in Bolivia (Gonzáles et el. 2011) and Argen-
tina (Peralta et al. 2008b, Fig. 2.4). These landraces
were incorporated in the Argentinean Vegetable
Crop Germplasm Bank System (Clausen et al.
2008, http://inta.gob.ar/documentos/red-de-
bancos-y-colecciones-de-germoplasma/), evalu-
ated in the field for agronomic and fruit quality
traits and their potential use in breeding pro-
grammes (Peralta et al. 2008b). Traditional tomato
varieties are characterized by their fruit qualities,
mainly metabolites (Asprelli et al. 2016), antioxi-
dants (Di Paola Naranjo et al. 2016a, b) and
organic volatiles (Cortina et al. 2016), and typical
flavour that consumers appreciate and now
demand, although their seeds are not longer
available. Recovery and return of these locally
adapted varieties to their original communities will
contribute to their sustainable maintenance. In
basic research, the value of these Andean acces-
sions has been demonstrated in their contribution
to understanding the role of epigenetics in the

Fig. 2.4 Fruits from three
tomato landraces from
Argentina. “Platense”:
plurilocular, round,
flattened and segmented;
“Corazón de Buey”:
plurilocular, heart shape,
slighly segmented; and
“Largo”: 2 or 3 locules,
elongated. These landraces
are cultivated for their
quality traits (flavor, color,
aroma) by local farmers in
rural Argentina
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determination of relevant agronomic traits (Quad-
rana et al. 2014). Additional collections and char-
acterization of South American traditional
cultivars are necessary not only for understanding
diversity patters and evolutionary relationships,
but also to reveal the domestication history and
elucidate the genetics of agronomic and quality
traits. Recuperation, conservation and uses of local
landraces, particularly those from South and Cen-
tral America, in tomato breeding is essential to
incorporate valuable traits, such as fruit flavour and
nutritional and health beneficial components, that
humans have selected for over the course of
improvement of tomatoes in local situations.

Summary

The cultivated tomato, Solanum lycopersicum, is
a member of the large and diverse genus Solanum
of the derived Asterid family Solanaceae. It
belongs to a group of 13 closely related species all
of which occur in arid habitats on the west coast
of South America. The tomatoes are sister to the
potatoes, and began to diversify only very
recently, after the rise of the Andes and the
development of the arid western deserts. Toma-
toes were probably brought to Europe by the
Spanish from Mesoamerica, and thence dis-
tributed worldwide. Traditional, early cultivars
from the eastern slopes of the Andes in Ecuador
and Peru are distinct from other cultivated pop-
ulations but harbour a great diversity of fruit size
and are not only small-fruited. Further collecting
of feral populations and local varieties from South
America will contribute to elucidate the diversity
and origins of the cultivated tomato, as well as to
reveal the genetics of agronomic and quality
traits. Efforts to conserve the variation in S.
lycopersicum itself, and not only related wild
species, in its area of origin are a priority. Tomato
landraces, selected and adapted to their local
environments, are promising genetic sources to
incorporate valuable traits in cultivated varieties.
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3Gene Mapping in Tomato

Mathilde Causse and Silvana Grandillo

Abstract
Tomato is a model species for genetic analyses since a long time. Many
mutations controlled by a single gene were discovered and the underlying
genes were mapped first on the tomato genetic map. Most of these genes
are involved in fruit colour and shape, in plant growth and architecture and
in disease resistances. With the construction of high-density molecular
genetic maps, many genes were located on the genome and subsequently
several of them were fine-mapped and further identified by positional
cloning. Today with the availability of the tomato genome sequence these
genes are physically located on the genome and the identification of new
ones is being considerably accelerated. The alignment of the physical and
genetic maps allowed the identification of hot spots of recombination and
of large regions where recombination is almost suppressed, whatever the
progeny studied. The impact of this heterogeneity in recombination is
discussed.

Keywords
Tomato � Gene mapping � Mutations � Resistance � Fruit quality

Introduction

Tomato has been a model species for genetic
analyses for years. The diversity of its fruit col-
our, shape and size has interested geneticists
since the early work of genetic mapping. Butler
(1952) proposed one of the first genetic maps
including more than 50 loci corresponding to
phenotypic mutations. Nevertheless, until the
discovery of molecular markers in the late 1980s,
the location of mutations on genetic maps was
not really precise as it was impossible to
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simultaneously map many loci. Molecular
markers have enabled biologists to construct
saturated linkage maps of the genome and to
systematically localize mutations of interest on
these maps. Over years, more and more markers
were discovered and the genotyping cost
decreased. Following isozymes, the first DNA
markers, based on the detection of Restriction
Fragment Length Polymorphisms (RFLP),
allowed the construction of a reference map of
the tomato genome (Tanksley et al. 1992). With
more than 1000 loci, spread on the 12 chromo-
somes, this map allowed the precise localization
of several mutations and of a few genes of
interest. New mutations or genes of interest were
subsequently mapped using either F2 populations
or pairs of near isogenic lines differing only in
the region of the interesting gene (Laterrot 1996).
Bulks of individuals were later used (following
the Bulk Segregant Analysis method), together
with markers based on PCR amplification of the
DNA (RAPD or AFLP markers). Following the
identification of PCR markers linked to the gene
of interest, specific PCR markers were set up,
simplifying the genotyping step for breeders.
Nevertheless, PCR markers such as RAPD or
AFLP are dominant and map for the most part
close to the centromeres, reducing their potential
efficiency for gene mapping in tomato (Grandillo
and Tanksley 1996; Haanstra et al. 1999;
Saliba-Colombani et al. 2000). Markers based on
the variation in the number of small sequence
repeats (microsatellites or SSR) were then dis-
covered and mapped on the reference map or
used for the construction of new maps (He et al.
2002; Liu et al. 2005). To increase the number of
markers available and to use the microsynteny
observed with the Arabidopsis thaliana genome,
Fulton et al. (2002) proposed the use of Con-
served Ortholog Sequences (COS) as markers.

The polymorphism revealed by RFLP markers
among cultivated accessions was very low and
only a few markers were polymorphic and thus
useful for mapping genes in such genetic back-
ground (Saliba-Colombani et al. 2000). Inter-
specific progenies were much more polymorphic
andmaps based on progenies derived from crosses
with every wild species related to tomato were

constructed (Labate et al. 2007). A population of
introgression lines derived from a cross with a
Solanum pennellii accession (Eshed and Zamir
1995) was particularly useful to discover new
genes and quantitative trait loci (QTL) involved in
fruit colour, size and plant traits (Zamir 2001).

More recently, several tomato accessions were
used to sequence fragments of expressed sequen-
ces and identify Expressed Sequence Tags (ESTs),
allowing the first Single Nucleotide Polymor-
phism (SNP) markers to be discovered and map-
ped (Labate and Baldo 2005; Sim et al. 2009).
With the access to the tomato genome sequence
(Tomato Genome Consortium 2012), the
increased throughput of sequencing and the
advances in Next Generation Sequencing tech-
nologies, it has been possible to discover thou-
sands of SNPs through RNA sequencing
(RNAseq). The SolCAP consortium developed a
SNP array carrying more than 8000 SNPs chosen
to reveal polymorphisms among cultivated
accessions (Sim et al. 2012). Another SNP array
was developed by Víquez-Zamora et al. (2013).
Today, thanks to the tomato genome sequence
availability, several projects of resequencing
whole genomes of tomato accessions allowed the
discovery of several millions of SNP (Causse et al.
2013; Aflitos et al. 2014; Lin et al. 2014) and the
construction of genetic maps at the intraspecific
level is now possible (Shirasawa et al. 2010).
Large SNP arrays permit the rapidmapping of new
loci of interest (Viquez-Zamora et al. 2014).

Genes and Loci Involved
in Morphological and Fruit
Characteristics

Among the major mutations used in tomato, the
self-pruning (sp) mutation was discovered about
100 years ago and confers the determinate
growth behaviour. It was largely used in pro-
cessing tomato for field grown production. The
tomato SELF-PRUNING (SP) gene is the
homolog of the Antirrhinum majus CENTROR-
ADIALIS (CEN) and Arabidopsis thaliana
TERMINAL FLOWER1 (TFL1) genes (Pnueli
et al. 1998).
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Many mutations in genes related to the car-
otenoid pathway were identified and correspond
to specific fruit colours (Hirschberg 2001).
Among them the B/ogc locus has been shown to
correspond to two mutations in the same gene
responsible for either yellow or dark red colour
of the fruit (Ronen et al. 2000). Recently the gene
conferring the uniform ripening (u) phenotype
was cloned and shown to correspond to a Golden
2-like (GLK) transcription factor, which deter-
mines the chlorophyll accumulation and distri-
bution in developing fruit (Powell et al. 2012).
The y locus, responsible for the pink fruit colour
(due to a colourless peel which lacks the yellow
flavonoid pigment naringenin chalcone), was
also cloned. It corresponds to a MYB transcrip-
tion factor (Adato et al. 2009; Ballester et al.
2010). Several alleles and their polymorphisms
were identified at the y locus, thanks to the recent
resequencing of more than 300 tomato acces-
sions (Lin et al. 2014). Several mutations confer
a long shelf life to the fruit. The most widely
used, rin (for ripening inhibitor) corresponds to a
deletion in a MADS BOX transcription factor
(Vrebalov et al. 2002). Another important dis-
covery was the mutation at the Cnr locus
(Colourless non-ripening), which was one of the
first epiallele discovered in tomato (Manning
et al. 2006). Table 3.1 lists the genes involved in
morphological and fruit mutations.

Disease Resistance Genes

Tomato is susceptible to many pathogens and
all the resistance genes (R) were discovered
in wild relatives. Many tomato disease resis-
tance genes were mapped and characterized
(Table 3.2). Since the first positionally cloned R
gene (Pto, by Martin et al. 1993), more than 20
genes were cloned and characterized. Their
structure and evolution was analyzed and the
great conservation among genes conferring
resistance to different types of pathogens
revealed. The majority of R genes cloned so far
encode proteins with a nucleotide-binding site
(NBS) and a leucine-rich repeat (LRR) region
(Ellis et al. 2000).

Mutant Collections

Many natural mutations were discovered in
tomato. The Tomato Genetic Resources Center
(TGRC, Davis, California, USA) collection
encompasses more than 1000 monogenic
mutants at over 600 loci, including spontaneous
and induced mutations affecting many aspects of
plant development and morphology, disease
resistance genes, protein marker stocks, and other
traits of economic importance (Chetelat 2005).
Genetic data on individual stocks, including
phenotypes, images, chromosome locations, etc.
are available at the TGRC website (http://tgrc.
ucdavis.edu/).

An additional series of provisional (i.e. less
well-characterized) mutants is also available. The
Hebrew University of Jerusalem developed an
isogenic mutant library in the genetic back-
ground of cv. M82 (http://zamir.sgn.cornell.edu/
mutants/index.html). A total of 13,000 M2 fam-
ilies, generated by ethylmethane sulfonate
(EMS) and fast-neutron mutagenesis, were phe-
notypically analyzed and catalogued into at least
3417 mutations (Menda et al. 2004). This series
of mutations includes many previously described
mutant phenotypes as well as many novel
mutants, and multiple alleles per locus. Screening
this collection allowed the discovery of interest-
ing alleles which interact with the SP gene and
whose mutation modify its expression and may
allow optimization of crop productivity (Park
et al. 2014). Other collections of mutants are
available (Okabe et al. 2011). Together these
mutant collections provide important tools for
analyses of gene function either through forward
or reverse genetic approaches (Chap. 5).

Recombination Heterogeneity

Many genes/mutations were mapped on a genetic
map but not yet cloned (Table 3.3). The recent
availability of the tomato genome sequence
confirmed earlier observations that recombina-
tion is unevenly distributed along chromosomes
and that large pieces of the chromosomes around
the centromeres do not recombine at all
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Table 3.3 Genes mapped on a genetic map with a phenotype but not yet cloned

Gene
symbol

Phenotypic descriptors Chromosome References

S Self incompatibility 1 Tanksley and Loaiza-Figueroa (1985)
and Rivers et al. (1993)

ms-10 Male sterility 2 Tanksley et al. (1992)

af Anthocyanin free 5 Rick 1980 (cited by Tanksley et al. 1992)

tf Trifoliate 5 Rick 1980 (cited by Tanksley et al. 1992)

ae Entirely anthocyaninless 8 Rick 1980 (cited by Tanksley et al. 1992)

h Hairs absent 10 Rick 1980 (cited by Tanksley et al. 1992)

ag Anthocyanin gainer 10 Rick 1980 (cited by Tanksley et al. 1992)

hl Hairless 11 Rick 1980 (cited by Tanksley et al. 1992)

a Anthocianinless 11 Rick 1980 (cited by Tanksley et al. 1992)

alb Albescent 12 Rick 1980 (cited by Tanksley et al. 1992)

alc Fruit ripening (alcobaca) 10 Kinzer et al. (1990)

nor Fruit ripening (non-ripening) 10 Moore et al. (2002)

j-2 Jointless 12 Budiman et al. (2004)

Disease resistance genes mapped but not yet cloned

Cf-4 Cladosporium fulvum (leaf mold) 1 Thomas et al. (1997)

Cf-1 Cladosporium fulvum (leaf mold) 1 Jones et al. (1993)

rx-1, rx-2, Hypersensitive reaction 1 Yu et al. (1995)

Cf-ECP2,
Cf-ECP3

Cladosporium fulvum (leaf mold) 1 Haanstra et al. (1999) and Yuan et al.
(2002)

Cf-ECP5 Cladosporium fulvum (leaf mold) 1 Haanstra et al. (2000)

Cf-ECP1,
Cf-ECP4

Cladosporium fulvum (leaf mold) 1 Soumpourou et al. (2007)

I-5, Fusarium oxysporum f. sp.lycopersici
(race 2)

2 Sela-Buurlage et al. (2001)

Xv4 Xanthomonas campestris pv. vesicatoria
(race T3

3 Astua-Monge et al. (2000)

pot-1 Potato virus Y (PVY) and Tobacco etch
virus (TEV)

3S Parrella et al. (2002a, b) and Ruffel et al.
(2005)

py-1 Pyrenochaeta lycopersici (corky root) 3S Doganlar et al. (1998)

ol-2 Oidium neolycopersici (Powdery
Mildew)

4C De Giovanni et al. (2004) and Bai et al.
(2008)

rx-3 Xanthomonas campestris pv. vesicatoria 5 Yu et al. (1995)

Ol-1 Oidium neolycopersici (Powdery
Mildew)

6L Huang et al. (2000a) and Bai et al. (2005)

Ol-3 Oidium neolycopersici (Powdery
Mildew)

6L Huang et al. (2000b) and Bai et al.
(2005)

Ol-4 Oidium neolycopersici (Powdery
Mildew)

6 Bai et al. (2004, 2005)

Ol-5 Oidium neolycopersici (Powdery
Mildew)

6L Bai et al. (2005)

Am Alfalfa Mosaic Virus (AMV) 6S Parrella et al. (2004)

(continued)
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Table 3.3 (continued)

Gene
symbol

Phenotypic descriptors Chromosome References

Cf-5 Cladosporium fulvum (leaf mold) 6S Dixon et al. (1998)

Mi-9 Meloydogine spp. nematode (root-knot) 6S Jablonska et al. (2007)

I-3 Fusarium oxysporum f. sp.lycopersici
(race 3) (fusarium wilt)

7L Hemming et al. (2004) and Lim et al.
(2008)

I-1 Fusarium oxysporum f. sp.lycopersici
(race 1) (fusarium wilt)

7 Sarfatti et al. (1991) and Scott et al.
(2004)

Frl Fusarium oxysporum f. sp. radici-
lycopersici (root rot)

9 Vakalounakis et al. (1997)

I-6 Fusarium oxysporum f. sp.lycopersici
(race 2) (fusarium wilt)

10 Sela-Buurlage et al. (2001)

Ph-2 Phytophtora infestans (late blight) 10L Moreau et al. (1998)

aI Fusarium oxysporum f. sp. lycopersici
(race 1) (fusarium wilt)

11S Scott et al. (2004)

Sm Stemphyllium spp. (grey leaf spot) 11 Behare et al. (1991)

Cmr Cucumber Mosaic Virus (CMV) 12 Stamova and Chetelat (2000)

Lv Leveillula taurica 12C Chunwongse et al. (1994, 1997)

Mi-3, Mi-5 Meloidogyne spp (nematode) 12S Yaghoobi et al. (1995)

Fig. 3.1 Relationships
between physical and
genetic distances: example
of chromosome 3
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(Sim et al. 2012; Tomato Genome Consortium
2012). If the recombination frequencies may vary
from one progeny to the other (Fig. 3.1), these
regions do not recombine more in any. The ratio
of kb per cM thus greatly varies hampering the
characterization of some mutations due to the
lack of recombination. Hopefully, these regions
of low recombination also correspond to regions
with lower gene density.

Many genes involved in morphological traits
or disease resistances remain to be characterized.
The high-quality genome sequence and millions
of SNPs available today constitute unique
resources to rapidly identify new genes of inter-
est. High throughput genotyping technologies
combined to the information on gene annotation
and expression in various tissues should make
the task much easier.
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4Molecular Mapping of Quantitative
Trait Loci in Tomato

Silvana Grandillo and Maria Cammareri

Abstract
A major objective in modern biology is deciphering the genetic and
molecular bases of natural phenotypic variation. Over the past three
decades, the tomato clade (Solanum sect. Lycopersicon) has been a model
system not only for the identification and positional cloning of quantitative
trait loci (QTL), but also for the development of new molecular breeding
strategies aimed at a more efficient exploration and exploitation of the rich
biodiversity stored in wild germplasm for hundreds of biologically and
agronomically relevant quantitative traits. The numerous QTL mapping
studies conducted so far have resulted in the detection of several
thousands of QTL. Despite this wealth of genetic information, the
molecular bases have been revealed for only a handful of major QTL. The
release of the tomato genome sequences, along with the rapid develop-
ment of cost-effective next-generation sequencing (NGS) technologies,
new mapping resources, and the evergrowing ‘‘omic’’ platforms, are
holding the promise to reverse this trend. This deluge of genomic
resources are undoubtedly reshaping QTL analyses also in this crop,
allowing a reexamination of the variation and inheritance of complex traits
at the intraspecific level, increasing the spectrum of potentially valuable
alleles available for breeding. In this framework, precision phenotyping,
advanced bioinformatics tools, as well as public phenotype “warehousing”
databases are foreseen as the necessary tools to boost our understanding of
the genetic and molecular architecture of quantitative traits, and to
guarantee sustainable crop improvements in the face of an evergrowing
human population and changing climates.

S. Grandillo (&) � M. Cammareri
Research Division Portici, Italian National Research
Council, Institute of Bioscience and BioResources
(CNR-IBBR), Via Università 133, 80055 Portici,
Naples, Italy
e-mail: grandill@unina.it; silvana.grandillo@ibbr.cnr.it

© Springer-Verlag Berlin Heidelberg 2016
M. Causse et al. (eds.), The Tomato Genome, Compendium of Plant Genomes,
DOI 10.1007/978-3-662-53389-5_4

39



Keywords
Tomato �QTL �Association mapping � Introgression lines �Wild relatives

Abbreviations
AB Advanced backcross
AM Association mapping
BC Backcross
BIL Backcross inbred line
cM CentiMorgans
COSII Conserverd ortholog set II
GWAS Genome-wide Association Studies
IL Introgression line
ILH Introgression line hybrid
LD Linkage disequilibrium
MAF Minor frequency slleles
MAS Marker-assisted selection
MLMM Multilocus mixed model
NGS Next-generation sequencing
NIL Near isogenic line
PCR Polymerase chain reaction
QTL Quantitative trait loci
QTN Quantitative trait nucleotide
RFLP Restriction fragment length polymorphism
RIL Recombinant inbred line
RNAi RNA interference
RS Reproductive stage
SG Seed germination
SGe Selective genotyping
SGN SOL genomics network
SNP Single nucleotide polymorphism

Introduction

The phenotypic variation of many traits of agri-
cultural and evolutionary importance is of quan-
titative nature, and results from the combined
action of multiple segregating loci that may
interact with each other as well as with the envi-
ronment, making the dissection of the genetic
architecture and molecular basis of these traits a
notoriously challenging endeavor (Falconer

1989). Before the advent ofmolecularmarkers, the
genetics of complex traits was studied in general
terms by ‘‘quantitative genetics’’ (Mather 1949),
and no information was available about the num-
ber and location of the underlying genes, termed
polygenes by Mather (1941).

The theoretical landmarks for mapping poly-
genes were set already in 1923 when Sax
reported the association of seed size in bean (a
quantitatively inherited trait) with seed-coat
pigmentation (a discrete monogenic trait).
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Subsequently, Thoday (1961) elaborated the
basic approach for using marker genes in segre-
gating populations to systematically map and
characterize individual polygenes, and Gelder-
mann (1975) introduced the term quantitative
trait locus (QTL) to describe a genetic locus
where functionally different alleles segregate and
cause significant effects on a polygenic trait.
However, the application of Thoday’s idea had to
wait until the 1980s when isozyme markers
started to be applied as a general tool for QTL
analyses in tomato (Solanum lycopersicum)
(Tanksley et al. 1982; Vallejos and Tanksley
1983; Weller et al. 1988) and in maize (Edwards
et al. 1987).

Numerous factors influence the power of
detecting QTL, including the heritability of the
trait, gene action, the type of mapping popula-
tion, marker coverage, the number and individual
effects of QTL, as well as the distance between
marker loci and QTL affecting the trait (Tanksley
1993; Mackay et al. 2009). Early tomato QTL
mapping studies mainly applied morphological
and isozyme markers in F2 and backcross (e.g.,
BC1) populations. Although several quantitative
plant and fruit characteristics were analyzed, the
number of informative isozyme markers was not
sufficient to adequately scan the entire tomato
genome for QTL, and it was therefore difficult to
precisely estimate QTL positions (Tanksley et al.
1982; Vallejos and Tanksley 1983; Weller et al.
1988). The constraint of limited marker avail-
ability was subsequently overcome with the
development of DNA-based genetic markers, the
first of which were restriction fragment length
polymorphisms (RFLPs) (Botstein et al. 1980;
Bernatzky and Tanksley 1986). In 1988 Paterson
and collaborators reported their pioneering study
in which a complete RFLP linkage map,
including 63 RFLPs, along with appropriate
statistical procedures, were used in an inter-
specific tomato BC1 population to map and
characterize QTL, thus demonstrating that com-
plex traits could be dissected into single Men-
delian factors. Thereafter, the number of RFLP
markers available for tomato genetics has
increased to approximately 1000 (Tanksley et al.
1992). Meanwhile, QTL mapping in tomato has

flourished and has been applied to hundreds of
traits of agronomical and biological interest
(Tables 4.1, 4.2, 4.3, and 4.4; reviewed by Foo-
lad 2007; Labate et al. 2007; Grandillo et al.
2011, 2013; Grandillo 2013). To this end, dif-
ferent segregating populations and mapping
strategies have been used.

An essential requirement for QTL mapping
populations is the existence of sufficient poly-
morphism at marker loci and in genes underlying
the trait(s) of interest. Due to several genetic
bottlenecks occurred during tomato domestica-
tion and breeding, and similarly to other
self-pollinated crops, the genotypic diversity
within cultivated germplasm is very narrow
(Miller and Tanksley 1990; Blanca et al. 2012).
This limitation has led tomato geneticists and
breeders to also harness the rich genetic variation
stored in unadapted germplasm for the develop-
ment of mapping populations and for breeding
(Rick 1982; Bai and Lindhout 2007). As a result,
most tomato QTL mapping experiments con-
ducted thus far have used distant crosses between
cultivated germplasm and related wild species,
although several successful examples of S.
lycopersicum intraspecific QTL studies have also
been reported (Tables 4.1, 4.2, 4.3, and 4.4;
Causse et al. 2001, 2007; Saliba-Colombani et al.
2001; reviewed by Foolad 2007; Labate et al.
2007; Grandillo et al. 2011, 2013).

Similarly to other autogamous species, pri-
mary segregating populations such as F2 or early
backcross (BC) progenies have been widely used
for tomato QTL mapping. However, over time a
more variegated repertoire of population struc-
tures has been employed including recombinant
inbred (RI) populations, advanced backcross
(AB) populations, backcross inbred lines (BILs),
and introgression lines (ILs) (Tables 4.1, 4.2,
4.3, and 4.4). As for marker technology, fol-
lowing a wide use of RFLP markers, PCR-based
markers have gained ground and, in many cases,
RFLP maps have been integrated with several
types of PCR markers (reviewed by Grandillo
et al. 2011, 2013). Although the large majority of
known marker systems have found applications
in tomato, yet most of them are too laborious and
low throughput to meet the requirements of the
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Table 4.1 Summary of QTL mapping studies for disease (viral, bacterial, fungal) resistance in tomato

Type of resistance Source of resistance/paternal
parent_mapping population

No. QTLa Referencesb

Viral

Tomato yellow leaf curl
virus (TYLCV)

S. pimpinellifolium hirsute INRA
_F4

1 Chagué et al. (1997)

S. chilense LA1932; LA2779;
LA1938/Tyking_3F2s

2; 2; 1 Agrama and Scott (2006)

S. peruvianum breeding line_F2 5 Anbinder et al. (2009)

S. lycopersicum FLA456 4 Kadirvel et al. (2013)

Tomato mottle virus
(ToMoV)

S. chilense LA1932_F2 2 Griffiths and Scott (2001)

S. chilense LA1932; LA2779;
LA1938/Tyking_3F2s

2; 2; 1 Agrama and Scott (2006)

Bacterial

Bacterial canker
(Clavibacter
michiganensis
subsp. michiganensis)

S. arcanum LA2157_3BC1s
(intraspecific)

5 Sandbrink et al. (1995)

S. arcanum LA2157_F2
(interspecific)

3 van Heusden et al. (1999)

S. habrochaites LA0407_BILs 2 Kabelka et al. (2002), (Coaker et al.
2002; Coaker and Francis 2004)

Bacterial spot
(Xanthomonas sp.)

S. lycopersicum cv. Hawaii 7998
(H7998) (recurrent parent)_BC1

(interspecific)

3 Yu et al. (1995)

S. lycopersicum cv. Hawaii 7998
(H7998)_F2 (intraspecific), AB,
BILs

2 Yang et al. (2005)

S. lycopersicum “cerasiforme” PI
114490_IBC

2 Hutton et al. (2010, 2014)

Bacterial wilt (Ralstonia
solanacearum) (different
races and phylotypes)

S. lycopersicum “cerasiforme”
(L285)_F2

3 Danesh et al. (1994)

S. lycopersicum cv. Hawaii 7996
(H7996)_F2; F2:3; F3; F3; F3, RILs
(F8); RILs (interspecific)

4; 6; 2; 4; 4;
2

Thoquet et al. (1996a, b), Mangin et al.
(1999), Wang et al. (2000), Carmeille
et al. (2006), Wang et al. (2013)

Fungal

Anthracnose
(Colletotrichum
coccodes)

S. lycopersicum line 115-4 _F2
(intraspecific)

Several Stommel and Zhang (2001)

Black mold (Alternaria
alternata)

S. cheesmaniae LA0422_BC1S2;
BC1S3

5 Robert et al. (2001)

Early blight (Alternaria
solani)

S. habrochaites PI 126445_BC1,
BC1S1; BC1 (SGe)

c
11; 13; 7 Foolad et al. (2002), Zhang et al. (2003a)

S. arcanum LA2157_F2, F3 6 Chaerani et al. (2007)

Gray mold (Botrytis
cinerea)

S. habrochaites LYC4_F2, BC2S1;
ILs

3; 10 Finkers et al. (2007a, b)

S. lycopersicoides LA2951_ILs 7 Davis et al. (2009)

(continued)

42 S. Grandillo and M. Cammareri



Table 4.1 (continued)

Type of resistance Source of resistance/paternal
parent_mapping population

No. QTLa Referencesb

Late blight (Phytophtora
infestans)

S. habrochaites LA2099_BC1s;
NILs; (sub-NILs)

15; 18; 3;
(2 complex
loci)

Brouwer et al. (2004), Brouwer and St.
Clair (2004), (Johnson et al. 2012;
Haggard et al. 2013)

S. pennellii LA0716_F2, ILs 1 Smart et al. (2007)

S. habrochaites LA1777_ILs,
BILs

5 Li et al. (2011b)

S. pimpinellifolium L3708_F2:3 2 Chen et al. (2014)

Powdery mildew (Oidium
lycopersici)

S. neorickii G1.1601_F2:3 (BC2,
BC2S1, BC2S2)

3 (2
fine-mapped)

Bai et al. (2003), (Faino et al. 2012)

aA semicolon separates the QTL identified in each population
bRelated follow-up studies are indicated in parentheses
cSelective genotyping

Table 4.2 Summary of QTL mapping studies for pest resistance-related traits in tomato

Type of pest resistance/pest
resistance-related traits

Source of resistance/paternal
parent_mapping population

No. QTLa Referenceb

2-Tridecanone S. habrochaites LA0407_F2 5 Zamir et al. (1984)

S. habrochaites PI 134417_F2 3 Nienhuis et al. (1987)

Greenhouse whitefly (Trialeurodes
vaporariorum) oviposition rate &
glandular trichome densities

S. habrochaites (CGN1.1561)_F2 3 & 2 Maliepaard et al. (1995)

Acylsugars level S. pennellii LA0716 _F2 5 Mutschler et al. (1996),
(Lawson et al. 1997)

Acylsugars level, trichome density,
percentage acylglucoses, leaf area

S. pennellii LA1912 _F2
(intraspecific)

13 Blauth et al. (1998)

Acylsugars composition S. pennellii LA1912 _F2
(intraspecific)

6 Blauth et al. (1999)

Acylsugars level & resistance to
silverleaf whitefly (Bemisia tabaci)

S. pennellii LA0716 _BC1F1 5 & 2 Leckie et al. (2012)

Acylsugars level & composition S. pennellii LA0716 _BC1F1;
BC1F2

3 Leckie et al. (2013)

Sesquiterpenes S. habrochaites LA1777_ILs nsc Van der Hoeven et al.
(2000)

Sweetpotato whitefly (Bemisia tabaci) S. habrochaites LA1777_F2 4 Momotaz et al. (2010)

Trichome specialized metabolites S. pennelli LA0716_ILs nsc Schilmiller et al. (2010,
2012)

Whitefly & type IV trichome
characteristics, metabolic profiling

S. galapagense_F2:3 2 (1 major &
1 minor)

Firdaus et al. (2013)

Two-spotted spider mite (Tetranychus
urticae Koch)

S. pimpinellifolium TO-937_F4,
F8-RILs

2 Salinas et al. (2013)

aA semicolon separates the QTL identified in each population; “&” separates the QTL identified for different traits
bRelated follow-up studies are indicated in parentheses
cns = the number of QTL was not specified
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Table 4.3 Summary of QTL mapping studies for abiotic stress/tolerance resistance in tomato

Stress/tolerance resistance (developmental
stage/main specific traits)a

Source of tolerance/paternal
parent_mapping population

No. QTLb Referencesc

Cold

Cold (VG) S. habrochaites_BC1 3 Vallejos and Tanksley
(1983)

Cold (SG) S. pimpinellifolium
LA0722_BC1S1

3 Foolad et al. (1998b),
(Foolad et al. 1999)

Cold (VG/SW, RAU) S. habrochaites
LA1778_BC1; (NILs,
sub-NILs)

9 (1 fine
mapped)

Truco et al. (2000),
(Goodstal et al. 2005)

Cold/transcriptional profiling S. habrochaites
LA1777_ILs, BILs

1 Liu et al. (2012)

Drought

Drought (VG/WUE) S. pennellii_F3, BC1S1 3 Martin et al. (1989)

Drought (SG) S. pimpinellifolium
LA0722_BC1S1

4 Foolad et al. (2003)

Drought (VG/WUE) S. pennellii LA0716_ILs,
subILs

6 (1 fine
mapped)

Xu et al. (2008)

Drought/transcriptional profiling S. pennellii LA0716_ILs 2 (major),
5 (minor)

Gong et al. (2010)

Heat

Heat (RS/FRN, FST, FN, FW, BX, SN) S. esculentum L.,
CL5915-93D4-1-0-3
(heat-tolerant inbred line)

21 Lin et al. (2010)

Nutrient

Nutrient (VG/SZ, SDG, RA) S. pimpinellifolium CGN
15528 _RIL

62 Khan et al. (2012)

Salt

Salt (VG/Na+, Cl‾, K+ accumulation) S. pennellii LA0716_F2 6 Zamir and Tal (1987)

Salt (SG) S. pennellii LA0716_F2
(SGe)d

5 Foolad and Jones (1993)

Salt (RS/TW, FN, FW) S. pimpinellifolium L1_F2 6; 12 Bretó et al. (1994),
Monforte et al. (1996)

Salt (RS/TW, FN, FW, EA) S. pimpinellifolium (L1 and
L5) and S. cheesmaniae
L2_F2

31; 43 Monforte et al. (1997a, b)

Salt (SG) S. pennellii LA0716_F2
(SGe)d

8; 8 Foolad et al. (1997),
Foolad and Chen (1998)

Salt (SG) S. pimpinellifolium LA0722
_BC1S1

7 Foolad et al. (1998a),
(Foolad 1999a)

Salt (VG&RS/TW, FN, FW, EA, PHT, ID) S. cheesmaniae L2_F2 and
subpopulations

8 Monforte et al. (1999)

Salt (VG) S. pimpinellifolium
LA0722_BC1S1; BC1 (SGe)

d
5; 5 Foolad and Chen (1999),

(Foolad 1999b, review;
Foolad et al. 2001)

Salt (SG&VG) S. pimpinellifolium
LA0722_F9-RILs

9 & 8 Zhang et al. (2003b)

Salt (VG&RS/TW, FN, FW, FRW, NFL, DTF,
DRW, DFR, Cl‾)

S. pimpinellifolium and S.
cheesmaniae L2_F7-RILs

12; 23f Villalta et al. (2007)

(continued)
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genomics era (Víquez-Zamora et al. 2013). These
drawbacks are now being circumvented by
next-generation sequencing (NGS) projects,
which are offering new possibilities to signifi-
cantly increase genotyping throughput, as well as
by the availability of high-throughput Single
Nucleotide Polymorphisms (SNPs) arrays that
have allowed massive parallel whole genome
screening of genotypes (Sim et al. 2012;
Víquez-Zamora et al. 2013). In addition, thanks
to the recently published whole genome
sequences of tomato (Tomato Genome

Consortium 2012), next-generation resequencing
approaches can be applied also in related germ-
plasm (Causse et al. 2013; Aflitos et al. 2014).

The numerous QTL mapping studies con-
ducted in tomato over the past three decades have
provided information about the genetic architec-
ture of complex traits, i.e., estimated number of
QTL and magnitude of their estimated additive,
dominance, and epistatic effects in multiple
environments. These efforts have resulted in the
detection of thousands of QTL, many of which
are of potential interest for tomato breeding, and

Table 4.3 (continued)

Stress/tolerance resistance (developmental
stage/main specific traits)a

Source of tolerance/paternal
parent_mapping population

No. QTLb Referencesc

Salt (VG/DSW, DLW, LA, K+ and
Na+ concentration)

S. pimpinellifolium and S.
cheesmaniae L2_2 F8-RILs

18; 25 Villalta et al. (2008),
(Asins et al. 2013)

Salt (RS/FW, FN, TW, LNC, TN, LA, DLW) S. galapagense (L2) and S.
pimpinellifolium (L5)_F9-
RILsg

8 Estañ et al. (2009), (Asins
et al. 2010)

Salt (VG/Growth traits (PHT, STEM, LNO,
DLW, DRW); Antioxidant content/activity
AOX, PHE, FLA, SOD, CAT, APX, POX)

S. pennellii LA0716_ILs 125h Frary et al. (2010)

Salt (VG/Growth traits (PHT, STEM, LNO,
DLW, FLW, FRW, DRW); K+, Na+ and Ca2+

concentration)

S. pennellii LA0716_ILs 311 Frary et al. (2011)

Salt (VG) S. pennellii LA0716_ILs; S.
lycopersicoides LA2951_ILs

4; 6 Li et al. (2011a)

Salt (SG) & blossom end S. pennellii LA0716_IL8-3;
subILs

nsi Uozumi et al. (2012)

Multiple stresses

Cold, drought, salt, oxidative, nonstress S. pimpinellifolium
LA0722_BC1S1; BC1 (SGe)

d
14 Foolad et al. (2007)

Salt, osmotic, oxidative & cold (SG), seed
quality

S. pimpinellifolium_RIL Numerous
(ns)i

Kazmi et al. (2012)

aAOX antioxidant activity, APX ascorbate peroxidase activity, BX Brix, CAT catalase activity, DFR days to fruiting, DLW dry
leaf weight, DRW dry root weight, DSW dry stem weight, DTF flowering time, EA earliness, FLA total flavonoid content, FLW
fresh leaf weight, FN fruit number, FRN flower number, FRW fresh root weight, FST flower set, FW fruit weight, ID internodal
distance, LA leaf area, LNC leaf sodium concentration, LNO leaf number, NFL number of flowers per inflorescence, PHE total
phenolic content, PHT plant height, POX glutathione peroxidase activity, RA root architecture, RAU root ammonium uptake, RS
reproductive stage, SG seed germination, SDG seedling growth, SN seed number per fruit, SOD superoxide dismutase, SW
shoot wilting, STEM stem diameter, SZ seed size, TN transported sodium, TW total fruit weight, VG vegetative growth, WUE
water use efficiency
bA semicolon separates the QTL identified in each population; “&” separates the QTL identified for different traits
cRelated follow-up studies are indicated in parentheses
dSGe = selective genotyping
fQTL detected for the six traits FW, FN, TW, Cl‾, SF, NL, under both control and high salinity conditions
gBoth populations used as rootstocks
hNumber of loci detected for antioxidant content under control and salt conditions
ins = the number of QTL was not specified
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Table 4.4 Summary of QTL mapping studies for plant, flower, fruit and yield traits in tomato

Traitsa Wild/paternal parent_mapping
population

No. QTLb Referencesc

Fruit and seed weight,
stigma exsertion, leaf
ratio

S. pennellii LA0716_BC1 21 Tanksley et al. (1982)

Brix S. chmielewskii LA1028_(BC5S5),
derived F2

nsd Osborn et al. (1987)

Fruit quality
(fine-mapping)

S. chmielewskii LA1028_BC1, BC2F2
(subILs)

15 Paterson et al. (1988), (Paterson et al.
1990)

Fruit quality, earliness,
leaf and plant
morphology,
yield-related,
reproductive

S. pimpinellifolium CIAS27_F2 85e Weller et al. (1988)

Fruit quality S. galapagense LA0483_F2, F3 29 Paterson et al. (1991)

Earliness, leaf and plant
morphology

S. pennellii LA0716_F2 74 de Vicente and Tanksley (1993)

Fruit quality, yield S. chmielewskii_BILs (BC2F5) nsd Azanza et al. (1994)

Earliness, fruit weight S. lycopersicum IVT KTl (breeding
line containing S. pimpinellifolium and
S. neorickii introgressions)_F2

3 Lindhout et al. (1994)

Yield and fruit
quality-related

S. pennellii LA0716_ILs, ILHs
(subILs)

104
(including
fw2.2,
Brx9-2-5)

Eshed and Zamir (1994, 1995), (Alpert
et al. 1995; Alpert and Tanksley 1996;
Eshed and Zamir 1996; Eshed et al.
1996; Frary et al. 2000; Fridman
et al. 2000, 2002, 2004; Gur and Zamir
2004; Baxter et al. 2005; Cong and
Tanksley 2006)

Fruit weight, soluble
solids, seed weight

S. galapagense LA0483_F8-RILs 73e (Paran et al. 1995), Goldman et al.
(1995)

Fruit quality, flower and
plant morphology,
earliness, seed weight
and number

S. pimpinellifolium LA1589_BC1 54
(including
fw2.2,
fs8.1)

Grandillo and Tanksley (1996a, b),
(Alpert et al. 1995; Grandillo et al.
1996, 1999; Frary et al. 2000; Ku
et al. 2000)

Fruit quality, yield
related, earliness

S. pimpinellifolium LA1589_BC2/
BC2F1/BC3, QTL-NILs

87 Tanksley et al. (1996)

Flower morphology, SI,
UI

S. habrochaites LA1777_BC1 23 Bernacchi and Tanksley (1997)

Fruit quality, yield
related, earliness, growth,
stigma exsertion

S. arcanum LA1708_BC3/BC4 166 Fulton et al. (1997)

Plant, fruit, leaf
morphology

S. galapagense LA0483_RILs 41e Paran et al. (1997)

Fruit quality, yield
related, earliness, cover,
HA

S. habrochaites LA1777_BC2/BC3 121 Bernacchi et al. (1998a)

Fruit quality, yield
related, earliness, cover

S. habrochaites LA1777; S.
pimpinellifolium LA1589_NILs

25 Bernacchi et al. (1998b)

Fruit quality S. pimpinellifolium LA0722_BC1/
BC1S1

59 Chen et al. (1999)

(continued)
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Table 4.4 (continued)

Traitsa Wild/paternal parent_mapping
population

No. QTLb Referencesc

Fruit shape (pear-shaped) S. pimpinellifolium LA1589; S.
pennelli LA0716 (IL2-5)_F2

2 (1 major-
ovate & 1
minor)

Ku et al. (1999), (Liu et al. 2002;
Huang et al. 2013)

Earliness & fruit weight S. lycopersicum (line “Early cherry”)
_F2

2 & 3 Doganlar et al. (2000a)

Seed weight S. galapagense LA0483_F8-RILs; S.
habrochaites LA1777_BC2/BC3; S.
pimpinellifolium LA1589_BC1,
BC2F6-RIL; S. neorickii
LA2133_BC2/BC3; S.
pimpinellifolium CIAS27_F2; S.
pennellii LA0716_BC1

24
(including
sw4.1)

Doganlar et al. (2000b) (review), (Orsi
and Tanksley 2009)

Fruit quality, yield
related, earliness, cover,
HA

S. neorickii LA2133_BC2/BC3 199 Fulton et al. (2000)

Yield and fruit quality
related, fine mapping

S. habrochaites LA1777_NILs,
subNILs

6 Monforte and Tanksley (2000a, b)

Yield and fruit quality
related

S. habrochaites LA1777_Chr. 4 ILs,
subILs; S. pennellii LA0716_Chr. IL,
subILs; S. arcanum LA1708_Chr.
4 IL

15 Monforte et al. (2001)

Fruit quality, including
aroma volatiles

S. lycopersicum “cerasiforme” F7-
RILs; (NILs)

81
(including
lc)

Saliba-Colombani et al. (2001),
(Causse et al. 2002; Lecomte et al.
2004a, b; Chaïb et al. 2006, 2007;
Causse et al. 2007; Zanor et al. 2009;
Muños et al. 2011; Aurand et al. 2012)

Sensory attributes S. lycopersicum “cerasiforme”_F7-
RILs

49 Causse et al. (2001), (Causse et al.
2002, Bertin et al. 2003; Lecomte et al.
2004a, b; Chaib et al. 2006, 2007;
Causse et al. 2007; Bertin et al. 2009;
Zanor et al. 2009)

Fruit size and shape, seed
number and weight

S. pimpinellifolium LA1589_F2 30 Lippman and Tanksley (2001)

Fruit shape S. pimpinellifolium LA1589_F2 1 (sun) van der Knaap and Tanksley (2001),
(Xiao et al. 2008, 2009; Jiang et al.
2009; Wu et al. 2011; Huang et al.
2013)

Stem vascular
morphology

S. habrochaites LA0407 1 Coaker et al. (2002)

Fruit quality, yield
related, earliness, seed
number and weight,
growth

S. pimpinellifolium LA1589_BILs
(BC2F6)

71 Doganlar et al. (2002)

Fruit composition S. habrochaites LA1777_AB; S.
arcanum LA1708_AB; S. neorickii
LA2133_AB; S. pimpinellifollium
LA0722_AB

222 Fulton et al. (2002)

Flower morphology,
number of flowers per
cluster

S. pimpinellifolium LA1237 (“selfer”)
and LA1581 (“outcrosser”) F2

5 Georgiady et al. (2002)

(continued)
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Table 4.4 (continued)

Traitsa Wild/paternal parent_mapping
population

No. QTLb Referencesc

Fruit shape S. pimpinellifolium LA1589_F2 4 van der Knaap et al. (2002)

Fruit volatiles, untrained
sensory evaluation

S. pennellii LA0716_ILs, subILs 1 Tadmor et al. (2002)

Fruit quality, yield related S. chmielewskii LA1028_IL, subILs;
S. habrochaites LA1777_IL, subILs

8 Frary et al. (2003)

Leaf morphology S. pennellii LA0716_ILs 30 Holtan and Hake (2003)

Fruit color, carotenoids S. pennellii LA0716_ILs 16 Liu et al. (2003a)

Fruit shape-related, fruit
size, number of flower
per cluster, seed number
per fruit

S. pimpinellifolium LA1589_F2 50
(including
fw3.2)

van der Knaap and Tanksley (2003),
(Zhang et al. 2012; Chakrabarti et al.
2013)

Fasciated (multiloculed)
fruit

S. lycopersicum cultivars; S. pennellii
ILs_F2; S. pimpinellifolium
LA1589_F2

4
(including
fas)

Barrero and Tanksley (2004), (Cong
et al. 2008; Huang et al. 2013)

Fruit weight and
composition

S. pennellii LA0716_ILs 81 Causse et al. (2004)

Stigma exsertion S. pennellii LA0716_IL2-5 1 (complex
locus
including
Style2.1)

Chen and Tanksley (2004), (Chen
et al. 2007)

Fruit quality, yield
related,

S. pennellii LA1657_BC2/BC2F1 84 Frary et al. (2004°)

Leaf, petal, sepal
morphology

S. pennellii LA0716_F2 36 Frary et al. (2004b)

Fruit quality S. lycopersicum “cerasiforme” (PI
270248)

nsd Georgelis et al. (2004)

Fruit color S. habrochaites LA0407_BILs
(BC2S5)/F3, F4

2 Kabelka et al. (2004)

Fruit quality S. habrochaites LA1777_Chr. 4 ILs,
subILs; S. arcanum LA1708_Chr.
4 IL, subILs

15 Yates et al. (2004)

Fruit size and
composition, Trans. prof.

S. pennellii LA0716_ILs nsd Baxter et al. (2005)

Hybrid incompatibility S. habrochaites LA1777_ILs; BILs 22 Moyle and Graham (2005)

Metabolite profiling S. pennellii LA0716_ILs 20 Overy et al. (2005)

Fruit antioxidants S. pennellii LA0716_ILs nsd Rousseaux et al. (2005)

Fruit metabolites & yield
related

S. pennelli LA0716_ILs 889 & 326 Schauer et al. (2006)

Morphology, yield,
fitness

S. pennelli LA0716_ILs, ILHs 841 Semel et al. (2006)

Fruit aroma volatiles &
organic acids

S. pennellii LA0716_ILs 25 & 4 Tieman et al. (2006), (Mageroy et al.
2012)

Fruit shape S. pimpinellifolium LA1589_2 F2s,
BC1

36; 32; 27 Brewer et al. (2007)

Fruit size and
composition, including
AsA

S. pennellii LA0716_ILs; S.
habrochaites PI24_BC2S1; S.
lycopersicum “cerasiforme” RILs

23 Stevens et al. (2007, 2008)
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Table 4.4 (continued)

Traitsa Wild/paternal parent_mapping
population

No. QTLb Referencesc

Flowering time S. chmielewskii CH6047_F2 8 Jiménez-Gómez et al. (2007)

Fruit shape S. pimpinellifolium LA1589_3F2 s 20; 23; 20 Gonzalo and van der Knaap (2008)

Partenocarpy, stigma
exsertion

S. habrochaites LYC4_ILs; S.
habrochaites (IVT-line 1)_BC5S1, F2

4 Gorguet et al. (2008)

Aroma volatiles S. habrochaites LA1777_ILs, BILs 30 Mathieu et al. (2009)

Hybrid incompatibility S. pennellii LA0716_ILs 19 Moyle and Nakazato (2008), (review
Bedinger et al. 2011)

Primary metabolites S. pennellii LA0716_ILs, ILHs 332 Schauer et al. (2008); (Kamenetzky
et al. 2010)

Ripening-associated
ethylene emission

S. habrochaites LA1777_ILs, BILs 17 Dal Cin et al. (2009)

Fruit weight and
composition under
different fruit loads (HL
vs. LL)f

S. chmielewskii LA1840_ILs 103 Prudent et al. (2009, 2010, 2011)

AsA, phenols, soluble
solids, trans. prof.

S. pennellii LA0716_ILs, IL12-4,
IL7-3

3 Di Matteo et al. (2010, 2013), (Sacco
et al. 2013)

Pericarp metabolome at
two different fruit load
conditions

S. chmielewskii LA1840_ILs 240 (HL),
128 (LL)f

Do et al. (2010)

Plant weight, yield, brix,
harvest index, earliness,
metabolites

S. pennellii LA0716_ILs, HILs,
subILs

1 Gur et al. (2010)

Metabolism and
yield-related, genomic
analysis

S. pennellii LA0716_ILs (BINs 1C,
2B, 4I, 7H, 11C)

104 (Eshed and Zamir 1995; Schauer et al.
2006; Tieman et al. 2006), Kamenetzky
et al. (2010)

Trichome specialized
metabolites

S. pennellii LA0716_ILs nsd Schilmiller et al. (2010, 2012)

Flowering time-related S. pimpinellifolium PI24039_BC1F6 12 Sumugat et al. (2010), (Sumugat and
Sugiyama 2010)

Transplanting time and
root growth-related

S. pimpinellifolium PI24039_BC1F6 8 Sumugat et al. (2011)

Vitamin E, CGs S. pennellii LA0716_ILs 6 Almeida et al. (2011), (Quadrana et al.
2014)

Yield-related (shoot and
root)/grafting

S. pennellii LA0716_ILs, HILs 11 Gur et al. (2011)

Fruit weight/fine
mapping

S. pimpinellifolium LA1589_BC1F5 1 Huang and van der Knaap (2011)

Fruit branched-chain
amino acids/CGs

S. pennellii LA0716_ILs 25 (Schauer et al. 2006, 2008),
Kochevenko and Fernie (2011)

Fruit quality, shelf-life S. pimpinellifolium LA722_16 RILs 8e Pratta et al. (2011)

Enzyme activity for
central carbon
metabolism in fruit
pericarp

S. pennellii LA0716_ILs, HILs 27 Steinhauser et al. (2011)

In vitro plant
regeneration

S. pennellii PE-47_BC1, F2 6 Trujillo-Moya et al. (2011)

(continued)
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Table 4.4 (continued)

Traitsa Wild/paternal parent_mapping
population

No. QTLb Referencesc

Lycopene S. pimpinellifolium LA2093_RIL 2 Ashrafi et al. (2012), (Kinkade and
Foolad 2013)

Fruit firmness/fine
mapping/CGs

S. pennelli LA0716_ILs 1 (complex
locus)

Chapman et al. (2012)

Seed quality, abiotic
stress versus control

S. pimpinellifolium _RIL Numerous,
nsd

Kazmi et al. (2012)

Seed size, seedling
growth, root architecture
(control vs. nutrient
stress)

S. pimpinellifolium CGN 15528 _RIL 62 Khan et al. (2012)

Fruit texture, cell wall
galactose metabolism

S. lycopersicum “cerasiforme” ILs; S.
chmielewskii LA1840_ILs; S.
pennellii LA0716_ILs

nsd Lahaye et al. (2012, 2013)

Carotenoids/Trans. prof./
CG verification

S. pennellii LA0716_ILs nsd Lee et al. (2012)

Lycopene, ascorbic acid,
brix, fruit weight

S. pimpinellifolium (S0801)_F2:3 15 Sun et al. (2012)

Seed metabolism S. pennellii LA0716_ILs 30 Toubiana et al. (2012)

Competence for
adventitious organ
formation

S. pennellii LA0716_ILs 6 (bins) Arikita et al. (2013)

Leaf morphology,
RNA-Seq

S. pennellii LA0716_ILs 1035 Chitwood et al. (2013)

Fruit quality, fruit
size/shape, maturity,
yield, plant architecture

S. habrochaites LA2099_chr.
5 subILs

41 Haggard et al. (2013)

Brix, physiological
characterization

S. pennellii LA0716_IL8-3 1 Ikeda et al. (2013)

Polyphenols content in
plant organs

S. pennellii LA0716_IL7-3, IL10-1,
IL12-4

nsd Minutolo et al. (2013)

Fruit quality, shelf-life S. pimpinellifolium LA722_BC1/
BC1S1; BC2

6 Pereira da Costa et al. (2013)

Fruit shape (modifier loci
for OVATE)

S. lycopersicum F2:3 2 Rodríguez et al. (2013)

Root morphology and
cellular development

S. pennellii LA0716_ILs Numerous,
nsd

Ron et al. (2013)

Plant height, fruit
firmness, yield, shelf-life

S. lycopersicum _F2 9 Yogendra and Ramanjini Gowda
(2013)

Rutin content S. habrochaites LA1777_7 ILs 1 Hanson et al. (2014)

Fruit metabolome S. pennellii LA0716_ILs 2820 Perez-Fons et al. (2014)
aAsA ascorbic acid content, CG candidate gene, HA horticultural acceptability (differently measured), HL high load, LL low
load, SI self incompatibility, Trans. Prof. transcriptional profiling, UI unilateral incompatibility
bA semicolon separates the QTL identified in each population; “&” separates the QTL identified for different traits; cloned QTL
are indicated in parenthesis and in bold
cRelated previous or follow-up studies are indicated in parentheses; the studies that have cloned the QTL are indicated in bold
dns = the number of QTL was not specified
eNumber of significant marker × trait associations
fHL = high load; LL = low load
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whose molecular bases still wait to be revealed
(Tables 4.1, 4.2, 4.3, and 4.4) (reviewed by
Foolad 2007; Labate et al. 2007; Grandillo et al.
2011, 2013; Grandillo 2013; Alseekh et al.
2013).

During these years, the tomato clade (Sola-
num sect. Lycopersicon), which encompasses the
cultivated tomato (S. lycopersicum) and its 12
wild relatives (Peralta et al. 2008), has proven to
be a model system not only for the identification
(Paterson et al. 1988) and positional cloning of
QTL (Frary et al. 2000; Fridman et al. 2000,
2004), but also for the development of new
molecular breeding approaches aimed at ensuring
a more efficient use of the wealth of genetic
variation hold in wild germplasm (Tanksley and
Nelson 1996; Tanksley et al. 1996; Tanksley and
McCouch 1997; Zamir 2001).

Although the QTL mapping approach has
proven to be an undoubtedly powerful method to
dissect the genetic architecture of complex traits
and for breeding, nevertheless, it suffers from
several drawbacks including the restricted allelic
variation, the low-resolution mapping, and the
time necessary to develop the mapping popula-
tions (Korte and Farlow 2013). In order to
overcome these limitations and to facilitate the
association of phenotypes to genotypes, alterna-
tive approaches have been suggested including
linkage disequilibrium (LD)-based association
analysis, also referred to as association mapping
(AM) (Flint-Garcia et al. 2003; Gupta et al.
2005), and next generation genetic-mapping
populations such as Multi-parent Advanced
Generation Inter-Cross (MAGIC) populations
(Cavanagh et al. 2008). Over the last years, the
availability of the tomato genome sequences
(Tomato Genome Consortium 2012), the related
new high-throughput genotyping tools, and the
development of new methodological approaches
have allowed successful applications of both
strategies also in tomato (Sauvage et al. 2014;
Pascual et al. 2015). These advances are paving
the way for a more efficient exploitation of S.
lycopersicum germplasm in breeding programs.

The status of QTL mapping in tomato has
been the subject of several reviews (Foolad 2007;
Labate et al. 2007; Grandillo et al. 2011, 2013;

Grandillo 2013), and most of the studies have
been summarized and updated in Tables 4.1, 4.2,
4.3, and 4.4. Therefore, also because of space
limitations, in this current review we do not
attempt to provide a comprehensive discussion of
the subject, but rather we focus on a few aspects,
highlighting the new opportunities that the
tomato genome sequences and the related geno-
mic tools are providing for the genetic and
molecular dissection of complex traits and to
accelerate the improvement of this important
crop.

IL-Based Analysis of Complex Traits
and Breeding

Since the first QTL mapping studies conducted in
interspecific crosses of tomato, it became evident
that the approach allowed a more efficient
detection of “cryptic” genetic variants (Tanksley
et al. 1982; Weller et al. 1988; de Vicente and
Tanksley 1993). This suggested that despite their
overall inferior phenotype, unadapted germplasm
is likely to be a rich source of agronomically
favorable QTL alleles (Tanksley and McCouch
1997). However, in order to increase the effi-
ciency with which natural biodiversity could be
mined to improve yield, adaptation and quality of
elite germplasm, and thus to bridge the gap
between QTL mapping and QTL-based breeding,
new concepts and strategies needed to be
developed. These new methods should have also
allowed circumventing some of the constraints
posed by QTL mapping conducted in early
biparental segregating generations (F2, F3, and
BC1) or in RILs. The high proportion of donor
parent alleles that still segregate in these popu-
lations, in fact, may result in overshadowing
effects of major QTL on the effects of indepen-
dently segregating minor QTL, as well as in
relatively high level of epistatic interactions
between donor QTL alleles and other donor
genes. Thereby, favorable donor QTL alleles
detected in these mapping populations often lose
their effects once they are introgressed into the
genetic background of elite lines. In addition, in
the case of interspecific crosses involving exotic
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germplasm, QTL analyses might be further
complicated by partial or complete sterility
problems, since a few genes for sterility may
impede population development and/or the
obtention of meaningful measurements for
agronomical important traits (such as fruit
characters).

In order to address these issues, two related
molecular breeding strategies, the “Advanced
Backcross (AB) QTL analysis” (Tanksley and
Nelson 1996; Tanksley et al. 1996) and the “in-
trogression line (IL) populations” or “exotic
libraries” (Eshed and Zamir 1994, 1995; Zamir
2001), have been implemented first in tomato,
and then in several other crops (Grandillo et al.
2008, 2013; Grandillo 2013). These methods
were proposed to more efficiently unlock the
genetic potential stored in seed banks and in
exotic germplasm for the development of
improved varieties, thereby expanding the
genetic base of crop species (Tanksley and
McCouch 1997; Zamir 2001). Both approaches
have allowed the detection of favorable wild
QTL alleles for numerous traits of agronomical
and biological interest along with the develop-
ment of ILs or QTL-NILs that can be used in
marker-assisted breeding programs (Grandillo
et al. 2008; Grandillo 2013). Sets of ILs or
QTL-NILs have also been developed from
intraspecific crosses (Lecomte et al. 2004a;
Chaïb et al. 2006). In some instances, they have
been used to verify, stabilize, and fine-map QTL,
in the same or in different genetic backgrounds,
and therefore only a relatively small proportion
of the donor parent genome was represented in
the developed ILs (Paterson et al. 1990; Tanksley
et al. 1996; Bernacchi et al. 1998b; Monforte and
Tanksley 2000b, Monforte et al. 2001; Lecomte
et al. 2004b; Chaïb et al. 2006).

In tomato, the AB-QTL analysis method has
been applied to six interspecific crosses involv-
ing the same S. lycopersicum parent (cv. E6203)
and six wild species, selected to represent a broad
spectrum of the phylogenetic tree: S. pimpinel-
lifolium LA1589 (Tanksley et al. 1996),
S. arcanum LA1708 (Fulton et al. 1997), S.
habrochaites LA1777 (Bernacchi et al. 1998a,

b), S. neorickii LA2133 (Fulton et al. 2000), and
S. pennellii LA1657 (Frary et al. 2004a), S.
chilense LA1932 (Termolino et al. 2010)
(Table 4.4). These populations have been ana-
lyzed for numerous horticultural traits important
for the tomato processing industry, using repli-
cated field trials in several locations worldwide
(Table 4.4). Overall, wild QTL alleles with
favorable effects were detected for more than
45 % of traits evaluated across the first five AB
populations (reviewed by Grandillo et al. 2008).
In addition, the first four AB-QTL populations
have also been analyzed for biochemical traits
possibly contributing to flavor (Fulton et al.
2002).

Concomitantly, the IL approach was proposed
in D. Zamir’s laboratory, and the first tomato
whole genome IL population was developed
which comprised a core set of 50 lines carrying
single RFLP-defined homozygous chromosomal
segments of the distantly related, wild desert
green-fruited species S. pennellii LA0716 in the
background of the processing inbred cv. M82
(Eshed and Zamir 1994, 1995). Several proper-
ties of IL populations contribute to their power in
detecting and stabilizing QTL, and they have
been widely discussed elsewhere (Zamir 2001;
Lippman et al. 2007; Grandillo et al. 2008;
Grandillo 2013). Collectively the S. pennellii
LA0716 ILs represent whole genome coverage
of the wild parent in overlapping segments,
which define unique “bins” where genes and
QTL can be mapped, albeit at an initial average
coarse resolution. Another important feature of
this IL library is its permanent nature, as it can be
maintained by self-pollination, and this aspect
allows replicated measurements to be taken
across different environments, years, and labo-
ratories (Eshed and Zamir 1995).

The numerous advantages of IL populations
for the analyses of complex traits have become
manifest since the first experiments conducted
with the S. pennellii IL library (and, in some
cases, also with the correspondent heterozygous
lines, HILs) to map and fine-map QTL underlying
horticultural yield and fruit quality traits (Eshed
and Zamir 1995, 1996; Eshed et al. 1996).
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Thenceforth, the S. pennellii IL population, and
subsequently also its second generation consist-
ing of 76 ILs and subILs (Pan et al. 2000; http://
solgenomics.net/), have been publicly available,
and have been used to analyze a plethora of bio-
logically and agronomically relevant traits
including whole-plant morphology and yield
(also heterosis), primary and secondary metabolic
composition, fruit color, enzyme activities, leaf,
fruit, and root morphology, cellular development,
biotic and abiotic stress tolerance, hybrid
incompatibility, and gene expression (Tables 4.1,
4.2, 4.3, and 4.4) (Grandillo et al. 2011, 2013;
Grandillo 2013), resulting in more than 3069
QTL identified in this population to date (re-
viewed in Alseekh et al. 2013).

To aid in the discovery of the genes under-
lying the many QTL described to date, the
mapping resolution of the S. pennellii LA0716 IL
library was improved through the addition of 285
marker-defined subILs, which break up the 37
largest ILs of the initial population—corre-
sponding to approximately 75 % of the genome;
and work is going on to generate sublines also
for the remaining 25 % of the genome. Seeds for
the subILs as well as F2 seeds for each IL are
publically available (Alseekh et al. 2013).

Panels of ILs, deriving from both interspecific
as well as intraspecific crosses, represent also a
very valuable resource to get more precise esti-
mates of epistatic interactions (Eshed and Zamir
1996; Causse et al. 2007) and of QTL × geno-
type interactions (Eshed and Zamir 1995; Eshed
et al. 1996; Monforte et al. 2001; Gur and Zamir
2004; Lecomte et al. 2004a; Chaïb et al. 2006;
Causse et al. 2007). The immortality of IL pop-
ulations allows taking phenotypic measurements
on multiple replicates, which reduces the envi-
ronmental effects and increases statistical power.
By replicating the trials in more than one location
and over time, it becomes possible to estimate
QTL × environment interactions (Paterson et al.
1991; Eshed et al. 1996; Monforte et al. 2001;
Liu et al. 2003b; Gur and Zamir 2004; Rous-
seaux et al. 2005). In this respect, a unique
characteristic of the S. pennellii library is that
phenotypic data from 45 IL experiments, in
which 355 traits were scored in replicated

measurements by multiple laboratories, have
been deposited in the phenotype warehouse of
Phenom Networks (http://phnserver.phenome-
networks.com/) (Zamir 2013). The data can be
browsed and statistically analyzed online; in
alternative, they can be downloaded from the site
to be analyzed using alternative statistical soft-
wares. This tool allows comparisons of new data
collected from the S. pennellii ILs with the
results already available on the site.

Another relevant feature of IL biology, espe-
cially in the context of interspecific crosses, is the
exposure of new transgressive phenotypes, not
present in the parental lines. This phenomenon is
caused by novel epistatic relationships arising
between the donor parent alleles, and the inde-
pendently evolved molecular networks of the
recipient parent (Lippman et al. 2007). A recent
example is provided by Chitwood et al. (2013)
who have characterized the S. pennellii IL library
for a suite of vegetative traits, ranging from leaf
shape, size, complexity, and serration traits to
cellular traits, such as stomatal density and epi-
dermal cell phenotypes. Thus, leading to the
identification of 1035 QTL, 826 toward the
direction of S. pennellii and 209 transgressive,
beyond the phenotype of the domesticated parent.
Additionally, Shivaprasad et al. (2012) have
explored the possible involvement of epigenetics
and small silencing RNA in the occurrence of
stable transgressive phenotypes observed in the S.
pennellii LA0716 IL library. Their results indicate
that different sRNA-based mechanisms could be
implicated in transgressive segregation, and that
the transgressive accumulation of miRNA and
siRNAs is an indication of the hidden potential of
parents that becomes manifest in the hybrids.

The IL approach has also facilitated the
exploration of the genetic basis of heterosis
(Semel et al. 2006), along with its application for
IL-based crop improvement, as shown by the
development of a new leading hybrid of pro-
cessing tomato through marker-assisted pyra-
miding of three S. pennellii introgressions
carrying heterotic QTL (Gur and Zamir 2004;
Lippman et al. 2007).

One shortcoming of most IL populations is
the relatively low map resolutions; nevertheless,
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each IL can be used as the starting point for
high-resolution mapping. In this way, tight
linkage of multiple QTL affecting one or more
trait(s) can be discerned from pleiotropy (Alpert
and Tanksley 1996; Eshed and Zamir 1996;
Monforte and Tanksley 2000b; Monforte et al.
2001; Fridman et al. 2002; Frary et al. 2003;
Chen and Tanksley 2004; Lecomte et al. 2004b;
Stevens et al. 2008; Chapman et al. 2012;
Haggard et al. 2013). Moreover, the identifica-
tion of molecular markers more closely linked to
the QTL of interest is the basis for marker
selection (MAS) of elite breeding lines carrying
individual or a combination of QTL.

Thanks to these properties, the S. pennellii ILs
have soon demonstrated to be an efficient tool for
the positional cloning of QTL (Frary et al. 2000;
Fridman et al. 2000, 2004). However, in spite of
the successes achieved so far, delimiting a QTL
to a single gene or to a quantitative trait
nucleotide (QTN) using genetic approaches is
still an arduous and labor-intensive task. There-
fore, over the years, alternative strategies have
been tested to short list candidate genes for target
QTL. For example, the S. pennellii IL population
has been used to explore the potential of the
‘‘candidate gene approach’’ to identify candidate
genes for QTL affecting tomato fruit color (Liu
et al. 2003b), tomato fruit size, and composition
(Causse et al. 2004), as well as fruit AsA content
(Stevens et al. 2008), and vitamin E (Almeida
et al. 2011). While no colocation was initially
found between candidate genes and fruit color
QTL (Liu et al. 2003b), several putative associ-
ations were observed in the other three studies.

Natural genetic variation stored in IL popu-
lations can also facilitate the integration of mul-
tiple cutting-edge ‘‘omic’’ platforms (genomic,
transcriptomic, proteomic, and/or metabolomic)
and large physiological data sets, along with
statistical network analysis, allowing multi-
faceted systems-level analysis of integrated
developmental networks, and the identification of
candidate genes underlying complex traits
(Schauer et al. 2006, 2008; Lippman et al. 2007).
These approaches can help identifying previ-
ously uncharacterized networks or pathways, in
addition to candidate regulators of such pathways

(Saito and Matsuda 2010). The availability of a
full-genome sequence can further facilitate
reducing the list of genes in the QTL interval,
since the analysis of the annotation might indi-
cate a more likely candidate. In tomato, numer-
ous studies have already demonstrated the power
of these approaches to gain insights into the
genetic basis of compositional quality in tomato
fruit (Schauer et al. 2006, 2008), of seed ‘‘pri-
mary’’ metabolism (Toubiana et al. 2012), or for
the analysis of ‘‘secondary’’ metabolism (Schil-
miller et al. 2010, 2012), as well to unfold
interorgan correlations (Toubiana et al. 2012).
Furthermore, Morgan et al. (2013) have showed
that detailed biochemical characterization of the
S. pennellii IL library can provide useful infor-
mation to guide metabolic engineering strategies
aimed at increasing health-related compounds of
tomato fruit. Recently, Lee et al. (2012) used a
systems-based approach combining transcrip-
tomic analysis (based on the TOM2 oligonu-
cleotide array) and metabolic data to identify key
genes regulating tomato fruit ripening and car-
otenoid accumulation. Altogether, these exam-
ples suggest that with the continued development
of genetic and “omic” tools, more detailed
systems-level analyses will be possible, increas-
ing the efficiency in discovery, candidate gene
identification and cloning of target QTL.

Considering the numerous successful appli-
cations of the S. pennellii LA0716 IL library, in
order to accelerate the rate of progress of intro-
gression breeding, Zamir (2001) proposed to
invest in the establishment of a genetic infras-
tructure of “exotic libraries.” Along this line, for
tomato, besides the S. pennellii LA0716 library,
additional populations of ILs and BILs, covering
different fractions of the wild species genomes,
have been developed and/or further refined for
other wild tomato relatives including S. hab-
rochaites LA1777 (Monforte and Tanksley
2000a; Tripodi et al. 2010; Grandillo et al. 2014;
S. Grandillo et al., unpublished results), S. hab-
rochaites LA0407 (Finkers et al. 2007b), S.
chmielewskii LA1840 (Prudent et al. 2009), S.
neorickii LA2133 (Fulton et al. 2000; D. Zamir
personal communication), S. pimpinellifolium
LA1589 (Doganlar et al. 2002; D. Zamir
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personal communication), S. pimpinellifolium
TO-937 (Barrantes et al. 2014) and the wild
tomato-like nightshade S. lycopersicoides
LA2951 (Chetelat and Meglic 2000; Canady
et al. 2005). Some of these populations have
already been used to identify QTL for several
traits (Tables 4.1, 4.2, 4.3, and 4.4). For instance,
the S. chimielewskii LA1840 ILs have been used
to explore the effect of different fruit loads on
QTL detection (Prudent et al. 2009, 2010, 2011;
Do et al. 2010; Kromdijk et al. 2014).

In order to facilitate marker-assisted breeding
based on these wild species resources, and to
facilitate comparisons between function maps of
tomato and potato, some of the above-mentioned
IL/BIL populations have been anchored to the
potato genome using a common set of *120
COSII markers (Wu et al. 2006; Tripodi et al.
2010; S. Grandillo et al. unpublished results).
The multispecies IL platform includes ILs and
BILs derived from the S. neorickii LA2133 AB
population (Fulton et al. 2000; D. Zamir personal
communication), a new set of S. habrochaites
LA1777 ILs (Grandillo et al. 2014), the S.
chmielewskii LA1840 IL population and the S.
pennellii LA0716 ILs and subILs (Alseekh et al.
2013). These genetic resources expose highly
divergent phenotypes, providing a rich segrega-
tion for whole genome naturally selected genetic
variation affecting yield, morphological, and
biochemical traits, thus allowing multiallelic
effects to be captured.

The production of such congenic and per-
manent resources, however, is quite an arduous
and time-consuming task, which can take sev-
eral years. The development of new
high-throughput molecular platforms that allow
automated genotyping is making IL develop-
ment a much more efficient and precise process
(Severin et al. 2010; Xu et al. 2010; Sch-
malenbach et al. 2011). Dense genetic maps, in
fact, allow high-resolution localization of the
introgressed segments, which is essential if one
has to select ILs carrying single and small
marker-defined segments for genome-wide cov-
erage of the donor parent genome. Furthermore,

IL populations genotyped at very high resolution
should facilitate rapid and precise localization of
QTL and subsequent identification of the
underlying genes. In this respect, the S. pennellii
LA0716 IL library has been genotyped using the
high-density “SolCAP” SNP array (Sim et al.
2012), as well as using a diversity arrays tech-
nology (DArT) platform, which has resulted, on
average, in tenfold increase of the number of
markers available for each IL (Van Schalkwyk
et al. 2012). Additionally, Chitwood et al.
(2013) have genotyped the S. pennellii library at
ultra-high density, using two complementary
approaches, RNA-Seq and RESCAN, which
have resulted in a precise definition of the
boundaries of each IL at both the genomic and
transcriptomic levels. The combination of these
data with the recently completed tomato genome
has also allowed the exact gene content of each
IL to be determined, which should aid the
molecular characterization of QTL as well as
breeding efforts.

The recent availability of the genome sequen-
ces of the parents for some of the IL populations
described above is further enhancing the potential
of these congenic and permanent genetic resour-
ces. In order to support QTL analyses in the S.
pennellii IL library, following on from the release
of the genome sequence for tomato (S. lycoper-
sicum cv Heinz) and of a draft sequence of S.
pimpinellifolium (Tomato Genome Consortium
2012), Bolger et al. (2014) have recently released
the genome sequences for the M82 cultivar and S.
pennellii LA0716. Anchoring the S. pennellii
genome to the genetic map has allowed the iden-
tification of candidate genes for stress tolerance
traits; in addition, the study has provided evidence
for the role of transposable elements in the evo-
lution of these traits (Bolger et al. 2014). These
results demonstrate the power of sequencing the
parental lines of permanent genetic populations
that have been extensively phenotyped. It is worth
noting, that within the SOL-100 sequencing pro-
ject (http://solgenomics.net/organism/sol100/
view), sequences are becoming available for
most of the parents of the tomato IL libraries
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described above, which will further enhance the
value of these genetic resources.

Association Mapping
and Next-generation Populations

QTL analysis conducted in biparental mapping
populations, using the linkage mapping
approach, has proven to be an effective tool to
identify the genetic basis of complex traits in
plants, including tomato. The approach, in fact,
has several advantages, such as the lack of
structure in the mapping population, the presence
of alleles segregating at a balanced frequency,
and the possibility to detect rare alleles and
epistasis. However, the method is limited by the
restricted allelic variation in biparental mapping
populations (as only two alleles at a given
locus can be studied simultaneously), the
low-resolution mapping (generally limited to
10–20 cM) due to the reduced generations of
recombination that can lead to extended linkage
blocks, and the time-consuming crosses that are
necessary for QTL mapping (Zhu et al. 2008).

Linkage disequilibrium (LD)-based associa-
tion analysis, also known as association mapping
(AM), has been proposed as an alternative
approach, which can overcome these drawbacks.
The approach has been pioneered in human
genetics, where it has been exploited broadly to
analyze human diseases (Kerem et al. 1989;
Corder et al. 1994; reviewed by Visscher et al.
2012). Thanks to the rapid advances in the
development of genomic tools and the conse-
quent reduction in costs of genomic technolo-
gies, AM is now becoming a popular and
powerful strategy also in crop genetics and crop
improvement (for review, see Rafalski 2010;
Flint-Garcia et al. 2003; Gupta et al. 2005; Zhu
et al. 2008; Larsson et al. 2009; Korte and Far-
low 2013). Two AM methodologies are in use:
candidate gene association and whole genome
scan, also called Genome-Wide Association
Study (GWAS) (Rafalski 2010).

AM approaches rely on natural patterns of LD
(the nonrandom association of alleles at different
loci in the population), as they use panels of

theoretically unrelated individuals. For crops, the
method capitalizes on the wide range of pheno-
typic variation and historical recombination
events accumulated in natural populations and
collections of landraces, breeding materials, and
varieties to infer marker-phenotype associations
(reviewed by Flint-Garcia et al. 2003; Rafalski
2010; Korte and Farlow 2013). This allows
reducing research time, to sample a broader
genetic diversity, and to take advantage of a
much greater genetic resolution, due to a larger
number of recombination events. By contrast, the
AM approach requires a thorough understanding
of both the genetic structure and the extent of LD
of the collection studied (Flint-Garcia et al. 2003;
Myles et al. 2009). The decay of LD has been
shown to differ dramatically between species,
and generally LD is higher in selfing species like
cultivated tomato and rice, than in outcrossing
species; however, it can vary significantly even
within a species, and among loci within a pop-
ulation, sometimes caused by positive selection
(Flint-Garcia et al. 2003; Myles et al. 2009;
Robbins et al. 2011). The rate of LD decay
influences the resolution with which a QTL can
be mapped, the number and density of markers,
as well as the experimental design needed to
perform an association analysis (Myles et al.
2009). AM approaches can result in increased
resolution compared to linkage mapping popu-
lations, as long as enough markers are provided;
and, in an ideal scenario, they can lead to the
identification of the causative polymorphism(s)
of a QTL. Because of domestication, crops are
liable not only to higher levels of LD, but also to
population structure (the presence of subgroups
with unequal distribution of alleles in the popu-
lation studied), and cryptic relatedness (the
presence of close relatives in a sample of unre-
lated individuals) that all need to be taken into
account in statistical analyses (Ranc et al. 2012;
Korte and Farlow 2013). To handle the con-
founding effect of background loci that may be
present throughout the genome due to LD, and
thus to address the problem of high LD in GWA
scans, Segura et al. (2012) proposed a multilocus
mixed model (MLMM). In addition, several
statistical methods have been suggested to reduce
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the risk of detecting spurious false-positive or
false-negative associations in GWA studies due
to population structure and cryptic relatedness
(Flint-Garcia et al. 2003; Mitchell-Olds 2010).

Despite the advantages of AM in terms of
higher resolution, allelic richness and speed,
pitfalls do exist, and hence linkage mapping is
considered a valuable complementary approach
(Larsson et al. 2013). For this reason, the two
strategies are often applied together to mitigate
each other flaws, for example to validate the
associations identified by AM, thus reducing
spurious associations (Flint-Garcia et al. 2003;
Larsson et al. 2013).

In tomato, a few association studies have been
conducted to dissect morphophysical and fruit
traits. Nesbitt and Tanksley (2002) used a col-
lection of 39 cherry tomato accessions to identify
associations between fruit size and genomic
sequence of the fw2.2 region, which controls fruit
weight (Frary et al. 2000). However, the small
collection used prevented from finding any sig-
nificant association. Subsequently, Mazzucato
et al. (2008) investigated associations between 29
simple sequence repeat (SSR) markers and 15
morphophysiological traits in a collection of 50
tomato landraces. Recent association studies,
which have included cherry tomato accessions
(S. lycopersicum “cerasiforme”), have shown the
potential of this genetic material to identify QTL
by GWAS in tomato (Ranc et al. 2012; Xu et al.
2013). In particular, Ranc et al. (2012) carried
out a pilot study to define the optimal conditions,
including the marker density needed, to perform
GWAS in the tomato by using an association
panel of 90 tomato accessions (63 S. lycoper-
sicum “cerasiforme”—cherry type, 17 S. lycop-
ersicum—large fruited, 10 S. pimpinellifolium),
focusing on chromosome 2, on which several
clusters of QTL for fruit morphology and quality
traits had been previously mapped (Causse et al.
2002). In another recent study, Xu et al. (2013)
used low-density genome-wide-distributed SNP
markers (SNPlexTM assay of 192 SNPs) on a
large collection of 188 tomato accessions (44
heirloom and vintage cultivars (S. lycopersicum),
127 S. lycopersicum “cerasiforme” (cherry
tomato) and 17 S. pimpinellifolium accessions)

phenotyped for ten fruit quality traits. The results
highlighted that GWAS in tomato should be
easier with the group of S. lycopersicum
“cerasiforme” accessions, characterized by an
admixture structure (their genomes being mosa-
ics of S. lycopesicum and the closely related wild
species S. pimpinellifolium) as they exhibited
higher minor frequency alleles (MAF) on aver-
age than cultivated group, lower LD and a less
structured pattern. In spite of a high level of LD
found in the collection at the whole genome
level, a mixed linear model allowed the identi-
fication of several associations between SNP
markers and fruit traits. However, the SNP den-
sity was still too low to identify SNPs in candi-
date genes.

Over the last years, the release of the tomato
genome sequences (Tomato Genome Consortium
2012) and derived genomic tools such as a
high-density SNP genotyping array (Sim et al.
2012) have offered new opportunities for GWAS
in this crop. Shirasawa et al. (2013) analyzed a
large collection of 663 tomato accessions with
approximately 1300 SNPs obtained from rese-
quencing analysis. Although, GWAS identified
SNPs that were significantly associated with the
measured agronomical traits, yet, the study
investigated a limited number of traits (eight)
with low precision on the association collection.
More recently, Sauvage et al. (2014) have suc-
cessfully applied high-resolution GWA using a
MLMM as a general method for mapping com-
plex traits in structured populations, to decipher
the genetic architecture of tomato fruit compo-
sition traits. For this purpose, a core collection of
163 tomato accessions composed of S. lycoper-
sicum, S. lycopersicum “cerasiforme,” and S.
pimpinellifolium was genotyped with 5995 SNP
markers spread over the whole genome. GWAS
was conducted on a large set of metabolic traits
that showed stability over 2 years, and the anal-
ysis allowed the identification of promising
candidate loci underlying traits such as fruit
malate and citrate levels.

Although, AM has rarely been used to iden-
tify the molecular bases of QTL in tomato,
recently it has been successfully applied to
identify QTNs responsible for locule number
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differences between S. lycopersicum “cerasi-
forme” and S. lycopersicum Muños et al. (2011).
Furthermore, a combined approach was pursued
by Chakrabarti et al. (2013) to clone the tomato
fruit mass QTL fw3.2; in this case, association
mapping followed by segregation analysis
allowed to circumvent the low rate of LD decay
found around the fw3.2 locus, and to identify a
SNP in the promoter of the SlKLUH gene.

In order to overcome many of the shortcom-
ings of both traditional biparental QTL mapping
and AM approaches, a new generation of
genetic-mapping populations, including Multi-
parent Advanced Generation Inter-Cross
(MAGIC) populations, have been proposed
(Cavanagh et al. 2008). These next-generation
populations combine the controlled crosses of
QTL mapping with multiple parents and several
generations of intermating to provide increased
recombination and mapping resolution and to
expand (albeit up to a certain point) allelic rich-
ness within the mapping population. The first
tomato MAGIC population has been recently
developed by Pascual et al. (2015) intercrossing
eight resequenced S. lycopersicum founder lines,
which had been selected to cover a wide range of
genetic diversity. The study has shown the
potential of this tomato MAGIC population for a
better exploitation of intraspecific genetic varia-
tion, QTL mapping and for the identification of
causal polymorphisms.

From QTL to QTN and Epialleles

A fundamental question in modern biology is
identifying the causative genes and the genetic
changes underlying complex traits. Whereas
much progress has been made in detecting QTL,
the molecular cloning of the underlying genes is
lagging behind.

In tomato, map-based strategies, using higher
resolution near-isogenic lines derived from the S.
pennellii LA0716 ILs, were successfully applied
for cloning the first-ever QTL: fw2.2 (fruit weight)
(Frary et al. 2000; Cong et al. 2002) and Brix9-2-5
(sugar yield, or Brix) (Fridman et al. 2000, 2004).
Both aremajor QTL, as natural genetic variation at

fw2.2 alone can change the size of fruit by up to
30 % (Frary et al. 2000), while Brix9-2-5 can
increase sugars by asmuch as 25 % (Fridman et al.
2000, 2004). The gene underlying fw2.2 encodes a
negative regulator of cell division, member of the
Cell Number Regulator (CNR) family, and con-
trols tomato fruit mass as well as organ size in
other species, e.g., maize (Guo et al. 2010; Guo
and Simmons 2011) and nitrogen-fixing nodule
number (Libault et al. 2010). While modest
changes in transcript quantity and in the timing of
gene expression were correlated with natural
variation at fw2.2, on the other hand, altered
enzyme activity, as a result of a single nucleotide
change in a cell wall invertase gene, LIN5, leading
to a single amino acid change in the corresponding
protein in an area very close to the
substrate-binding site of the enzyme, was found to
be the cause for the variation between the culti-
vated and wild species alleles at Brix9-2-5 (Frid-
man et al. 2004). A comparative association study
between the nucleotide polymorphism and activ-
ity of LIN5 conducted in a set of ILs derived from
additional tomato species led to the identification
of the causative quantitative trait nucleotide
(QTN) (Fridman et al. 2004). These first two
studies demonstrated that IL-based Mendelian
segregation is a very efficient way to partition
continuous variation for complex traits into dis-
crete molecular components. Furthermore, these
QTL were the first among many showing that,
similarly to the variation found for numerous
genes that control monogenic traits, variation in
QTL alleles in plants can be identified in both
coding and regulatory regions of single genes
(Paran and Zamir 2003; Salvi and Tuberosa 2005).

Because of domestication and selection,
tomato cultivars show a wide variation in fruit
morphology (size and shape) that is under the
control of a large number of QTL (Grandillo
et al. 1999; Tanksley 2004; van der Knaap et al.
2014). Wild and semi-wild forms of tomato carry
small fruit that might weigh only a few grams
and that are usually round and bilocular. By
contrast, fruit from modern tomato varieties may
contain many locules (up to 10 or more) and
weigh up to 1 kg, and come in a wide variety of
shapes that have been recently classified in eight
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shape categories (flat, ellipsoid, rectangular,
oxheart, heart, long, obovoid, and round) using
the software program Tomato Analyzer (Brewer
et al. 2006, 2007; Rodriguez et al. 2010, 2011).
Among the numerous fruit mass QTL identified
in tomato, six loci [fruit weight1.1 (fw1.1), fw2.2,
fw2.3, fw3.1/fw3.2, fw4.1, and fw9.1] are postu-
lated to be major QTL; whereas major fruit shape
QTL include ovate, locule number (lc), sun, fs8.1
and fasciated (f or fas) (Grandillo et al. 1999;
Tanksley 2004; Chakrabarti et al. 2013; van der
Knaap et al. 2014).

Following the positional cloning of fw2.2,
significant efforts have been invested in deci-
phering the molecular basis of tomato fruit
morphology. The results obtained so far from the
map-based cloning of six tomato fruit shape and
weight genes demonstrate that inversions,
duplications, as well as SNPs in promoters and
coding regions control the phenotypic diversity
of the tomato fruit (reviewed by Monforte et al.
2014; Van der Knaap et al. 2014). The cloning of
fw2.2 revealed that one of the earliest steps in the
evolution of larger tomato fruit was caused by a
heterochronic regulatory mutation in a cell
cycle–control gene, as more cells were observed
in large compared with small fruits (Frary et al.
2000; Cong et al. 2002). More recently, Chak-
rabarti et al. (2013) have reported the fine map-
ping and cloning of a second major tomato fruit
mass QTL, fw3.2, encoding the ortholog of
KLUH, SlKLUH, a P450 enzyme of the
CYP78A subfamily. A combination of associa-
tion mapping followed by segregation analysis,
and transgenic studies allowed the identification
of a likely regulatory SNP in the promoter of the
gene that was highly associated with fruit mass.
The increase in fruit mass resulted from the
production of extra cell layers in the pericarp,
taking place after fertilization, which implies that
SlKLUH affects cell division.

Changes in fw2.2 and other cell cycle related
genes, however, cannot explain the extreme fruit
size observed in modern tomato cultivars.
Rather, the development of extreme fruit size has
been associated to several QTL affecting locule
number, which can influence both fruit size and
shape. Two of these QTL, fas (chromosome 11)

and lc (chromosome 2), and their epistatic
interactions, explain most of the phenotypic
variation (Lippman and Tanksley 2001; Barrero
and Tanksley 2004). Both QTL affect organ
(carpel) number rather than size, but fas exerts
the larger effect; in addition, both QTL influence
flat fruit shape (Lippman and Tanksley 2001;
Barrero and Tanksley 2004; Barrero et al. 2006;
Rodriguez et al. 2011). Besides fas and lc, other
two major fruit shape QTL, whose molecular
bases have been deciphered, are ovate (chromo-
some 2) and sun (chromosome 7), and both
influence fruit elongation (Tanksley 2004;
Rodriguez et al. 2011).

Positional cloning of ovate was achieved
using segregating populations derived from S.
pennellii ILs (Liu et al. 2002). The gene encodes
a protein in the Ovate Family Protein (OFP) that
is thought to negatively regulate transcription of
target genes (Liu et al. 2002; van der Knaap et al.
2014), and a premature stop codon in OVATE
controls fruit elongation. The OVATE gene
affects fruit shape well before anthesis, and the
increase in fruit elongation is caused by cell
proliferation in the proximal region of the
developing ovary (van der Knaap and Tanksley
2001; Monforte et al. 2014; van der Knaap et al.
2014).

The same S. pennellii IL-based strategy was
adopted to clone the gene underlying the fasQTL,
which was found to encode a YABBY-like tran-
scription factor; a mutation in FAS leads to an
increase in locule number which affects both fruit
shape (flattened fruit) and fruit mass (larger fruit)
(Lippman and Tanksley 2001; Cong et al. 2008).
Initially, the mutation was postulated to be caused
by a large insertion in the first intron of YABBY
(Cong et al. 2008); however, a reexamination of
the nature of the genome rearrangement at the fas
locus demonstrated that the mutation is due to a
294-kb inversion disrupting the YABBY gene
(Huang and van der Knaap 2011).

For the cloning of the other two major fruit
shape QTL, sun and lc, the S. pennellii IL
resource could not be used. For sun, the obstacle
was given by its map position, as this locus was
localized inside a paracentric inversion within the
S. pennellii genome (van der Knaap et al. 2004).
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For lc, the limitation derived from its weaker
effect on fruit locules compared with that of fas,
and it was, therefore, necessary to overcome all
genetic background effects.

Positional cloning of sun revealed that the
gene underlying this QTL encodes a member of
the IQ domain family (Xiao et al. 2008). The
elongated fruit phenotype is caused by an unu-
sual interchromosomal 24.7-kb gene duplication
event mediated by the long-terminal repeat
retrotransposon Rider, which results in a much
higher expression of SUN throughout floral and
fruit development and an extremely elongated
fruit (Xiao et al. 2008; Jiang et al. 2009; Wu et al.
2011). Although fruit shape patterning mediated
by SUN is most likely established before anthe-
sis, yet, the most significant fruit shape changes
take place after fertilization, during the cell
division stage of fruit development (van der
Knaap and Tanksley 2001; Xiao et al. 2009).

More recently, the lc QTL was positionally
cloned using a combination of map-based clon-
ing to identify the locus region (a sequence of
1600 bp) between a putative ortholog of
WUSCHEL (WUS), which encodes a home-
odomain protein that regulates stem cell fate in
plants, and a WD40 motif containing protein, and
association mapping to refine its molecular
characterization, which consisted of two SNPs
located approximately 1080-bp downstream of
the stop codon of WUS (Muños et al. 2011).
Subtle changes in the expression of SlWUS are
likely the cause of the increased number of
locules determined by lc (van der Knaap et al.
2014). It has also been suggested that the lc
mutation might cause a loss-of-function regula-
tory element which would allow a higher
expression of SlWUS, resulting in maintenance of
a larger stem cell population and hence in
increased locule numbers (van der Knaap et al.
2014).

Map-based cloning approaches have also been
used to decipher the molecular basis of other two
major QTL in tomato: style length 2.1 (Style 2.1)
(Chen et al. 2007), controlling a key floral attribute
associated with the evolution of autogamy in
cultivated tomatoes, and seed weight 4.1 (sw4.1)
(Orsi and Tanksley 2009). Mapping studies had

demonstrated that most of the structural changes
that accompanied the evolutionary transition from
cross-pollinating to self-pollinating flowers could
be explained by a single major QTL on chromo-
some 2, designated stigma exertion 2.1 (se2.1)
(Bernacchi and Tanksley 1997; Fulton et al.
1997). Fine mapping has shown that se2.1 was a
complex locus composed of at least five closely
linked genes: three controlling stamen length, one
conditioning anther dehiscence, and a fifth one,
which accounted for the greatest change in stigma
exertion, controlling style length (Style 2.1) (Chen
and Tanksley 2004). Positional cloning of Style2.1
revealed that this gene encodes a putative tran-
scription factor that regulates cell elongation in
developing styles and that the transition from
allogamy to autogamy was caused by a mutation
in the Style2.1 promoter that leads to downregu-
lation of Style2.1 expression during flower
development (Chen et al. 2007).

The numerous QTL mapping studies con-
ducted for tomato seed size in several inter-
specific crosses have revealed over 20 QTL
accounting for most seed size variation; among
these, the major QTL Sw4.1, mapping on chro-
mosome 4, constantly explained a large fraction
(up to 25 %) of the total phenotypic variation in
segregating populations (Table 4.4) (reviewed by
Doganlar et al. 2000b). For this reason, Sw4.1
was selected for map-based cloning, and using a
combination of genetic, developmental, molecu-
lar, and transgenic techniques Orsi and Tanksley
(2009) identified a gene encoding an ABC
transporter gene as the cause of the Sw4.1 QTL.
This gene exerts its control on seed size via gene
expression in the developing zygote.

Despite the successes achieved so far, delim-
iting a QTL to a single gene using genetic
approaches is still a technically demanding and
daunting undertaking, largely limited to loci
exerting large effects upon quantitative variation.
In order to enhance the rate of QTL cloning,
integrated strategies, which combine near-
isogenic line mapping with “omic” analyses
(transcriptome or genomic resequencing, meta-
bolome and/or proteome) can be pursued (Wayne
and McIntyre 2002). These approaches represent
efficient tools for exploring the functional
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relationship between genotype and phenotype, as
they facilitate filtering through candidate genes in
a QTL interval. In line with this, Lee et al. (2012)
applied ripe fruit transcriptional and metabolic
profiling to the S. pennellii LA0716 exotic
library. Correlation analyses allowed mining for
candidate genes, and the ethylene response factor
SlERF6 was identified as a valuable target for
RNAi analysis, which showed that SlERF6 plays
a central role in tomato ripening integrating the
ethylene and carotenoid synthesis pathways. This
study demonstrated the utility of systems-based
analysis to identify genes controlling complex
biochemical traits in tomato.

More recently, Quadrana et al. (2014), have
identified the gene underlying a major tomato
vitmine E (VTE) QTL (mQTL9-2-6), which
encodes a 2-methyl-6-phytylquinol methyltrans-
ferase (namely VTE3(1)). Using a combination
of reverse genetic approaches, expression anal-
yses, siRNA profiling and DNA methylation
assays, the authors demonstrated that mQTL9-2-6
is an expression QTL associated with differential
methylation of a SINE retrotransposon located in
the promoter region of VTE3(1). In addition,
different epialleles affecting VTE3(1) expression
and consequently VTE content in fruits were
observed because of spontaneous reversions of
promoter DNA methylation. These findings
demonstrate that epigenetics can affect quantita-
tive phenotypes of agronomic interest.

Conclusions and Perspectives

We have reviewed more than three decades of
research conducted in tomato to dissect the
genetic and molecular bases of quantitative traits.
Over these years, the tomato clade (Solanum
sect. Lycopersicon) has been at the forefront not
only for the localization, characterization, and
positional cloning of QTL, but also for the
development of new molecular breeding strate-
gies, namely the “AB-QTL” and the “IL librar-
ies,” aimed at a more efficient exploitation of the
wealth of genetic variation stored in unadapted
germplam. The last 20 years of research con-
ducted on the founder S. pennellii LA0716 IL

library have demonstrated the power of these
congenic and permanent resources for the genetic
and molecular analyses of QTL, for exploring the
genetic bases of heterosis, and for the related
practical outcomes, which have resulted in the
development of a leading hybrid variety.

The numerous QTL mapping studies con-
ducted in tomato so far have allowed the identi-
fication of thousands of QTL many of which are
of potential interest for the improvement of this
crop. However, despite this richness of genetic
information, only a few major QTL have been
isolated to date. In order to reverse this trend the
tomato research community is capitalizing on the
ever growing genetic and “omic” tools, which, in
turn, are building on the recently released tomato
genome sequences (Tomato Genome Consortium
2012). In this respect, the application of inte-
grated approaches are allowing more detailed
systems-level analyses which hold the promise of
enhancing our understanding of the functional
relationship between genotypes and complex
phenotypes (Schauer et al. 2006, 2008; Lee et al.
2012; Chitwood et al. 2013; Pascual et al. 2013).

In addition, the availability of the tomato
genome sequences (Tomato Genome Consortium
2012) along with the advent of new cost-
effective, high-throughput genotyping, and
sequencing technologies are opening new ave-
nues for a reexamination of the variation and
inheritance of quantitative traits at the
intraspecific level (Pascual et al. 2015; Sauvage
et al. 2014). AM approaches can be viewed as
complementary to AB-QTL and IL populations
as they represent an additional tool for exploring
and exploiting extant functional diversity avail-
able for each crop species on a much larger scale
(Zhu et al. 2008). Furthermore, within the SOL-
100 sequencing project (http://solgenomics.net/
organism/sol100/view), sequences are becoming
available for most of the parents of the tomato
IL/BIL populations developed so far. This, in
principle, should allow traits to be mapped to
known sequence variation, which, in turn, should
provide a major advancement in the identifica-
tion of valuable alleles, further increasing the
value of these genetic resources (Bolger et al.
2014). In view of the rapid developments in
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sequencing technology, it is also foreseen that
methods that make use of whole genome
sequencing-based technique, such as QTL-seq,
will also accelerate crop improvement in a
cost-effective way (Takagi et al. 2013).

In order to facilitate the identification of can-
didate genes and thus help elucidating the
molecular basis of quantitative phenotypes, sev-
eral bioinformatic tools are being developed
(Tecle et al. 2010; Chibon et al. 2012). Notably,
the Sol Genomics Network (SGN, http://
solgenomics.net) has implemented a new QTL
module, solQTL, which allows researchers to
upload their raw genotype and phenotype QTL
data to SGN, perform QTL analysis and
dynamically cross-link to relevant genetic,
expression and genome annotations, using a
user-friendly web interface.

The constant improvements of molecular
platforms, the development of new types of
genetic resources, along with progresses in
bioinformatics and in tools for functionally test-
ing candidate genes are expected to rapidly
enhance our ability in unveiling the molecular
basis of QTL other than those with a major effect.

In spite of all these technological advances,
QTL mapping in biparental populations will
probably remain the method of choice for the
analysis of epistatic interactions and when rare
alleles are involved, especially those with mod-
erate effects (Rafalski 2010). Regardless of the
mapping approach used, independent validation
of the associations and evaluation of their effects
in different genetic backgrounds remain essential
aspects of QTL analyses. Furthermore, the role of
epigenetics in determining variation in quantita-
tive traits and in phenotypic plasticity needs to be
further addressed (Cobb et al. 2013; Quadrana
et al. 2014).

Given the wealth of low-cost genomic infor-
mation, which is rapidly becoming available for
most important crop species, phenotyping is
emerging as the major bottleneck and funding
constraint limiting the power of quantitative traits
analyses (Cobb et al. 2013). There is a clear need
for precision phenotyping systems able to provide
high-quality phenotypic information on the entire

collection of genetic factors underlying quantita-
tive phenotypic variation at all levels of biological
organization (cells, tissues, organs, and develop-
mental stages) as well as across years, environ-
ments, species, and research programs (Chitwood
and Sinha 2013; Cobb et al. 2013). Due to the
development of high-throughput platforms and
image analysis software packages, next-
generation phenotyping will require novel data
management, access, and storage systems (Cobb
et al. 2013). In this framework, public phenotype
“warehousing” databases are foreseen as an
additional necessary tool to empower our under-
standing of the genetic and molecular architecture
of complex traits (Zamir 2013), and thus to ensure
continued advancement in crop improvement
aimed at sustainably meeting the demands of a
growing human population under changing cli-
mates (Godfray et al. 2010).
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5Tomato Resources for Functional
Genomics

Christophe Rothan, Cécile Bres, Virginie Garcia
and Daniel Just

Abstract
Tomato is currently the model species for fleshy fruit development and for
Solanaceae species. The recent completion of a high-quality genome
sequence of the inbred tomato (Solanum lycopersicum) cultivar ‘Heinz
1706’ allowed the prediction and in silico annotation of ca 35,000 genes.
Assigning a biological function to these genes is among the priorities of
the tomato community, especially for genes contributing to fleshy fruit
development and quality, and to other major agronomical traits in tomato
and Solanaceae. More than a decade of research using genomic tools,
mostly transcriptome and metabolome, combined with genetic mapping
approaches, provided first cues on the possible function of tomato genes
by describing where, when, and with which other gene/metabolite these
genes are expressed. Current advances in sequencing technologies now
allow the exhaustive inventory of tomato transcripts in various plant
organs, tissues and even cell types. To cope with the need to assign
biological functions to a large number of genes, tomato mutant resources
based on several technologies [T-DNA and transposon insertional
mutants, fast-neutron, c-ray and ethyl methanesulfonate (EMS) mutants]
have been developed in the recent years. Among them, the Targeting
Induced Local Lesions In Genomes (TILLING) technology, based on the
generation by EMS of high density point mutations evenly distributed in
the genome and on the subsequent detection of mutations in target genes is
presently the most established. The present chapter will describe the main
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resources, strategies and tools currently available for linking genes to
phenotype in tomato.

Keywords
Tomato � Mutants � TILLING � Reverse genetics � EMS

Introduction

The recent completion of a high-quality genome
sequence of the inbred tomato (Solanum lycop-
ersicum) cultivar ‘Heinz 1706’ and of a draft
sequence of the S. pimpinellifolium LA1589
genotype allowed deciphering tomato genome
organisation and features. In the ca 900 mega-
base (Mb) genome size of cultivated tomato,
computational annotation supported by RNA
sequencing (RNAseq) data predicted the exis-
tence of 34,727 protein coding genes and of 96
miRNAs (Tomato Genome Consortium 2012).
Basic gene structure (cis-regulating regions,
untranslated regions, introns, exons) of tomato
genes, location (chromosomal region) and poly-
morphism with the S. pimpinellifolium wild
ancestor can be predicted using web databases
and tools (Fig. 5.1), among which the central
tomato genomics data repository at the Solana-
ceae Genome Network database (SGN). Addi-
tional data helping to refine the tomato genome
annotation are continuously updated thanks to
the improvement of the current next generation
sequencing (NGS) tools allowing precise inven-
tory of transcripts in plant organs, tissues and
cells (Matas et al. 2011; Park et al. 2012) and to
the availability of whole genome sequences of an
increasing number of cultivated tomato geno-
types (Kobayashi et al. 2014) and wild relatives
(Sato et al. 2013). Despite these progresses, in
silico gene predictions cannot be considered as
absolutely accurate; moreover, alternative gene
models can be found for one single locus. In the
post-genome era, there is a strong need to assign
a biological function to tomato genes and this is
one of the current challenges facing the Solana-
ceae community.

Tomato is unique in being a model for both the
fleshy fruits and the Solanaceae. Though
fruit-expressed genes are clearly among the main
priorities (Gady et al. 2012; Jones et al. 2012;
Baldet et al. 2013; Di Matteo et al. 2013), other
targets are also of utmost importance, e.g. those
regulating the fitness of tomato plants challenged
with new environmental conditions or pathogen
attacks (Leide et al. 2007; Piron et al. 2010;
Kimbara et al. 2013; Petit et al. 2014; Shi et al.
2013), their adaptation to evolving cultural prac-
tices (Martín-Trillo et al. 2011) or the fruit yield
(Krieger et al. 2010). Existing genomics resour-
ces in the plant models rice and Arabidopsis can
be extremely useful for analysing the function of
orthologous genes sharing similar functions in
tomato and in other species. However, each plant
species has its own specific features, which
sometimes makes difficult the functional study of
a tomato gene in a different species. For example,
unlike Arabidopsis, tomato fruit is fleshy and its
genome includes 727 gene groups confined to
fleshy fruit species (tomato, grape and potato;
Tomato Genome Consortium 2012). In addition,
for a number of traits, for example cuticle com-
position and properties (Yeats et al. 2012; Petit
et al. 2014), Arabidopsis is not representative of
many plant families including tomato.

What tools do we have and what strategies are
currently being developed to study the relation-
ships between gene function and plant phenotype
in tomato?

In addition to tomato genome annotation and
prediction of gene function based on DNA
sequence homology, the information on where
and when a gene is expressed provides the first
cues on the possible function of a gene in planta.
With the development of high throughput
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Tomato Genome Sequence

• Tomato Reference Genome: h p://solgenomics.net/organism/Solanum_lycopersicum/genome

Gene structure and expression

• In silico predic on of gene structure and func on at SGN: 

• Full-length cDNAs (Micro-Tom KafTom) at : h p://www.pgb.kazusa.or.jp/ka om/

• Expressed Sequence tags (ESTs) at DFCI: h p://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=tomato

• MicroArray Tomato Expression data (TED) at: h p://ted.b .cornell.edu/cgi-bin/TFGD/array_data/home.cgi

• Tomato RNAseq data at TFGD: h p://ted.b .cornell.edu/cgi-bin/TFGD/digital/home.cgi

• Tomato RNAseq data (spa al visualiza on) at BAR: h p://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi

• Gene expression/metabolite correla ons at TFGD: h p://ted.b .cornell.edu/cgi-bin/TFGD/metabolite/home.cgi

• Gene expression/metabolite (visualiza on) at MPIMP:  h p://mapman.mpimp-golm.mpg.de/

Linking gene to phenotype

• EMS, Fast-neutron and γ-ray Mutant resources : see Table s5.1 and 5.2

• Tomato gene c resources at TGRC: h p://tgrc.ucdavis.edu/

• Tomato phenotype database at SGN: h p://solgenomics.net/search/phenotypes

• Tomato domes cated germplasm at EU-SOL BreeDB: h ps://www.eu-sol.wur.nl/

• Micro-Tom SNPs: h p://bioinf.mind.meiji.ac.jp/tomatomics/

• Tomato Marker Database: h p://marker.kazusa.or.jp/Tomato/

• Tomato 150 Accessions SNPs:  h p://www.tomatogenome.net/accessions.html

• SolCAP SNPs: h p://solcap.msu.edu/tomato_genotype_data.shtml

Forward gene cs analysis of tomato mutant popula ons 

Reverse gene cs analysis of mutant popula ons 

• CODDLE: h p://blocks. crc.org/proweb/coddle/

• SIFT: h p://si .jcvi.org/

Fig. 5.1 Linking gene to phenotype in tomato. Informa-
tion on tomato genome sequence and gene structure and
expression can be combined with the available tomato

genetic resources and tools for gene discovery and
assigning biological functions to tomato proteins
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technologies, large efforts have been devoted in
tomato from the beginning to constitute large
collections of Expressed Sequence Tags (ESTs)
from various plant tissues and of full-length
cDNAs (Fig. 5.1). This information allowed the
construction of gene expression arrays used to
monitor the expression of tomato genes in a large
variety of organs and conditions. Exhaustive
inventory of gene transcripts obtained from NGS
experiments (Matas et al. 2011; Tomato Genome
Consortium 2012) are now available through
web-based databases such as the BAR at
University of Toronto, allowing the in silico
analysis of the expression pattern of a gene in
various tomato plant organs, stages of develop-
ment and even fruit cell types (Fig. 5.1). Gene
expression data can be further combined with
other genomics data, typically metabolome, to
assign putative functions to the genes. Data can
be first examined using visualisation tools such
as MapMan (Urbanczyk-Wochniak et al. 2005)
and further analysed using various statistical
means such as correlation network analysis. This
strategy recently enabled the identification of
genes of unknown function implicated in the
regulation of fruit flavonoids (Ozaki et al. 2010)
and of major developmental and metabolic shifts
occurring during fruit development (Mounet
et al. 2009; Rohrmann et al. 2011).

However, correlative information is by itself
not sufficient to assign a function to a gene. Gene
function and role in planta is usually inferred by
the analysis of phenotypic alterations triggered
by changes in transcript level or alteration of the
gene under study. Analysis of the function of a
single gene or of few genes is classically done by
stable genetic transformation of tomato with
Agrobacterium (RNAi or amiRNA or chimeric
repressor silencing, overexpression; Fernandez
et al. 2009) or by transient expression via
agro-injection or Virus-Induced-Gene-Silencing
(VIGS; Orzaez et al. 2009). On a larger scale, in
tomato as in other model plant species, functional
genomics typically rely on the generation and
analysis of mutant collections (T-DNA or
transposon-tagged lines, fast-neutron and EMS
mutants). Using tomato germplasm or mutant
collections displaying artificially induced genetic

variability, linking gene to phenotype can be
done using two approaches known as (i) forward
(classical) genetics, in which tomato genetic
resources are first screen for phenotypes-of-
interest and the underlying genes are further
identified by map-based cloning or association
mapping and (ii) reverse genetics in which the
mutant collection is screened for mutations in
known target gene and the phenotype of mutant
plants is then analysed.

Using Natural Genetic Diversity
for Linking Phenotype to Gene

Germplasm resources represent a large source of
wild and cultivated genetic variability for tomato
in which natural allelic variants underlying phe-
notypic changes can be found. Tomato collec-
tions may include related species, various
accessions with high genetic diversity often col-
lected near the centre of origin of the species, and
heirloom and cultivated lines obtained by
breeders worldwide. These collections provide
very useful resources for identifying natural
alleles, mine the available phenotypic and
genotypic diversity in search of allelic variations
linked with a trait and test their association.
Considerable effort has been devoted in the last
years to perform thorough phenotypic analysis of
natural diversity, mostly in cultivated tomato,
and to store these data in web accessible data-
bases that can be browsed in search of trait
variations (Fig. 5.1). These can include not only
classical descriptors, e.g. fruit shape or colour or
plant architecture, but also other information on
fruit quality traits including fruit composition in
sugars, secondary metabolites or aroma. Thanks
to the parallel generation of genetic populations
such as Introgression Lines (IL) and Recombi-
nant Inbred Lines (RIL) and to the development
of genetic maps highly saturated in markers
(Fernie and Klee 2011; Tomato genome Con-
sortium 2012), the chromosomal regions har-
bouring many of the traits of interest can be
further located in silico.

Natural variations found in cultivated tomato
or in wild relatives have been instrumental in the
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last 15 years to discover the function of several
key proteins controlling fruit weight and fruit
shape variations in domesticated tomato (Frary
et al. 2000; Chakrabarti et al. 2013), to decipher
the ripening regulatory complex (e.g. the RIN
gene; Klee and Giovannoni 2011) and to identify
allelic variants underlying variations in fruit
sugar content and aroma (Fridman et al. 2000;
Fernie and Klee 2011). This has been done
essentially through map-based cloning or posi-
tional cloning of Mendelian mutations and of
Quantitative Trait Loci (QTL), a process by
which the genetic basis of a phenotypic variation
is identified by looking for linkage of phenotype
to markers with known physical location. Hun-
dreds or even thousands of Mendelian mutations
and QTLs have now been mapped. This is an
ongoing process since the refinement of analyti-
cal methods and gene mapping approaches now
allow for example the decomposition of previ-
ously identified complex fruit composition traits
into multiple single quantitative traits (Schauer
et al. 2006; Fernie and Klee 2011).

Breakthrough advances in the last few years
including the tomato genome sequencing
(Tomato Genome Consortium 2012), the avail-
ability of tens of thousands of genetic markers
distributed over the whole genome (Shirasawa
et al. 2010; Kobayashi et al. 2014; Ranc et al.
2012) and the development and availability of
high throughput methods for detecting DNA
polymorphism such as the SolCAP SNP geno-
typing array (Sim et al. 2012) has greatly facili-
tated the identification of causal alleles
responsible for a particular phenotype. As a
consequence, the map-based cloning process
which could take several years in tomato not long
ago has been considerably reduced.

In addition, complementary or parallel strate-
gies can be undertaken to identify the source of
phenotypic variation. In the candidate gene
approach, the location of target genes with func-
tions related to the traits studied are comparedwith
the map location of the mutation/QTL for that trait
(Causse et al. 2004) and the candidate gene is
screened for genetic/epigenetic variations possi-
bly responsible for the phenotypic alteration.
Recently, Causse and coworkers also

demonstrated that the powerful Genome Wide
Association (GWA) mapping approach, by which
the tomato genome is screened for significant
associations between SNPs and specific pheno-
typic alterations, was possible in tomato using
genome admixture of Solanum lycopersicum var.
cerasiforme (Ranc et al. 2012). Association map-
ping was further shown to be an effective tool for
assessing the molecular basis of fruit develop-
mental and quality traits in tomato and for the
discovery of causal SNPs (Chakrabarti et al. 2013;
Xu et al. 2013). With the current availability of
NGS technologies at low cost, non-targeted whole
genome sequencing (WGS) of tomato germplasm
and its comparison with reference tomato genome
may also help detecting polymorphism responsi-
ble for modifications in protein function (e.g. the
splice junction, nonsense andmissense mutations)
and link them with possible downstream pheno-
typic variations (Causse et al. 2013; Hirakawa
et al. 2013). Once the causal polymorphism has
been identified, the linkage between
polymorphism/protein function changes and the
particular trait studied has to be confirmed using
the range of tools available for in planta functional
analysis of genes in tomato, which include the
mutant resources described below.

Using Artificially Induced Genetic
Diversity for Assigning a Function
to Tomato Genes

Using natural genetic diversity for assigning a
function to a gene has several limitations. The
most interesting sources of natural genetic varia-
tion are often found in wild type tomato species
(Ichihashi and Sinha 2014). Studying the rela-
tionship between a gene polymorphism and the
corresponding phenotypic variation can be diffi-
cult for some complex traits, due to the large
genetic and phenotypic variation brought by the
wild parental line. Even in Nearly Isogenic Lines
(NILs), the introgressed fragment may carry
tenths of genes susceptible to affect the trait
studied. Conversely, the genetic variability of
cultivated tomato has been much reduced by
domestication (Frary et al. 2000; Tomato Genome
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Consortium 2012). The new variability generated
by spontaneous mutations and retained in heir-
loom varieties or during subsequent breeding
process is often far from that found in artificially
induced mutant collections. In mutant collections,
the genetic background is identical for all mutants
generated in a given genotype, except for the
genetic variability induced by the mutagenesis
(gene disruption or footprints with T-DNA or
transposon, deletions with fast-neutron mutagen-
esis and c-rays, point mutations with EMS).
Mutant analysis therefore provides a widely used
tool for defining the function of a gene in model
plant species.

T-DNA and Transposon Tagging

Efficient and routine methods for homologous
recombination are not yet available in plants.
Hence, insertional mutagenesis using transferred
DNA (T-DNA) or transposons has been the
method of choice for the generation of genetic
diversity in plants. It is commonly used for gene
discovery and functional analysis of
genes-of-interest in the model plants Arabidopsis
and rice. In tomato, T-DNA from the Ti plasmid
from Agrobacterium tumefasciens and the
nonautonomous mobile elements Activator(Ac)/
Dissociation(Ds) from maize have been used to
generate mutant collections (Meissner et al.
1997, 2000; Emmanuel and Levy 2002; Gidoni
et al. 2003; Mathews et al. 2003). The T-DNA
and Ac/Ds elements are transferred to tomato
through Agrobacterium-mediated genetic trans-
formation using somatic embryogenesis. Their
insertion into tomato mostly causes
loss-of-function mutations which can be easily
detected. In addition, the Ac/Ds system provides
some interesting features. Ds elements are Ac
elements that have undergone deletions and lost
all or part of the transposase activity necessary to
excise Ac or Ds mobile elements. Following
genetic transformation, plants carrying stable
transposition events can be obtained by selecting
against plants carrying the Ac element (Meissner
et al. 2000). Crossing them with transposase
plants allows the mobile element to be excised

and reinserted close by in the tomato genome,
thereby creating a new insertion site. Excision of
the mobile element will leave a footprint (minor
sequence changes) at the donor site. Depending
on the DNA context of the transposition site,
revertants can be obtained or new alleles with
possibly new properties can be created.

Knockout mutants can therefore be generated
in tomato by insertional mutagenesis (Fig. 5.2)
and used as reverse genetics tools for analysing
the function in planta of tomato target genes
(Vogg et al. 2004). Combination of T-DNA or
transposon with reporter genes or enhancers can
be further used for discovering genes and/or
transcriptional regulators (Meissner et al. 2000),
as shown for the discovery of a transcriptional
activator of the anthocyanin pathway using
tomato T-DNA activation tagging lines (Math-
ews et al. 2003). However, though these strate-
gies are very interesting, several limitations
inherent to tomato have hindered their develop-
ment in this species. Because the probability to
hit the gene-of-interest is lower for small genes
than for large genes, loss-of-function mutants for
the target gene are not always identified and very
large numbers of mutagenized plants are needed
to reach near saturation of the collection. In
Arabidopsis, it is estimated that the number of
mutations should exceed by five to tenfold the
number of genes in the genome (Alonso and
Ecker 2006). Given the size of tomato genome,
which is almost sixfold larger than that of Ara-
bidopsis, some estimates (Emmanuel and Levy
2002) consider than near to 200,000–300,000
transposon-tagged lines are necessary to obtain
95 % saturation of the genome. In contrast to
Arabidopsis that is easily transformed by the
floral dipping method, tomato genetic transfor-
mation is based on in vitro somatic embryogen-
esis, which remains a low throughput
technology. This limitation can be partially
overcome using transposon tagging rather than
T-DNA tagging. While T-DNA insertion number
per plant typically varies from one to three, a low
number of initial primary transformants carrying
non-autonomous mobile elements can generate
hundreds or thousands of transposon-tagged
lines. Model tomato varieties such as the
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miniature tomato cultivar Micro-Tom suitable for
high throughput reverse genetics approaches can
further be used (Meissner et al. 1997). However,
until now, the existing limitations have prevented

the development of large insertional mutant col-
lections in tomato.

Detection of T-DNA or transposon insertional
mutations is straightforward (Fig. 5.2). The DNA
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Fig. 5.2 Generation of tomato mutant resources and use
through forward and reverse genetic approaches. a T-DNA
insertional mutants can be generated by Agrobacterium-
mediated genetic transformation and regeneration via
somatic embryogenesis. Homozygous mutant lines dis-
playing a phenotype-of-interest can be PCR-screened to
identify the T-DNA flanking regions using T-DNA specific
primer and random primer. b Transposon insertional
mutants can be generated by Agrobacterium-mediated
genetic transformation and regeneration via somatic
embryogenesis. Homozygous mutant lines displaying a
phenotype-of-interest can be PCR-screened to identify the
transposon flanking regions. cDeletion tomato mutants are
generated by submitting seeds (M0) to ionising radiations
(fast neutron or c-ray). The mutagenized seeds (M1)
produce M1 plants, from which M2 seeds are collected for
seed stock or sown to produceM2 plants. DNA is collected
from individual M2 plants or fromM2 families, pooled and
used for PCR-detection of deletions in genes-of-interest
using gene-specific primers. d Tomato mutants carrying
point mutations are generated by submitting tomato seeds
(M0) to EMS treatment. The mutagenized seeds (M1)

produce M1 plants, from which M2 seeds are collected for
seed stock or sown to produceM2 plants. For identification
by TILLING of unknown mutations in genes-of-interest,
the DNA is collected from individualM2 plants or fromM2
families, pooled and used for the detection of point
mutations e.g. by electrophoresis-based techniques or
NGS sequencing. For forward genetic approach, pheno-
typic data are collected on the M2 family or individual
plants, stored in a database and mined for identifying
mutants carrying the traits of interest. Homozygous mutant
line can be crossed with polymorphic tomato line (e.g. S.
pimpinellifolium). The causal mutation is identified by
traditional map-based cloning through genetic mapping of
the mutant trait using the segregating F2 population.
Alternatively, mutant line can be crossed with the wild
type parental line to identify the causal mutation by NGS
mapping. Bulks displaying or not the mutant trait are
constituted from the F2 population issued from the
back-cross (BC1F2) and submitted to deep sequencing.
Chromosomal region harbouring the causal SNP is iden-
tified by comparison of SNP frequencies in the two bulks
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regions flanking the insertion in a gene can be
PCR amplified using primers specific to the
gene-of-interest and to the T-DNA. Alterna-
tively, single or multiple insertion sites can be
detected in T-DNA and transposon-tagged plants
using random primers and T-DNA or Ds element
specific primers, followed by sequencing of the
flanking regions to identify the disrupted gene(s).

Physical and Chemical Mutagenesis

To overcome the limitations imposed by stable
genetic transformation of tomato, the use of
ionising radiations (c-radiations, fast-neutrons)
or chemical mutagenesis with ethyl methanesul-
fonate (EMS) or N-methyl-N-nitrosourea
(MNU) has been tested and used for generating
tomato mutant collections (Menda et al. 2004;
Dan et al. 2007; Matsukura et al. 2007; Minoia
et al. 2010; Saito et al. 2011; Just et al. 2013)
(Table 5.1). Physical and chemical mutagenesis
produce high frequency of irreversible mutations
randomly distributed in the genome and therefore
independent from genome size. In addition, each
type of mutagenesis has its own specificities
conditioning the method used for detecting the
mutations and the possible utilisation of the
mutants.

Artificially induced genetic variability has
been used for decades to modify existing traits or
to create new valuable traits in cultivated vari-
eties. Crop improvement through mutation
breeding has produced a set of commercial
varieties in a wide range of species including
tomato (Kharkwal and Shu 2009). Recently, the
technological developments allowing the detec-
tion of unknown mutations in mutant collections
through PCR-based methods such as DeleteA-
Gene (Li et al. 2001) for detecting fast-neutron or
c-ray mutations and Targeting induced Local
Lesions IN Genomes (TILLING; Colbert et al.
2001) for EMS mutations has renewed the
interest of the tomato community for creating
highly mutagenized tomato mutant collections
for assigning gene function in tomato. More
recently, the continuous technological improve-
ment and cost reduction in NGS technologies has

led to the successful use of these technologies for
mutation detection in both reverse (from gene to
phenotype) and forward (from phenotype to
gene) genetics approaches in tomato. The current
tomato mutant resources already published
and/or accessible through web are either
fast-neutron, c-ray or EMS mutants (Table 5.1).
The following section will describe the charac-
teristics of these mutant resources and how they
can be used in both reverse and forward genetics
approaches for linking genes and phenotypes.

Physical Mutagenesis and Mutation
Detection
Radiations have been shown to induce physical
deletions of genes in plants. This has been used
in tomato to create deletion mutant collections
using fast neutron (Meissner et al. 1997, 2000;
Menda et al. 2004) and c-rays (Matsukura et al.
2007) (Table 5.1). Fast-neutron bombardment is
a highly efficient mutagenic method that creates
mostly DNA deletions randomly distributed in
the genome. Size distribution of mutations typi-
cally ranges between few bases to more than
30 kb. Gamma-ray irradiation also causes dele-
tion and chromosomal rearrangements whose
severity will depend on the dose used. With both
methods of mutagenesis, loss-of-function
mutants are mostly generated, like for T-DNA
and transposon mutagenesis. However, much
higher mutation frequencies, which are inde-
pendent of genome size (Li and Zhang 2002),
can be obtained. This considerably reduces the
size of the mutant collection necessary to be
screened for mutations in gene-of-interest. Few
thousands mutants are required with physical
deletion instead of tens or hundreds of thousand
mutants with insertional mutagenesis. It is
therefore well adapted to tomato. Since the large
deletions generated may overlap with several
genes, physical deletion can be useful when
duplicated genes, which often show functional
redundancy, are arranged in tandem repeats (Li
and Zhang 2002). In these cases, tight genetic
linkage between the genes often prevents the
generation of double mutants by crossing. Con-
versely, large deletions may be problematic.
Several genes may be deleted at the same locus,
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Table 5.1 Tomato EMS and ionising irradiation mutant resources

Cultivar Mutagenesis Mutant
population

Mutant
population
screened by
TILLING

TILLed
DNA
sequence
(kb)

Mutation
frequency

References Web links

Micro-Tom
INRA
(France)

EMS 1 %
EMS 1 % +
EMS 1 %

4500 M2
families
3500 M2
families

7296 M2
families
(12
plants/family)

49.9 1/663 to
1/130 kb

Dan et al.
(2007), Just
et al. (2013),
Petit et al.
(2014)

Micro-Tom
NBRP
(Japan)

0.5 % EMS
1 % EMS

2180 M2
families
872 M2
families

3052 M2
families
(10
plants/family)

15.3? 1/1710 kb
1/737 kb

Okabe et al.
(2011), Saito
et al. (2011)

http://www.
tomatoma.
nbrp.jp/
index.jsp

TPAADASU EMS 1 % 8225 M2
families
7030 M3
families

8025 M2
families
6692 M3
families

0.85 1/737 kb Gady et al.
(2009)

M82 EMS 0.5 % 6000 M2
families

4759 M3
families

30.9 1/574 kb Menda et al.
(2004),
Piron et al.
(2010)

http://zamir.
sgn.cornell.
edu/mutants/
http://www-
urgv.
versailles.
inra.fr/tilling/
tomato.htm
http://urgv.
evry.inra.fr/
cgi-bin/
projects/
Tilling/
index.pl

Red Setter EMS 0.7 %
EMS 1 %

4156 M3
families
1352 M3
families

3924 M3
families
(8
plants/family)
1297 M3
families
(8
plants/family)

9.5 1/574 kb
1/322 kb

Minoia et al.
(2010)

http://www.
agrobios.it/
tilling/

Heinz 1706 EMS 1 % 4500 M2
families

512 M2
families

1/450 kb – http://www.
tilling.
ucdavis.edu/
index.php/
Tomato_
Tilling

Best of all EM 0.75 %
EMS 1 %

5000 M2
families

– – – – http://www-
urgv.
versailles.
inra.fr/tilling/
tomato.htm

(continued)
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which may alter the subsequent genetic analyses
and the functional analysis of target genes.

Tomato Fast Neutron and c-Ray Mutagenesis
Construction of fast-neutron or c-ray deletion
mutant collections is straightforward, once pilot
studies have been performed for determining the
optimal dose/rate of mutations (Li and Zhang
2002; Sikder et al. 2013; Yuan et al. 2014).
Typically, half of the mutagenized M1 plants
should be fertile enough to give M2 seeds. For
creating the deletion mutant resource, a large
number of M0 seeds (wild type seeds) are
mutagenized to give M1 seeds (seeds carrying
heterozygous mutations) that are sown (Fig. 5.2).
The M2 seeds are then collected from M1 plants
and sown for collecting DNA and/or phenotyp-
ing M2 plants, or stored. Early studies based on
experiments performed in Arabidopsis suggest
that ca 50,000 mutagenized lines would be nec-
essary to obtain deletion mutants for 80 % of the
targeted loci in various plant species (Li and
Zhang 2002). In tomato, growing 50,000 mutant
lines and harvesting seeds from them remains a
considerable task, especially if cultivars of nor-
mal plant size and indeterminate growth are
chosen. For these reasons, tomato mutant col-
lections issued from physical mutagenesis have
been produced until now in determinate pro-
cessing tomato varieties carrying the sp mutation

(M82, fast neutron mutagenesis) and in the
determinate miniature cultivar Micro-Tom
(fast-neutron and c-ray mutagenesis). Available
tomato deletion mutant populations range from
6400 M2 families for c-ray-treated Micro-Tom
(Matsukura et al. 2007) to 7000 M2 families in
fast neutron mutagenized M82 (Menda et al.
2004) (Table 5.1).

Detection of Deletion Mutants
Detection of unknown mutations in target genes
can be done on pooled DNA from M2 plants
using a simple PCR-based technique (Li et al.
2001) (Fig. 5.2). Now that high-quality tomato
genome sequence is available, specific primers
can be designed for any locus targeted. The PCR
extension time is adjusted so that deletions can be
detected by PCR using DNA pools of up to 2500
lines. Individual mutants in the pools are further
PCR-identified by deconvolution of the pools, i.e.
reducing the complexity of the pools to subpools
with fewer lines and then to individual plants. The
mutations are finally confirmed by DNA
sequencing. However, until now, fast neutron
mutagenesis has been used in tomato in forward
genetic screens for identifying mutants displaying
various phenotypic traits, e.g. resistance to
infection by fungal spores (David-Schwartz et al.
2001) or to parasitic weed (Dor et al. 2011). To
date, no examples of successful screening of

Table 5.1 (continued)

Cultivar Mutagenesis Mutant
population

Mutant
population
screened by
TILLING

TILLed
DNA
sequence
(kb)

Mutation
frequency

References Web links

Money
maker

EM 0.75 %
EMS 1 %

5000 M2
families

– – – – http://www-
urgv.
versailles.
inra.fr/tilling/
tomato.htm

Micro-Tom
NBRP
(Japan)

c-ray 6422 M2
families

– – nd Matsukura
et al. (2007),
Saito et al.
(2011)

http://www.
tomatoma.
nbrp.jp/
index.jsp

M82 Fast neutron
12–15 Gy

7000 M2
families

– – nd Menda et al.
(2004)

http://zamir.
sgn.cornell.
edu/mutants/
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fast-neutron or c-ray tomato for detecting muta-
tions in genes-of-interest have been provided
until now. In the next future, mutant phenotyping
combined with increased availability of tomato
gene sequences of high quality and cost-effective
NGS should trigger the identification by forward
genetics approaches of genes underlying pheno-
typic variations in tomato.

Chemical Mutagenesis and Mutation
Detection
Chemical mutagenesis with EMS or MNU gen-
erates a greater diversity of mutations than
insertional mutagenesis. In tomato, attempts to
perform mutagenesis with MNU have been lar-
gely unsuccessful and the chemical mutant col-
lections published to date have been generated
using EMS. Like MNU, the EMS induces single
nucleotide changes by alkylation of specific
nucleotides and produces mostly G/C to A/T
transitions (Greene et al. 2003; Henikoff and
Comai 2003). These point mutations, often ter-
med SNP for Single Nucleotide Polymorphism,
are randomly distributed in the genome at high
density (Greene et al. 2003). Hundreds to thou-
sands of mutations can be found in each indi-
vidual plant and it is therefore possible to find a
mutation in any given gene by screening few
thousands of tomato plants (Gady et al. 2009;
Minoia et al. 2010; Piron et al. 2010; Okabe et al.
2011; Baldet et al. 2013).

In addition, chemical mutagenesis offers
specific advantages over the insertional or irra-
diation mutations, which tend to produce
knockouts (complete loss-of-function mutations)
by disrupting or deleting the genes-of-interest.
A gene knockout can be lethal when the target
gene is essential to the plant. In contrast, EMS
produces allelic series including truncation
mutations, e.g. splicing site mutations or non-
sense mutations resulting in gene knockout, but
also missense mutations due to a single base
change in a given codon. Both truncation and
missense mutations may affect the function of the
protein; they represent *5 and *45 % of
mutations respectively (Greene et al. 2003).
Amino acid substitutions due to missense muta-
tions can be conservative (similar function is

expected) or nonconservative (modification of
the function). A large range of alleles can
therefore be obtained by screening an EMS
mutant population, including not only strong
alleles but also hypomorphic alleles that are
highly informative for functional studies of target
genes. As indicated above, hypomorphic alleles
may be preferable to complete knockouts that
can be lethal. The EMS-induced point mutations
may also produce dominant-negative mutants,
which are very useful for assessing the biological
function of proteins, for example enzymes
undergoing feedback regulation by metabolites
or transcription factors or kinases involved in
regulatory networks (Diévart and Clark 2003;
Ostergaard and Yanofsky 2004).

Tomato EMS Mutagenesis
As for fast-neutron or c-ray deletion mutants,
creating tomato EMS mutant collections is
straightforward (Fig. 5.2), once pilot experiments
have been performed (Meissner et al. 1997;
Menda et al. 2004; Minoia et al. 2010). EMS
effect and mutation frequencies will depend on
many conditions such as tomato genotype, seed
physiological state, EMS concentration, etc. …
EMS doses used for EMS mutagenesis in tomato
typically range from 0.5 to 1 %, with most of the
mutant populations being obtained with 0.7 to
1 % EMS (Table 5.2). The M0 seeds are muta-
genized to give M1 mutated seeds which are
sown. After selfing, M2 seeds are harvested from
M1 plants. The DNA is collected for mutation
detection from M2 or M3 plants since M1 plants
carry somatic mutations. M2 and M3 plants can
be further analysed for their phenotype, and
phenotypic data can be stored in a database.
Because only two to three cells are at the origin
of the gametes in tomato, (A. Levy, personal
communication), mutation segregation patterns
different from the expected ones can be observed
in M2 families when M2 seeds are collected in
bulk from M1 plants. To increase mutation fre-
quency, the M2 mutagenized seeds can also be
subjected to a new round of EMS mutagenesis
before reentering the same process (Fig. 5.2).

To date, the largest EMS mutant collections
available in tomato have been generated in the
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miniature determinate cultivar Micro-Tom, well
fitted for functional studies of target genes since
it can be grown at high density year-round in
greenhouse and has a short life cycle (four
generations/year) (Meissner et al. 1997, 2000).
More than 13,000 M2 EMS mutant families have
been generated in the last 10 years in this culti-
var, of which more than 10,000 have been further
used for TILLING (Okabe et al. 2011; Baldet
et al. 2013; Just et al. 2013). Most other cultivars
are determinate processing tomatoes easy to
grow in open fields for harvesting seeds: M82
cultivar, which had been used for generating the
S. pennellii introgression lines in cultivated
tomato (Eshed and Zamir 1995), Heinz 1706
used for the reference tomato sequence (Tomato
genome Consortium 2012) and Red Setter. In
addition, the semi-determinate variety Arka
Vikas has been used (Sreelakshmi et al. 2010)
and, more recently, the indeterminate cultivars
Money Maker and Best of All (Table 5.2).

Similar EMS mutation frequencies are
expected whatever the genome size of the plant
species though genome redundancy confers tol-
erance to EMS mutations as recently shown in
Arabidopsis (Tsai et al. 2013). Mutation fre-
quencies are therefore higher in polyploid species
(1 mutation/25 kb in hexaploid wheat; Slade
et al. 2005). Mutation frequencies observed in
tomato EMS mutant populations are function of
the gene sequences analysed and, above all, of
the total number of genes TILLed. Despite these
limitations, the mean mutation frequencies
observed in the various tomato mutant popula-
tions were quite similar and ranged between 1
mutation/320 kb to 1 mutation/730 kb for the
most highly mutagenized populations. Decreas-
ing EMS concentration leads to decreased
mutation frequencies. Conversely, increasing
mutagenesis pressure by performing two rounds
of mutagenesis as performed for Micro-Tom
mutant population in our lab (Fig. 5.2) further
increases the mutation load. Mutation frequen-
cies of up to *1 mutation/130 kb were observed
by TILLING for some genes (Table 5.2). More
recently, whole genome sequencing of mutants
from the same population led to the same

conclusions. In contrast to Arabidopsis, in which
the vast majority of EMS mutations observed
were G/C to A/T transitions (Greene et al. 2003),
spectrum of EMS-induced mutations observed in
tomato is much wider and also includes
transversions (Minoia et al. 2010; Piron et al.
2010). Our own observations on Micro-Tom
EMS populations are in agreement with these
data. Since Micro-Tom plants are grown in
insect-proof greenhouses, possibility of
cross-contamination with other tomato genotypes
is much reduced. In addition, any pollen con-
tamination from normal-sized tomatoes would
result in the appearance of large tomato plants in
the progeny since the miniature size of
Micro-Tom is controlled by recessive alleles
(Dan et al. 2007). This never happened to date,
indicating that a wide spectrum of mutations can
be induced by EMS in tomato.

Mutation Detection by TILLING
TILLING (Targeting Induced Local Lesions IN
Genomes) combines random chemical mutagen-
esis by EMS with PCR-based methods for
detecting unknown point mutations in regions of
interest in target genes (Colbert et al. 2001).
Since the early description of TILLING using
heteroduplex analysis with denaturing HPLC, the
detection of unknown mutations in mutant col-
lections has been done using a large array of
techniques including direct sequencing, capillary
electrophoresis, conformation sensitive capillary
electrophoresis (CSCE), capillary electrophoresis
single strand conformation polymorphism
(CE-SSCP), high resolution melt (HRM),
MALDI-TOF, and infrared- or fluorescence-
based sequencing (Julio et al. 2008; Gady et al.
2009; Rigola et al. 2009; Sikora et al. 2011;
Okabe et al. 2011; Gady et al. 2012). Most of
these technologies can be automated and are
therefore suitable for high throughput screening
of mutant collections. However, with the excep-
tion of the infrared-based LI-COR system, most
of them display best results when DNA fragment
sizes range from 300 to 600 bp. This can con-
siderably increase the time and cost of TILLING
when screening a large number of genes.
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Therefore, enzymatic mismatch cleavage using
endonuclease enzymes members of the S1
nuclease family, followed by electrophoresis
separation of the cleaved fragments, a strategy
originally described by Colbert et al. (2001), has
been widely used in the recent years.

Screening tomato mutant collection with the
endonuclease/electrophoresis detection system is
very simple (Fig. 5.2). CEL1, the first mismatch
cleavage enzyme used for TILLING, was origi-
nally extracted from celery and later from other
plant species and is produced as a recombinant
enzyme (Colbert et al. 2001). ENDO1, an addi-
tional S1 type endonuclease performing similar
functions has first been identified from Ara-
bidopsis and cloned to produce recombinant
protein (Triques et al. 2007). It was later identi-
fied from tomato in which genetically trans-
formed plants overproducing the enzyme have
been obtained (Okabe et al. 2011). Using these
enzymes, mutant detection can be done in most
labs having robust and sensitive sequencing
equipment, for example the LI-COR system.
A DNA fragment of 0.5–2 kb of the target gene
is first PCR amplified from DNA pools (four
to eightfold pools usually) with differentially
labelled primers. Primer labelling will depend
on the electrophoresis equipment used: infrared-
based sequencers such as LI-COR or fluores-
cence-based sequencers. The choice of the target
gene region to be amplified depends on a number
of factors. Among these is the presence of con-
served domains in the protein, of substrate
binding or catalytic sites, of protein–protein
interaction domains, of DNA binding sites etc.…
It also depends on intron/exon gene structure and
on gene composition since these will affect the
probability to find splice junction, nonsense and
missense mutations. Tools such as CODDLE
(Codons Optimized to detect Deleterious
Lesions) (Fig. 5.1) have been developed to scan
the gene sequence in search of the most favour-
able region to find deleterious mutations.
Following amplification, high temperature-
denaturation of the amplified fragment followed
by low temperature re-annealing creates DNA
homoduplexes and heteroduplexes. Heterodu-
plexes are then cleaved next to the mismatch by

CEL1/ENDO1 endonuclease while homodu-
plexes are left intact by the enzyme (Fig. 5.2).
Electrophoresis on denaturing gel will further
separate the cleaved end-labelled DNA frag-
ments from the non-cleaved ones. The use of
differentially labelled primers allows the precise
location on the gel of the two cleaved fragments
and hence of the position of the point mutation in
the DNA sequence. Once a mutant is detected in
a pool of families or of individual plants, the
deconvolution of the pool, identification of the
plant mutant and confirmation of the mutation by
Sanger sequencing is done as described for
deletion mutants.

To date, detection of mutated alleles in tomato
EMS mutant collections has been mostly done
using the Endo1/LI-COR technology, though
HRM, CSCE and next generation (GS)FLX
sequencer have also been successfully used
(Gady et al. 2009; Rigola et al. 2009; Gady et al.
2012) (Table 5.2). The current technical pro-
gresses in NGS technologies and concomitant
cost reductions now trigger the development of
TILLING by sequencing in tomato, using tech-
nologies such as Illumina or Ion Torrent
sequencing, as already done in Arabidopsis (Tsai
et al. 2011, 2013).

Besides the identification of mutations in tar-
get genes, mutant collections can be screened for
mutations in proteins when high throughput
technologies allowing the discrimination
between wild type proteins and mutant proteins
are available. This has recently been done by
screening a Micro-Tom mutant collection for
alterations in kinetic parameters of enzymes from
central metabolism, allowing the discovery of
two mutants in triose-phosphate isomerase
(Ménard et al. 2013).

Reverse Genetic Approach: Linking
Mutation to Phenotype Using Induced
Genetic Variability

In tomato, more than 40 TILLed genes, for which
deleterious mutations susceptible to affect the
biological function of the encoded protein were
identified (Table 5.2), have been published in the
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last four years. Biological processes investigated
were largely focused on development and sen-
sorial and nutritional quality of fruit (Minoia
et al. 2010; Okabe et al. 2011; Gady et al. 2012;
Jones et al. 2012; Baldet et al. 2013; Di Matteo
et al. 2013), on major agronomical traits such as
plant branching and yield control (Busch et al.
2011; Martín-Trillo et al. 2011; MacAlister et al.
2012) and on stress and virus resistance (Gady
et al. 2009; Rigola et al. 2009; Piron et al. 2010).
When a non-synonymous SNP has been detected
within an exon, the amino acid changes in the
protein can be further analysed using PAR-
SESNP (Project Aligned Related Sequences
and Evaluate SNPs) and the possible effect of
amino acid changes on the function of the
encoded protein can be checked using Sorting
Tolerant From Intolerant (SIFT) (Fig. 5.1). These
predictions can be used to select the allelic series
that will be studied further. This is usually done
by selecting plants carrying homozygous muta-
tion in the progeny (when mutation is non-lethal)
and by characterising their phenotype.
Since hundreds of unrelated EMS mutations
introduced by EMS mutagenesis are present in
each plant, it is necessary to use plants from the
same family that do not carry the mutated allele
as controls. Mutant plant carrying the mutated
allele of interest can be further backcrossed with
wild type plants, to reduce the mutation load, as
was done in wheat in which four backcrosses
were estimated sufficient to derive lines similar
to the wild type parent (Slade et al. 2005).
However, purifying the mutation by several
backcrosses can take a long time. For linking a
plant phenotypic change to a mutation, the
association between the mutation and the phe-
notype can be studied (i) using a large segre-
gating population; (ii) several independent alleles
displaying the same phenotypic effect that do not
complement each other can be obtained (Henik-
off and Comai 2003; MacAlister et al. 2012);
(iii) and/or other strategies such as RNAi
silencing (Busch et al. 2011) or VIGS can be
used.

Forward Genetic Approach: Linking
Phenotype to Mutation Using Induced
Genetic Variability

Besides TILLING, the tomato EMS mutant col-
lections can be further exploited through forward
genetic approach aiming at identifying the
mutation underlying the mutant trait. One of the
advantages of this approach is that it does not
require prior assumptions of the function of a
gene. It relies first on the phenotypic characteri-
zation of the mutant trait, which can now be done
using portable data acquisition devices (Vanku-
davath et al. 2012). Several EMS or irradiation
tomato mutant populations designed for TIL-
LING have already been thoroughly screened for
phenotypic alterations. These include M82
(Menda et al. 2004), Red Setter (Minoia et al.
2010) and Micro-Tom (Saito et al. 2011; Just
et al. 2013; Petit et al. 2014) cultivars. Thousands
to tens of thousands of phenotypic traits were
identified, classified into up to 48 (Menda et al.
2004; Saito et al. 2011) and 150 (Just et al. 2013)
categories and subcategories and used to build in
silico databases allowing the association between
mutant line and phenotypic categories.

Mining phenotypic databases allows the
identification of mutant lines for a given trait. In
most populations described, several mutant
alleles were found per locus indicating the nearly
saturation of the mutant collections. Allelism
tests can be performed to determine whether one
or several mutated loci are responsible for the
mutant trait. Next step is the identification of the
gene mutation or other allelic variation under-
lying the phenotypic alteration observed. This
can be done as for natural genetic variation
through map-based cloning, which can be com-
bined or not with candidate gene approach
(Fig. 5.2). This strategy has been considerably
eased by the availability of reference tomato
genome sequence (Tomato Genome Consortium
2012), the development of genetic markers
(Shirasawa et al. 2010; Kobayashi et al. 2014;
Ranc et al. 2012) and of SNP genotyping arrays
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in tomato (Sim et al. 2012), and the availability
of gene expression atlas in plant organs, tissues
and cells (Matas et al. 2011; Park et al. 2012).
Map-based cloning of mutations has been very
successful in the recent years to identify allelic
variants responsible for fruit cuticle alterations in
M82 and Micro-Tom mutant populations
(Isaacson et al. 2009; Yeats et al. 2012; Kimbara
et al. 2013; Shi et al. 2013; Petit et al. 2014).
However, this strategy still requires crossing the
mutant line with polymorphic tomato genotype,
such as the S. pimpinellifolium wild ancestor of
cultivated tomato. The F2 progeny may therefore
present for the trait under scrutiny a large phe-
notypic diversity independent from the mutation
studied.

Thanks to the large amount of sequence data
produced by current sequencing technologies, a
very promising approach is to use the EMS
mutations as genetic markers in order to identify
the mutation by NGS mapping, as described in
Arabidopsis (Hartwig et al. 2012) and rice (Abe
et al. 2012). Since this strategy involves a cross
between the mutant and its wild type parent
(Fig. 5.2), no undesirable variations other than
those due to mutagenesis are observed in the F2
progeny segregating for the mutation. Whole
genome sequencing is performed on two bulks
of F2 segregants displaying or not the mutant
phenotype. SNP frequencies are then compared
between the two bulks. In case of recessive
mutation, a 100 % SNP frequency is expected
in the bulk showing mutant phenotype whereas
a 33 % SNP frequency is expected in the bulk
without mutant phenotype. Using NGS map-
ping, we recently identified the mutation
responsible for a fruit colour variation in our
Micro-Tom EMS mutant population. The 600
plants from the F2 segregating population were
cultivated in a greenhouse on only 4 m2. These
results indicate that NGS mapping combined
with the use of Micro-Tom EMS mutants can
be successfully used for the identification of
EMS mutants in tomato, opening the way to the
plant biology community for using tomato as a
model for gene discovery and functional studies
in plants.
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6The Sequencing: How it was Done
and What it Produced

Marco Pietrella and Giovanni Giuliano

Abstract
The tomato genome sequencing was part of a larger international project
whose final aim was to develop a network of resources focusing on the
biology of the plant and to address key questions about adaptation and
diversification in the Solanaceae family. Solanum lycopersicum was
chosen as a model system by virtue of the wealth of its genetic resources
and was sequenced by the International SOL Consortium including 10
different countries. Initially the project started with a BAC-by-BAC
strategy with the support of dense genetic and physical maps. With the
advent of Next Generation Sequencing (NGS) techniques, strategies were
revised to a primarily Whole Genome Shotgun (WGS) approach. The
published genome is the result of the combination of the data obtained
from both methodologies and represents a golden standard among
Solanaceae that will serve different aspects of basic and applied research.

Keywords
Tomato � BAC-by-BAC �Whole genome sequencing � Physical mapping
� FISH

Introduction

The Tomato Genome Sequencing Project was
launched onNovember 3, 2003, at a workshop held
in Washington, DC, where a large international

group of scientists discussed the feasibility, utility,
strategy, and level of international interest for
sequencing the tomato genome as a reference for
the family Solanaceae and other closely related
plant families. In 2004, tomato genome sequencing,
as part of the larger “International Solanaceae
Genome Project (SOL): Systems Approach to
Diversity and Adaptation” initiative (Mueller et al.
2005) was finalized and a white paper was drafted.
The project involved 10 different countries,
including theUSA, SouthKorea, China, UK, India,
The Netherlands, France, Japan, Spain, and Italy.
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The aim of the project was to provide a high-quality
genome assembly that could serve as a golden ref-
erence for other species in the Solanaceae family. In
particular, tomato was chosen because it represents
the Solanum genus, containing close to 50 % of the
total number of Solanaceae species and several
crop plants, such as tomato, potato (S. tuberosum),
eggplant (S. melongena), and pepino (S. murica-
tum). Large populations of Recombinant Inbred
and Backcross Inbred (Introgression) lines derived
from interspecific crosses with wild tomato species,
mutant collections, inbred lines, and BAC libraries
were available (solgenomics.net) and made tomato
the ideal species for a sequencing effort in the
Solanaceae genus. The Heinz 1706 cultivar
(Ozminkowski2004), a progenitor ofmanymodern
canning varieties, from which deep coverage Bac-
terial Artificial Chromosome (BAC) libraries were
available, was chosen for the sequencing.

BAC-by-BAC Sequencing

BAC-by-BAC genome walking was initially the
proposed strategy, starting from “seed” BACs
anchored on the genetic map. This approach had
been successfully used for the sequencing of the
125-Mb Arabidopsis genome (The Arabidopsis
Genome 2000), while the first sequences of the
450-Mb rice genome had been obtained by
Whole Genome Shotgun (WGS) approaches
(Goff et al. 2002; Yu et al. 2002).

Because of the relatively large size of the
tomato genome (950 Mbases), the initial goal of
the project was to sequence the euchromatic
regions of all 12 chromosomes. The main moti-
vations were the high cost of Sanger sequencing,
and the availability of over 2500 anchored
markers on an F2 Solanum lycopersicum �
Solanum pennellii mapping population (Fulton
et al. 2002; Frary et al. 2005), of which the
majority located on gene-rich euchromatin. Fur-
thermore, observations showed that the tomato
genome was structured into gene-poor pericen-
tromeric and telomeric heterochromatin and dis-
tal, gene-rich euchromatin (Fig. 6.1; Peterson
et al. 1996; Wang et al. 2006; Chang et al. 2008).
Despite the latter encompassed only about 25 %

of total genome sequence, approximately 90 %
of all non-transposon genes were calculated to
reside there (Van der Hoeven 2002).

The sum of euchromatic portions of the gen-
ome was estimated to be about 220 Mb, with a
projected sequencing cost less than twice that
required to sequence the Arabidopsis genome.
The proposed BAC-by-BAC sequencing strategy
was based on the anchoring of BACs to a ref-
erence genetic map (called “seed” BACs).
Three BAC libraries were available: a HindIII
library, consisting of 129,024 clones (Budiman
et al. 2000), an EcoRI one (75,264 clones) and an
MboI (52,992 clones) library, resulting in more
than 25 � coverage of the tomato genome. In
addition to these libraries, in order to strengthen
the genomic coverage and to accelerate the fin-
ishing, a BAC library (80,256 clones) and a
fosmid library (>100,000 clones) were prepared
from random sheared DNA (Table 6.1).

All libraries were end-sequenced (the BAC
libraries by US partners and the fosmid libraries
by the Wellcome Trust Sanger Institute and the
University of Padua), yielding >340,000 high-
quality reads (0.2 � genome coverage) and
>180,000 reads (0.15 � genome coverage),
respectively (Table 6.2).

Using the sequence-ends, a minimal tiling
path of BAC clones mapping on the euchromatic

pericentric
heterochromatin 

centromere

euchromatin 

euchromatin 

pericentric
heterochromatin 

Fig. 6.1 Eu- and hetero- chromatin distribution on a
tomato chromosome
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“arms” for each chromosome was calculated
(Mueller et al. 2005).

The seed BACs, once sequenced, were further
extended by identifying overlapping BACs (ex-
tension BACs) on the minimal tiling path. This
process was iterated until exhausting the tiling
path around a seed BAC.

The random sheared libraries were of particular
use to fill the voids left due to nonrandom distri-
bution of restriction sites on the genome. The
usefulness of such resources had been already
demonstrated during the finishing process of the
rice genome (Ammiraju et al. 2005). Furthermore,
the defined insert length of the fosmids could be
used as an analytical tool to detect potential
misassemblies. The shorter insert length from the
fosmid clones was ideal for filling smaller gaps,
minimizing redundant sequencing.

The final goal of the Tomato Genome
Sequencing Project was to provide researchers
with a high-quality, “golden standard” assembly

representing a reference genome for the other
Solanaceae. The standards of quality and com-
pletion agreed on by the consortium were
comparable to those of the international rice
genome sequencing project (The International
Rice Genome Sequencing 2005) including:

• an error rate of less than 1:10,000 bases and
continuous sequence across the entire BAC
(HTGS phase 3)

• average of eightfold redundancy in sequencing
coverage with a minimum of one high-quality
read in both directions at any given location

• being as gap-free as possible, given all rea-
sonable state-of-the-art gap-filling approaches
available at the time of sequencing

The 12 chromosomes were assigned to the
different participating countries (Fig. 6.2) and at
Cornell University, seed BACs were anchored on
the genetic map and shipped to the respective

Table 6.1 BAC and fosmid libraries used for the sequencing project

Library name Enzyme used Clones (n) Length span (mean) Genome
equivalentsbTheorical

(kb)
Calculateda

(kb)

SL_Hind
(LE_Hba)

HindIII 129,024 117 105.2 14.3�

SL_Eco EcoRI 75,264 100 103.2 8.2�
SL_Mbo MboI 52,992 135 121.4 6.7�
SL_Fos – 153,600 38 37.2 6.0�
Random sheared – 80,256
aCalculated on genome (v2.40) by remapping ends
bCalculated on a 950 Mb genome size

Table 6.2 Sanger clone end (SCE) sequence data used for the S. lycopersicum genome sequencing project

Library
type

Fragment length
(kb)

Read length
(bp)

Raw Filtered single Filtered paired

Reads
(n°)

Bases
(Mb)

Reads
(n°)

Bases
(Mb)

Reads
(n°)

Bases
(Mb)

HindIII
BAC

105.2 621 143,602 89,203 17,507 9682 125,538 79,134

EcoRI
BAC

103.2 601 76,975 46,292 10,031 5489 66,944 40,803

MboI
BAC

121.4 504 88,728 44,789 10,410 4777 78,060 39,943

Fosmid 37.2 549 151,301 83,159 21,855 10,973 129,444 72,185

Total 460,606 263,444 59,803 30,922 399,986 232,065
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Fig. 6.2 Picture of the 12 tomato chromosomes show-
ing, for each chromosome, the responsible country. The
sequencing status for each chromosome (Chr) is shown as

of October 2008, when the WGS strategy was adopted
(top), and as of November 2013 (bottom)
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sequencing centers. The actual sequencing effort
started in the fall of 2004.

The high-density reference genetic map used
to select the seed BACs contained DNA markers
of different origin (SSR, AFLP, EST, etc.)
obtained from the Tomato-EXPEN 2000 map-
ping population. The map, visible on the SGN
website (http://solgenomics.net/cview/map.pl?
map_id=9), was derived from an F2 population
of 83 individuals developed from a cross of the
cultivated tomato (S. lycopersicum) line
“LA925” with a line (LA716) of the wild tomato
relative S. pennellii (Fulton et al. 2002; Frary
et al. 2005). The resulting linkage map accounted
for a total of 2604 markers, including a smaller
subset of restriction fragment length polymor-
phism (RFLP) markers from the old
Tomato-EXPEN 1992 map (Tanksley et al.
1992) and a larger subset of Conserved Ortholog

Set (COS) markers (Fulton et al. 2002; Wu et al.
2006) derived from a comparison of a tomato
EST database against the entire Arabidopsis
genome. Only single/low copy COS markers
with significant matches to putative orthologous
loci in Arabidopsis were selected, useful for
identifying chromosomal inversions, duplica-
tions, and other large-scale genome rearrange-
ments. More recently, a similar map, based on
the same material as the Tomato-EXPEN 2000
but containing new SSR markers, has been pro-
duced by Shirasawa et al. (2010) and can be
viewed at http://www.kazusa.or.jp/tomato/. This
new marker set contains 2116 loci, covering
1503 cM and was also used to further anchor
BACs onto the genetic map (Fig. 6.3).

To anchor BACs to the genetic map, libraries
were screened with “overgo” probes, designed
on sequenced markers of the EXPEN 2000

Fig. 6.3 Comparison between Tomato-EXPEN 2000 map (left) and Kazusa F2-2000 genetic maps (right) for tomato
chromosome 12 (from: http://solgenomics.net/)
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map. A total of 1536 probes (i.e., one every 143
Kbases of euchromatin on average) were used to
screen a total of 128,560 BACs resulting in 7972
high-quality probe-BAC associations. A sum-
mary of these results can be found on the SGN
website (http://solgenomics.net/maps/physical/
overgo_stats.pl). Although overgo screening is
simple and efficient, spurious hybridization may
cause both false-positive and false-negative BAC
associations (Han et al. 2000; Romanov et al.
2003; Peters et al. 2009). As an example, the
RFLP marker cLET-5-M3 was initially mapped
onto chromosome 12 with high confidence
(LOD = 3) and, with lower confidence, on
chromosome 7 (http://solgenomics.net/marker/
SGN-M2981/details) while FISH mapping (see
below) localized this marker on chromosome 6
(Peters et al. 2009).

Knowing the shortcomings of the map and the
necessity to univocally identify and place the
seed BACs, markers needed to be confirmed by
PCR and re-sequencing of the loci. Each seed
BAC was then used to extend out into the min-
imum tiling path. The “BAC walking” approach,
where the next BAC in the euchromatin was
identified by BLASTing against a BAC/fosmid
end sequence database (http://solgenomics.net/
tools/blast/index.pl) was used without a priori
knowledge of the clone position in the genome,
instead of using the physical map to sort clones.
To avoid too much redundant sequencing, can-
didate extension BACs were selected, having an
overlap of 5–10 kb with seed BACs. After a
couple of instances in which the BLAST
approach alone resulted in “jumps” on extension
BACs located on non-related chromosomes, an
additional verification step was introduced, based
on PCR mapping of extension BACs on an
Introgression Line mapping population (Eshed
and Zamir 1995) (see below). To help identifying
suitable extension BACs, two dedicated software
tools were also developed, namely TOPAAS
(Peters et al. 2006) and PABS (Todesco et al.
2008).

An additional, albeit laborious, step to vali-
date the mapping of seed BACs was FISH
(Fluorescence In Situ Hybridization) with BAC
clones. The exact map locations of genetic

markers and the relative positions between
markers is sometimes difficult to determine,
especially in genomic regions in which recom-
bination is suppressed (Sherman and Stack
1995). Therefore, verification of the positions of
seed BACs by FISH proved to be an important
tool. FISH was performed in two laboratories
using two slightly different techniques: stirred
spreads (de Jong lab, (Szinay et al. 2008) and
synaptonemal complex (SC) spreads (Stack lab,
(Stack et al. 2009), with good levels of
inter-laboratory reproducibility (The Tomato
Genome Sequencing 2012). Using these data, a
cytological map consisting of tomato pachytene
chromosomes has been developed which can be
visualized at http://solgenomics.net/cview/map.
pl?map_version_id=25. Besides validating the
chromosomal localization of seed BACs on the
euchromatic parts of chromosome, such FISH
map was used to assist and guide the extension of
the euchromatic tiling path and to determine
when the heterochromatin and telomeric regions
had been reached on each arm, thus preventing
the sequencing of undesired chromosomal parts.
While repeated sequences can interfere with both
BAC walking and FISH, this problem often can
be minimized for FISH by chromosomal in situ
suppression (CISS) hybridization with unlabeled
tomato Cot 100 DNA (Szinay et al. 2008).

A valuable alternative (or better a prerequisite
of the BAC prior to BAC/FISH mapping) con-
sisted in the genetic mapping of the BAC on
tomato chromosomes with the use of introgres-
sion line (IL) populations (Eshed and Zamir 1995
http://solgenomics.net/cview/map.pl?map_id=il6).
This approach was based on identification of
polymorphisms between S. lycopersicum and
S. pennellii on BAC end sequences that were
amplified by PCR. SNP polymorphisms were at a
2.5 % level, based on sample sequencing of the
two genotypes. The workflow used for the
mapping is shown in Fig. 6.4. The utility and the
robustness of this process were demonstrated by
the concordant results obtained from FISH
analyses run in parallel (http://solgenomics.net/
search/genomic/clones and data not shown).
Assessments of chromosomal positions of the
BACs with these techniques indicated that seed
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BACs were generally in agreement with the
genetically mapped marker order from the
EXPEN 2000 map, although inconsistencies
have been found, mainly regarding erroneous
mapping or misplaced order. The latter could
also be due to rearrangements that may exist
between the genotype of the EXPEN 2000 map
and that of the species used for IL/FISH mapping
[(Peters et al. 2009), data not shown]: in fact
several inversions have been identified between
the cultivated tomato and S. pennellii, parents
used for the reference map (van der Knaap 2004).

Due to an uneven distribution of markers or to
inherent problems with the overgo mapping
process, early in the project a number of regions
were identified lacking seed BACs. To overcome
this problem, additional screenings of BAC
libraries were performed with the already iden-
tified overgo sequences or with new markers that
were not yet included in the overgo process.
A helpful tool to easily screen large BAC pop-
ulations was developed by INRA-CNRGV

(http://cnrgv.toulouse.inra.fr/) that relies on the
use of 3D BAC pools to screen an entire genomic
library by PCR searching for marker sequences
(Fig. 6.5).

To this date (July 2016) 2500 BACs have
been sequenced and anchored to the 12 chro-
mosomes (Fig. 6.2): of these, 328 were
sequenced up to HTGS (High-Throughput Gen-
ome Sequence) 1 phase, 382 to HTGS2 and 1806
to HTGS3 phase, representing 290 Mb, includ-
ing overlaps. Seventy-five additional BAC clones
(four in HTGS1, two in HTGS2 and 69 in
HTGS3 phase), accounting for a total of
8,716,369 sequenced bases have been sequenced
but not anchored to a specific chromosome.
These represent problematic (chimeric, etc.)
clones whose localization could not be con-
firmed. The sequenced BACs are available for
download at SGN (http://solgenomics.net/
organism/Solanum_lycopersicum/clone_sequenc
ing) and GenBank (http://www.ncbi.nlm.nih.
gov/). Although a first high-quality draft of the

Fig. 6.4 Workflow of introgression lines-based BAC mapping
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tomato genome has already been assembled and
published (The Tomato Genome Sequencing
2012) both the BAC sequencing and FISHing
has progressed, and now 544 FISHed clones are
available, a number of which has been found to
localize in gaps between sequenced scaffolds and
can thus be included in the assembly (S. Stack,
pers. comm.).

Physical Mapping

Physical mapping is an integral part of the
reconstruction of the tiling path as it provides the
backbone for ordering and joining sequence data.
Initially, physical maps were built by finger-
printing BACs from the HindIII library, and
contigs of overlapping BACs were generated
using the fingerprinted contigs (FPC) tool
(Soderlund et al. 2000). This yielded 644 mark-
ers, and resulted in 4385 contigs (http://www.
genome.arizona.edu/fpc/tomato/). Similar results
were obtained using the MboI library. However,
the technique used to produce the maps has been
found to introduce gaps and false overlaps
(Meyers et al. 2004), so that a new FPC map was
built, based on the more precise capillary-based
method (high-information-content fingerprinting,
HICF (Luo et al. 2003). The derived SNaPshot

map comprised nearly 340,000 BACs from all
the libraries used in the project, including 4123
overgo and electronic markers. BAC end
sequences were used to link physical mapped
clones to tomato unigenes in the SNG database
(ftp://ftp.solgenomics.net/unigene_builds), indi-
vidually sequenced BACs, and sequenced
markers.

Contextually, a Whole Genome Profiling
(WGP) physical map was constructed using
KeyGene proprietary technology (http://www.
keygene.com/products-tech/wgp2-0/). For this,
92,160 BACs, representing an approximate 11X
genome coverage, were used. A sequence-based
physical BAC map was assembled using an
improved version of the FPC software (Keygene
N.V.) that is capable of processing
sequence-based BAC fingerprint (WGP) data
instead of fragment mobility information as used
in the original FPC (Soderlund et al. 1997; van
Oeveren et al. 2011). WGP data were used as
input in the FPC map assembly yielding a
physical map consisting of 2521 contigs in size
and containing including over 52,000 BACs
(Table 6.3).

Together with the high-density genetic map
and the genome-wide BAC FISH, the two
BAC-based physical maps constituted the
framework for anchoring single BACs, contigs

Fig. 6.5 Organization of a
3D pool for BAC library
screenings. Each well
represents a single BAC
and the colored planes
represent the 3D pools; the
identification of the single
BAC is possible by
crossing the coordinates
(line, column and plate)
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and scaffolds originating from all sequencing
techniques used and helped to the reconstitute the
correct sequence and orientation of the genomic
sequenced fragments into chromosome-like
structures (Fig. 6.6).

Whole Genome Shotgun
(WGS) Approach

By the fall of 2008, despite the great efforts made
by all participating countries, it became evident
that the overall progress of the BAC-by-BAC
sequencing project was problematic. Large

regions of the euchromatic genome were lacking
seed BACs and extension of the majority of BAC
contigs became increasingly difficult or had come
to an end. Furthermore, the conviction that the
heterochromatic part of the genome, initially
excluded from sequencing, would be virtually
devoid of genes (Wang et al. 2006) appeared not
to be true. This assumption could be confirmed
when FISH was used to identify BACs from
euchromatin–heterochromatin boundaries or
heterochromatic regions (Szinay et al. 2008).
Sequencing a number these BACs demonstrated
that they were actually more gene-rich than
expected (Peters et al. 2009). This observation

Table 6.3 WGP and
SNaPshot mapping results

WGP map SNaPshot map

Total # of BACs in FPC 66,084 82,784

# of contigs 2521 1835

# BACs in contigs 52,617 66,810

# Singleton BACs 13,467 15,974

Coverage (Mbp) 953 859

Average # BACs/contig 21 36

N50 contig size (# BACs) 26 67

Average contig size (Mbp) 0.378 0.39

N50 contig size (Mbp) 0.563 0.697

Fig. 6.6 Dotplot showing whole genome alignment of the physical contigs to pseudomolecules
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raised the possibility that a reasonably high
amount of genic sequences would be missed in a
euchromatin-only approach.

Meanwhile, from 2005 to 2006 on, a series of
“Next Generation Sequencing” (NGS) technolo-
gies, including Roche/454, Applied Biosystems/
SOLiD, and Illumina/Solexa became commercially
available. These technologies offered much higher
throughput and much lower costs than traditional
Sanger sequencing (Mardis 2008). In particular, in
late 2008 the 454 Titanium technology, with read
lengths of up to 400 bp andmate-pairs spanning up
to 20 kb became available. Already in 2007, 454
sequencing of tomato BACs had been initiated,
significantly accelerating the release of sequenced
BACs. However, the caveats of the BAC-by-BAC
approach still represented a significant bottleneck
for a timely completion of the project.

In parallel the Japanese team developed in
2007 an additional WGS approach, based on
BAC pools denoted as SBM (Selected BAC
Mixtures). These pools comprised of 30,800
BAC clones with only one or neither end con-
taining repetitive sequences. These BAC mix-
tures, thought to represent mainly the gene-rich
fraction of the genome, were shotgun-sequenced
through Sanger technology to obtain >4 million
reads (ca 3.5 � genome coverage).

At the SOL meeting in Cologne, in October
2008, three countries (Netherlands, Japan, and
Italy) proposed to adopt a WGS approach based
on the use of the SBM sequence and comple-
mented by a substantial amount of Roche/454
sequencing and WGP mapping. This was an
innovative proposal, since at that time no gen-
ome of the size of tomato had been completed
or published through the predominant use of
NGS technologies. The approach was broadly
adopted by the whole consortium and the actual
sequencing started in spring 2009. The
first assembly was obtained in October 2009
and the first annotation (iTAG 1.0, very similar
to the 2.3 version actually in use) appeared in
December 2009. Through this approach, no
distinctions were made between the
different chromosomes or regions (hetero- or
euchromatin). As such, the process contributed
to all existing national chromosome projects

and included also those regions that
initially were excluded in the BAC-by-BAC
approach.

In total 28.4 Gb of sequence data was gener-
ated using Roche/454 Titanium technology. This
consisted in 14.4 Gb of shotgun reads (corre-
sponding to a 15 � coverage of the tomato
genome, reflected by more than 40 million of
reads with a mean length of 350 bp), 7.1 Gb of
3 kb mate-pair reads (>7 � coverage), 3.9 Gb of
8-kb mate-pair reads (>4 � coverage), and
3.0 Gb of 20-kb mate-pair reads (>3 � cover-
age). Together with the SBM Sanger reads, these
reads contributed to the backbone for the tomato
genome assembly. Additionally, 133 Gb SOLiD
reads (140 � coverage) were generated for both
shotgun and mate-pairs with different insert sizes
(1, 4, and 8 kb). Finally, two Illumina paired-end
libraries with insert sizes of *450 and 500 bp
and four mate-pair libraries of 2, 3, 4, and 5 kb,
were sequenced, representing an 86 � coverage
of the tomato genome.

Mate-pairs were particularly important for a
de novo genome assembly: because they are
pairs of reads spanning a known distance span
that ranged from 1 to 20 kb, they helped joining
contigs that were separated by problematic
regions (difficult to sequence or repeated
sequences). Mate-pairs are thus particularly use-
ful when trying to assemble eukaryotic genomes,
containing large amounts of repeated sequences.
In the case those repeats or low complexity
genomic fragments remain shorter than the
mate-pair span, the genomic region can be
assembled. In this respect, BAC and fosmid
paired ends can be considered as mate-pairs with
a larger span. Moreover, mate-pairs can be used
to assess the structural integrity of an assembled
genome, because they are oriented and can help
evaluating if the contigs have been assembled in
the correct orientation and direction.

The 29 � 454 coverage represented a high
level of redundancy, when compared with other
sequenced genomes that used WGS approaches:
Vitis vinifera had a Sanger coverage of 12�,
(Jaillon et al. 2007), and an even lower coverage
was sufficient to assemble Sorghum bicolor
(Paterson et al. 2009).
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Data Preprocessing

The total amount of data, the high coverage, the
presence of redundant information due to dupli-
cated materials, contaminants, and low-quality
reads, was a heavy challenge for the computa-
tional resources needed to assemble the reference
genome. Furthermore, these could result in chi-
merisms or other artefactual results. Because of the
large amounts of 454 reads, and the lack of efficient
software to generate hybrid assemblies, Illumina
and SOLiD data were not used in the actual
assembly but for base error correction of the typical
454-related errors (indels in homopolymers).

Preprocessing involved screening and removal
of bacterial sequence contaminations from all the
HTGS2 and HTGS3 BACs. These were then
assembled into a nonredundant set of BAC contigs.
The same was done for the SBM reads, where
additionally, low-quality data were removed with
Phrap. The data were further screened for the
presence of remnants of cloning vector sequence

with Cross_match and NCBI Blast. Similarly,
duplicated reads were removed. 454 read filtering
included the removal of duplicate reads; addition-
ally, reads shorter than 50 bases or longer than 450
bases but containingmore thanone ambiguous base
call (N) were likewise discarded.

SOLiD reads were quality-trimmed according
to their quality scores; afterwards, those reads with
trimmed lengths below 35 bp for the 50 bp
libraries, or lengths below 20 bp for the 35 bp
libraries, or an average quality below 15 were
discarded. Similarly to the treatment of 454 reads,
duplicated reads were also removed. The adjusted
reads were aligned against the assembly using
PASS (Campagna et al. 2009) and coupled using
the pairing option of PASS. This stepwas essential
to produce the data required for the evaluation of
the structural correctness of the de novo assembly.
The resulting polished reads are summarized in
Table 6.2 for BAC and Fosmid ends and in
Table 6.4 for the other materials. This material has
been used for the final tomato genome assembly.

Table 6.4 Sequence data for the S. lycopersicum genome

Reads class Library
type

Fragment
length

Read
length
(bp)

Raw Filtered

Reads (n) Total
bases (Gb)

Reads (n) Total
bases (Gb)

Selected BAC
mixture

Mate-pair 2.5 kb 881 4,039,383 3.558 3,797,957 3.137

454 Shotgun 700 bp 353 40,113,556 14.390 28,741,862 10.881

Mate-pair 3 kb 336 20,055,779 7.101 14,908,129 5.581

Mate-pair 8 kb 335 11,690,684 3.928 8,583,068 3.011

Mate-pair 20 kb 342 8,639,567 2.945 3,880,727 1.399

Total 80,499,585 28.364 56,113,785 20.872

SOLiD Mate-pair 1 kb 2 � 25 816,569,620 20.414 518,915,022 11.416

Mate-pair 4 kb 2 � 25 1,168,816,240 29.22 932,988,223 20.526

Fragment 7 kb 50 408,291,426 20.414 128,650,283 5.146

Mate-pair 8 kb 2 � 50 1,259,868,973 62.993 687,471,776 27.499

Total 3,653,546,259 133.041 2,268,025,304 64.587

Illumina Paired-end 312 bp 2 � 90 774,073,174 69.667

Mate-pair 2 kb 2 � 54 59,383,914 3.207

Mate-pair 3 kb 2 � 54 61,880,468 3.342

Mate-pair 4 kb 2 � 54 56,466,436 3.049

Mate-pair 5 kb 2 � 54 57,196,140 3.089

Total 1,009,000,132 82.354
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Conclusion and Outlook

The importance of tomato as a genetic model for
Asterids, a model for fleshy fruit ripening and an
important horticultural crop can hardly be over-
stated. This was the main reason for launching the
genome sequencing effort as early as 2003, when
genome sequencing was in its infancy and just two
plant genomes (Arabidopsis and rice) had been
completed and published. The initial goal was to
sequence only the 220 Mb of euchromatin, pre-
dicted to contain the majority of tomato genes,
through a BAC-by-BAC approach. In spite of the
switch to a WGS approach in 2009, to date more
than 2500 BACs have been sequenced and made
available to the community through the SOLportal
(http://solgenomics.net/; Fig. 6.2).

However, despite the large efforts devoted to
BAC sequencing, the turning point of the project
was the switch to a WGS approach based on a
mix of Next Generation Sequencing, Sanger
sequencing, and physical mapping. This
approach produced, in less than a year, one of the
best quality assemblies available in Asterids,
with an error rate of less than 1 base in 7000
(falling below 1 in 15,000 in coding regions)

(The Tomato Genome Sequencing 2012) and
742 Mb (i.e., 83 % of the 900-Mb genome)
assembled in just 91 chromosome-anchored,
oriented scaffolds. These metrics are far better
than any other dicot genome published to date,
with the exception of Arabidopsis, which is
sevenfold smaller than tomato. Other chapters of
this book are devoted to the details of the
assembly effort and to the annotation by the
international Tomato Annotation Group (iTAG),
which is of comparably high quality.

The effort to improve the assembly is still
ongoing with funding from the US and Dutch
governments. Extensive FISH mapping, optical
mapping, pooled gap spanning, 454 BAC
sequencing and PacBio (Pacific Biosciences)
long sequences incorporated into the assembly
using PBJelly (English et al. 2012) are major
players in this effort and have resulted to date in
extensive gap filling (Table 6.5) and the reori-
entation and rearrangement of 45 of the 91
scaffolds (Shearer et al. 2014), located mostly in
heterochromatin and comprising 34 % of the
sequenced DNA.

The final goal is to reduce the scaffold number
to 12, corresponding to the 12 tomato

Table 6.5 Gap filling using 454-sequenced BACs and PacBio sequences

Chromosome Ch01 Ch02 Ch03 Ch04 Ch05 Ch06 Ch07 Ch08 Ch09 Ch10 Ch11 Ch12

� 25 bp gaps in
tomato assembly
before merging
454 sequenced US
BACs

2431 1398 2121 1752 2114 1326 1862 1623 1745 2185 1746 1703

� 25 bp gaps in
tomato assembly
after merging 454
sequenced US
BACs

1204 989 1670 1565 1650 1001 1423 1221 1317 946 1269 1431

Gaps remaining
after PacBio
sequencing and
merging with
PBJelly

352 345 589 552 553 362 489 470 426 327 448 563

� 25 bp gaps
remaining after 2
PBJelly runs

305 310 532 485 495 321 423 420 375 284 400 501

Gaps remaining
(%)

13 22 25 28 23 24 23 26 21 13 23 29
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chromosomes, covering at least 85 % of the
projected genome size and at least 98 % of the
genes, with an error rate of less than 1 in 10,000.
That is when the genome sequencing effort will
be considered “reasonably” complete.
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7Chloroplast and Mitochondrial
Genomes of Tomato

Gabriel Lichtenstein, Mariana Conte, Ramon Asis
and Fernando Carrari

Abstract
This chapter summarizes the main features of the tomato plastid and
mitochondrial genomes in the context of the current knowledge about
“orthologue” genomes from other higher plants species in a historical
perspective. We have focused on the application of this knowledge to aid
in deciphering the functional roles of these organelles in growth and
developmental processes of the tomato plants, especially on those related
to fruit ripening. It also presents an assessment of the phylogenetic
position of tomato, based on the available information of plastid and
chondrome sequences from other land plants; which adds to the
understanding of the evolutionary history of plants.

Keywords
Tomato � Chloroplast � Mitochondria � Genome � Phylogeny

Introduction

Higher photosynthetic organisms possess many
cell types and display extensive compartmenta-
tion. These characteristics make the study of the
different metabolic pathways that take place
throughout the life of plant cells highly complex.

Specifically, mitochondria (derived from the
Greek mitos—a thread—and chondros—a grain)
and chloroplasts (or plastids) (from the Greek
chloros—green—and plastós—formed) are the
intracellular organelles which contain the entire
machinery necessary for cell respiration and
photosynthesis processes, respectively. These
organelles also participate in the biosynthesis of
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essential metabolites, such as amino acids,
nucleotides, lipids, and starch.

Both, chloroplasts and mitochondria, are the
two types of cellular power stations. The first har-
nesses light energy from the sun and the other
“unpacks” the captured energy into smaller packets
of adenosine triphosphate (ATP) which are then
used as a source of chemical energy for powering
the cellular work. Thus, a clear understanding of
the physiological processes at the whole plant
level, necessarily requires a complete comprehen-
sion of the interactions occurring between the
power-station organelles with the rest of the cel-
lular compartments. In mammals, these interac-
tions involve transference of mainly proteins and
metabolites. However, the transfer of genes from
plant mitochondria and chloroplasts to the nuclei is
another essential interaction in plant cells.
Although mitochondria and chloroplasts keep part
of their ancestral genomes, gene transfer processes
with the nuclei are continuously operating.

Mitochondria were first observed in a variety of
cell types during the last decades of the nineteenth
century as threads of granules previously called
sarcosomes, bioblasts, or chondrioconts (Schmidt
1913). On the other hand, Nägeli (1846) discovered
that chloroplasts multiplied by division in plant
cells (Guilliermond and Atkinson 1941). At the
beginning of the 20th century, the first reports of
non-Mendelian inheritance in higher plants based
on studies of variegation in higher plants were
published (Correns 1908). These reports showed
that few of the green-and-white variegated leaves
were caused by factors inherited in a non-Mendelian
manner. Further analyses of variegation in higher
plants revealed that the genetic determinants for
these characters were associated with chloroplasts,
suggesting that these organelles may harbor genetic
information. These observations led the Russian
botanist Mereschkowski to first speak about the
endosymbiotic theory (Mereschkowski 1905).
Wallin (1923) extended this idea to the explanation
about the mitochondria origin. Many textbooks
describe this theory in detail, sowewill not dwell on
this aspect in this chapter.

Ris and Plaut (1962) demonstrated the pres-
ence of DNA in chloroplasts of the green alga
Chlamydomonas moewusii by electron

microscopy and cytochemical methods. Years
later, Gibor and Granick (1964) established that
chloroplasts are endowed with their own DNA
complement (referred as plastome—cpDNA) and
thus suggested that these organelles are
semi-autonomous systems capable of
self-replication and useful models for the study of
differentiation. At the same time, the discovery of
the 70S ribosomes within the chloroplast stroma
(Stutzt and Noll 1967) set the foundations for
further studies on the importance of chloroplast
genomes from a functional perspective. Bedbrook
and Bogorad (1976) reported the first physical
map of the maize chloroplast genome, which
added convincing evidence of the homogeneity
and circularity of chloroplast DNA molecules.
One-year later, they cloned the first chloroplast
gene from this species (Bedbrook et al. 1977).

Contemporary to these discoveries were the
observations reported by Nass and Nass (1963)
and by Schatz et al. (1964). By using two dif-
ferent approaches, these authors concurrently
reported for the first time that the chick embryo
and the yeast mitochondria contain a significant
quantity of DNA (mtDNA), respectively.
Regarding higher plants, studies in the early
1960s showed that cytoplasmic male sterility
(CMS) is a maternal inherited trait, bringing
attention to the existence of unique DNA species
within the mitochondria of plant cells in different
crop species (Leaver and Gray 1982).

Regarding tomato, Palmer and Zamir (1982)
reported the first studies on its chloroplast gen-
ome based on a restriction map. This map was
designed through comparative restriction enzyme
digestion with tobacco and Petunia cpDNA.
Later on, Phillips (1985) reported a physical map
generated by digestion of the cloned PstI frag-
ments and by Southern-blot hybridization. The
model consisted of a circular molecule of
*160 kb with a large inverted repeat. Simulta-
neously, Piechulla et al. (1985) described nine
genes in the tomato chloroplast genome that are
coordinately regulated during fruit ripening.

Regarding the mitochondrial DNA (mtDNA)
from tomato, however, it was not until 1992 that
Melcher et al. published the first physical map of
the mitochondrial genome. Years later, a model
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of its size and organization was reported based
on mtDNA digestions and hybridizations (Shi-
kanai et al. 1998). This model proposed that the
genome is structured in five subgenomic particles
of different sizes with a total length of approxi-
mately 450 kb. These particles coexist in a
dynamic range regulated somehow by the
recombination activity of sequence hotspots.

In this chapter, we will provide an updated
overview about the current knowledge of the
chloroplast and mitochondrial genomes from
tomato. Particularly, their structures in compar-
ison with sequenced genomes from other
Embriophytas species will be described. We will
also summarize findings on the functionality of
these two genomes together with their dynamic
in relation to recent events of DNA exchange
with the nucleus, a process which seems to
remain still operative.

The Tomato Chloroplast Genome

It was not until 1986 that the first chloroplast
genome from Marchantia polymorpha (the com-
mon liverwort) was completely sequenced pro-
viding insights into its structural organization
(Ohyama et al. 1986). Since then, over hundreds
of chloroplast genome sequences from different
plant species have been continuously reported.
After these pioneer works, in 2006, two research
groups simultaneously reported the complete
chloroplast genome sequence of tomato. Daniell
et al. (2006) analyzed a genome sequence from a
Purdue University accession (LA3023 according
to the Tomato Genetic Resource Center: http://
tgrc.ucdavis.edu/), while Kahlau et al. (2006)
sequenced two distinct genotypes (IPA-6, a
Brazilian cultivar, and Ailsa Craig [LA2838A] a
European cultivar). Although both groups per-
formed different approaches, they reported exactly
the same size of 155,461 bp for all three geno-
types of Solanum lycopersicum chloroplast gen-
ome. These results are in agreement with sizes
reported for plastomes of other land plant species
(Fig. 7.1b). As observed by these authors, and
somehow surprisingly, the nucleotide sequences
of the IPA-6 and Ailsa Craig chloroplast DNA

(cpDNA) were absolutely identical. However,
current information is still controversial about
conservation degrees of plastome sequences
between Solanaceae species. Whereas Clarkson
et al. (2004) described very little sequence varia-
tion between Nicotiana sylvestris plastid genomes
and its allopolyploid descendant N. tabacum,
Daniell et al. (2006) revealed several InDels
within certain coding sequences when tomato,
potato, tobacco, and Atropa are compared.

Even though chloroplast genomes are usually
represented by circular double-stranded DNA
molecules, it is currently accepted that they exist as
linear, concatemeric, and highly branched com-
plex molecules (Bendich 2004). Generally, plas-
tomes present highly conserved tetrapartite
structures with two copies of large inverted repeat
(IR) regions separating the large and small single
copy regions (LSC and SSC). IR regions usually
range from 5 to 76 kb (Palmer 1991; Sugiura
1992). In the case of the tomato plastome, two IR
regions of 25 kb each separate the LSC and SSC
regions of 85.6 and 18.4 kb, respectively. Com-
pared to tobacco and potato plastomes, the tomato
IR region is slightly expanded on both ends (into
rps19 and ycf1 genes in the LSC and SSC,
respectively). Besides the two large IR, tomato
plastome contains also near 40 IR of 30–40 bp that
are highly conserved among closer species and are
located in the same genes or intergenic regions.
These characteristics thus suggest a functional
role. Moreover, this plastome also harbors other
four IR of 57 bp, which are not found in those of
potato, tobacco nor Atropa (Daniell et al. 2006).
However, the tomato chloroplast genome is
smaller than that of tobacco owing to deletions in
the noncoding intergenic spacer regions (Kahlau
et al. 2006; Daniell et al. 2006).

In noncoding regions, the tomato plastid
contains 25 intergenic spacer regions shearing
80–100 % identity with the same regions of
potato, tobacco, and Atropa. Only four regions
are 100 % identical among species and three of
them are located in IR regions. These identical
variations made intergenic spacer regions useful
markers for phylogenetic research studies.

Regarding gene content, the tomato chloroplast
genome is more gene-dense than the
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mitochondrial (see below) and the nuclear gen-
omes (The Tomato Genome Consortium 2012).
This chloroplast genome consists of 41.7 % of
noncoding regions (intergenic spacers and introns)
and 58.3 % of coding regions, with 133 annotated
genes. Of these 133 genes, 113 are unique and 20
were found duplicated in the IR. The same gene
content and gene order is found conserved in the
closest tobacco, potato, and Atropa species
(Fig. 7.1b). Of the 113 annotated genes: 61 encode
for tRNA, rRNA, ribosomal proteins, RNA poly-
merase, -maturase, and proteases; 47 correspond

to photosynthesis-related genes; and the remain-
ing 5 to other genes and conserved open reading
frames. Table 7.2 summarizes a comparative
analysis between the main features reported for all
Embriophyta plastome sequences up to Novem-
ber, 2012.

Chloroplast Functional Genomics
Most plant plastid genomes encode proteins that
function in photosynthesis. However, few of
these proteins are involved in many other cellular
functions: the chloroplast tRNA-Glu is required
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Fig. 7.1 Number of encoded genes in relation to
mitochondrial (a) and chloroplast (b) genome sizes for
tomato (red circles) and other selected taxa (black
circles). Names of those species with a genome size
and/or a gene number above or below the average ± SD
are given on the graph for chloroplasts analyses (panel a).
On panel (b), species are referenced as follows: 1
Pelargonium � hortorum. 2 Chlamydomonas reinhardtii.

3 Phaseolus vulgaris. 4 Arabidopsis thaliana. 5 Triticum
aestivum. 6 Marchantia polymorpha. 7 Agrostis stoloni-
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(indica cultivar-group). 11 Guillardia theta. 12 Hordeum
vulgare subsp. vulgare. 13 Chlorella vulgaris. 14 Pinus
thunbergii. Data were extracted from GenBank (www.
ncbi.nlm.nih.gov/genbank/) and/or from the correspond-
ing published paper listed in the reference section
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in tetrapyrrole biosynthesis (Schön et al. 1986);
the plastid genome-encoded D subunit of the
essential enzyme acetyl-CoA carboxylase par-
ticipates in fatty acid biosynthesis (Kode et al.
2005; Kahlau and Bock 2008); and the
plastid-encoded ClpP1 protease subunit is
involved in plastid protein homeostasis (Shikanai
et al. 2001; Kuroda and Maliga 2003). The
involvement of plastid gene expression in these
essential functions is probably why the loss of
plastid translational activity is fatal in most
plants.

Regarding the organization of the chloroplast
genomes, similarly to cyanobacteria genomes,
genes are clustered and arranged in operons and
co-transcribed as polycistronic mRNAs and
translated on 70S ribosomes. The gene process-
ing and maturation consist of several steps such
as cleavage of polycistronic mRNA, intron
splicing and RNA editing by C-to-U conversions
(Barkan and Goldschmidt-Clermont 2000; Bock
2000). However, higher plant plastids are far
more complex than those from the prokaryotes,
because the regulation of plant plastids depends
on their own mechanisms and on nuclear genome
“signals” influencing plastid functionality. For
instance, plastid genes are transcribed specifi-
cally by plastid-encoded RNA polymerase or
nuclear encoded RNA polymerase or they can
even share both RNA polymerases (Allison et al.
1996; Hajdukiewicz et al. 1997; Lerbs-Mache
2000; Legen et al. 2002). More complexity is
observed in the transcription factors required for
promoter recognition, which are encoded by
genes residing in the nuclear genome (Tanaka
et al. 1996). The regulation of plastid genes is
mainly at transcriptional and translational levels;
however, their contributions have been scarcely
discussed and remain controversial. Some studies
support that transcriptional regulation is the main
contribution to gene control in plastids
(Pfannschmidt et al. 1999; Tullberg et al. 2000).
By contrast, other studies pointed that translation
constitutes the rate-limiting step in plastid gene
expression (Eberhard et al. 2002).

Particularly in tomato, chloroplasts undergo
peculiar drastic changes in both ultrastructure and
function during fruit maturation. Among these

changes, researchers have described the disap-
pearance of the thylakoid membrane system, the
degradation of chlorophyll, the appearance of
plastoglobuli, and an increment in carotenoid
biosynthesis that finally accumulated inside the
chromoplast membranes (Rosso 1968; Harris and
Spurr 1969; Egea et al. 2011). The genetic control
of chloroplast during this transition has been
studied for many years (Piechulla et al. 1985;
Bathgate et al. 1985; Kahlau and Bock 2008). In
this regard, whereas a drastic downregulation of
photosynthetic genes and significant decreases in
ribosomal RNAs occur, the expression of other
nonphotosynthetic genes rises. Accordingly,
recent studies on tomato plastid transcriptomics
and proteomics have shown that photosynthetic
and carbohydrate metabolism genes are strongly
downregulated during fruit development (Kahlau
and Bock 2008; Barsan et al. 2012). Conversely,
the expression of the genetic system genes
(rRNAs, tRNAs, ribosomal proteins, RNA poly-
merase) seems to be kept at higher levels. Inter-
estingly, the chloroplast-to-chromoplast
conversion during the ripening period is not
accompanied by drastic changes in transcript
abundance. Translational regulation analyses by
polysome-bounded mRNA analyses showed that
a strong downregulation also affects most of
plastid genes in fruits in comparison with
expanded leaves. During ripening, polysome
association successively declines and is particu-
larly pronounced in the photosynthesis gene
group, suggesting that plastid translation is the
main contribution in gene expression control
during chloroplast-to-chromoplast differentiation.
An exception to this was observed for the accD
gene, which encodes an acetyl-CoA carboxylase
subunit. The expression of this gene displays
strong upregulation and polysome association
during fruit ripening; which correlates with the
high demand of lipid biosynthesis to generate a
storage matrix that will accumulate carotenoids
(Kahlau and Bock 2008). However, ACCD pro-
tein level decreased between mature green and
ripe fruit stages, suggesting another point of
regulation for this enzyme (Barsan et al. 2012).
TrnA (encoding the tRNA-Ala) and rpoC2 (en-
coding an RNA polymerase subunit) genes
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tended to be also upregulated during this process.
In the same study, Kahlau and Bock (2008)
analyzed the expression of genes predominantly
transcribed by the nuclear (NEP) and plastid
(PEP) encoded RNA polymerases. In their study,
they found that the PEP is more intensively used
in leaves, whereas transcription from the NEP
promoter prevails in red fruits.

Notwithstanding the mentioned contributions
to the functional role of the tomato plastid gen-
ome, knowledge about how plastid translation is
regulated in fruits during the autotrophic to het-
erotrophic transition is scarce.

On prokaryotic-type 70S ribosomes, the plas-
tid translation machinery consists of two subsets
of RNA components. A subset comprises those
components encoded by the plastid genome: the
16S rRNA of the small ribosomal subunit as well
as the 23S, 5S, and 4.5S rRNAs of the large
subunit. The remainder consists of the compo-
nents encoded by the nuclear DNA. Although the
abolishment of plastid protein biosynthesis is
lethal, particular studies are focused on identify-
ing each individual component of plastid ribo-
some that may not be essential (Rogalski et al.
2008). Fleischmann et al. (2011) studied candi-
dates for non-essential plastid ribosomal proteins
in tobacco. Through reverse genetic analyses, the
authors revealed a previously unrecognized role
of plastid translational fidelity in two develop-
mental processes: shoot branching and leaf mor-
phogenesis. Noteworthy in this study, the authors
also suggested that the transfer of plastid riboso-
mal protein genes to the nucleus is greatly
accelerated in non-photosynthetic lineages.
Besides the common plastid ribosomal proteins,
plant plastid contains plastid-specific ribosomal
proteins (PSRP) not found in bacteria (Sharma
et al. 2007). PSRP are encoded by the nuclear
genome and the function of five of them has been
recently studied (Tiller et al. 2012). In that
research, the knock-down of three of these pro-
teins decreased accumulation of the 30S or 50S
subunit of the plastid ribosomes, while the others
showed no change.

In general, whereas all the mentioned evi-
dence accounts for the functional role of the
tomato plastid genome, the intricate network of

coregulation with the other genomes (i.e., mito-
chondrial and nuclear) is still obscure.

The Tomato Mitochondrial Genome

Anderson et al. (1981) reported the first complete
genome sequence from a eukaryotic organelle
(the human mitochondrion), and in 1997, Unseld
et al. published the first complete mitochondrion
genome sequence from a higher plant (Ara-
bidopsis thaliana). After these groundbreaking
reports, and within few decades, the advent of
rapid DNA sequencing methods resulted in a
profound boost over the scope and speed
required for the completion of large-scale whole
genome sequencing projects. As a result, in
2012, the Tomato Genome Consortium (a
multinational team of scientists from 14 coun-
tries) reported a high-quality genome draft for the
Heinz cultivar 1706 (LA4345 according to the
Tomato Genetic Resource Center: http://tgrc.
ucdavis.edu/). In this context, not only the
nuclear sequence was obtained but the
semi-autonomous DNA from the mitochondria
(chondrome) was also sequenced, assembled and
annotated.

A shotgun sequencing strategy was used to
produce an assembly of the tomato mitochondrial
genome. Highly purified mitochondrial DNA
(mtDNA) isolated from etiolated seedlings was
used as starting material to produce 4154 Sanger
paired-end sequence reads with an average
length of 750 nt. Shotgun clones were deposited
into a dedicated database and are currently
available upon request at http://www.
mitochondrialgenome.org/. After trimming, clip-
ping and filtering, high-quality (Qv � 20)
paired-reads were used as input for the assembly
pipeline. In brief, an overlap-layout-consensus
algorithm was chosen owing to their lengths and
library features and the reads were then fed to the
CAP3 Sequence Assembly Program (Huang and
Madan 1999). As a result, the tomato chondrome
was assembled into six scaffolds (SlmtSC_A,
_V, _M, _R, _L and _B) and 164 contigs,
spanning 579,717 nucleotides for the first draft of
the tomato chondrome (SOLYC_MT_v1.50).
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The tomato chondrome is also available for
download at the Mitochondrial Genome website
mentioned above. At the same time, these
sequences have been deposited as a whole gen-
ome project (BioProject ID: 67471) at
DDBJ/EMBL/GenBank under the accession
AFYB00000000.

The version described in this chapter is the
first version, AFYB01000000. Overall, the size
of the final assembly is in agreement with the
physical map previously reported by Shikanai
et al. (1998). Furthermore, its multipartite orga-
nization (i.e., the existence of mtDNAs of vary-
ing structures) is comparable to those reported
for the tobacco (Sugiyama et al. 2005) and rice
(Tian et al. 2006) chondromes. In this regard, it is
currently accepted that the organization of
angiosperm chondromes is characterized by the
presence of multipartite genome structures,
which arises from high-frequency recombination
via repeated sequences in the genome (Fauron
and Casper 1995). A master circle (MC) model is
traditionally constructed based on the restriction
fragment mapping of mtDNA in higher plants, in
which the total genetic information can be
accommodated (Tian et al. 2006). By contrast, an
extensive electron microscopy investigation has
shown that the mtDNA from Chenopodium
album cell cultures appear to consist mainly of
linear molecules of various sizes, together with
rosette-like and sigma-like structures, in vivo
(Backert and Börner 2000). Since the relative
amounts of these structures change during the
course of cell growth, they may represent repli-
cation intermediates. Similar large branched
molecules have also been observed in mtDNA
from BY-2 tobacco cells under the light micro-
scope (Oldenburg and Bendich 1996). Thus,
there are differences between the forms of
mtDNA molecules derived from genome map-
ping data and from microscopic observations
(Sugiyama et al. 2004).

Although this discrepancy has not yet been
resolved, both types of evidence indicate that the
structural organization of mtDNA is highly
dynamic. Furthermore, the multipartite structure
can provide a redundant gene assembly and
modulate the genome copy number in plant

chondromes. Low-frequency ectopic recombina-
tion among multipartite structures will produce
chimeras, aberrant ORFs, and novel subgenomic
DNA molecules (Abdelnoor et al. 2003). Thus,
multipartite structures are an important factor to
consider when analyzing the scaffolds and con-
tigs of the tomato chondrome assembly. This
genomic shuffling is apparently reversible and
can alter plant phenotype as suggested by two
early reports of Kanazawa and Hirai (1994) and
Janska et al. (1998). These authors showed that
cytoplasmic male sterility (CMS) in Nicotiana
tabacum and Phaseolus vulgaris species is rela-
ted to the occurrence of multipartite structures,
heteroplasmy (see below), and/or paternal
leakage.

The origin of the tomato chondrome various
scaffolds can also be related to the occurrence of
heteroplasmic DNA structures. Heteroplasmy is
defined as a state in which more than one mito-
chondrial genotype occurs in an organism. Usu-
ally, one mitotype is prevalent and the alternative
one(s) are present in a very low proportion.
Under such conditions, the phenotype of the
organism is determined by the predominant
mtDNA variant (Kmiec et al. 2006). In plants,
this phenomenon has been investigated most
often to clarify some mitochondrial abnormali-
ties. For example, there are reports on CMS
(Janska et al. 1998), non-chromosomal stripe
mutants in maize (NCS) (Yamato and Newton
1999), the chloroplast mutator mutant in Ara-
bidopsis (CHM) (Martínez-Zapater et al. 1992;
Sakamoto et al. 1997) and the mitochondrial
mutator system in maize (Kuzmin et al. 2005).
Recent studies indicate that heteroplasmy exists
also in healthy humans (Kajander et al. 2000)
and wild-type plants (Arrieta-Montiel et al. 2001;
Taylor et al. 2001).

Recombinations between large repeated
sequences are commonly assumed to be the most
important force responsible for maintaining the
multipartite structure of the chondrome as a
dynamic entity (Kmiec et al. 2006). These
recombinations are frequent and easily reversible
during plant life probably in order to fulfill their
integrative role. Besides the main genome whose
parts are maintained in a dynamic equilibrium by
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large repeated sequences, plant mitochondria
contain recombinant molecules known as sub-
limons. These sublimons are very low in number
compared to the main mitochondrial genome and
are products of rare and irreversible recombina-
tions mediated by short repeated sequences
(Kmiec et al. 2006). Short repeats are common in
plant mitochondrial genomes (Notsu et al. 2002;
Sugiyama et al. 2005; Kubo et al. 2000; Clifton
et al. 2004) and they may be originated from the
insertion of reverse-transcribed copies of
un-translated RNA (Gualberto et al. 1988).
Another possible origin could be from the
recombinational activity of oligonucleotide
motifs (Woloszynska et al. 2001). As a conse-
quence of these active recombination events
mediated via both large and short repeats, two
types of mtDNA of different quantitative repre-
sentation coexist in one organism: the mitotype
and the sublimons. The mytotype is the most
predominant and creates the main genome, while
the sublimons exist at a substoichiometric level.
These findings suggest that chondrome hetero-
plasmy may also occur in the tomato cell. This is
an important feature to take into account while
revising the assembly results. In this vein, the
tomato chondrome possesses a high number
(849) of single repeats of 50 and 2200 bp. Like-
wise, 34 short tandem repeats (2–8) of size
ranging between 15 and 100 bp were detected.

Gene Annotation
In spite of their larger size, chondromes from
higher plant species do not encode many more
proteins than mitochondrial genomes from other
eukaryotes such as mammals. Most plant mito-
chondrial genomes are comprised of non-coding
sequences. In Arabidopsis, only 20 % of the
mitochondrial genome is responsible for func-
tional genes (Unseld et al. 1997). The number of
mitochondrial genes in angiosperms ranges from
25 (in the rice cultivar japonica) to 78 (in melon
—Cucumis melo) without considering copy
number (Fig. 7.1a). Most of the genes that are
lost from the mitochondrion appear to have been
transferred to the nuclear genome (Adams and
Palmer 2003). The tomato mitochondrial genome
encodes at least 36 protein-coding genes, three

ribosomal RNA genes and 18 tRNA genes.
These numbers are similar to those reported for
other angiosperm mtDNAs, in which most of the
genes encode conserved ribosomal proteins and
components of the electron transport chain
(complexes I–V). Furthermore, an ORF search
resulted in the identification of 30 additional
sequences encoding hypothetical proteins.
A preliminary survey on the expression levels of
these mitochondrial genes throughout tomato
fruit development have indicated that many of
the annotated genes are differentially expressed
during this process. For instance, 23 genes
belonging to the electron transport chain
machinery and 11 ORFs that presented detect-
able levels of expression differed in their
expression during fruit development (Conte et al.
2013).

Nuclear Copies of Mitochondrial DNA
(NUMTs) and Nuclear Insertions
of Chloroplast DNA (NUPTs)

The plastome is considered the evolutionary
remnant of a cyanobacterial genome (Keeling
2010) where genetic information was transferred
from the endosymbiont’s genetic system to the
host nuclear genome; interestingly, this transfer
is still underway (reviewed in Kleine et al. 2009).

In 2012, the fully sequenced nuclear genome
of tomato was published along with a compre-
hensive structural and comparative analysis with
other Solanaceas (The Tomato Genome Con-
sortium 2012). Similarly to other species (Tim-
mis and Scot 1983; Stern and Palmer 1984;
Blanehard and Schmidt 1995; Thorsness and
Weber 1996), sequences of plastid and mito-
chondrial origin contribute also to the complexity
of the nuclear tomato genome. These sequences
have long been called “promiscuous DNA” and
the idea behind this regrettable name was that
they constitute a kind of mutation buffering
(Conrad 1985). In mechanistic terms, the concept
of plastid and mitochondrial DNA transposition
to the nucleus and their subsequent integration
into the nuclear genome has prevailed. In this
respect, the small genomes of these organelles
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are also believed to be remnants after the relo-
cation of gene function from the ancestral
prokaryotes. This process has been accompanied
by deletion of the endosymbiont genomes with a
subsequent dependence of mitochondrial and
chloroplast biogenesis on nuclear genes. Strong
molecular evidence (Baldauf and Palmer 1990)
suggests that such gene transfers have occurred.
Furthermore, these gene transfers have also been
achieved experimentally in mitochondrial (Gray
et al. 1996) and chloroplast (Kanevski and
Maliga 1994) systems. Both mitochondrial and
chloroplast sequences homologies have been
identified within the nuclear genomes of spinach
(Timmis and Scot 1983; Scott and Timmis 1984;
Cheung and Scott 1989), tomato (Pichersky and
Tanksley 1988; Pichersky et al. 1991), tobacco
(Ayliffe and Timmis 1992a, b), potato (du Jardin
1990), and members of the Chenopodiaceae
family (Beta vulgaris, C. album, Chenopodium
quinoa, Atriplex cinerea, and Enchyleana
tomentosa) (Ayliffe et al. 1998).

Through different analyses, the Tomato Gen-
ome Sequencing Consortium further demon-
strated the presence of DNA fragments of
mitochondrial and chloroplastic origin found as
insertions within the nuclear genome (NUMTs
and NUPTs, respectively). In summary, 667
fragments, longer than 250 bp, were found and
reported as NUPTs insertions. Furthermore, a
colinearity analysis between the tomato chloro-
plast and the nuclear genome sequences
demonstrated that 492 fragments could be true
insertions with a plastome origin. In addition,
two noteworthy long colinear insertions were
found inserted in chromosomes 2 and 11. Con-
versely, the tobacco nuclear genome contains
multiple chloroplast DNA integrants (i.e., >100
copies of a single plastid sequence), which can
be in excess of 18 kb (Ayliffe and Timmis
1992a, b).

Following the endosymbiont theory (Margulis
and Bermudes 1985), the mitochondrion and its
genome are the remnants of a free-living eubacteria
ancestor (probably an extant a-proteobacterium).
Therefore, this ancestor was engulfed by a
eukaryotic host cell and, as a result, established a
symbiotic relationship with it (Gray 1999). The

host provided the nuclear genome and most of the
endosymbiont genes were either lost or transferred
to thenuclear genomeat an early stage in evolution.
Thus, very little of the original gene pool is found in
modern mtDNA. In this regard, many features
distinguish the mtDNAs of higher plants from
those of animals and other organisms (Sugiyama
et al. 2004). Although the transfer ofmitochondrial
genes to the nucleus and their functional activation
ceased in the common ancestor of animals, mito-
chondrial gene loss, and gene transfer have been an
ongoing and frequent process in flowering plants
(Palmer et al. 2000). Extensive Southern-blot
analyses of 280 genera of flowering plants have
provided a global view of gene loss in plant
mtDNA (Adams et al. 2000). In addition, the
possible mechanisms of DNA transfer between
organelles with closed membrane systems and the
integration of the DNA into the host genome have
been reviewed by Kurland and Andersson (2000).
The different chondromes in land plants have sig-
nificantly expanded in size compared with those of
green algae. Land plants evolved from green algae
belonging to the Charophyceae (Graham et al.
2000). By comparisons of completely sequenced
mtDNAs, Chara vulgaris was recently inferred to
be the last common ancestor of green algae and
land plants (Turmel et al. 2003).Chara possesses a
densely packed mitochondrial genome with a gene
content similar to that of its Marchantia counter-
part (Oda et al. 1992). This ledTurmel et al. (2002a,
b) to infer that the growth in mtDNA size in
Marchantia occurred by the enlargement of inter-
genic spacers because of frequent duplications and
substitutions during evolution from Charophytes
to Bryophytes. The subsequent size increase of
angiosperm chondromes during evolution from
bryophytes occurred both by further enlargement
of spacer regions owing to frequent duplications
and by the frequent capture of sequences from the
chloroplast and nuclear genomes (Marienfeld et al.
1999). Of these incoming DNAs, only
plastome-tRNA genes have gained functions in
angiosperm chondrome-DNA (Joyce and Gray
1988). Furthermore, the contribution of frequent
recombination and transposition of many different
classes of retrotransposons to the mitochondrial
genome expansion of land plants is at most 15 %.
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Thus, the origin of most unique sequences
(*50 %) in plantmtDNA is not known (Sugiyama
et al. 2004). The chondrome size variation is
exceptionally wide among higher plants, ranging
from the smallest 208 kb estimated for white
mustard (Brassica hirta; Palmer andHerbon 1987)
to the largest that are believed to be over 2400 kb in
muskmelon (C.melo;Ward et al. 1981) (Fig. 7.1a).
Such an extensive expansion is attributable to two
major factors: protein-coding redundancy and a
high level of mitochondrial DNA recombination
that results in extraneous DNA integration
(Mackenzie andMcIntosh 1999).Altogether, these
findings have allowed researchers to establish that
fragments of mitochondrial DNA are integrated
into the nuclear genomes of many organisms
including numerous animal and plant species
(Bensasson et al. 2001; Timmis et al. 2004). These
sequences are named NUMTs (pronounced “new
mights”), an abbreviated term for “nuclear mito-
chondrial DNA,” and describe any transfer or
“transposition” of cytoplasmic mtDNA sequences
into the separate nuclear genome of a eukaryotic
organism (Lopez et al. 1994). As whole genome
sequencing projects accumulate, more and more
NUMTs have been detected in many diverse
eukaryotic organisms (see http://www.
pseudogene.net for a list of examples). Although
no evidence of recent mtDNA transfer into meta-
zoan nuclei has been reported, this process is still
ongoing in plants. Current studies indicate that
escape of the genetic material from organelles to
the nucleus occurs much more frequently than
generally believed (Timmis et al. 2004). Compu-
tational analyses comparing the tomato mito-
chondrial and nuclear assemblies revealed 111
locally collinear blocks (LCB) on the chondrome,
which are collinear with the nuclear sequence. Of
these LCB, 72 (*197 kb) were inferred to be
NUMTs. The analysis showed NUMTs of varied
number, size, and position, ranging between zero
and seven on chromosomes 2 and 5, respectively,
and with the highest number (21) detected over
chromosome 11. Fluorescence in situ hybridiza-
tion (FISH) of mtDNA generally supported this in
silico analysis. Whether this kind of instability of
the chondrome (called “molecular poltergeists” by
Hazkani-Covo et al. 2010) has direct consequences

over the tomato plant fitness is still an open
question.

Chloroplast and Mitochondrial
Genomes Comparisons Across Green
Species

As an additional resource of the tomato genome
project, a mitochondrial database (www.
mitochondrialgenome.org) was built and made
available to facilitate exchanging information
about chondrome genomes. This tool allows
flexible BLAST searches and comparisons of
more than 47 mitochondrial genomes from
Viridiplantae species that are currently available,
including the different versions of the tomato
chondrome assembly. Nucleotide sequences of
all clones included in the tomato chondrome
assembly are available to be downloaded from
the same website and, if necessary, these clones
can also be requested for research purposes.

Similarly, the Chloroplast Genome Database
(http://chloroplast.cbio.psu.edu/, Cui et al. 2006)
offers data from more than 100 plastomes of land
plants; which allows the search of genes, by
using their annotated names, as well as flexible
BLAST searches. This database also allows
researchers to download protein and nucleotide
sequences extracted from a selected chloroplast
genome and to browse the putative protein
families (tribes).

Among many different applications, these
resources allow very general descriptions of the
main features founds in the up to date known
plastomes and chondromes. Tables 7.1 and 7.2
summarize the main features of these mitochon-
dria and chloroplast genomes, respectively.

Comparatively, the size disparity between the
Viridiplantae species chondromes appears to
reflect a dynamic history of expansion and pos-
sibly contractions of several regions, such as
intergenic and/or repetitive regions. Indeed, these
disparities could be explained by the loss or
acquisition of nuclear and chloroplastic sequen-
ces. However, gene content analyses of all
Embryophyta chondromes showed that these
genomes share the complete core gene set of the
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Table 7.1 Main features of mitochondrial genomes from Viridiplantae species

Species (common
name)

Genome size(a)/structure Main features References

Chaetosphaeridium
globosum

56,574 bp
1 master circle

48.3 kb of coding sequence: 85 % of
total size. 8.3 kb intergenic sequences
acquired by horizontal transfer from
phage or bacterial DNA

Turmel et al.
(2002a, b)

Chara vulgaris
(stonewort)

67,737 bp
1 master circle

High density of coding sequences
(90.7 %), 14 group-I introns and 13
group-II introns account for 38.5 % of
total size. Poor in repeated sequence
elements. No evidence for editing sites

Turmel et al. (2003)

Chlamydomonas
eugametos

22,897 bp single circular
molecule

Densely packed coding sequences.
9 group-I introns, two large direct repeats
and short repetitive sequences. G C-rich
repetitive elements with putative
post-transcriptional regulation functions

Denovan-Wright
et al. (1998)

Chlorokybus
atmophyticus

201,763 bp
1 master circle

41.4 % of conserved gene sequences.
6 group-I introns and 14 group-II introns.
Repeats represent 7.5 %

Lemieux et al.
(2007)

Mesostigma viride 42,424 bp
1 master circle

86.6 % of conserved gene sequences.
4 group-I introns and 3 group-II introns
(evidence of acquired by lateral transfer).
Two regions of overlapping genes

Turmel et al.
(2002a, b)

Nephroselmis
olivacea

45,223 bp
1 master circle

78 % of conserved gene sequences.
4 group-I introns vertically inherited
from a green algal ancestor. 4 potential
transcriptional units

Turmel et al.
(1999a, b)

Oltmannsiellopsis
viridis

56,761 bp
1 master circle

68.7 % of coding sequences, intergenic
regions with a large number of repeated
elements. 3 introns (2 of group-I and 1 of
group II) acquired by horizontal transfer

Pombert et al.
(2006)

Ostreococcus tauri 44,237 bp
1 master circle

Genes encompass 93 % of the genome.
A unique duplicated region encodes
genes

Robbens et al.
(2007)

Pedinomonas minor 25,137 bp
1 master circle

Reduced set of genes, packed in 60 % of
the genome. A single intron of group II.
9 kb of repeated sequences

Turmel et al.
(1999a, b)

Physcomitrella
patens

105,340 bp
1 master circle

Many genes encoded by the clockwise
strand. 2 group-I introns and 25 group-II
introns. Putative RNA editing sites

Terasawa et al.
(2007)

Scenedesmus
obliquus

42,919 bp
1 master circle

60.6 % of identified gene sequences.
Deviant genetic code (standard sense is
used as stop). Repetitive sequences in
intergenic regions

Nedelcu et al.
(2000)

Pseudendoclonium
akinetum

95,880 bp
1 master circle

Coding genes in 47.4 % of the genome
sequences. 7 group-I type introns.
Repeated elements with recombinant
activity: evolutive role

Pombert et al.
(2004)

Chlamydomonas
reinhardtii

15,758 bp
1 linear molecule

Densely packed coding regions.
Universal genetic code. No introns. Low
fraction of intergenic DNA. Presence of
inverted terminal repeats

Popescu and Lee
(2007)

(continued)
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Table 7.1 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Cycas taitungensis 414,903 bp
1 master circle and
alternative circular
molecules

10.1 % of coding sequences. 20–25
group-II introns, no group-I introns.
Presence of Bpu elements
(transposable-like elements) in
non-coding regions. Abundant RNA
editing sites

Chaw et al. (2008)

Oriza rufipogon
(rice)

559,045 bp, circular
molecule

6 copies of repeat regions with active
recombination activity. Presence of RNA
editing sites. Presence of sequences of
chloroplast origin

Sun et al. (2002)

Oryza sativa (rice) 490,520 bp, circular map Presence of 6.3 and 13.4 % of plastid
and nuclear sequences

Notsu et al. (2002)

Tripsacum
dactyloides

704,100 bp circular
molecules

Large amount of plastidic DNA
sequences (transfer of exogenous DNA?)

Wang et al. (2012)

Sorghum bicolour
(sorghum)

468,628 bp circular
molecules

Partial genome assemblies of three
Sorghum bicolor genotypes

Zheng et al. (2011)

Triticum aestivum
(wheat) cv. Chinese
spring

452,528 bp
1 master circle and
subgenomic molecules

16.7 % of coding sequences. Many
genes present at multiple-copy. Direct
and inverted repeats with intramolecular
recombination function.
Chloroplast-derived sequences. Presence
of retroelements

Ogihara et al.
(2005)

Solanum
lycopersicum
(tomato)

581,837 bp
6 scaffolds and
subgenomic molecules

Presence of single repeats and short
tandem repeats. 22 introns and 92
nuclear sequences of mitochondrial
origin (NUMTs)

TGSC (2012)

Nicotiana tabacum
(tobacco)

430,597 bp master circle
with a multipartite
organization

9.9 % of coding sequences. Homologous
recombination via short direct repeats.
17 and 6 cis- and trans-splicing group-II
introns, respectively. Presence of
retrotransposon of nuclear origin

Sugiyama et al.
(2005)

Vitis vinífera
(grape)

773,279 bp
Master circle and
subgenomic particles

4.98 % of gene encoding sequences. Few
genes present partial pseudo copies.
Large genome size by expansion of
spacer sequences. HTG with chloroplast
and nuclear DNA

Goremykin et al.
(2009)

Carica papaya
(papaya)

476,890 bp circular DNA Partial non-annotated genome Yu et al. (2009)

Ferrocalamus
rimosivaginus
(bamboo)

432,839 bp, 1 circular
molecule

8.9 % of gene encoding sequences.
22 group-II introns, 6 trans-spliced. Few
large repeats

Ma et al. (2012)

Bamboosa oldhamii
(Giant timber
bamboo)

509,941 bp circular
molecule

No information available GenBank Acc
EU365401

Zea luxurians 539,368 bp 1 circular
molecule

8.6 % of gene encoding sequences.
Homologous recombination between
direct repeats. Presence of NUMTs

Darracq et al.
(2010)

Zea perennis 570,354 bp 1 circular
molecule

8.5 % of gene encoding sequences.
Homologous recombination between
direct repeats. Presence of NUMTs

(continued)
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Table 7.1 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Zea mays
subsp. mays (maize)

569,630 bp
1 circular molecule,
alternative physical
structures

8.4 % of gene encoding sequences.
22 group-II introns, 7 are trans-spliced.
Homologous recombination between
direct repeats. 2 large insertion of
chloroplast DNA. Chondrome sequences
in the nuclear genome. No evidences of
NUMTs

Clifton et al. (2004)

Citrullus lanatus 379,236 single circular
genome

45.9 % of gene encoding sequences.19
cis- and 5 trans-spliced group-II introns
and 1 group-II intron (derived from
horizontal transfer). 14 synthenic gene
clusters. Chloroplast origin sequences
and nuclear-derived retroelements

Alverson et al.
(2010)

Cucurbita pepo
(pumpkin)

982,833 bp single circular
genome

16.6 % of gene encoding sequences.19
cis- and 5 trans-spliced group-II introns.
Nuclear-derived retroelements.
Proliferation of small repeats

Cucumis sativus
(cucumber)

1,555,935, 83,817; and
44,840 bp
3 circular autonomous
particles and a large pool
of sub-stoichiometric
forms

18 cis- and 5 trans-spliced group-II
introns. One single group-I intron.
NUMTs represent 1/3 of the chondrome
genome. 36 % of the chondrome
corresponds to repetitive sequences with
recombination activity

Alverson et al.
(2011a, b)

Cucumis melo
(melon)

2,738,402 bp
6 scaffolds (multipartite?)

Only 1.7 % of gene encoding sequences.
17 duplicated genes. 20 cis- and 1 trans-
spliced introns. High proportion of
repetitive sequences and 47 % of the
chondrome corresponds to NUMTs.
HTG explains it large size

Rodríguez-Moreno
et al. (2011)

Pleurozia purpurea
(Purple Spoonwort)

168,526 bp
1 master circle

52 % of gene encoding sequences.
7 group-I and 24 group-IIintrons. Small
number of RNA editing events. 4 repeat
sequences

Wang et al.
(2009); Li et al.
(2009)

Megaceros
aenigmaticus

184,908 bp
1 master circle

16, 34 and 50 % of introns, exons and
intergenic spacer sequences. 30 group-I
introns. Few RNA editing events. It
genome is a remnant of transition stage
between Charopythes and land plants

Phaeoceros laevis 209,482 bp
1 linear molecule

36.5, 10.9 and 52.6 % of introns, exons
intergenic spacer sequences.
RNA-editing detected in 54 genes.
64 cis-spliced group-II introns

Xue et al. (2010)

Arabidopsis
thaliana

366.924 bp Variable
number of different
molecules

10 % of gene encoding sequences. 62 %
of the chondrome has no clear origin and
function. Some are highly similar to
chloroplast and nuclear sequences.
2 large repeats active in recombination
events

Unseld et al. (1997)

(continued)
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electron transport chain complexes I, III and IV.
Exceptions are the chondromes of Pleurozia
purpurea, Phaeoceros laevis, Megaceros aenig-
maticus, Mesostigma viride, and M. polymorpha
which lack the nad7 gene. Besides, the chon-
dromes of Pseudendoclonium akinetum lacks the
nad9 gene and that from Oryza rufipogon lacks 4
genes of complex I (nad1, nad2, nad4 and nad5)
and the cox3 gene (complex IV). Although an

incomplete annotation cannot be ruled out, this
might reflect an important gene loss in the
chondromes of these species.

Regarding genes of the other complexes (II,
V, cytochrome C biogenesis and rRNAs—rps
and rpl), a wide range of situations can be found.
Whereas in some species they are all encoded by
the chondrome, for others these complexes are
completely absent. A conspicuous example is the

Table 7.1 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Brassica napus
(rape)

223,412 bp
1 master circle and 2
subgenomic particles

17.4 % of gene encoding sequence.
Presence of direct repeats, active in
intramolecular recombination. 19 cis-
and 5 trans-splices group-II introns.
RNA editing sites. Presence of plastid
and nuclear-derived sequences

Chen et al. (2011)

Beta vulgaris (sugar
beet)

368,799 bp
1 single circular molecule

11.3 % of gene encoding sequence.
14 cis- and 6 trans-spliced introns of
group II. Presence of plastid and nuclear
sequences, product of DNA transfer
events. RNA editing sites. Three-copy of
recombining-repeats and short repeats

Kubo et al. (2000)

Marchantia
polymorpha
(liverwort)

121,025 bp
1 single circular molecule

25 group-II and 7 group-I introns. No
foreign DNA fragments, no
recombination to generate subgenomes,
no RNA editing system

Ohyama (1996)

Vigna radiata
(bean)

401,262 bp
single circular molecule

16.4 % of gene encoding sequence.
17 cis- and 5 trans-spliced group-II
introns. Few and small repeats: 1 with
recombining activity. Chloroplast and
nuclear-derived-DNA in intergenic
regions

Alverson et al.
(2011a, b)

Daucus carota
(carrot)

281,132 bp
2 putative master circles

20 % of gene encoding sequence.
19 group-II introns, 7 of which are trans-
spliced. Large inverted and direct
repeats. Gene loss by transfer to the
nuclear genome

Iorizzo et al. (2012)

Ricinus communiis
(castor bean)

502,773 bp Circular map Horizontal gene transfer to the nuclear
genome

Rivarola et al.
(2011)

Polytomella
capuana

12,998 bp
1 linear molecule with
inverted repeats

2 transcriptional clusters represent 82 %
of total size. Two conformations for
telomeric repeats: open and closed.
Presence of short inverted repeat
elements

Smith and Lee
(2008)

Polytomella parva 13,500 and 3500 bp
2 linear molecules and
small subgenomic circular
particles

Coding regions compactly organized.
Intron free and arranged into two size
clusters. Inverted repeats sequences are
involved in the multipartite organization
of the genome

Fan and Lee (2002)
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Table 7.2 Main features of plastid genomes from Viridiplantae species

Species (common
name)

Genome size(a)/structure Main features References

Nuphar advena
(spatterdock)

160,866 bp. Two IR:
25,835 bp. LSC:
90,379 bp, SSC: 18,817 bp

60.2 % of gene encoding sequences.
113 annotated genes. Eighteen of these genes
contain introns including two genes, clpP and
ycf3, each with two introns, and one gene,
rps12, also composed of three exons, but with
the 5′ exon separated from the two 3′ exons

Raubeson
et al. (2007)

Ranunculus
macranthus

155,129 bp. Two IR:
25,791 bp. LSC:
84,638 bp, SSC: 18,909 bp

62 % of gene encoding sequences.
113 annotated genes. Eighteen of these genes
contain introns including two genes, clpP and
ycf3, each with two introns, and one gene,
rps12, also composed of three exons, but with
the 5’ exon separated from the two 3’ exons

Vitis vinifera
(grape)

160,928 bp. Two IR:
26,358 bp. LSC: 89,147 bp
SSC:19,065 bp

57.5 % of gene encoding sequences.
113 annotated genes. Seventeen 17
intron-containing genes, 15 and 2 contain one
and two introns, respectively. Phylogenies
support Vitaceae as the earliest-diverging
lineage of rosids

Jansen et al.
(2006)

Triticum aestivum
L. cv. Chinese
Spring (wheat)

134,545 bp. Two IR:
20,703 bp. LSC:
80,349 bp. SSC: 12,790 bp

The same gene content of rice and maize.
Structural divergence indicates that wheat and
rice are related more closely to each other than
to maize

Ogihara et al.
(2002)

Solanum
tuberosum (potato)

155,312 bp. Two IR:
25,595 bp. LSC: 85,749.
SSC: 18,373 bp

130 annotated genes. Eighteen genes contain
one or two introns, and few tRNA are encoded
within these introns. Four introns are located in
IR and one intron in SSC

Chung et al.
(2006)

Acorus calamus
(calamus)

153,821 bp. Two IR 112 annotated genes. accD and ycf15 genes are
missed

Goremykin
et al. (2005)

Adiantum capillus-
veneris

150,568 bp. Two IR:
23,447 bp. LSC:
82,282 bp. SSC: 21,392 bp

118 annotated genes: 85 protein-encoding, 29
tRNAs and 4 rRNAs

Wolf et al.
(2003)

Amborella
trichopoda

162,686 bp. Two IR 132 annotated genes: 114 individual gene
species and 18 genes duplicated in the inverted
repeats

Goremykin
et al. (2003)

Agrostis stolonifera
(Common Bent)

136,584 bp. Two IR:
21,649 bp. LSC:
80,546 bp. SSC: 12,740 bp

53.6 % of gene encoding sequences.
131 annotated genes (113 different and 18
duplicated in the IR). 30 distinct tRNAs
encoded

Saski et al.
(2007)

Anthoceros
formosae
(Hornwort)

161,162 bp. Two IR:
15,744 bp. LSC:
107,503 bp. SSC:
22,171 bp

112 annotated genes: 76 protein, 32 tRNA and
4 rRNA genes

Kugita
(2003)

Arabidopsis
thaliana

154,478 bp. Two IR:
26,264 bp. LSC:
84,170 bp. SSC: 17,780 bp

128 annotated genes: a total of 87 potential
protein-coding genes including 8 genes
duplicated in the inverted repeat regions, 4
rRNA and 37 tRNA genes

Sato et al.
(1999)

Atropa belladonna 156,688 bp. Two IR:
25,906 bp. LSC:
86,868 bp. SSC: 18,008 bp

113 annotated genes and arranged in an
identical order as tobacco. Intron numbers and
positions are highly conserved

Schmitz–
Linneweber
et al. (2002)
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Table 7.2 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Chlamydomonas
reinhardtii

203,395 bp. Two IR:
22,211 bp

112 annotated genes: 72 bona fide
protein-coding genes, 30 tRNA genes, 10 rRNA
and 30 tRNA genes

Maul et al.
(2002)

Chlorella vulgaris 150,613 bp. Two IR. LSC:
80,873 bp
SSC: 78,100 bp

62 % of gene encoding sequences.
124 annotated genes: 71 protein genes, 33
tRNA genes and 10 putative ORFs

Wakasugi
et al. (1997)

Citrus sinensis
(Sweet Orange)

160,129 bp. Two IR:
26,996 bp. LSC:
87,744 bp. SSC: 18,393 bp

57.3 % of gene encoding sequences.
89 protein-coding genes, 4 rRNAs and 30
distinct tRNAs

Bausher
et al. (2006)

Cucumis sativus
cultivar Baek
(cucumber)

155,527 bp. Two IR:
25,187 bp. LSC:
86,879 bp. SSC: 18,274 bp

55.8 % of gene encoding sequences.
76 protein-coding genes, 30 tRNA genes, 4
rRNA genes, and 3 conserved ORFs

Kim et al.
(2006)

Daucus carota
(wild carrot)

155,911 bp. Two IR:
27,051 bp. LSC:
84,242 bp. SSC: 17,567 bp

56.4 % of gene encoding sequences.
115 unique genes and 21 duplicated ones within
the IR. 4 rRNAs, 30 distinct tRNA genes and
18 intron-containing genes

Ruhlman
et al. (2006)

Eucalyptus
globules (blue
gum)

160,286 bp. Two IR: 26
393 bp. LSC:
89,012 bp. SSC: 18,488 bp

128 annotated genes: 112 individual gene
species and 16 duplicated ones within the IR.
78 protein-coding genes, 30 tRNAs, 4 rRNAs

Steane
(2005)

Glycine max
(soybean)

152,218 bp. Two IR:
25,574 bp. LSC:
83,175 bp. SSC: 17,895 bp

60 % of gene encoding sequences.
130 annotated genes: 111 unique genes and 19
are duplicated within the IR. 30 distinct tRNAs

Saski et al.
(2005)

Gossypium
barbadense
(cotton)

160,317 bp. Two IR:
25,591 bp. LSC:
88,841 bp. SSC: 20,294 bp

131 annotated genes: 116 unique genes and 15
are duplicated within the IR. 37 distinct tRNAs

Ibrahim et al.
(2006)

Gossypium
hirsutum (cotton)

160,301 bp. Two IR:
25,608 bp. LSC:
88,816 bp. SSC: 20,269 bp

56.5 % of gene encoding sequences.
131 annotated genes: 112 are unique and 19 are
duplicated within the IR. 4 rRNAs and 30
distinct tRNA genes

Lee et al.
(2006)

Guillardia theta 121,524 bp. Two IR:
4,900 bp. LSC:
96,300 bp. SSC: 15,400 bp

90 % of gene encoding sequences.
183 annotated genes: 66 are protein-encoding,
30 tRNA, 44 rRNAs, 3 translation factors, 8
genes encoding components of the
transcriptional machinery and 26 additional ycfs

Douglas and
Penny
(1999)

Hordeum vulgare
subsp. Vulgare
(barley)

136,462 bp. Two IR:
21,579 bp. LSC:
80,600 bp. SSC: 12,704 bp

56.7 % of gene encoding sequences.
131 annotated genes. 113 are protein-encoding
and 18 of these are duplicated within the IR.
30 distinct tRNAs

Saski et al.
(2007)

Jasminum
nudiflorum
(jasmine)

165,121 bp. Two IR:
29,486 bp. LSC:
92,877 bp. SSC: 13,272 bp

57 % of gene encoding sequences. 113 unique
genes: 80 protein-coding genes, 30 tRNAs and
4 rRNAs

Lee et al.
(2007)

Lotus japonicus 150,519 bp. Two IR:
25,156 bp. LSC:
81,936 bp. SSC: 18,27 bp

84 annotated genes: 77 are unique species and 7
are duplicated within the IR. 37 tRNA genes.
Two copies of rRNA gene clusters
(16S-23S-4.5S-5S)

Kato et al.
(2000)

Solanum
lycopersicum
cultivar IPA-6

155,461 bp. Two IR:
25,608 bp. LSC:
85,882 bp. SSC: 18,363 bp

58.8 % of gene encoding sequences.
114 unique genes, 30 tRNA, 4 rRNA genes

Kahlau et al.
(2006)
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Table 7.2 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Cultivar LA3023
(tomato)

155,461 bp. Two IR:
25,611 bp. LSC:
85,876 bp. SSC: 18,363 bp

58.3 % of gene encoding sequences.
133 annotated genes: 113 are unique and 20 are
duplicated within the IR. 30 distinct tRNAs

Daniell et al.
(2006)

Marchantia
polymorpha
(liverwort)

121,024 bp. Two IR:
10,058 bp. LSC:
81,095 bp. SSC: 19,813 bp

136 annotated genes: 103 encode stable RNA
or proteins. 32 species of tRNA

Ohyama
et al. (1986)

Nandina domestica 156,599 bp. Two IR:
26,062 bp. LSC:
85473 bp. SSC: 19002 bp

128 annotated genes: 70 protein-encoding, 30
tRNAs and 4 rRNA genes

Moore et al.
(2006)

Nicotiana sylvestris
(woodland
tobacco)

155,941 bp. Two IR:
25,342 bp. LSC:
86,684 bp. SSC: 18,573 bp

146 annotated genes. Identical gene
organization of that of N. tabacum, except for
one ORF

Yukawa
et al. (2006)

Nicotiana tabacum
(cultivated
tobacco)

155,844 bp. Two IR:
25,339 bp. LSC:
86,684 bp. SSC: 18482 bp

146 annotated genes. 39 different proteins, 4
rRNAs, 30 tRNAs and 11 putative ORFs

Shinozaki
et al. (1986)

Nicotiana
tomentosiformis

155,745 bp. Two IR:
25,429 bp. LSC:
86,392 bp. SSC: 18,495 bp

146 annotated genes. Identical gene
organization of that of N. tabacum, except for 4
ORFs and 1 pseudogene

Yukawa
et al. (2006)

Oryza sativa (rice) 134,525 bp. Two IR:
20,799 bp

121 annotated genes: 30 tRNAs and 4 rRNA
genes

Hiratsuka
et al. (1989)

Panax ginseng
(Chinese ginseng)

156,318 bp. Two IR:
26,071 bp. LSC:
86,106 bp. SSC: 18,070 bp

58 % of gene encoding sequences.
131 annotated genes: 75 peptide-encoding
genes, 30 tRNA genes, 4 rRNA genes and 5
putative ORFs

Kim and Lee
(2004)

Pelargonium x
hortorum
(geranium)

217,942 bp. Two IR:
75,741 bp. LSC:
59,710 bp. SSC: 6,750 bp

51.5 % of gene encoding sequences.
160 annotated genes: 76 unique protein genes
(39 of which are duplicated within the IR) 4
rRNA genes (all of which are duplicated within
the IR), and 29 tRNA genes (8 are duplicated
within the IR)

Chumley
et al. (2006)

Phalaenopsis
Aphrodite

148,964 bp. Two IR:
25,732 bp. LSC:
85,957 bp. SSC: 11,543 bp

110 annotated genes: 76 protein-encoding
genes, 4 rRNA genes and 30 tRNA genes

Chang et al.
(2006)

Phaseolus vulgaris
(bean)

150,285 bp. Two IR:
26,426 bp. LSC:
79,824 bp. SSC: 17,610 bp

59.6 % of gene encoding sequences.
127 annotated genes: 75 unique protein genes,
30 tRNA genes and 4 rRNA genes

Guo et al.
(2007)

Pinus thunbergii
(Japanese black
pine)

119,707 bp. LSC:
65,696 bp
SSC: 53,021 bp

127 annotated genes: 70 coding-protein genes,
41 tRNA genes and 4 rRNA genes

Wakasugi
et al. (1994)

Saccharum
officinarum (sugar
cane)

141,182 bp. Two IR:
22,795 bp. LSC:
83,048 bp. SSC: 12,544 bp

The number, gene content and order of the
functional chloroplast genes are identical to
those of rice, maize and wheat

Asano et al.
(2004)

Solanum
bulbocastanum
(wild potato)

155,371 bp. Two IR:
25,588 bp. LSC:
85,814 bp. SSC: 18,381 bp

59.6 % of gene encoding sequences.
133 annotated genes: 113 unique genes, 30
distinct tRNAs and 4 rRNA genes

Daniell et al.
(2006)

Sorghum bicolor
(sorghum)

140,754 bp. Two IR:
22,782 bp. LSC:
82,688 bp. SSC: 12,502 bp

52.1 % of gene encoding sequences.
131 annotated genes: 113 unique genes, 30
distinct tRNAs and 4 rRNA genes

Saski et al.
(2007)
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case of the green alga Ostreococcus tauri, which
harbors two copies of the nad4L, cob, cox1 and
atp8 genes in its mitochondrial genome. Fur-
thermore, many species (A. thaliana, B. vulgaris
subsp. vulgaris, Oriza sativa subsp. Indica, O.
sativa subsp. japonica, Sorghum bicolor, Trip-
sacum dactiloides, Zea luxurians, Zea mays
mays, Z. mays parviglumis, Zea perennis, Fer-
rocalamus rimosivaginus, Bamboosa oldhamii,
Silene latifolia and Vigna radiate) harbour the
complete set of cytochrome C biogenesis genes
(ccmC, ccmFC, ccmFN, ccmB) but, by contrast,
they lack the sdh3 and sdh4 genes of the protein
complex II. On the other hand, other species
(Chaetosporidium globosum, C. vulgaris,
Chlorokybus atmophyticus, M. polymorpha and
M. viride) contain all of the complex II genes but
they lack the cytochrome c biogenesis genes.
Only N. tabacum, P. purpurea, Vitis vinífera,
Physcomitrella patens, Carica papaya, Ricinus
communiis, and S. lycopersicum harbor the
complete set of genes for these two complexes
encoded in their mitochondrial genomes. The rest
of the analyzed chondromes showed disparity
regarding the complex II and cytochrome C bio-
genesis encoding genes.

As for the different encoded ATP synthase
subunits (complex V), it is also very variable
among Embryophyta species. Similarly, riboso-
mal coding genes are all well conserved in some
species (i.e. M. polymorpha-16 in total, P. pur-
purea-16 in total and Cycas taitungensis-18 in
total), whereas in others, most of them are absent
(as for example for S. latifolia and B. vulgaris).

In this regard, it should be noted that V. vinífera
chondrome encodes for the highest number of
rRNA genes (29) among all analyzed species,
being 17 of them of chloroplastic origin.

Phylogenetic Analyses

Conservation of gene content and a relatively
slow rate of nucleotide substitution in
protein-coding genes have made the chloroplast
genome an ideal focus for studies of plant evo-
lutionary history (Martin et al. 1998; Adachi
et al. 2000; De Las Rivas et al. 2002). However,
several criteria should be taken into account for
these kind of analyses such as exclusion of:
(i) species with non-annotated sequences,
(ii) missing genes in their annotated genomes,
and (iii) protein-encoding sequences that are not
present across the chosen species.

Figure 7.2a shows a phylogenetic tree per-
formed by comparing the sequences of 50
orthologous proteins from 50 species of the
Viridiplantae clade. The clusters of different
species match with the current accepted plant
classification, thus, confirming the strong asso-
ciation between chloroplast protein modification
and the plant speciation. Noteworthy in this
respect, S. lycopersicum clustered closer to
Solanum bulbunocastum than to Solanum
tuberosum and, altogether, S. lycopersicum
clustered with Atropa and Nicotiana species
(Fig. 7.2a). Clarkson et al. (2004) described a
very low degree of sequence variation between

Table 7.2 (continued)

Species (common
name)

Genome size(a)/structure Main features References

Piper cenocladum
(pepper)

160,624 bp. Two IR:
27,039 bp. LSC:
87,668 bp. SSC: 18,878 bp

130 annotated genes. 113 unique genes, 30
distinct tRNAs and 4 rRNA genes

Cai et al.
(2006)

Platanus
occidentalis
(sycamore)

161,791 bp. Two IR:
25,066 bp. LSC:
92150 bp. SSC: 19509 bp

129 annotated genes.79 protein-coding genes,
30 tRNA genes and 4 rRNA genes

Moore et al.
(2006)

Drimys
granadensis

160,604 bp. Two IR:
26,649 bp. LSC:
88,685 bp. SSC: 18,621 bp

50.1 % of gene encoding sequences.
131 annotated genes: 79 protein-coding genes,
30 tRNA genes and 4 rRNA genes

Cai et al.
(2006)
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the plastid genomes of N. sylvestris and its
allopolyploid descendant N. tabacum. By con-
trast, Daniell et al. (2006) revealed a significant
number of InDels within certain coding sequen-
ces between tomato, potato, tobacco and Atropa.

The closest phylogenetic position to tomato
within the Viridiplantae, as inferred from mito-
chondrial genomic data, appears to be N. taba-
cum (Fig. 7.2b). In this sense, the nearest species
to these last two are Vitis vinifera and C. papaya
(from the order Vitales and Brassicales), which
are connected by Ricinus communis (Mal-
pighiales order).

As expected, an analysis based on the
neighbor-joining method strongly supports the
placement of most of the included taxa with

Chlorophycean green algae separated from
Streptophyta taxa. Within Streptophyta, the only
Gymnosperm included in the analysis (C.
taitungensis) appeared as the ancestor of all
Angiosperm species, showing that Gymnosperms
are the earliest-diverging lineage among the
Streptophyta. M. polymorpha and P. purpurea,
which are placed as the early diverging lineages
of land plants, are the exceptions regarding
Angiosperms. Thus, they represent the ancestral
type of mtDNA. This hypothesis is in line with
the finding that the mitochondrial genome of
these species closely related to protists, in both
gene content and order (Wang et al. 2009). This
analysis also shows that gene loss, especially
those encoding ribosomal proteins, seems to
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Fig. 7.2 Evolutionary relationships of taxa assessed with
chloroplast (a) and mitochondrial (b) protein sequences.
The evolutionary history was inferred using the
neighbor-joining method (Saitou and Nei 1987). The
optimal tree with the sum of branch lengths is shown
(1.51474643 in a and 2.79018422 in b). Percentages of
replicate trees in which the associated taxa clustered
together in the bootstrap test (500 replicates) are shown
next to the branches (Felsenstein 1985). Trees are drawn
to scale, with branch lengths in the same units as those of

the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the
p-distance method (Nei and Kumar 2000) and are in the
units of the number of amino acid differences per site.
Analyses involved 50 and 35 amino acid sequences for
a and b, respectively. All ambiguous positions were
removed for each sequence pair. There were a total of
3275 and 5856 positions in the final dataset for a and b,
respectively. Evolutionary analyses were conducted by
using the MEGA5 software package (Tamura et al. 2011)
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have occurred after the Angiosperms lineage
divergence. This hypothesis is also in agreement
with the evolutionary analysis reported by Chaw
et al. (2008). Finally, within the land plant taxa,
monocots and dicots are clearly separated. In
general terms, the reconstructed tree is in accor-
dance with the current accepted phylogenetic
relationships (Pombert et al. 2004; Terasawa
et al. 2007; Chaw et al. 2008; Ma et al. 2012).
However, in few cases, low bootstrap values
were observed within taxa with known phylo-
genetic relations, such as Zea genus (61 %
between Z. mays subsp. marviglumis and Z.
luxurians and 79 % between the Brassicaceae A.
thaliana and Brassica napus). This observation
alerts about the appropriateness of the
neighbor-joining method for phylogenetic rela-
tions based on mitochondrial genome data.

Further Perspectives
and Applications

Outcomes from whole genome sequencing pro-
jects of crop plant species exponentially increase
the available information needed to understand
the incidence of plastid genome modification in
plant evolution and plant speciation. Particularly
in tomato, post-genomic, and functional geno-
mics tools can help elucidating how the transition
of chloroplasts to chromoplasts occurs during
the ripening of fruits. However, little is still
known about the regulation of gene transcription
and protein translation as well as of the flow of
information between the nucleus and the
chloroplast. Knowing the intricate connections
between the nucleus and chloroplast is the chal-
lenge for the future and will probably introduce
an improvement in crops. These organelles are
fundamental for the production of a wide variety
of metabolites for the food industry as well as for
the adaptation of plants to stressful conditions.

Even less understood is the function and reg-
ulation of the evolutionary mosaics that represent
plant mitochondrial genomes. Solid evidence
supports the acquisition (and loss) of genetic
information (and possible even active genes)
from several distinct sources in the course of

evolution. However, the impact of these events at
the whole plant level has been overlooked.
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8Assembly and Application
to the Tomato Genome

Jifeng Tang, Erwin Datema, Antoine Janssen
and Roeland C.H.J. van Ham

Abstract
The computational process of reconstructing a genome by assembling
large amounts of raw sequencing data into long DNA fragments poses
great challenges. This chapter illustrates current genome sequencing
technologies and assembly algorithms by example of the tomato genome
sequencing project. Over the last decade, “Next Generation Sequencing”
technologies have placed great emphasis on efficient library preparation,
high throughput and long read length. These developments have pushed
the evolution of genome assembly approaches from greedy
overlap-layout-consensus approaches that were used to assemble Sanger
sequences, to de Bruijn graph and string graph approaches that are
currently in use to assemble these new types of sequencing data produced
in large volume. Nonetheless, many species still lack a high-quality,
gold-standard genome sequence as genome assembly is still far from a
solved problem. Several approaches have been developed to estimate the
quality of assembled genome sequences and to perform so-called genome
finishing, a complicated and costly procedure to complete the unresolved
regions of the genome. We expect that within this decade sequencing
technologies will undergo another dramatic improvement, resulting in
“Third Generation Sequencing” technologies with which chromosomes
and genomes can be sequenced in their entirety with high accuracy. Plant
breeding will benefit enormously from this development, providing
breeders with the tools, data and understanding to design new traits and
varieties from natural and induced genetic variation in an entirely
rationalized and economical manner, and much beyond our current
capabilities. The tomato genome described here was sequenced within an
international collaboration and its completion spanned almost a decade.
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The novel sequencing technologies that were invented and commercial-
ized during the course of this effort resulted in the generation of multiple
types of sequence datasets. This in turn required development and
application of state-of-the-art bioinformatics approaches to process the
vast and varied datasets in order to produce a near-complete and high
quality genome assembly.

Keywords
Tomato � Genome sequence � Genome assembly � Genome finishing

Genome Sequencing and Assembly

Introduction

Since the elucidation of the structure of DNA in
1953 by Watson and Crick, scientists have put
great efforts in unravelling the structure and
composition of genomes. In the 1970s, the first
DNA sequencing technologies were developed
that allowed reconstruction of the precise order
of nucleotides within a DNA molecule. Among
these, the Sanger sequencing method (Sanger
and Nicklen 1977) became the most successful
technology and which ultimately enabled the
sequencing of the entire genome of a species. In
2001, the first human genome sequence was
published which required three billion US dollars
and 10 years of work by a large international
consortium.

In recent years, various novel sequencing
technologies have been developed and success-
fully applied in whole genome sequencing,
notably including the 454 pyrosequencing and
the Illumina technologies. Collectively these are
called “Next Generation Sequencing
(NGS) technologies”. Although NGS technolo-
gies have made whole genome sequencing less
laborious and several orders of magnitude faster
and cheaper, the computational process of
reconstructing a genome by assembling very
large amounts of raw sequencing data into long
DNA fragments, such as chromosomes, still
poses great challenges. The root of this problem
lies, on the one hand, in the complexity of the
genome sequence itself, which is often highly

repetitive over short and long distances (poly-
ploidy) and heterozygous to varying extents. On
the other hand, the sequence reads from which a
genome needs to be reconstructed are extremely
short compared to the size of a genome and they
typically contain experimental errors, which
hampers the process of identifying unambiguous
overlaps between short fragments.

Plant species in particular have highly com-
plex genomes comprising, many and often large
repeats and high rates of heterozygosity. The
largest eukaryotic genome known to date was
identified in a plant (Paris japonica; PELLICER
et al. 2010): it’s *150 Gb haploid genome is
almost 50 times larger than the human genome.
Many plant species are polyploid (Meyers and
Levin 2006) and carry large gene families and
abundant pseudogenes in their genome, resulting
from genome duplication events and proliferation
of transponsons. For example, the maize genome
consists of at least 75 % repetitive sequences,
most of which are mobile DNA elements (Mey-
ers et al. 2001; Schnable et al. 2009). Besides
these, some genomes or genomic regions have
high GC-biases. All of these factors confound the
process of genome sequencing and assembly.

All current sequencing technologies have their
limitations either in read length, base accuracy or
throughput. The Illumina sequencing technology
can produce extremely large numbers of
sequence reads per run (2 billion single or
paired-end reads) with a relatively low error rate
(below *0.4 %) (Quail et al. 2012), while the
read length with a maximum of 250 nucleotides
is relatively short. The 454 sequencing
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technology (Margulies et al. 2005) has a much
lower throughput and generates reads with up to
1000 nucleotides but homopolymer sequencing
errors pose a problem. In contrast to these 2 s
generation sequencing technologies, the recently
developed single molecule PacBio sequencing
technology can generate relatively long reads
(*8.5 kb on average), but the throughout is
relatively low and the sequencing error rate is
very high (*13 %) (Quail et al. 2012).

The limitations of the sequencing technolo-
gies primarily impact the power to assemble
repetitive regions of a genome. To help over-
come these problems, paired-end and mate-pair
sequencing methods, with which reads from both
ends of a DNA fragment can be generated, have
been developed by Illumina and 454. The two
reads of a pair with a known approximate dis-
tance can bridge repetitive regions. Despite this
improvement, the huge amounts of reads gener-
ated by the NGS platforms pose computational
challenges in their own right. They require
extensive IT resources in terms of storage
capacity and compute power (memory and pro-
cessors). In recent years, a number of software
programs have been developed to analyze gen-
omes from very large data volumes and different
genome sequencing and assembly strategies have
been devised that specifically address biological,
experimental and computational challenges.

In this chapter we describe current genome
sequencing and assembly strategies, and genome
quality evaluation and finishing methods. Fur-
thermore we illustrate some of these in the con-
text of the international tomato reference genome
assembly project. In addition, we also provide an
outlook on the future developments in genome
sequencing technologies.

Genome Sequencing Strategies

Genome sequencing is a technology to reveal the
order of nucleotides of each chromosome in the
genome of a species. The two major genome
sequencing strategies are whole genome shotgun
(WGS) sequencing and clone-based sequencing.
Besides these two strategies, recently a few local

sequencing and assembly strategies have shown
advantages of reducing the complexity of a gen-
ome in whole genome sequencing approaches.

In the WGS approach, a large number of
copies of genomic DNA is randomly sheared into
smaller and partially overlapping fragments.
Typically, the sheared fragments are separated by
size by running them in a gel after which frag-
ments with a required size are extracted from the
gel and purified. These fragments are then
sequenced using any of the current sequencing
technologies. Based on the overlaps between the
sequences generated from the fragments, the
short sequences can be assembled into longer
contiguous sequences, so-called “contigs”.

Clone-based sequencing strategies divide the
whole genome into a number of large overlap-
ping fragments that can be inserted into an
appropriated cloning vector, such as Bacterial
Artificial Chromosomes (BACs), cosmids, fos-
mids or Yeast Artificial Chromosomes (YACs).
The overlapping fragments are generated by
random shearing or by partially digesting the

Randomly shear genomic 
DNA into short fragments 

Ligate tag-adjacent adapters

Amplify the fragments and 
randomly shear again

Ligate breakpoint adapter

Amplify for paired end 
sequencing

Group by tags and assembly 
each group

R1:ATCGAC R2:GAGCAG
R1:ATCGAC R2:AGCAGT
R1:ATCGAC R2:ACTGAG

A
B
C

B
C

A

C

C
C

ATCGAC.GAGCAG
ATCGAC..AGCAGT
ATCGACTGAG

Contig:ATCGACTGAGCAGT

Fig. 8.1 A local sequencing and assembly strategy
according to Hiatt et al. (2010). Genomic DNA is randomly
sheared into short fragments, indicated “A”, “B” and “C”;
tag-adjacent adapters are ligated to “A”, “B” and “C”; the
fragments are amplified and randomly sheared again
(examplified for fragment “C”); breakpoint adapters are
ligated to the breakpoints and the fragments are amplified
from the tag-adjacent and breakpoint adapters for Illumina
sequencing to generate paired-end reads (R1 and R2);
paired reads are grouped by R1 (black underlines) and
assembled
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DNA with a restriction enzyme, in both approa-
ches followed by selection of fragments with a
particular size range compatible with the cloning
vector. After insertion into the cloning vector, the
constructs are transformed into a host organism,
such as E. coli, in which they are replicated and
stored. Each host cell contains one unique cloned
fragment of the original genome and together
they represent a genomic library. All clones in
the library can be characterized using a finger-
printing technology, e.g., the Whole Genome
Profiling method (WGPTM) (van Oeveren et al.
2011). Based on the fingerprint information, the
clones can be assembled into contigs using
software, such as FPC (Soderlund et al. 1997), to
produce a physical map of the underlying gen-
ome. From the physical map, a minimal tiling
path can be designed that will comprise the
minimum number of clones covering the maxi-
mum part of the genome. Clones from the min-
imal tiling path are then selected for sequencing,
which for each clone individually can be done
using the WGS approach.

Local sequencing and assembly strategies
partition whole genome sequencing and assem-
bly into small regions, which reduces the overall
assembly problem into many small subproblems.
One of these approaches is the tag-directed
sequencing method developed by Hiatt et al.
(2010), in which genomic DNA is randomly
partitioned into small fragments (*500 bp),
followed by ligation of tag-adjacent adapters on
both sides of the fragments. The approach is
illustrated in Fig. 8.1. In more detail, the frag-
ments are amplified and sheared, the breakpoints
are ligated to a breakpoint-adjacent adapter.
Segments between the tag-adjacent adapter and
breakpoint-adjacent adapter are amplified for
sequencing using Illumina paired-end sequenc-
ing. One read of a pair corresponds to the tag and
the other read of the pair to the breakpoint read
from the random shearing. The breakpoint reads
are grouped by their tag reads and each group
can be assembled into either end of the frag-
ments. As an alternative for random shearing,
another approach was developed in which
genomic DNA is partitioned using restriction
enzymes to create a series of reduced

representation libraries from different fragment
sizes (Young et al. 2010). Besides these two
strategies, Keygene developed a paired-end
WGP approach, an integrated strategy of local
sequencing and assembly based on a BAC
library and a physical mapping approach using
WGP (van Oeveren et al. 2011). The approach
differs from the previously described approaches
in that the BAC libraries are digested by one or a
few restriction enzyme(s) independently and the
local assemblies can be linked to the WGP map
directly.

In general, the WGS approach entails mas-
sively parallel sequencing of overlapping DNA
fragments and assembly of these into longer
contigs. In comparison with the clone-based
sequencing approach and the local sequencing
and assembly approach, WGS is relatively
straightforward and usually more cost-effective.
However, the assembly step of WGS is often
greatly hampered by repetitive and complex
regions in a genome. While generating the
recombinant clones is relatively slow, labour
intensive and expensive in the clone-based
method, sequence assembly per se is relatively
straightforward, because it is much less affected
by the repetitiveness and complexity of the
genome. Like the clone-based approach, the local
sequencing and assembly approach requires rel-
atively labour intensive sample preparation steps
in comparison with the WGS approach. Local
assembly, however, requires little computational
resources in terms CPU, memory and I/O (read
and write throughput) per individual assembly,
but it needs to be massively parallelized in order
to handle the total set of individual assemblies.

Library Preparation Protocols

The NGS era brought several new or improved
library preparation protocols. Illumina has further
developed the paired-end sequencing protocol,
which was originally invented by Sanger. The
Sanger paired-end sequencing method is a
clone-based approach, which requires a cloning
step with ligating adaptor sequences containing
restriction sites for endonucleases. The Illumina
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paired-end sequencing protocol is clone-free and
generates read pairs from fragments with
approximately fixed distances, typically shorter
than 1 kb. A special application of paired-end
reads is to use them to generate so-called
“pseudoreads”. For example, paired-end reads
of 2 � 100 bp produced from fragments with a
size of approximately 180 bp can be used to
generate pseudoreads of 180 bp, based on an
overlap of approximately 20 bp. A program
called “FLASH” (Magoč and Salzberg 2011)
was developed to construct such pseudoreads. In
contrast, 454 paired-end sequencing can generate
read pairs with an approximate distance of up to
20 kb. In the protocol, the two ends of the
fragments are connected with a bioitin labelled
linker. The circularized DNA fragments are
randomly sheared and biotin-labelled fragments
are selected. The selected fragments are
sequenced using the Roche 454 sequencer, which
produces single reads covering the linker
sequences. The linker sequences can be identified
and the single reads then can be split into two
reads to represent a pair corresponding to the
ends of the original fragment.

To generate read pairs from fragments lager
than 1 kb, Illumina developed a so-called “mate
pair” protocol. The original Illumina mate-pair
protocol used biotin to label both sides of the
fragments. Like in the 454 protocol, the frag-
ments need to be circularized and randomly
sheared and the biotin-labelled fragments are
selected for paired-end sequencing. This
approach turned out to cause problems, because
without linkers, the exact sequences
corresponding to fragment ends could not be
identified. To solve the issue, an identifiable
junction sequence called “cre-lox” was intro-
duced to link the two ends of fragments and a
bioinformatics tool called DeLoxer can be used
to identify and remove the cre-lox adapters (Van
Nieuwerburgh et al. 2012). Similar to the cre-lox
method, a recently released Illumina-Nextera
mate-pair protocol uses identifiable junction
sequences, which can be identified and
processed using bioinformatics tools from the
Biopieces pipeline (www.biopieces.org) or
AdapterRemoval (Lindgreen 2012).

Compared to single shotgun reads, paired-end
reads and mate-pair reads not only have double
read length, more importantly the approximate
distances of read pairs from a library can be used
to constrain the assembly. Read pairs can be
forced to be assembled only within expected
distances, which can greatly improve the
assembly of repetitive regions (Wetzel et al.
2011). Almost all recently developed assemblers
make use of paired-end and mate-pair reads to
constrain the assembly process, including the
widely used prgrams SOAPdenovo (Luo et al.
2012) and ALLPATHS-LG (Gnerre et al. 2011).

Sequence Pre-Processing

Sequences generated with different library
preparation protocols and different sequencing
technologies all contain sequencing errors. It is
well known that 454 reads contain homopoly-
mer errors, while Illumina reads have a low
quality at the end and both ends of Sanger reads
are normally of low quality. Reptile (Yang et al.
2010) is one of various programs that can cor-
rect sequencing errors. It builds an index of
so-called k-mers, short overlapping substrings
occurring in the original sequence reads. It uses
these to identify k-mers containing erroneous
bases and constructs multiple sequence align-
ments based on the k-mers and their neigh-
bouring k-mers for error corrections. The tool
Quake (Kelley et al. 2010) also enables read
error correction based on k-mers and does so by
making use of base quality information in the
process. Instead of using k-mers, the tool
HiTEC (Ilie et al. 2011) builds a suffix array for
all reads and uses statistical analysis to find and
correct errors.

Besides sequencing errors, both 454 reads and
Illumina reads contain clone duplications. These
pertain to exact copies of the same fragment,
which are amplified and sequenced hundreds to
millions times. These reads originate from only
one initial DNA fragment, but take up more
space than one read and accordingly more com-
putational resources during downstream bioin-
formatics analysis.
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Sequences generated from (BAC) clones can
be contaminated with sequences derived from the
cloning vector and from the bacterial host E. coli.
Such reads need to be trimmed before further
analysis. Besides this, in plant genome
sequencing, the extracted genomic DNA may
contain chloroplast and mitochondrial DNA,
even after purification of nuclear DNA. Because
chloroplast and mitochondrial genomes have
sequences homologous to nuclear DNA, they
may result in misassembles of the nuclear gen-
ome, and it is therefore common practice to
remove these sequences prior to assembly.

Genome Assembly Methods

Sequence assembly is the approach to reconstruct
genome sequences using a set of short sequences
that can be generated by shotgun sequencing
technologies. Advances in these sequencing
technologies have driven the rapid development
of new sequence assembly tools. All tools rely on
the assumption that sequence reads derived from
the same locus on the chromosome should be
identical. The identical and overlapping parts
between the reads are used to stitch them toge-
ther. However, in reality, this assumption does
not always hold. Sequence reads derived from
the same locus can contain different bases due to
the occurrence of sequencing errors, and
sequences from different loci can be (nearly)

identical because they stem from duplicated
copies of a locus or from highly identical repet-
itive sequences. In order to deal with sequencing
errors, repetitive sequences and at the same time
taking into account sequencing characteristics
from different technology platforms, various
assembly algorithms have been developed.

The earliest algorithm used in sequence
assembly employed a simple ‘greedy’ approach
(Bonfield et al. 1995; Sutton et al. 1995; Ewing
and Green 1998) in which shortest common
super-sequences (Timkovsky 1993) in a set of
random, short overlapping sequence reads are
reconstructed by “greedily” joining those reads
that are most similar to each other. This approach
was soon followed by the overlap-layout-
consensus (OLC) method (Myers et al. 2000) in
which similarity relations between reads are rep-
resented by a graph. Sequence reads are repre-
sented by nodes and their overlaps with other
reads are edges. The assembly problem can thus be
transformed to the problem of finding a path
through the graph that contains all the nodes,
which can be solved by the application of more
common graph theory techniques. Both greedy
and OLC approaches were designed for assembly
of the relatively long sequence reads (*1000 bp)
that are produced by the classical Sanger
sequencing method (Bonfield et al. 1995; Sutton
et al. 1995; Ewing and Green 1998; Myers et al.
2000). Both algorithms require an all-versus-all
pair-wise comparison between sequence reads and

Genome sequence
Locus 1 Locus 2

A
C

B

A
B
C

Fig. 8.2 An example of misassembly in the greedy
assembly approach. From a duplicated region in the
genome (locus 1 and 2, indicated by solid black blocks)
three reads were produced through shotgun sequencing:
reads A and C derive from locus 1, and read B from locus

2. The greedy algorithm first merges sequence A and
B together because they share the longest overlap, to the
exclusion of sequence C, which has a shorter overlap with
sequence A. The contig generated from sequence A and
B represents a misassembly of the two loci
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use the overlap information between sequences for
constructing the assembly. However, compared to
classical Sanger sequencing, the datasets pro-
duced by next generation sequencing technologies
consist of much shorter reads that come in vol-
umes that prohibit computation of all-versus-all
similarity and overlap. This computational limi-
tation has driven the development of entirely new
assembly algorithms, among which the “de Bruijn
graph” method is the most used and powerful one
(Pevzner et al. 2001). The de Bruijn graph
approach is similar to the OLC approach in that it
relies on the construction of a graph, starting from
a population of sequence reads. Unlike OLC,
however, in which the graph is based on sequence
overlap information of the entire read, the de

Bruijn graph uses k-mers to construct a path
through a graph. k-mers are substrings with a fixed
length of k nucleotides. A de Bruijn graph is
therefore also called “k-mer” graph. For each
distinct k-mer the frequency in the total population
of reads is counted. Redundancy in the read pop-
ulation is compressed which enables computation
on the much larger datasets produced by NGS
technologies. The recently developed “string
graph” method takes advantage of both the de
Bruijn graph and the OLC approach (Myers 2005;
Simpson and Durbin 2010; Gonnella and Kurtz
2012; Simpson and Durbin 2012). The initial
string graph uses intervals between two sequences
as nodes and boundaries between two sequences
as edges.

Greedy algorithms provide the simplest
method for genome assembly. They use the
overlap information between sequences which are
calculated from pair-wise comparisons. Sequen-
ces with the best overlaps are joined first, and
iteratively merge with other sequences as long as
the sequences do not conflict with the already
constructed assembly group (see Fig. 8.2). The
consensus sequences, also called contigs (con-
tiguous sequences), are computed based on the
sequence depth from the merged reads in each
assembly group. If per-base sequence-quality
information is available, the quality scores are
used also for the computation of the consensus
sequences. A number of the earliest available
assembly software tools were developed based on
the greedy algorithm, including widely used tools
such as Phrap, Cap3 and TIGR assembler (Bon-
field et al. 1995; Ewing and Green 1998; Huang
and Madan 1999; Luo et al. 2012). More recently
developed genome assemblers based on a greedy
algorithm include SSAKE and VCAKE (Warren
et al. 2007; Jeck et al. 2007). Although each of
these tools implemented the algorithm differently,
they all employ two important parameters in the
assembly process: the minimum overlap length
and the minimum similarity between the overlap-
ping regions of reads. Since the greedy algorithm
merges the sequences with the best overlaps, it
may not lead to a global optimal solution. Espe-
cially sequences coming from repetitive regions
may be misassembled together. Figure 8.2

A
B a
C b
D
E

c
d

Step 1: build overlap graphs

A
B

EC

Da

b

c

d

Step 2: layout

A
BD

CE

a

b

Step 3: make consensus sequences
A
B
D

contig

C
E

contig

Fig. 8.3 Overlap-layout-consensus (OLC) approach. The
overlap between sequence A and B is indicated by “a”, the
overlap between A and C by “b”, the overlap between
sequence B and D by “c” and the overlap between
sequence C and E by “d”. On basis of overlaps, a graph is
built with nodes representing sequences and edges
representing overlaps (step 1). In step 2, nodes B and
D connected by a unique edge are compressed into the
single node BD, and similarly node C and E are
compressed in the node CE. Next, the optimal paths are
identified: path ABD and path CE. In the final step, the
consensus sequence is called based on multiple sequence
alignment of sequences in each path
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illustrates this problem. To avoid the influence of
repetitive sequences, many tools allowmasking of
repetitive sequences before they take part in the
assembly. The tool “RepeatMasker” (Smit and
Green 1996) is frequently used for this task.

Unlike the greedy algorithm, the overlap-
layout-consensus (OLC) approach uses the over-
lap information between all sequences, and ini-
tially builds a global overlap graph. OLC
assembly normally includes three steps after
pair-wise comparison between all sequences. The
first step is to build the overlap graph based on all
overlap information. In the graph, nodes are
sequences and edges represent the overlapping
part between sequences (see Fig. 8.3, step 1). As
long as the overlaps between sequences comply
with the customizable constraints of “minimum
overlap length” and “minimum similarity of the
overlap”, all edges between the sequences will be
present. The genome assembly problem then boils
down to finding the minimum number of paths
through the graph that visit all nodes only once.
The solution can be easy but can also be
“NP-hard”, and thus difficult to solve. If the gen-
ome is completely devoid of repetitive sequences,
then only the start and end nodes have a single
edge while all other nodes have two edges. The

graph can be traversed by visiting each node only
once. However, in the real world, genomes are
usually complex and contain many repetitive
sequences of varying lengths and similarities.
Finding the optimal paths through a graph built
from such a genome is often highly problematic.
In fact, the goal of the second step in the OLC
approach is to find the optimal paths that cover and
traverse all nodes in the graph. It uses a hierar-
chical approach to compress the overlap graph
first. The nodes with unique edges are compressed
into one node (see Fig. 8.3, step 2) and the optimal
paths can be identified from the compressed
graph. However, due to the influence of repetitive
sequences, the optimal paths may not be easily
discovered and it is often necessary to mask
repetitive sequences before constructing an over-
lap graph. In the final step the consensus sequen-
ces are calculated based on all sequences present
in the same path. Amultiple sequence alignment is
usually constructed based on these sequences, and
the most reliable bases are discovered from the
multiple sequence alignment. If the quality
information is available, the base quality will be
taken into account. The Celera assembler (Myers
et al. 2000) represents one of the most powerful
implementations of the OLC method (Table 8.1).

Table 8.1 Assembly programs

Program name Approach used Input data References

Phrap Greedy algorithm FASTA reads with or without quality
information, Sanger ACE file

Ewing and Green
(1998)

Cap3 Greedy algorithm FASTA reads with or without quality
information

Huang and Madan
(1999)

Newbler Overlap-layout-consensus
algorithm

FASTA reads with the limitation of
max read length of 1999nt, 454 sff files

Margulies et al.
(2005)

Celera
assembler

Overlap-layout-consensus
algorithm

Fastq files generated from Illumina
and PacBio, 454 sff files

Myers et al. (2000)

ALLPATHS-LG De Bruijn graph algorithm Illumina Fastq files, PacBio reads in
FASTA

Gnerre et al. (2011)

SOAPdenovo De Bruijn graph algorithm Illumina Fastq files, FASTA reads Luo et al. (2012)

Velvet De Bruijn graph algorithm Illumina Fastq files Zerbino and Birney
(2008)

Abyss De Bruijn graph algorithm Illumina Fastq files Simpson et al.
(2009)

CLC bio De Bruijn graph algorithm Illumina Fastq files A commercial
assembler released
by CLC
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The Newbler assembler (Margulies et al. 2005) is
the most recent tool that implemented this
approach and was developed primarily for
assembly of 454 sequence datasets.

The k-mer graph (de Bruijn graph) method
was developed recently to deal with short reads
and the extremely large numbers of sequence
reads generated by the next generation sequenc-
ing technologies. The method partitions all reads
into even shorter k-mers (see Fig. 8.4). A k-mer
graph is then constructed, considering the k-mers
as nodes and overlaps of k-1 nucleotides as
edges. Based on the k-mer graph, paths can then
be easily read out from a node to the next node
following the edges. However, k-mers containing
sequencing errors, polymorphisms between alle-
les, repetitive sequences and sequences derived
from homeologous chromosomes in polyploid
species, result in “bubbles” or “branches” in the
graph that break the linear paths. The frequency
distribution of k-mers is often used to identify
and remove or “pinch” the bubbles in the graph.
This works reasonably well for bubbles caused
by k-mers containing sequencing errors because
these have significantly lower frequencies than
k-mers with correct bases. However, bubbles
caused by polymorphisms between alleles,
repetitive sequences and homeologous chromo-
somes cannot be solved in a similarly

straightforward way by k-mer frequencies. Most
programs therefore break-up paths as soon as
these bubbles are encountered. The consensus
sequences resulting from the linear paths are then
filled up by ambiguous bases (N’s) in gaps. The
gap size is estimated from the approximate dis-
tances of paired-end and mate-pair reads. Some
programs use an internal local assembly at the
two sides of a gap to close or reduce the gap. The
local assemblies use paired-end and mate-pair
reads, which have one read of read pairs mapping
on the flanking regions of the gap, and the other
reads of the pairs are subsequently assembled.
Since the k-mer approach partitions a sequence
read into tens of k-mers, the full sequence
information of the read is lost, although this
approach reduces the graph size and memory
usage. Some k-mer graph-based assemblies keep
the full sequence information and trace them
back in the k-mer graph a posteriori and remove
some branches caused by small repetitive
sequences, relying on the fact that branches are
often supported by the original sequence reads.

K-mer size is the most important parameter
for k-mer graph-based assemblers. In practise,
the k-mer only takes an odd value. Smaller k-mer
sizes will compress the data more and generate a
smaller k-mer graph, while more bubbles or
branches may occur in the graph. In contrast,

Read a ATCGAGAGC

Read b TCGAA GAGC
K=5

Read a

ATCGA

TCGAG

CGAGA

GAGAG

AGAGC

Read b

TCGAA

CGAA G 

GAAGA

AAGAG 

AGAGC

k-mer graph
CGAG GAGA AGAG

ATCGA
TCGAG CGAGA

TCGAA CGAAG

GAGAG AGAGC
TCGA

TCGA AAGAGGAAGA
CGAA GAAG AAGA

AGAG

Read a ATCG -AGAGC

Read b TCGAAGAGC

Alignment of read a and b

Fig. 8.4 K-mer graph approach. Read a and b represent
two sequences from the same locus, in which read
b appears to have an insertion (base “A” at position 4)
based on alignment of the reads. Using a k-mer size of 5,
both reads a and b can be split into five sub-reads, from

which a k-mer graph can be constructed, with k-mers as
nodes and overlaps as edges. In the graph shown, two
paths can be defined that share the same start-node and
end-node, and that create a “bubble” caused by the
insertion
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larger k-mer sizes generate more unique k-mers
and larger k-mer graphs with less branches, but
they require more memory to store the graph.
Whatever k-mer size is used, a substring derived
from a sequence read that contains sequencing
errors will result in a unique or rare k-mer.
Therefore, error correction in the k-mer
graph-based approach is an important step.

String graph-based assembly represents a new
and recently developed approach (Myers 2005).
It uses a novel way to compress the sequence
reads and their overlap information. Unlike
overlap graphs, nodes in the string graph are ends
of reads, instead of whole sequences; edges are
overhangs between two overlapping sequences,
instead of overlaps (Fig. 8.5a). Because the input
data for de novo assembly normally has a very
high sequence coverage, storing overhangs
instead of overlaps can significantly reduce
memory usage. Transitive edges stored in over-
lap graphs are reduced in string graph (Myers
2005), which also demonstrates in Fig. 8.5b. In
this way, the string graph uses less memory than
the overlap graph and also contains full sequence
information which is otherwise lost in the k-mer
graph. The recently developed string graph
assembly method SGA uses Ferragina–Manzini

index (FM-index) derived from the Burrows–
Wheeler transform to efficiently construct the
string graph (Simpson and Durbin 2010). This
was shown to greatly reduce compute time and
memory usage. In addition, the FM-index based
compressed data structure was optimized and the
assembler employs an error correction method
prior to assembly. SGA is to date the only
assembler that successfully introduced a string
graph-based approach. Simpson and Durbin
(2012) showed that SGA produced a comparable
result to several widely used assemblers,
including SOAPdenovo (Luo et al. 2012), Abyss
(Simpson et al. 2009) and Velvet (Zerbino and
Birney 2008), using less memory, but relatively
long processing time.

Genome assembly has been shown to repre-
sent an NP-hard problem. It is difficult to develop
algorithms that can solve such problems and all
available solutions have their disadvantages and
limitations. A greedy algorithm always joins the
sequences with the best overlaps, and does not
take into account global sequence information;
artefacts can therefore arise through local
assembly solutions that disregard the more global
optimal assembly. Besides, a greedy algorithm
requires pair-wise comparison between all
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Fig. 8.5 String graph approach. I In left panel, the
overlap between reads a and b is indicated with the
orientation of the overlap (arrow header); the overhangs
of read a and b are called “a” and “b”. Each read has two
ends (read a has ends of a.B and a.E, and read b has ends
of b.B and b.E), which are nodes in the string graph
shown in the right panel. Overhangs of “a” and “b” are
two bidirected edges, which are defined according to the

rules in the paper of Myers (2005). II In left panel, read a
and read b overlap each other, read b and c overlap each
other and the overlap between read a and c exists, but is
not necessary to take as an edge, because the relationship
between read a and c can be presented by read
a ! b ! c. The right figure shows the bidirectional
string graph. The edges between a.E and c.B and between
a.B and c.E are transitive edges (dashed lines)

148 J. Tang et al.



sequences, which requires extensive compute
time. To address this, some implementations
have been parallelized, for example, PCAP as the
parallelized modification of cap3 (Huang and
Madan 1999). The down side of this solution is
that the risk of building assemblies that are
optimal only locally is aggravated. Another way
to handle this is to use a greedy algorithm based
assembler only in conjunction with a suitable
experimental sequencing design. For example,
the Phrap assembler was used to assemble Illu-
mina reads that were generated in a local
sequencing strategy design (Hiatt et al. 2010),
also see section on genome sequencing strate-
gies. In the study, Phrap successfully assembled
tag-directed Illumina sequences and generated
multiple local assemblies of on average 500 nt.
Similar to the greedy assembly approach, the
OLC approach requires all-versus-all pair-wise
comparisons to be performed and which uses all
overlap information between sequences and
builds a global graph. In addition, it requires
large amounts of memory to handle the overlap
graphs. In the implementation of OLC in the
Celera assembler, the pair-wise comparison is
parallelized and the overlap graph is compressed.
The k-mer graph algorithm does not need
all-vs-all pair-wise comparisons, but it is very
sensitive to sequencing errors. Most assemblers
have implemented an error correction function to
correct sequencing errors prior to assembly. The
error correction methods usually use k-mer fre-
quencies. K-mers with low frequencies are nearly
identical in sequence to k-mers with high fre-
quencies, indicating that the low frequency
k-mers contain sequencing errors, which can be
corrected using the high frequency k-mers. Some
k-mer based assemblers have been implemented
with a sequencing error correction function, for
example, ALLPATHS-LG (Gnerre et al. 2011)
and SOAPdenovo (Luo et al. 2012). In case
assemblers are used that do not comprise an error
correction module, it is often recommended to
perform error correction directly on the input
sequences, prior to feeding them to the assem-
bler. The string graph algorithm is very promis-
ing as it can handle both short and long reads
efficiently in terms of memory usage. However

the implementation needs to be optimized for
practical cases to become more efficient in terms
of compute time.

Many assemblers were originally designed to
handle a single type of data, but recently some
have been further developed to handlemixed types
of data. These are so-called “hybrid” assemblers
with a notable example provided by the Celera
assembler. It was designed originally to assemble
Sanger reads using the overlap-layout-consensus
approach. It was later upgraded to also handle 454,
Illumina and most recently, PacBio sequences.
Each of the types of data needs to be transformed
into a special format which can be recognized by
the assembler. Another example is the Newbler
assembler, which was first developed to assemble
454 reads, alone or together with classical Sanger
reads provided in FASTA format. Newbler was
extended to also use Illumina reads. The “hybrid”
assembly strategy is to take advantages of the
different types of data into one assembly. Illumina
reads have short length and modest sequencing
error rate (*0.4 %) and can be generated easily
and cheap to extremely high sequence depth.
PacBio sequences on the other hand are relatively
long, but have a relatively high sequencing error
rate (*13 %). Combining Illumina and PacBio
sequences may result in longer and more accurate
consensus sequences than can be achieved with
each of these types alone, although technical
challenges to combine the two types of data remain
(Au et al. 2012). A possible solution is imple-
mented in AHA, which is a hybrid assembler
developed by PacBio to assemble both PacBio
reads and Illumina reads.

Scaffolding

Scaffolding is the process of joining a set of
disconnected contigs into continuous long
sequences using the distance information con-
tained in paired-end (Roach et al. 1995) and
mate-pair reads to link, order and orient the
contigs. Almost all recently developed assem-
blers have built-in functions to use paired-end
and mate-pair reads generated from 454 or Illu-
mina for assembly and scaffolding. In addition, a
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few software tools have been developed that use
paired-end and mate-pair reads only for the
purpose of scaffolding, for example, Bambus
(Pop et al. 2004), SSPACE (Boetzer and Pir-
ovano 2012), MIP (Salmela et al. 2011) and
GRASS (Gritsenko et al. 2012). The tools
ERANGE (Mortazavi et al. 2008) and
L_RNA_scaffolder (Xue et al. 2013) enable
scaffolding of contigs by integrating RNA-seq
reads into the assembly.

Beyond read-distance based scaffolding (us-
ing the distance information of paired-end and
mate-pair reads), long range information derived
from a physical map, such as sequence-based
whole genome physical maps (van Oeveren et al.
2011), optical map and/or genetic maps can be
used for higher-level scaffolding and the con-
struction of pseudomolecules that aim to repre-
sent entire chromosomes.

Evaluation of Assembly Quality

Different assemblers can be validated and com-
pared with the use of high-quality or gold stan-
dard, real or simulated input data and references.
The Assemblathon (Earl et al. 2011; Vezzi et al.
2012; Bradnam et al. 2013) and GAGE (Salzberg
et al. 2012; Vezzi et al. 2012) projects provide
such datasets. The comparisons have demon-
strated differences between assemblers and their
results and they provide guidance for selecting
assemblers that can be expected to be most
suitable for specific classes of genome com-
plexity, experimental designs, and types of input
data. This highlights the need for evaluation of
the quality of an assembly, despite factors such
as lack of a good reference genome or absence of
a physical or genetic map hampering such
evaluations.

Commonly used measures for the description
and quality of a genome assembly include the
total number of bases assembled (genome cov-
erage), the absolute number of contigs and
scaffolds, their average size, and measures such
as the N50 size and N50 index of contigs and
scaffolds. In essence, these are measures for the
continuity and coverage of an assembly, but not

necessarily for assembly quality as a measure for
the accuracy of the genome reconstruction. In
particular the N50 size and index, as statistical
assessment for the continuity of a genome
assembly, are used in many genome publications
and are often compared among genome assem-
blies. To calculate them, the contigs or scaffolds
are sorted by decreasing size. The cumulative
size of the contigs or scaffolds that account for
more than 50 % of the total assembled size is
then calculated and the smallest contig or scaf-
fold in that set is called the N50 contig or scaf-
fold size. The number of contigs or scaffolds
accounting for more than 50 % of the total
assembly size is called the N50 index. Although
powerful as a means to compare assemblies, the
N50 size and index should always be considered
together with other measures such as the total
number of assembled bases and the average
contig size (Nagarajan and Pop 2013).

Although assembly quality cannot be accu-
rately evaluated in the absence of a good refer-
ence, a few approaches can be used to find
reflections of assembly quality. One of these is to
map the input sequences back onto the assembled
genome. Based on the assumption that the gen-
ome was sampled perfectly randomly and pro-
vided that sufficient depth of sequencing was
performed, the distribution of sequence depth of
the mapped reads then provides an indication of
assembly quality. Misassembles due to repetitive
sequences, haplotype diversity or sequencing
errors will lead to aberrant patterns of mapped
read depth and representations of the underlying
genome. Regions covered evenly and close to the
average coverage are likely to have been
assembled correctly. On the other hand, regions
covered by significantly higher numbers of
mapped reads than average indicate a collapse of
repeats and regions covered shallowly indicate
possible misassembles. If the input data is
paired-end or mate-pair, the orientations and
distances of the pairs can be used as good indi-
cations for assembly quality. Wrong orientations
indicate misassembled rearrangements and dis-
tances between read pairs that deviate too much
from the expected size indicate mis-scaffolding.
A further approach to assess assembly quality is
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to evaluate the integrity with which indepen-
dently acquired long sequences are mapped to
the assembly. EST/transcript sequences, assem-
bled BAC sequences and PacBio sequences can
be used to this end if these sequences are accu-
rate. Partial mapping or unmapped sequences
indicate incomplete or misassembled regions.
Genomic sequences or transcripts from closely
related species may also be used to evaluate
assembly quality. However, results from such
comparisons should be dealt with utmost caution
as conflicts need not always represent misas-
sembles but may reflect true differences between
two species. If orthologous regions between two
closely related species (co-linear regions) differ
much more than expected, this may indicate that
the assembly quality should be improved.

In the AllPathsLG assembler, a basic assembly
validation module and reference-based validation
module have been implemented. The modules use
the mate-pair reads that are mapped back to the
assembly and if available, a reference sequence to
detect misassembled contigs and scaffolds and
corrects these. Several independent assembly
quality assessment tools have been developed.
One example is AMOSvalidate (Phillippy et al.
2008), a tool that checks the consistency of an
assembly based on the mapped sequence depth
and orientations and distances of mapped pairs. In
the Assemblathon project (Earl et al. 2011), a
probabilistic method for evaluating the assembly
(GAV), was used. Recently a tool called “CGAL”
(Rahman and Pachter 2013) was developed that
uses a likelihood based approach to assess the
assembly quality. The likelihood calculation
evaluates the uniformity of sequence coverage of
the assembly and takes into account errors in
sequences, the insert size distribution of the
paired-end reads and the unassembled sequences.

Genome Finishing

Almost all currently available de novo assembled
crop genomes contain tens of thousands of con-
tigs and scaffolds (Bevan and Uauy 2013). The
scaffolds in turn often contain large numbers of
gaps. As a result, a typical de novo assembled

genome is in fact a rather fragmented and
incomplete representation of the underlying gen-
ome. This incompleteness greatly impacts
downstream genome analyses, such as gene pre-
diction, annotation, variation extraction, whole
genome comparison, etc. To contain this impact,
not only the upfront generation of a good input
dataset and the selection of a suitable assembler
are required: the quality of a genome assembly
can also be improved after assembly through
dedicated “genome finishing” operations.

To reconstruct a complete genome, sequence
gaps that remain after assembly should be closed
and unlinked contigs should be connected. The
traditional approach for gap closure is the chro-
mosome walking approach. This normally
included designing primers surrounding gaps and
selecting (BAC) clones spanning gaps using
primer hybridizations. The selected clones and
BACs are then sequenced and merged with the
draft sequences (Frohme et al. 2001). Garber
et al. (2009) developed a protocol to design pri-
mers surrounding gaps, PCR amplicons based on
these primers, and 454 sequencing to sequence
the products. However, the PCR approach did
not work for long repetitive sequences. Recently
an approach for gap filling was proposed that
uses paired-end and mate-pair sequences (Boet-
zer and Pirovano 2012; Luo et al. 2012). One
read of a pair is mapped to the vicinity of a gap
and a local assembly is then executed using
unmapped reads in an iterative manner. A draw-
back of this approach is that local assembly can
easily introduce novel misassembles. Because
gaps are often surrounded by repetitive regions
or regions that are difficult to sequence (high GC
content) or assemble, the repetitive sequences
from different loci can be misassembled together.
The distances of paired-end and mate-pair
sequence reads should be used in these cases to
constrain the local assemblies. Nevertheless, the
approach has been shown to be effective for
filling, especially, of smaller sized gaps and it has
been accommodated in several assemblers, for
instance SOAPdenovo (Luo et al. 2012).

Gaps with sizes larger than the paired-end and
mate-pair library insert size are difficult to close
because no physical fragments in the library span
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the gaps. Long sequences produced by a platform
such as PacBio have demonstrated their great
advantages for gap filling in the study of English
et al. (2012). The authors developed the software
tool PBjelly, which finds PacBio long sequences
that map to either or both ends of a gap and then
assembles these sequences to obtain high-quality
consensus sequences. PBjelly allows iterative
assembly of local regions that surround gaps,
until the gaps are closed or no sequences can be
mapped for extending the local assemblies. After
the process, some gaps can be completely or
partly closed; other gaps may not be addressed at
all, depending on the sequencing depth, read
quality and reference quality. Whole genome
shotgun sequencing using the PacBio platform is
still relatively expensive, which hampers its
application in gap filling. If there is a BAC
library available, selecting BACs from a
minimum-tiling path may be a good approach for
gap filling.

Besides gapfilling, base accuracy in the
assembled sequences is also very relevant to
consider, although it is often hard to assess
because it requires availability of either addi-
tional, high-quality sequence data or very high
read depths. SEQual (Ronen et al. 2012) is a tool
for correcting errors (indels and substitutions) in
assembled contigs based on deep read coverage.

In general, developing an effective genome
finishing approach remains a considerable chal-
lenge and the costs attached to it may signifi-
cantly exceed the cost of generating the initial
whole genome draft sequence.

The Tomato Genome Assembly

Introduction

In this section we illustrate how several of the
genome sequencing and assembly technologies
described in the previous section have success-
fully been applied in the sequencing of the
tomato reference genome (The Tomato Genome
Consortium 2012).

The tomato genome sequencing project was
started in 2004 by the Tomato Genome

Sequencing Consortium, a multinational team of
scientists from 14 countries. The project was
launched just after the human and rice genome
sequencing projects were completed. At that time,
Sanger sequencing using a BAC based physical
map strategy was the dominant approach for
genome sequencing and assembly of large and
complex eukaryotic genomes. The initial plan
was to follow that approach and to sequence only
the 220 Mb gene-rich euchromatic regions of the
genome (estimated size 900 Mb). Over the course
of the project, next generation sequencing tech-
nologies such as 454, Illumina and SOLiD
demonstrated their power and advantages for
genome sequencing and assembly over classical
approaches, including greatly enhanced through-
put and low cost. Soon several plant genomes
were sequenced and assembled successfully
entirely based on next generation sequencing
technologies (Margulies et al. 2005). Therefore,
the tomato genome consortium changed the
original plan and turned from BAC by BAC
Sanger sequencing to a complementary whole
genome shotgun sequencing approach using a
comprehensive next generation sequencing strat-
egy: 454, Illumina and Solid sequencing tech-
nologies were used for whole genome shotgun
sequencing and as well some BAC sequencing.
This posed a new challenge with respect to gen-
ome assembly. At that time, an assembly tool that
could take the advantages from all datasets, did
not exist and a custom approach was developed in
the project. A backbone assembly was produced
from 454 and Sanger sequences. The assembly
was further scaffolded using BAC and fosmid end
sequences. Illumina and Solid shotgun sequences,
assembled BAC contigs and a second de novo
assembly from the 454 and Sanger reads were
used for gap filling and base correction. After this
the assembled genome was integrated with the
genetic map, two physical maps and BAC
fluorescence in situ hybridization (FISH) infor-
mation. Based on the integrations, structural
inconsistencies were discovered and resolved.
Furthermore, alien sequences (bacterial contami-
nation and organeller) were identified and
removed. The last step was an evaluation of the
quality of the genome sequence.
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Data Pre-Processing

In the project, a comprehensive whole genome
shotgun dataset was generated using Sanger, 454,
Illumina and Solid sequencing technologies.
Table 8.2 lists the data generated using the var-
ious technologies and library types, and provides
the read coverage attained using an estimated
genome size of 900 Mbp. Sanger sequences
generated from BACs and BAC/fosmid end
clones containing vector and E. coli contamina-
tions were identified and removed by the tool
Lucy2 (Li and Chou 2004) and phred/
cross_match (Ewing and Green 1998). Further-
more, chloroplast and mitochondrial sequences
were identified and removed based on NCBI
blast searching. Besides, duplicate reads and
sequencing errors and poor quality regions in all
types of data were identified and removed.

Read duplicates and homopolymer errors
were encountered in the 454 sequencing reads,
and caused problems in the assembly. Because
tools to pre-process and remove such data were
not available at that time, custom built scripts
were used for this processing. Homopolymers

were compressed and identical reads were iden-
tified and the longest reads were retained. After
this, homopolymers in the remaining reads were
uncompressed. In total, about 26 % of 454 reads
were discarded. The majority of discarded reads
were clonal duplicates, which were most likely
caused by PCR amplification in the library
preparation and the emulsion PCR during
sequencing. More than twice as many reads were
discarded from the 20 kb insert mate-pair
libraries than from other insert size libraries.
Moreover, for libraries with the same insert size
fragments, most reads were discarded from
libraries that were sequenced to the highest
depth.

The SOLiD reads were trimmed from low
quality regions and the remaining reads were
then improved using the SOLiD Accuracy
Enhance Tool which is based on the error cor-
rection algorithm in Euler assembler (Pevzner
et al. 2001). Similar to Sanger and 454 reads,
read duplicates were identified and removed.
Because of the large data volume, instead of read
comparison, SOLiD reads were first aligned to
the first draft genome, which was generated

Table 8.2 Tomato sequencing data generated and raw read coverage, using an estimated genome size of a 900 Mbp

Sequencing technologies Data type Raw read coverage Total raw read coverage

Sanger 3 kb paired-end 3.3� 3.6�
40 kb fosmid ends 0.1�
120 kb BAC ends 0.2�

454 Shotgun 15� 31�
3 kb mate-pair 8�
8 kb mate-pair 4�
20 kb mate-pair 3�

Illumina 300 bp paired-end 70� 82�
2 kb mate-pair 3�
3 kb mate-pair 3�
4 kb mate-pair 3�
5 kb mate-pair 3�

SOLiD Shotgun* (from 7 kb mate-pair) 22� 140�
1 kb mate-pair 21�
4 kb mate-pair 31�
8 kb mate-pair 66�

Shotgun*: was from 7 kb mate-pair, one reads in pairs were generated and the other reads were not
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based on 454 and Sanger reads. Reads that
mapped on the same genomic position were
identified and only one representative read per
position was kept.

De Novo Genome Assembly

The filtered genomic 454 reads (total 23.2�
coverage) and Sanger sequences (total 3.5�
coverage) from BAC/fosmids ends and 3 k
paired-ends, together with previously sequenced
BACs were assembled using Newbler v2.3. In the
assembly, Sanger sequences were treated as
shotgun reads. This assembly resulted in a total of
782 Mb assembled sequence, partitioned in 3,761
scaffolds with an average length of 208 kb.
According to the estimated genome size of
900 Mb, the scaffolds covered 87 % of the esti-
mated genome. More than 90 % of the 454 and
Sanger sequences were used in the assembly, and
the majority of the unassembled reads were
identified as repetitive reads by Newbler, whereas
a small fraction was treated as singletons and
outliers. This indicates that the assembled
sequences nearly cover the complete genome.

The filtered 50 bp SOLiD (paired) reads were
used for base error correction. These reads were
aligned using PASS (Campagna et al. 2009), and
putative indels and substitution errors were
identified based on the alignment. The substitu-
tion errors were corrected if at least three reads
confirmed the substitution and if 90 % of all
aligned reads supported the substitution. Since
most of the indels were expected to occur in
homopolymer regions, the filtered SOLiD reads
that mapped to homopolymer regions were
remapped without allowing mismatches. The
correct lengths of homopolymers were thus
defined if at least 80 % of the aligned reads were
identical on length, which resulted in 42,481
putative errors were corrected. The Illumina
reads were used in a second round of base error
correction which resulted in a total of 84,344
corrected errors.

Furthermore, the assembled sequences were
checked for contamination with E. coli, cloning

vectors, chloroplast or mitochondrial sequences,
which were missed in the pre-processing steps. In
total, 17 scaffolds spanning 87 kb were identi-
fied by this analysis and removed from the
assembly.

After base correction and removing contami-
nating sequences, structural inconsistencies in
the assembly were assessed through comparisons
with the genetic map and the WGP physical
map. Scaffolds matching to marker sequences
located on multiple chromosomes were marked
as chimeric scaffolds. This was examined further
based on the matched WGP tags on the scaffolds.
The breakpoints in the scaffolds were discovered
by manual inspection, which resulted in 22
breakpoints in 20 scaffolds.

As the Celera assembler at that moment in
time was upgraded to enable handling of 454
data, a second de novo assembly was produced
on the same dataset using that assembler. This
assembly resulted in a lower number of contigs
with larger sizes compared with the first assem-
bly, while the number of scaffolds in the
assembly was twice as high as that obtained in
the Newbler assembly. Highly contiguous con-
tigs from the second assembly were used to fill
gaps in the first assembly. The sequences sur-
rounding gaps were used to blast against the
Celera contigs. Using this approach, 3095 gaps
in the Newbler assembly were filled with
sequences from the Celera assembly.

The improved scaffolds were further scaf-
folded using 135,271 BAC and 64,722 fosmid
end sequences using Bambus (Pop et al. 2004).
This resulted in a remarkably small N95 index of
the assembly of 73 scaffolds.

Previously assembled BAC sequences were
integrated into the assembly based on a Mega-
blast analysis. The high-quality BAC contigs
were used to replace the matched regions of the
assembled sequences if the BAC contigs were
uniquely matched to the assembled sequences.
As a result, 2597 gaps within scaffolds were
closed. During the process, some small scaffolds
were replaced with their linked assembled BAC
sequences. After the process, the final assembly
contained 91 scaffolds spanning 760 Mb.

154 J. Tang et al.



Map Integration

In the project, two physical maps, a SNaPshot
fingerprinting and Keygene’s WGP map, were
generated for scaffolding the de novo assembly.
Subsequently, the scaffolds were assigned to their
corresponding positions on the chromosomes
through integration with a high-density genetic
map and a genome-wide cytogenetic map.

Through the matched sequence-based WGP
tags on the scaffolds, the scaffolds were linked to
WGP contigs. Compared to the sequence
assembly of 95 % of all bases into only 73 WGS
scaffolds, 95 % of the BACs assembled into
1674 WGP contigs and 1217 SNaPshot contigs.
The sequence assembly was thus more contigu-
ous than the physical maps, and the contribution
of the physical maps to the final assembly was
modest. In total, six pairs of scaffolds were linked
through the physical maps: two pairs through the
WGP map, and four pairs through the SNaPshot
map.

Subsequently, the scaffolds were ordered and
oriented on the chromosomes based on the
genetic and cytogenetic maps. The maker
sequences from the genetic map and available
BAC sequences of BACs used in FISH were
aligned to the assembled scaffolds using
BLASTN. Through the matched marker
sequences and BAC sequences, the scaffolds
were assigned to their corresponding chromo-
somes. The scaffolds were oriented based on the
order of the matched markers along the genetic
map and BAC-FISH. If conflicts on the orienta-
tions between genetic map and BAC-FISH data
were found, the information deriving from the
genetic map was used as leading. Following this
approach, 53 scaffolds covering 594 Mb were
assigned to chromosomes with orientation, while
38 scaffolds were assigned to chromosomes
without orientation. As a result, the final inte-
grated assembly consisted of 12 chromosomal
pseudomolecules spanning 760 Mb deriving
from 91 scaffolds and the remaining 22 Mb
assembled bases could not be anchored to any
chromosomes.

Evaluation of the Assembly

The structural correctness of the final assembly
was examined using the alignment of SOLiD
mate-pair sequences and Sanger BAC and fos-
mid end sequences. The mapped Sanger read
pairs at the expected distance and the distribution
of the mapped SOLiD mate-pairs provided
insight into the structural correctness of the
assembly. In total, less than 0.1 % of the
Sanger BAC and fosmid end sequences showed
inconsistencies with the assembly. Only 34
putative misassembled regions were identified
using SOLiD 1 kb and 8 kb mate-pairs. More-
over, WGP BAC contigs were aligned to the 12
assembled pseudomolecules through WGP tags.
Approximately 97 % of the BAC contigs were
collinear with the pseudomolecules.

The per-base accuracy was evaluated through
the alignment of the assembled Sanger BAC
contigs against the final assembly. 117 Mb of
non-redundant BAC contigs were mapped to the
final assembly. The matched BAC contigs were
realigned accurately to the corresponding regions
of the final assembly using BLASTZ (Schwartz
et al. 2003). The examination revealed one sub-
stitution error per 29.4 kb and one indel error per
6.4 kb. Furthermore, the WGP tags and 265,234
tomato ESTs were aligned to the pseudo-
molecules. Approximately 98 % of both WGP
tags and ESTs were aligned to the genome
sequences with 100 % identity and at least 97 %
identity, respectively. This illustrates the very
high-quality, correctness, consistency and
near-completeness of the tomato genome
assembly.

Summary

The tomato genome sequencing project exploited
datasets generated by various sequencing meth-
ods and technology platforms. The very large
sizes of BAC and whole genome shotgun data-
sets and the availability of long-jump reads (454
and Sanger) provided great sequencing depths,
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base continuity and their extraordinarily high
quality. Besides these datasets, two physical
maps, a high-density genetic map and a cytoge-
netic map contributed to the quality of the final
assembly. On one hand, the comprehensive
datasets covered almost all information that was
necessary to reconstruct the genome to a very
high coverage and contiguity; on the other hand,
it caused a complex bioinformatics problem of
finding the optimal route and order for exploiting
the data. The resulting quality of the tomato
reference genome generated by the tomato gen-
ome consortium is currently among the highest
on the list of sequenced crop genomes (Bevan
and Uauy 2013).

Outlook

DNA sequencing technology has come to play a
most essential role in nearly all aspects of
research related to human health and food (im-
proving animal/plant breeding). From the 1970s,
the technology has witnessed an extraordinary
pace of development, in particular in the last
decade with the appearance of next generation
techniques. All of these developments have made
sequencing several orders of magnitude cheaper,
easier and faster. We are now able to produce
draft sequences of relatively complex genomes to
useful accuracy, contiguity and coverage. How-
ever, many challenges remain in order to achieve
completeness of genome sequences, in particular
for highly complex, repetitive, polyploid and
heterozygous plant genomes. In the near future,
one crucially important factor in tackling the
complexity of the genome sequencing and
assembly problem is likely to come from “se-
quence read length”.

None of the currently available technologies is
able to produce high accurate reads of such a
length that they can encompass most naturally
occurring repeat stretches in genomes. The
parameter of read length is currently championed
by the single molecule sequencing technology
developed by Pacific Biosciences. However,

although read lengths of >25 kb can be achieved,
this technology still suffers from a high
sequencing error rate and is relatively costly. We
expect that in the next 5–10 years, sequencing
technolgies will dramatically improve and novel
technologies will appear with which chromo-
somes and genomes can be sequenced in their
entirity, with high accuracy and nearly complete
contiguity and coverage. Long read lengths will
enable us to reduce the problem of genome
assembly from jigsaw puzzles with more than a
million pieces to puzzles with less than a thou-
sand pieces, and high read accuracy will reduce
the complexity of the puzzle. Push-button
sequencing and assembly of complex plant gen-
omes will usher in a new era in plant genomics.
High-quality reference genome sequences will
improve all downstream analyses, such as gen-
ome annotation, the inference of gene regulatory
networks, and the effects of sequence variation
and haplotypes on the expression of relevant
phenotypes. Plant breeding will benefit enor-
mously from this development, providing
breeders with the tools, data and understanding
to design new traits and varieties from natural
and induced genetic variation in an entirely
rationalized and economical manner, and much
beyond our current capabilities.
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9Annotation of the Tomato Genome

Stephane Rombauts

Abstract
The annotation of the tomato genome performed by the iTAG consortium
(international Tomato Annotation Group) relied on a pipeline operating as a
distributed, worldwide network of resources and experts. It used SGN
(http://solgenomics.net/) as a central data repository and exchange node. For
the iTAG pipeline, used for tomato and potato, we relied on software, as it
has besides its own ab initio prediction capabilities, also an extended
flexibility to integrate and combine a high diversity of extrinsic data, and
other prediction results from other software. Transcript data of numerous
origins were mapped on the genome sequence using several software. The
detailed procedure is described.

Keywords
Tomato � Genome annotation � EUGENE � EST � Rnaseq

Introduction

The tomato (Solanum lycopersicum) genome
sequencing was initiated at the very beginning of
the technological revolution that is now referred to
as the ‘Next Generation Sequencing’ (NGS), with
454 piro-sequencing on the forefront. The original
project (SOL) for sequencing the tomato genome,
described still a sequencing strategy using BAC
sequences (bacterial artificial chromosomes),
sanger-technology and minimal tiling paths to

cover the whole genome. But the efforts, to put
together the whole genome of the Heinz 1708
variety of tomato would be of very little use if no
annotation would be provided.

The annotation of a genome sequence is the step
that brings raw sequence data to a level of biolog-
ical knowledge (Yandell and Ence 2012) that
researchers need for designing experiments and
breeders to shape new and better tomato varieties.
The annotation of a genome can be very broad,
aiming at anchoring all possible available informa-
tion onto a genome. Here, with the tomato genome,
we aimed primarily at providing the best possible
gene structures, with a high quality, human read-
able, functional description for mostly protein cod-
ing genes. Both topics are distinct, with the
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functional description relying on the quality of the
gene exon–intron structure, and the structural
modeling of genes relying on the quality of the
assembly.

Programs for structural gene prediction are
available since almost two decades now, coinciding
with the first whole genomes sequenced. Many
programs exist and a number of them were devel-
oped in the frame of a particular genome project
and therefore sometimes dedicated to a (limited)
number of organisms. From these, only a handful
survived the one project for which they were
developed and remain being used, with varying
popularity. Among those are FgenesH (Salamov
and Solovyev 2000) at Softberry, still commonly
used by institutions like the Joint Genome Institute
(JGI), GeneMark (different types, Lukashin and
Borodovsky 1998), Besemer et al. (2001) main-
tained at Georgia Tech USA, GeneID by CRG
(Barcelona, Parra et al. (2000), AUGUSTUS
(Stanke et al. 2006), EuGene (INRA, Toulouse and
PSB, VIB-UGent (Schiex et al. 2001; Foissac et al.
2008) and the ENSEMBL pipeline run at the EBI
(to name a few, see Table 9.1). Software like
CONRAD (DeCaprio et al. 2007), and others,
though proposing interesting innovations, found
too few followers or were forgotten. With this
aspect in mind, one could agree that it is not

necessarily the best program that gathers all, but
that it is the people that know how to use a par-
ticular program at best that sustain the software,
and the interest of those same people to work on
new genomes. A software is being used by a
community is mostly linked to its ease of use,
flexibility and mostly ability to train for new
organisms. As the nGASP competition showed
(Coghlan et al. 2008), no software is outperforming
all other software for all genomes, while the
number of genomes annotated by one or the other
software, indicates that the ease of use is clearly the
dominating factor leading to adopting or not a
program. The major element, influencing popular-
ity of software, is the training, as some software
can be trained more or less easily. It is even so that
training software remains the main bottleneck.

Whatever software gathers the highest popular-
ity; they still cannot be used as such. Even if all
living creatures (as far as we know) use the same
DNA to describe their gene repertoire, each uses its
own dialect. Therefore, software needs to be
trained, and features specific for an organism need
to be captured adequately in the models necessary
for ab initio gene prediction. In some cases, closely
related organisms can take advantage of prior work
by recycling previously built models and parameter
settings, but it is likely that specifically trained

Table 9. 1 Underlying architecture for ab initio gene-modeling

Positional weight matrices
(PWM)

The simplest MMs are homogeneous zero order MMs which assume that each
base occurs independently with a given frequency. Such simple models are
often used for non-coding regions

Weight array model (WAM) An inhomogeneous higher order MM capable of capturing potential
dependencies between adjacent positions of a signal

Three-periodic Markov model Characterize coding sequence. Coding regions are defined by three MMs, one
for each position inside a codon

Interpolated Markov model
(IMM)

IMMs combine statistics from several MMs, from order zero to a given order
k (typically k = 8), according to the information available

Hidden Markov model (HMM) HMMs allow for insertions and deletions and so variation in signal length

Generalized Hidden Markov
model (GHMM)

GHMMs allow a string, rather than a single symbol, as the output of a state

Semi-Markov conditional
random field (SMCRF)

A more flexible variation of GHMM which allows a wider range of biological
features to be incorporated with fewer technical concerns

Evolutionary Hidden Markov
model (EHMM)

EHMMs model molecular evolution as a Markov process in two dimensions: a
substitution process over time at each site in the aligned genomes, which is
guided by a phylogenetic tree; and a process by which the rate of evolution
changes from one site to the next

From Picardi and Pesole (2010)
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parameters will outperform any software trained on
another, even related, organism. Recycling models
or parameter-settings is certainly useful when a
gene set for training needs to be created, as, even if
not perfect, sketches of gene models can be used to
further curate gene structures manually that even-
tually will be used to fine tune parameters.

The way nowadays software evolve is the
degree to which they are able to integrate divers
information related to genes, from sources like
protein similarity, RNAseq, expression (=coverage),
etc., other than the statistical models used for
ab initio gene prediction. From the onset of gene
prediction a lot of effort was made to model gene
features in statistical entities scoring sequences, like
coding potential and splice site detection. Different
flavors, e.g., of Markov Models (MMs) that cap-
tures states of the sequence, were developed from
Interpolated MMs combining different orders of
MMs to Generalized MMs that capture sequence
strings rather than individual nucleotides. Typically
MMs are broadly used to distinguish protein-coding
regions from non-coding regions (intron, intergenic,
UTR; Krogh et al. 1994; Kulp et al. 1996). These
efforts were linked to the fact that, back then, not
many other genomes were sequenced, and that
programs therefore needed to rely mostly on good
statistical models. The earliest extrinsic information
that was made available was sanger-ESTs (ex-
pressed sequence tags) to help structure genes on an
anonymous genome sequence (Table 9.2).

Besides MMs, some software rely on third party
software (like for splice sites: SpliceMachine (de
Groeve et al.), NetGene2 (Brunak et al. 1991;
Hebsgaard et al. 1996) or GeneSplicer (Pertea et al.
2001) within Eugene (Foissac et al. 2008; Schiex
et al. 2001), mSplicer (Rätsch et al. 2007) for
mCode (Schweikert et al. 2009) that also need to be
trained prior to be included into the gene-modeler.
These signal sensors most of the time use divers
methods to extract and score motifs across the
genome sequence (those named above use neural
networks or Support Vector Machines, e.g., Li and
Jiang 2005) (Fig. 9.1).

The flexibility of Eugene is part related to its
internal way to score the genomic sequence that
needs to be annotated. The data structure, a direct
acyclic graph (DAG) collects the scores for every

transition between each nucleotide. The content
sensors (IMM, BLASTX, ESTs) typically modify
the score horizontally along the tracks while the
signal sensors allow switching between certain
tracks. Currently, Eugene’s DAGhas over 40 tracks
that score the sequence. These tracks can store, e.g.,
protein similarity to indicate which track relative to
the reading frame should be used, while RNAseq
will indicate both which parts of the genomic
sequence are part of a transcribed gene, regardless of
the reading frame, and which splice sites, derived
from the junctions, should be followed to switch
from an exon/transcript track to an intron track. The
combination of the different tracks needs to be
trained to assign proper weights that will eventually
guide the prediction. The final predictionwill be the
best scoring path through the different tracks and
switches, incorporating as much as possible the
provided information. The approach followed leads
to predictions that, in theory, should correspond
with the current data and knowledge. The danger of
using such a method is the amount of noise in the
provided data, and the difficulty to filter the better
data from the rest.

Nowadays, with the ever-increasing availability
of plant genomes and even more animal and
prokaryotic genomes in databases, we dispose of a
wealth of genes that can be used to hint gene
prediction software toward regions that show (high)
similarity, and thus should be included in the gene
models. Sanger-ESTs, that were generated for the
organism being annotated, were used early on with
gene finders, and are now replaced by RNAseq
(e.g., Tisserant et al. 2011; Mizrachi et al. 2010;
Coleman et al. 2010) with the advantage of pro-
ducing evidence at a much broader scale than ESTs
ever did. Besides, ESTs were more expensive and
labor intensive to produce, they were also limited,
due to the cloning protocol, to the most occurring
form of the genes or transcripts, even if alternatives
existed. Because of this limitation, evidence for
alternative transcripts was hardly seen as reliable
unless the number of transcripts that reproducibly
could be sequenced was high enough.

The side effect of this growing wealth of
information, certainly from the RNAseq side, is
that we see much more transcribed regions, and
that earlier concepts need to be revised. These
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Table 9.2 List of software for gene prediction (not exhaustive)

Program Web page (http://) Ab initio + Evidence References

Genscan http://genes.mit.edu/
GENSCANinfo.html

No Burge and Karlin
(1997)

GeneID http://genome.crg.es/software/
geneid/index.html

EST, proteins, (RNAseq) Guigó et al.
(1992)

SNAP http://korflab.ucdavis.edu/
software.html

No Korf (2004)

GlimmerHMM http://ccb.jhu.edu/software/
glimmerhmm/

No Delcher et al.
(1999)

GeneMark http://exon.gatech.edu/GeneMark/ No Besemer and
Borodovsky
(2005)

AUGUSTUS http://bioinf.uni-greifswald.de/
augustus/

ESTs, cDNAs, and proteins Stanke et al.
(2006)

SGP2 http://genome.crg.es/software/
sgp2/index.html

TBLASTX hits (+ GeneID) Parra et al. (2003)

GENOMESCAN http://genes.mit.edu/genomescan.
html

BLASTX hits Yeh et al. (2001)

TWINSCAN http://mblab.wustl.edu/nscan/
submit/

BLASTN hits and ESTs Gross and Brent
(2006a, b)

Eugene http://eugene.toulouse.inra.fr ESTs, cDNAs, and proteins,
RNAseq + external ab initio

Schiex et al.
(2001)

N-SCAN http://mblab.wustl.edu/nscan/
submit/

ESTs, complete genomes Gross and Brent
(2006a, b)

EXOGEAN www.biologie.ens.fr/dyogen/spip.
php?rubrique4&lang=en

ESTs, cDNAs, and proteins Djebali et al.
(2006)

ASPIC http://150.145.82.212/aspic/
aspicgeneid.tar.gz

ESTs and cDNAs (+ GeneID) Bonizzoni et al.
(2005)

FGENESH www.softberry.com proteins or cDNA Salamov and
Solovyev (2000)

CONRAD www.broadinstitute.org/
annotation/conrad/

cDNA, other related genome DeCaprio et al.
(2007)

Mappers

GenomeThreader http://www.genomethreader.org cDNA & proteins Gremme et al.
(2005)

GeneWise http://www.ebi.ac.uk/Tools/psa/
genewise/

cDNA & proteins Birney et al.
(2004)

EXONERATE http://www.ebi.ac.uk/*guy/
exonerate/beginner.html

cDNAs Slater and Birney
(2005a, b)

PASA http://pasa.sourceforge.net cDNAs Haas et al.
(2003a)

Combiners

GAZE www.sanger.ac.uk/Software/
analysis/GAZE/

All available + external ab initio Howe et al.
(2002)

JIGSAW www.cbcb.umd.edu/software/
jigsaw/

All available + external ab initio Allen and
Salzberg (2005)

MAKER www.yandell-lab.org/software/
maker.html

All available + external ab initio
(in an automated pipeline)

Cantarel et al.
(2008)
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new concepts have consequences on the
gene-callers that need to be able to model our
increasing knowledge of objects coded on the
chromosomes. Indeed we now start to see the
extend of alternatively spliced genes, also in
plants, genes in introns or protein-coding genes
overlapping with non-coding genes as well as to
which extend UTRs overlap neighboring genes.
Furthermore, besides protein coding genes, that
we were used to predict, we now find more and
more evidence for other ‘objects’ (like
non-coding genes) being transcribed. This flood
of information becomes an increasing issue when
reaching high depth with potential artifacts that
reach levels that confuse man and machine.
Indeed, with the increased depth, more tran-
scribed regions are appearing, making the
assimilation of the data cumbersome. One aspect
of the higher coverage (more depth), are reads
that cannot be incorporated in any known gene
structure. As these reads have the same weight as
any other read, part of genuine (protein-) coding
gene, they become a noise that needs to be dealt
with. But as coverage increases with the tech-
nology getting better at sequencing smaller
amounts, this noise becomes increasingly diffi-
cult to distinguish from genes with low expres-
sion, misleading prediction systems. To
incorporate RNAseq, coverage needs to be taken
into account dynamically, such that local low

amounts of reads can still be used for
low-expressed genes and not with a general
cut-off over the whole dataset.

In the frame of the tomato project, stranded
RNAseq (as presented in Passalacqua et al. 2012)
was not available yet and the coverage still man-
ageable if only a limited set of well-chosen
libraries were used. Using everything leads to an
increase of noise, while picking libraries allowed
for a broader coverage rather than a deeper cov-
erage. The software used for the iTAG annotation,
Eugene, was at the time of the project not suitable
to take coverage into account, but still, was the
only software available that was flexible enough to
incorporate the new type of data easily. The
RNAseq that was shared from different tomato
projects (not part of the genome project), was all
un-stranded (stranded RNAseq became available
later Passalacqua et al. 2012) and unpaired for
most libraries. The filter applied on the reads,
aiming at preserving a maximum of information,
while reducing the noise level, was by limiting the
input to the junctions spanning introns: knowing
where the introns are makes the prediction of
exons ‘easy’. This filter would include low
expressed genes (as long as they had a spliced
gene structure), while still avoiding reads coming
from transposable elements (TE) and other spuri-
ously mapped reads. This filter also had as con-
sequences that the minimum read length usable

Fig. 9.1 Simplified direct acyclic graph (DAG) structure depicting internal scoring scheme
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was 100 nt (75 nt reads yielded very low amounts
of useful data). Furthermore, these reads, besides
indicating where the introns are, became strand
specific, imposed by the splice sites that can only
occur on one or the other strand. Also, as most
transposable elements carry intron-less genes we
avoid signals that could trigger a gene prediction
on transposable element related loci. The only
remaining difficulty for which we still had no
elegant solution was the occurrence of alternative
splicing. Indeed, all possible junctions reported all
registered cases of potential splicing events genes
were having in the given conditions linked to the
RNA sampling. Filtering on coverage was then
done using a general threshold keeping the most
occurring splice events.

With the RNAseq, the problem of cost, while
increasing coverage or depth got solved, and with
it, also the access to rare transcription events that
was not described before. Among these, we see
transcription from regions were no proteins could
be decoded, at least as we currently know them,
but also splice sites that were rarely seen before
suddenly became more abundant. Although with
the latter, we need to be cautious as we rely here
on mapping software that are limited to known
splice sites (an assumption to enhance speed and
quality of the mapping, at to some extend a
trade-off on the exhaustivity). These assumptions
can cause software to mistakenly force mapping
toward some splice sites while others should have
been reported. The ENCODE project (ENCODE
consortium 2004), aiming at an in-depth annota-
tion of a portion of the human genome reported
many observations, showing that a larger part of
the genome was transcribed. These observations
pushed them also to develop new software that
would allow more flexibility (e.g., STAR, Dobin
et al. 2013) in detecting rare events. Different
software exists like GSNAP (Wu and Nacu
2010), Tophat2, built on top of bowtie2 (Kim
et al. 2013), or CRAC (Philippe et al. 2013) and
GEM (Marco-Sola et al. 2012) all published
recently, and advertise their capacity to find rare
(previously unreported) splice events by being
more versatile in their mapping. But important is
to realize that for prediction we rely on the
mapping quality of the reads.

When predicting genes, transposable elements
(TE) are seen as undesirable side objects that
should be kept apart from the (protein coding)
gene sets. But, when running RNAseq experi-
ments, TE produce reads too, and these mislead
the prediction. Transposable elements, on their
own should be therefore carefully annotated as
they are part of the features that can be described
on a genome sequence. In fact TE should be taken
care of prior to the prediction of the protein coding
genes. These repeated elements do code for their
own proteins, like reverse transcriptases, inte-
grates, etc, necessary for their proliferation, and the
presence and order of their proteins defines their
type or family. The reason why these elements
should be handled before predicting protein coding
genes is that the protein-genes from the TE have
largely the same statistical features, like codon
usage, to code their gene set. And these TE, when
occurring in the vicinity of protein coding genes
that are not related to any TE, might get fused
during the prediction process. But one needs to be
careful when masking. The typical characteristic of
TE is that they occur in multiple copies, and
pipelines like ANGELA (Nussbaumer et al. 2013)
or RepeatModeler will use this feature to identify
candidate repeats. Unfortunately, recently dupli-
cated genes occurring in multiple copies, showing
high similarity, share this characteristic while they
should not be counted among the TE. Also some
TE, due to multiple insertions can carry a copy of a
gene that by no means is involved in the subsis-
tence of the TE. This process, potentially benefi-
cial for the organisms by enabling the enlargement
of gene families, should not result in a represen-
tative TE that would also mask members of a gene
family. It is therefore advisable to hard-mask
consensus sequences of transposable elements
using genuine genes in order to ensure no hitch-
hiking genes would be even partially masked.

Working on genomes that result from Next
Generation Sequencing (NGS: 454, Ilumina)
short reads also have an influence on gene pre-
diction. Indeed, these technologies have some
biases like homo-polynucleotides, or difficulties
with GC rich areas. Besides these biases related
to the technologies, simple errors occur, that
translated to gene prediction cause frame shifts
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and early stop-codons. These errors (indels), are
difficult to correct, and in a number of cases
should not be corrected as they are real and alter
indeed genes (truncated gene structures). An
approach to improve a genome assembly and
resolve sequencing and assembly errors is by
mapping all of the available RNAseq on the
genome. Based on simple majority-rules the
genome can be transformed, incorporating
nucleotides, changing others according to the
most occurring nucleotide from the RNAseq
reads. Including this cleaning, prior to run
gene-callers enhances the gene models resolving
issues at the level of genomic sequence.

To functionally annotate the predicted genes,
appropriate human readable description need to
be generated. Therefore, top-scoring BLAST
results (filtered on e-values) are scored combin-
ing alignment scores and quality of the hit
descriptions. The “quality” of the descriptions
results from a lexical scoring of individual
“words” based on their frequency in the bulk of
collected descriptions. Furthermore filters are
included to weight words in function of black-
listed uninformative words, e.g., “hypothetical
protein” or “similarity to”. To declare a protein
as “unknown” a cut-off on the score is used.
Descriptions from BLAST that fit predicted GO
terms are preferred as these use the standard
terminology already. To extend the readable
descriptions, InterPro results, if available, are
appended. In the case multiple GO terms matches
are found, terms most close to the branch-ends in
the GO-three were reported as the most infor-
mative term, excluding parents.

Procedure

The annotation of the tomato genome performed
by the iTAG consortium (international Tomato
Annotation Group) relied on a pipeline operating
as a distributed, worldwide network of resources
and experts. It used SGN (http://solgenomics.net/)
as a central data repository and exchange node.
For the iTAG pipeline, used for tomato and

potato, we relied on Eugene (Schiex et al. 2001;
Foissac et al. 2008) as it has besides its own
ab initio prediction capabilities, also an extended
flexibility to integrate and combine a high diver-
sity of extrinsic data, and other prediction results
from other software. The software was trained
using *200 genes, manually curated genes in
their genomic context (with their intron-exon
structure, interspersed with gene-free intergenic
regions). This training set was further shared with
other groups to train their respective software. At
the time, neither of these other software integrated
extrinsic data, and thus all produced pure ab initio
results. Besides the other gene-callers that were
integrated, protein homologies, EST mapping as
well as RNAseq junctions were added to the
prediction scheme.

Prior to running the pipeline, genomic
sequences need to be masked to avoid that the
coding characteristics from genes part of trans-
posable elements would lead to gene models.
The de novo repeat collection was build using the
ANGELA (Automated Nested Genetic Element
Annotation) pipeline (Nussbaumer et al. 2013).
This pipeline combines different repeat mining
programs to finally output a nonredundant but
representative data set that can be used as a
library for RepeatMasker. (Smit et al.). The
soft-masked (masked sequence in lower case) is
then further used for the gene prediction pipeline.

Prior to run the final prediction, extrinsic data
needs to be mapped and formatted for the Eugene
software.

Proteins can be given to Eugene via 2 plugins:

1. BLASTX for more remote homology that
would lead to mismatches or gapped align-
ments with unreliable ends. This information
points mainly to the reading frame that should
be used, not so much to delineate exon bor-
ders, translation starts, etc.

2. Proteins from more closely related organisms
can be mapped more stringently, with proper
intron borders and give information on
translation starts and/or stops. Here we use
software like Genomethreader (Gremme et al.
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2005), Genewise (Birney et al. 2004) or oth-
ers. The higher order information can be
given to Eugene via the AnnotaStruct plugin
using the GFF-like format and the proper
keywords or Sequence Ontology terms (SO).
For the tomato genome, the Arabidopsis
thaliana TAIR10 protein set was mapped on
the tomato chromosomes. For potato,
TAIR10 as well as iTAG tomato was mapped
to inform the prediction system.

Transcript data, whether sanger-ESTs or
longer NGS reads (454) was mapped using
Genomethreader (Gremme et al. 2005), exoner-
ate (Slater and Birney 2005a, b), PASA (Haas
et al. 2003) or other software that is able to map
longer transcript sequences, spanning more that
one intron, taking splicing donors and acceptors
into account.

For the shorter Illumina reads (minimum
100 nt) fast, but reliable mappers are needed.
Here we rely much on the correctness of the
spliced junctions that will inform the software on
the introns and their borders. In our case at the
time of the tomato genome annotation we used
TopHat (Trapnell et al. 2009).

In any case, whether it is protein or transcript
data, quality primes. This means that the software
used for mapping should be most reliable and
deliver quality above quantity of mapped reads.

Eugene (Schiex et al. 2001; Foissac et al. 2008)
has a great flexibility to integrate extrinsic infor-
mation including results from other gene-callers.
These used in conjunction with Eugene were Gen-
eID (Parra et al. 2000), AUGUSTUS (Stanke et al.
2006), TwinScan (Gross and Brent 2006a, b),
GeneMark (Lukashin and Borodovsky 1998;
Besemer and Borodovsky 2005) and Glimmer
(Delcher et al. 1999). Each of these softwares were
trained for tomato, and run independently (Fig. 9.2).

The data properly formatted for the specific
plugins or in GFF3 format including SO-labels
was made available for Eugene. The result of the
prediction delivered the coordinates of the
protein-coding genes that in theory should rep-
resent the consensus genes models, including
most of the extrinsic data. EuGene’s prediction,

followed by manual expert curation, produced a
consensus annotation of 34,727 and 35,004
protein encoding genes for the tomato (iTAG
v2.3) and the potato nuclear genomes, respec-
tively. The gene coordinates, translated into
protein sequence, were further processed for
functional annotation. To initiate functional
characterization of the predicted protein set
OrthoMCL (Li et al. 2003) clustering including
several dicots as well as rice, was run, resulting
in 8615 gene families shared among all species,
562 tomato-specific gene families and 8886
non-clustered tomato genes (singletons).

The aim of the functional annotation was at
delivering reliable rather than exhaustive func-
tional descriptions. Automatic human readable
descriptions (AHRD) were assigned to 78 % of
tomato proteins, while 22 % were designated as
“unknown protein”. 42 % or 14,565 annotations
fulfilled all quality criteria, being

• BLASTP,

a. Bit score of the BLASTP result is � 50
and e-value is � e−10.

b. Overlap of the BLAST result is � 60 %.
c. Top token score from lexical analysis is

� 0.5 (see below).
Results were obtained from Swissprot,
TAIR, and TrEMBL databases

• Domain search results from InterProScan and
• Gene ontology (GO) terms predicted by

PhyloFUN.

InterProScan identified 240,027 protein
domains of 13,752 distinct domain types. 87 %
of the genes (30,148 out of 34,727 genes in total)
have been assigned with at least one domain.

Using PhyloFUN (Schoof et al.) and Inter-
pro2GO we could assign in total 39,192 GO
terms to 19,662 or 57 % of the 34,727 tomato
proteins. The overlap between both methods
reached 24 % of the assigned GO terms. While
Interpro2GO solely, could retrieve 9082 or 26 %
of the GO terms; PhyloFUN added only 6 %.
Both tools showed an overlap of 106 unique GO
terms. Interpro2GO has been reported as being
more sensitive and can annotate more proteins.
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The PhyloFUN pipeline is more specific and can
annotate more specific GO terms from further
down the GO hierarchy.

As a result from the 34,727 genes predicted in
tomato, nearly 10 % or 3371 annotations coincide
with the most reliable GO term assigned by Phy-
loFUN.Thepresented number seems lowdue to the
more stringent criteria used. Running Blast2GO
(Götz et al. 2008) or interpro2GO (Camon et al.
2005), each on their own, returnedmore genes with
GO labels. Often though, the additionally assigned
labels remained quite general and less informative
to what the function of a gene was.

To propagate and homogenize the better
descriptions from the automatically assigned
human readable descriptions to members of gene
families OrthoMCL clustering was used (Li et al.
2003). As OrthoMCL is prone to errors due to
faulty gene-predictions, obtained gene families
were combined with selected sets of whole pro-
teomes of largely experimentally verified GO

annotations. From these extended gene families,
phylogenetic trees were computed to establish
proper relations between genes in eachOrthoMCL
cluster. To establish cases of sound relationships
the software SIFTER was used and GO terms
transferred according to the phylogenetic tree.

As multiple source of information are com-
bined to produce the gene-description, a
quality-tag was introduced to trace back how the
description was built by the automated proce-
dure, allowing evaluating the reliability of the
description.

These data, the gene models with their func-
tional description, were loaded in an online user
interface for community manual curation called
ORCAE (bioinformatics.psb.ugent.be/orcae/;
Sterck et al. 2012).

The system allows registered users to directly
work and modify the data via a web interface.
The system keeps a history of all changes made
to the data and has a build-in alert system to

Fig. 9.2 iTAG annotation pipeline scheme
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follow specific genes. The platform displays
multiple pre-computed analyses to help expert
annotators to evaluate the quality of the gene
models and validate the functional description.
Some fields can be updated textually, while gene
structures can be manipulated through the
graphical interface provided by GenomeView
(http://genomeview.org; Abeel et al. 2012).
Having a graphical interface, showing the
underlying sequence and the 3-frame transla-
tions avoid many mistakes that could be made
using input fields requesting numbers. Also, as
frames “jump” with exon borders being modi-
fied, a user can easily see whether introduced
modifications are possible. Upon modification
applied to genemodels, the system automatically
updates all the pre-computed data allowing fur-
ther curation (Fig. 9.3).

From the originally 36,287 predicted genes
(raw results), still *1000 genes escaped the
masking and were reclassified as transposable
elements. A remaining *500 genes were
reclassified as pseudo-genes or discarded in favor
of better gene models built by the experts. The
current status reports 34,727 predicted genes,
from which 1346 genes underwent an expert
intervention (3.8 %) whether it was to
complement/correct the functional description or
correct erratic/incomplete gene models.

Conclusion

Since the first release in 2012, the assembly and
the annotation of the tomato genome data was
further improved. More sequence data has been

Fig. 9.3 ORCAE
interface for manual
curation
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generated and more FISH has been done to locate
BAC sequences on chromosomes. This has lead
to the release in 2014 of an assembly 2.5. The
iTAG annotation at this point has been trans-
ferred to that new assembly.

The central node from iTAG still remains as the
main access point for solanaceae data, centralized
around Tomato and it’s relatives (Fig. 9.4).
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10Repeat Sequences in the Tomato
Genome

Maria Luisa Chiusano and Chiara Colantuono

Abstract
The sequencing of the tomato genome revealed that, though the moderated
size when compared to most of the Solanaceae and other plant species, it
comprises more than the 60 % of DNA repeats. This is in contrast with
initial estimations assessing that the total genome comprised only about
the 10–22 % of repetitive sequences. These preliminary hypotheses were
probably biased by the presence of single-copy DNA within the repetitive
portion of the genome and by the high sequence divergence of the repeat
content. Though the release of the first version of the genome sequences in
2012, the complete view of the repeated regions in tomato at sequence
level is still partial, because of difficulties due mainly to DNA repeat
sequencing and assembling. However, deeper knowledge on the repeat
content of the genome and its distribution was consistently supported by
cytogenetics, molecular markers and reassociation kinetics, accompanied
by advanced approaches such as Fluorescence In Situ Hybridization
(FISH) and more recently Optical Mapping. These techniques helped to
clarify many of the principal aspects related to the distribution and the
organization of the major repeat classes in tomato, contributing to a
consistent overview of this essential part of the genome. The main focus
of this chapter is to describe the repeat content of the tomato genome as
revealed from the sequencing effort and associated bioinformatics, mainly
considering the distribution of highly and moderately repeated DNA
sequences. We provide a general overview on plant genome complexity
and repeat content, presenting the main repeat categories and their
organization. Then we describe the bioinformatics for DNA repeats
sequence analysis, focusing on most common approaches for investiga-
tions in large genomic sequences, as well as on major repeated sequence
collections available to support plant genome annotations. Details on the
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methods employed to analyze the tomato genome sequences (assembly
v. 2.40) published in 2012 will be presented. The description of what is
known from tomato concerning the major DNA repeat classes is therefore
overviewed highlighting the major results or confirmations obtained
thanks to the genome sequencing effort. The discussion is mainly focused
on the general description of repeat occurrence in the tomato genome,
though questions on the specific role and evolution of these extended
regions in tomato and in plant genomes, as well as in other eukaryotes,
still remain open.

Keywords
Tomato � Repeat � Bioinformatics � Duplication � Cytogenetics

Introduction

The exploitation of evolving experimental tech-
niques, starting from early cytological approa-
ches, molecular markers, Fluorescence In Situ
Hybridization (FISH) and Optical Mapping, till
the nucleotide sequencing of entire genomes,
contributed relevant discoveries on genome
organization, also determining relationships
among chromosomal peculiarities, in phylogeny,
in evolution.

Comparative approaches highlighted that
many structure features of plant genomes are
remarkably similar among different species, and
are also shared with other eukaryotes, animals
and fungi (Heslop-Harrison 2000). All eukary-
otes have their genomic DNA organized in
chromosomes, associated with proteins, showing
almost the same organization. Centromeric
regions are located in regions that are almost
conserved along the chromosome structure, and
the terminal regions are organized in telomeres.

Comparative approaches also highlighted the
relevance of polyploidy in plants, with chromo-
some number which varies widely among plant
species, such that 2n ranges in value from 4 to
more than 1000, although the number within any
given species is usually constant. Occurrence of
polyploidy may be also associated to
diploidization events, with rearrangements also
implying genome reshuffling, translocations,
fusion and fission of chromosomes. These events

have been discussed to be some of the conse-
quences why plant genomes are highly dupli-
cated (Lysak et al. 2005; Cui et al. 2006; Tang
et al. 2008a, b; Jiao et al. 2011, 2012; Sangio-
vanni et al. 2013). Beyond the interesting issue of
investigating on the mechanisms implied in the
occurrence of polyploidy and diploidization
events in plants, even in a relatively short time
span, tracing plant genome evolution and diver-
sification (Jaillon et al. 2007; Tomato Genome
Consortium 2012; Denoeud et al. 2014), it would
also be rather intriguing to understand what
enabled angiosperms to efficiently manage the
presence of homologous chromosomes in com-
parison to all other eukaryotes, where polyploids
are rare. However, in the context of this chapter,
it is remarkable to focus on the effects that
whole-genome and segmental duplications had
on the redundancy of genome regions and of
gene copies, with the definition of novel gene
families. Though it is not the aim of this chapter
to discuss repeats in DNA due to polyploidiza-
tion events or to retaining of duplicated regions,
it is noteworthy, indeed, to underline also here
that one of the main outcomes of the tomato
genome sequencing effort was the tracing of two
consecutive genome triplications in the Solanum
lineage. The more ancient event was shared with
rosids, while, a more recent one appeared
specific to the Solanum lineage (Tomato Genome
Consortium 2012; Denoeud et al. 2014). These
events had a relevant impact on diversification
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and evolution of novel functionalities in these
clade of plants. However, it is discussed that the
repeated regions tracing these possible events in
the tomato genome were mainly detected only at
sequence level (Tomato Genome Consortium
2012), presumably because of the high diver-
gence determined by gene loss or mutations since
the last hypothesized polyploidization event
(Shearer et al. 2014).

The dynamics of genome evolution in plants
offers striking opportunities to have multiple
copies of the genome content, i.e. to repeat it, and
to keep it duplicated even when diploidization
occurred. Furthermore, the transfer of genes or of
entire parts of the DNA from organelles to
nucleus is now well documented both in plants
and animals (Martin and Herrmann 1998;
Vaughan et al. 1999).

Worthy to note, though the different occur-
rences of genome rearrangements in plants, the
gene numbers as well as their order are almost
conserved over substantial evolutionary distances
in plants (Gebhardt et al. 1991; Ahn et al. 1993;
Devos and Gale 1993, 1997, 2000).

The tomato genome, as an example, is highly
syntenic with those of other economically impor-
tant Solanaceae (Potato Genome Sequencing
Consortium 2011; Tomato Genome Consortium
2012;Hirakawa et al. 2014;Kim et al. 2014; Sierro
et al. 2014) as well as other plants (Jaillon et al.
2007). However, plant genome size can strongly
vary among different species. Indeed, repetitive
sequences contribute significantly to genome size
in plants. Understanding the mechanisms and
inferring on possible functional reasons favouring
these variability and plasticity is still an open
challenge.

DNA Content in the Cell

The amount of DNA (in picograms) in an
unreplicated haploid cell, which corresponds to
the constant value or C-value (Swift 1950;
Greilhuber et al. 2005), is relatively homoge-
neous within a species. However, it is evident
that the C-value is particularly variable between

species. This variability is not related to the
complexity of the organisms in terms of size or
developmental mechanisms. The DNA content of
the unicellular amoeba was 200 times higher than
in human cells, though mammals have evident
higher developmental complexity. This initially
“unexpected” phenomenon represents the
so-called “C-value paradox”. The paradox is
today explained knowing that the DNA content
in a species can be abundant in repetitive
sequences, though the numbers of coding genes
are of the same order of magnitude in all
eukaryotes, which ranges from about 6000 in the
unicellular Saccharomyces cerevisiae to approx-
imately 20,000 to 25,000 in the human genome
(which is 200 times bigger than the genome of
the yeast) (Richard et al. 2008).

In general, the term “repetitive sequences”
refers to highly similar DNA fragments that are
present in multiple copies in a genome. In par-
ticular the major contribution to the haploid
genome size in eukaryotes is due to highly and
moderately repeated sequences, i.e. DNA motifs,
ranging in length from a single couple of
nucleotides to thousands of nucleotides, repeated
many hundreds or thousands of times. These
repeated motifs are ubiquitous in eukaryotic
genomes (Charlesworth et al. 1994; Kumar and
Bennetzen 1999; Bowen and Jordan 2002) and
represent a large portion of the chromosome
structure (von Sternberg 2002), ranging between
50 and 90 % or more of all the nuclear DNA
content. As an example, more than the 50 % of
the human genome is composed by repeats
(Richard et al. 2008).

In higher plants, the amount of DNA is par-
ticularly variable between species (Flavell et al.
1974; Bennett and Smith 1976; Ouyang and Buell
2004; Hawkins et al. 2009). The lowest content
reported for A. thaliana is one of the main reasons
why this genome was the first one to be sequenced
among plant species (NSF 1990; Arabidopsis
Genome Initiative 2000). Accordingly, mainly
thanks to its “modest” genome size, poplar was
the first tree to be sequenced (Brunner et al. 2004).
Also in the case of plant genomes, the proportion
of protein-coding regions is rather similar among
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the species (Table 10.1). Indeed, the structural
and developmental complexity of plant species
with very different amounts of DNA per cell is not
fundamentally different from those with the
highest amounts (Smyth 1991). It is also evident
(Table 10.1) that the contribution of repeats to
each genome has a wide range of variability
starting from very low percentages, like in Ara-
bidopsis thaliana, reaching a very high relative
content like in Capsicum annum (*82 %) and in
several monocots (*85 %).

DNA Repeat Classes

Repetitive DNA was first detected because of its
rapid reassociation kinetics when denatured, since
the rate at which a particular sequence reassociates
is proportional to the number of times it is found in
the genome. Based on the renaturation rates, in
denaturation–renaturation experiments of geno-
mic DNA after heat exposure, it is possible to
identify three major classes of DNA sequence
types: the highly repetitive sequences,

Table 10.1 List of plants with sequenced genomes

Scientific name Monocot/dicot #Chr (n) Size (Mb) #Gene %Repeat References

Arabidopsis
lyrata

Dicot 8 207 32.670 30 Hu et al. (2011)

Arabidopsis
thaliana

Dicot 5 125 25.498 14 The Arabidopsis
Genome
Initiative (2000)

Brassica rapa Dicot 10 485 41.174 40 The Brassica
rapa Genome
Sequencing
Project
Consortium
(2011)

Capsicum
annum
cultivate/wild

Dicot 12 3349/3480 35.336/34.476 81/82 Qin et al. (2014)

Carica papaya Dicot 9 372 28.629 43 Ming et al.
(2008)

Coffee
canephora

Dicot 11 710 25.574 50 Denoeud et al.
(2014)

Cucumis sativus Dicot 7 367 26.682 24 Huang et al.
(2009)

Fragaria vesca Dicot 7 240 34.809 23 Shulaev et al.
(2011)

Glycine max Dicot 20 1115 46.430 57 Schmutz et al.
(2010)

Hordeum
vulgare

Monocot 7 5100 30.400 84 The
International
Barley Genome
Sequencing
Consortium
(2012)

Lotus japonicus Dicot 6 472 30.799 56 Sato et al. (2008)

Musa
acuminata

Monocot 11 523 36.542 44 D’Hont et al.
(2012)

(continued)
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representing DNA fragments that reassociate very
rapidly; the moderately repetitive ones, i.e. DNA
fragments that reassociate at an intermediate rate,
the single copy (or very low copy number class)
representing fragments that do not repeat at a
consistent frequency in DNA sequences. Such

approaches to estimate the repetitive content of
genomic DNAs in different organisms, though
possible underestimations due to diverging repet-
itive elements, are remarkable since they give out a
global accurate picture of genome composition in
the absence of sequence information. In parallel to

Table 10.1 (continued)

Scientific name Monocot/dicot #Chr (n) Size (Mb) #Gene %Repeat References

Nelumbo
nucifera

Dicot 8 929 26.685 57 Ming et al.
(2013)

Nicotiana
tabacum
K326/TN90/BX

Dicot 24 (2n) 4600/4410/4570 91.870/81.404/93.303 73/79/73 Sierro et al.
(2014)

Oryza
brachyantha

Monocot 12 300 32.038 29 Chen et al.
(2013)

Oryza sativa Monocot 12 389 37.544 26 International
Rice Genome
Sequencing
Project (2005)

Phoenix
dactylifera

Monocot 18 658 28.890 40 Al-Mssallem
et al. (2013)

Solanum
lycopersicum

Dicot 12 900 34.727 63 The Tomato
Genome
Consortium
(2012)

Solanum
melongena

Dicot 12 1100 85.446 71 Hirakawa et al.
(2014)

Solanum
tuberosum

Dicot 12 844 39.031 62 The Potato
Genome
Sequencing
Consortium
(2011)

Sorghum
bicolor

Monocot 10 818 34.496 62 Paterson et al.
(2009)

Theobroma
cacao

Dicot 10 430 28.798 24 Argout et al.
(2011)

Triticum
aestivum

Monocot 42 (6n) 17,000 124.201 80 IWGSC (2014)

Triticum urartu Monocot 7 4940 34.879 67 Ling et al.
(2013)

Vitis vinifera Dicot 19 475 30.434 41 Jaillon et al.
(2007)

Zea mays Monocot 10 2300 32.540 85 Schnable et al.
(2009)

Type (monocot or dicot), number of chromosomes (#Chr), size (Mb) and haploid number (n), number of annotated genes
(#Gene), percentage of repeats and related bibliographic references (author, year) are also reported
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the reassociation kinetics properties, repeated
sequences can be also divided in two major cate-
gories based on their organization or distribution
in a genome: “tandem repeats” and “dispersed
repeats” (Fig. 10.1). Tandem repeats are generally
corresponding to the highly repetitive sequences.
They mostly localize on large conspicuous hete-
rochromatic DNA blocks at the distal ends and
interstitial parts of the chromosome (Schmidt and
Heslop-Harrison 1998) and include sequences that
are repeated in tandem along the genome
sequences such as ribosomal DNA repeat arrays
(rDNA) and satellite DNA. Among tandem
repeats, duplicated protein-coding genes (par-
alogs) can also be included. Dispersed repeats are
usually corresponding to moderately repeated
sequences, and include transposons and dispersed
gene paralogs. Transfer RNA genes (tDNA) are
often distributed in tandem, but they are usually
included among the dispersed repeats (Richard
et al. 2008).

Tandem Repeats

rDNA
rDNAs represent non protein-coding multigene
families usually classified as tandem repeats.
rDNAs (Fig. 10.1) are usually head-to-tail arrays
of genes encoding the precursor (45S) of the
three largest ribosomal RNAs (18S, 5.8S and 25S

in plants). The corresponding DNA region gen-
erally contains several tandem copies, including
active rRNA genes and silent rRNA genes,
which are often highly compacted in dense
heterochromatin. The rDNA region gives rise to
secondary constrictions in metaphase chromo-
somes that are called the nucleolus organizer
regions (NOR), around which the nucleolus
forms. rRNA coding genes are usually tran-
scribed by RNA polymerase I. The 5S rRNA
genes, highly conserved genes of around 120nts
in length, are distributed independently from the
45S rDNA, in multiple copies arranged as tan-
dem arrays separated by a high variable spacer in
sequence and in length. The number of copies of
the core unit, from 200 to 900 nucleotides, can
vary from 1000 to 50,000 copies. The sequences
can be adjacent or not to the 45S rDNA region
and are usually transcribed by the RNA poly-
merase III.

Satellite DNA
The name “satellite DNA” refers to a “satellite”
band different in density from bulk DNA in a
density gradient, due to repetitions of short DNA
sequences. It consists of almost large number of
repeat units, distributed as tandem arrays of
DNA. Satellite DNA is in itself also distin-
guished in minisatellites or microsatellites. Both
subcategories are variable in number of repeats

Fig. 10.1 Repeated DNA sequences in eukaryotic genomes. The two main categories of repeated elements (tandem
and dispersed repeats) are shown, along with their subcategories
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(Variable Number of Tandem Repeats or
VNTR). Minisatellites consist of a core repeat
units of 10 to 60–90 nucleotides. Microsatellites
(also known as “Simple Sequence Repeats” or
SSRs, or “Short Tandem Repeats” or STRs)
consist of a core of around 2–6–10 nucleotides.
In general satellite DNA can be distributed
throughout the chromosomes (King et al. 1997;
Richard et al. 2008), both in heterochromatin and
euchromatin regions (Cuadrado and Sch-
warzacher 1998; Cuadrado and Jouve 2007a, b;
Chang et al. 2008), in genes, both in the
protein-coding regions, in introns, or in their
regulatory regions, and within transposable
elements.

The tandem satellite DNA sequences exhibit
in general characteristic chromosomal locations,
with roles depending on their locations. They can
be at telomeric, subtelomeric and centromeric
regions, with repetitive families that can be
shared within a taxonomic family or a genus, or
may be specific to the species, genome or even a
chromosome (Sharma and Raina 2005). These
features have formed the basis of extensive uti-
lization of repetitive sequences for taxonomic
and phylogenetic studies. Satellite DNA is the
main component of centromeres, with a core
units from 9 to 64 bp long, and of telomeric
regions, with a conserved core units of around
6 bp, and repetition numbers that can range from
hundreds to thousands, depending on the species
(Podlevsky et al. 2008), forming the main
structural constituent of heterochromatin. Cen-
tromeres are essential for chromosome segrega-
tion, yet their DNA sequences evolve rapidly in
contrast with the high conservation of the core
units of telomeres (Henikoff et al. 2001). Cen-
tromeres differ greatly in their sequence organi-
zation among different species. In
Saccharomyces cerevisiae a “point centromere”
of 125-bp sequence is sufficient to confer cen-
tromere function (Meraldi et al. 2006). In most
animals and plants, centromeres contain
megabase-scale arrays of simple tandem repeats,
sometimes interspersed with long terminal repeat
transposons (Heslop-Harrison et al. 2003) and,
despite their relevant role, very little is known
about the degree to which centromere tandem

repeats share common properties between dif-
ferent species (Melters et al. 2013). However, the
key kinetochore proteins are conserved in both
plants and animals, particularly the
centromere-specific histone H3-like protein
(CENH3) highlighting the importance of epige-
netic mechanisms in the establishment and
maintenance of centromere identity (Houben and
Schubert 2003). Telomere repeats occur pre-
dominantly at the ends of eukaryotic chromo-
somes, arranged in tandem to form large
uninterrupted blocks often associated to sub-
telomeric satellite repeats (Ganal et al. 1991).
They appear to protect chromosome ends from
degradation and shortening during replication
(Mason and Biessmann 1995).

Microsatellites may have high variability in
length, due to unequal crossing over, rolling
circle amplification and replication slippage,
even before meiosis (Tautz and Schlotterer
1994), making these regions endowed of a high
rate of mutation per locus per generation (Jarne
and Lagoda 1996; Kruglyak et al. 1998). This is
why these sequences are important for different
approaches (Buschiazzo and Gemmell 2006).
Indeed microsatellites can be amplified using
unique sequences at the flanking regions to
define primers for amplifications, producing
variable patterns of fragments lengths which are
useful for population studies, fingerprinting,
marker assisted selection, and study of breeding
patterns of wild or domesticated species
(Martinez-Zapater et al. 1986; Maluszynska and
Heslop-Harrison 1991; Michelmore et al. 1991;
Martin et al. 1992; Maughan et al. 1995; Liu
et al. 1996; McCouch et al. 1997; Milbourne
et al. 1997; Livingstone et al. 1999).

Dispersed Repeats

tDNA
Genes coding for transfer RNAs represent a non
protein-coding multigene family, as rRNA cod-
ing genes. Though often distributed in tandem,
they are usually classified as dispersed repeats.

In addition to its essential function in protein
synthesis, recent studies have shown that tRNAs
are multifunctional molecules involved in many
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processes of cellular metabolism (Minajigi and
Francklyn 2010). Furthermore, tRNA-derived
RNAs appear to be used in the RNA silencing
pathway, and are a major source of short inter-
spersed nuclear elements (Bermudez-Santana
et al. 2010; Phizicky and Hopper 2010).

It is postulated that all tRNA genes (tDNAs)
derive from an ancestral molecule (Eigen et al.
1989) that during evolution gave rise to a full set
of tRNA genes generated as the result of
numerous mutation, duplication and reorganiza-
tion events. The number of tRNA pseudogenes
and organellar-like tRNA genes present in
nuclear genomes varies greatly from one plant
species to another. Generally, there is no corre-
lation between genome size and tDNA copy
number in the nuclear genome (Richard et al.
2008). However, Michaud et al. (2011), in their
analysis of tRNA gene distribution in plant
genomes, revealed that the tRNA gene content in
plants is rather homogenous, and is mostly cor-
related with genome size.

Transposable Elements
Among dispersed repeats, transposable elements
(TEs) are DNA sequences that are capable of
“moving” in the cell, integrating into a new site
within the genome where they originated from
(Craig et al. 2002), creating changes and ampli-
fying and altering the cell’s genome size. This is
why they were also termed “jumping elements”.
They were discovered in plants by Barbara
McClintock who earned her Nobel Prize for this
scientific contribution in 1983 (McClintock
1953). She not only found that genes could move,
but also that they could be turned on or off
according to the environmental conditions or
during different stages of cell development.
Transposons consist of two major classes: retro-
transposons (class I elements) and DNA trans-
posons (class II elements) (Fig. 10.1), depending
on the mechanisms that determine their excision
and insertion in the genome.

Retrotransposons replicate by forming RNA
intermediates, which are then reverse transcribed
to DNA sequences and inserted into new

genomic locations. Therefore, retrotransposons
need transcription and a reverse transcriptase to
move, while DNA transposons are excised from
the genome, and the “cut-and-paste” mechanisms
for transposition require transposases (Craig et al.
2002). Retrotransposons are commonly grouped
in LTR or non-LTR retrotransposons according
to the presence or not of long terminal repeats
(LTR). In LTR retrotransposons, the terminal
repeats range from*100 bp to over 5 kb in size.
They are the most high representative class in
plant genomes (Kumar and Bennetzen 1999;
Bennetzen 2000) and may be further subclassi-
fied into different classes, differing by the degree
of sequence similarity and by the order of
encoded gene products along their structure.
Among these, Ty1-copia-like and
Ty3-gypsy-like are commonly found in high
copy number in plants genomes, but also in
animals, fungi and protista. Retroviruses are
often classified separately from the LTR retro-
transposons though they share many features
with them. A major difference with Ty1-copia
and Ty3-gypsy retrotransposons is that Retro-
viruses have an Envelope protein (ENV) and
have domains that enable extracellular mobility
(Cotton 2001).

Non-LTR retrotransposons include long
interspersed elements (LINEs) and short inter-
spersed elements (SINEs). LINEs encodes for
functionalities that are essential for retrotrans-
position, such as reverse transcriptase and
endonucleases activities, and are transcribed by
the RNA polymerase II, like mRNAs. Their
mechanisms of transposition, however, differ
from that of other LTR elements (Bibillo and
Eickbush 2004). SINEs are nonautonomous
retroelements, with length ranging from 100 to
900 bp, and copy not identical in the genome
(Kramerov and Vassetzky 2005). They do not
encode reverse transcriptase, and presumably
co-opt the LINE machinery to be retrotransposed
(Jurka 1997). They are transcribed by RNA
polymerase III, being organized at their 5’ end
like a typical tRNA promoter (Defraia and
Slotkin 2014).
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Bioinformatics for Repeat Detection

Repeat Sequence Databases

Due to the presence of different types of repeats,
there are different dedicated databases that orga-
nize repeats, such as Repbase (Jurka et al. 2005),
the Tandem Repeats Database (Gelfand et al.
2007), RepeatsDB (Di Domenico et al. 2014). In
particular, RepBase is a comprehensive repeat
collection including prototypes of repetitive DNA
sequences derived from the consensus of each of
the repeat families from each eukaryotic species.
The Tandem Repeats Database is specific for
repeated regions in tandem, while RepeatsDB
specifically contains tandem repeats found in
protein sequences. In parallel to these resources,
Rfam (Burge et al. 2013) contains families of non
protein-coding RNAs, and is useful to support
annotation of the corresponding genes in a gen-
ome, rRNA and tRNA coding genes included.

Some available databases are specific for
plants, PGSB Repeat Database (Nussbaumer
et al. 2013) and the Plant Repeat Database
organized starting from the TIGR Plant repeat
database (Ouyang and Buell 2004), this last
updated till 2008, both designed as comprehen-
sive repeat collections. PlantSat (Macas et al.
2002) and Plant rDNA database (Garcia et al.
2012) are dedicated to satellite repeats and
rDNAs, respectively. Some of these databases
have the possibility to allow search for repeated
region in specific genera or species, such as the
Plant Repeat Database, that is made of subsec-
tions dedicated to Solanaceae, Gramineae or
other plants, or Plant rDNA database.

Methodologies

Bioinformatics strategy to identify and annotate
repeats in genome sequences is almost similar
even in different species. In general, the currently
available methods can be based on comparative
approaches, which aim to identify and therefore
classify the repeated regions aligning a query
sequence, the one to be analyzed, with sequences
representing repeat classes organized in

dedicated databases. Other approaches are based
on de novo detections of repeats along a
sequence, these methods supporting the identifi-
cation of novel repeat sequences, i.e. sequences
not available in dedicated collections since not
yet discovered and classified.

RepeatMasker (Smit et al. 1996) or Censor
(Kohany et al. 2006) are some of the well-known
similarity-based search tools, useful to support
the annotation of the repeats detected along a
sequence and to provide its masked version, i.e. a
sequence in which all the regions identical to
repeats are changed to X or Ns, to be ignored in
subsequent analyses, like those necessary to
detect coding genes.

Similarity methods also may consider com-
parisons with established genome sequence ref-
erences find occurrence of similar repeat regions.

Tandem Repeats Finder (Benson 1999) and
mreps (Kolpakov 2003) are other specific tools
helpful to find and annotate tandem repeats in
DNA sequences. Like LTR_STRUC (McCarthy
andMcDonald 2003),Recon (Bao andEddy 2002)
and RepeatScout (Price et al. 2005), they detect
repeated DNA sequences by de novo approaches.
These approaches are generally based on
self-comparisons of repeated similar regions. The
exploitation of associated clustering approaches
usually permits also to group-related sequences, to
classify them into families and or subfamilies.

The identification and the annotation of
repeated gene loci, such as those coding for non
protein-coding genes (tRNA, rRNA), can be
performed by dedicated tools like Infernal
(Nawrocki et al. 2009), also useful for the iden-
tification of other non protein-coding RNAs.
Specifically, Infernal is used to search RNA
families dedicated databases for similar sequen-
ces such as Rfam. Infernal builds a profile from a
structurally annotated multiple sequence align-
ments of RNA families with a position-specific
scoring system. The scoring approach also takes
into consideration secondary structure organiza-
tion of the family being modelledQuery, such as
base pairing, combining different levels of
structure information to get to the most appro-
priate result. Other tools, such as tRNAscan-SE
(Schattner et al. 2005) and ARAGORN (Laslett
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and Canback 2004) or SnoReport (Hertel et al.
2008) are specific for some classes of RNAs, like
tRNAs and snoRNAs, respectively.

Repeats in the Tomato Genome

Protein-coding Gene Paralogs

Though the description of protein-coding par-
alog genes is not the main topic of this
chapter, preferred to briefly reported on their
distribution in the tomato genome since they
represent repeat sequences in a genome and
their occurrence contributed to reveal the two
consecutive triplications events of the Solanum
lineage, that moulded the gene set controlling
fruit characteristics (Tomato Genome Consor-
tium 2012). The total number of genes with at
least one paralog in tomato is 25,992, about
75 % of the total gene content. In Fig. 10.2
we report the distribution of paralog gene
numbers per chromosome. This reflects the
high duplication level of mRNA coding genes
reported in the tomato genome (Tomato
Genome Consortium 2012).

Non Protein-coding Repeated Genes

Among paralogs we may also consider large
multigene families such as ribosomal RNAs
(rDNA) and tRNAs (tDNA) genes.

Non protein-coding RNAs in the tomato
genome sequences were annotated by Infernal
using the Rfam database (version 9.1) (specifi-
cally, the collection available at ftp://ftp.sanger.
ac.uk/pub/databases/Rfam/9.1/infernal-latest.tar.
gz and compatible with Infernal 1.0) (Tomato
Genome Consortium 2012).

Long rDNAs were excluded from the analyses
of the tomato assembly released by the consor-
tium, because of a specific option used by the
authors when running the software Infernal, that
excluded the annotation of these specific regions
(Tomato Genome Consortium 2012, supplemen-
tary materials 2.3.2). Therefore the analysis
resulted to be limited to the identification of 1853
non protein-coding RNAs of 90 distinct Rfam
families in which almost 48 % of all the targets
represented tRNA coding genes (RF00005)
(Tomato Genome Consortium 2012).

Table 10.2 summarizes the results included in
the iTAG2.4_infernal.gff3 file made available by
the tomato genome sequencing consortium at the
ftp section of the Sol Genomics Network (http://
solgenomics.net/). Moreover, in order to com-
plete the annotation of the non protein-coding
rDNAs, we performed a BLASTn of the tomato
chromosomes versus the Large Subunit sequen-
ces (LSU, RF02543), which include the 25S
RNA, and the Small Subunit (SSU, RF01960)
sequences, corresponding to 18S, both collections
available in the Rfam database (release 12.0). We
considered only locus that corresponded to
matches with identity and coverage ≥98 %.

Fig. 10.2 Paralog gene distribution per chromosome. The data source from which we report this summary is obtained
from BioMart section of EnsemblPlants (http://plants.ensembl.org/)
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5.8S rRNA genes defined by the consortium
are listed mainly on chromosomes 11 and 6,
while higher figures are reported by our updating
corresponding to regions similar to 25S sequen-
ces (Table 10.2). It is also evident that there are
still matches on the unassigned sequences col-
lected as unassembled on “chromosome 0”,
probably because the difficulties in assigning
repeated sequences during the assembly of large
and complex genomes.

The table also shows a high number of 5S
coding regions on chromosome 1 (Fig. 10.3a),
confirming the loci identified as repeated in tan-
dem by FISH on pachythene chromosomes on the
short arm of chromosome 1 (1S), close to the
centromeric region (Vallejos et al. 1986; Lapitan
et al. 1991; Xu and Earle 1996a, b). Though, as
explained, the information on the long rDNA
regions (45S or at least 18S and 25S families) was
not available from the sequencing and annotation
effort, we reviewed the information collected from
analyses preceding the tomato genome sequencing
and exploited our updating based on the BLASTn
analysis. Indeed, it was known that ribosomal

DNA represents the most abundant repetitive
DNA family in tomato, comprising approximately
3 % of the genome. From experimental analysis,
5S and 45S rRNA genes were detected as tan-
demly repeated with 1000 and 2300 copies.
Karyotyping in combination with fluorescence
in situ hybridization (FISH) on tomato pachytene
chromosomes allowed the identification and
mapping of the 45S rDNA on the satellite of the
short arm of chromosome 2 (2S) and aminor locus
on 2L, though these evidence are not confirmed by
the tomato genome sequencing, from which no
match, neither with the only considered marker
5,8S, was detected (Vallejos et al. 1986; Tanksley
et al. 1988; Lapitan et al. 1991; Xu and Earle
1996a, b). However, these results find some con-
firmation from our updated analysis, with few
matches from the 25S confirmed on chromosome
2. Other minor loci were also revealed at 6S, 9S
and 11S (Xu and Earle 1996a, b), the first and the
last also finding some confirmation by the anno-
tation from the consortium, with stronger support
by our update. Indeed, the updated analysis shows
regions similar to the 25S (LSU) in all the

Table 10.2 Number of
5.8S rRNA, 5S rRNA,
tRNA as reported by the
Tomato Genome
Consortium (2012)

iTAG v. 2.4 Udated

5.8S rRNA 5S rRNA tRNA 18S rRNA 25S rRNA

chr 00 11 3 16 4 20

chr 01 2 38 109 4 9

chr 02 0 1 76 1 6

chr 03 2 3 83 5 6

chr 04 0 1 71 1 4

chr 05 3 0 60 2 1

chr 06 7 0 102 5 11

chr 07 1 2 52 2 4

chr 08 0 0 70 1 8

chr 09 0 2 44 2 3

chr 10 0 0 90 1 8

chr 11 13 4 48 12 21

chr 12 1 0 64 2 6

Sum 40 54 885 42 107

Updated contents of 25S rRNA and 18S rRNA gene are also shown
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Fig. 10.3 Distribution per chromosome 1 (a) and chro-
mosome 6 (b) of repeated non protein-coding genes.
Percentage of N is also reported by a nonoverlapping
window analysis of chromosomes divided per 500 Kb,

with a total of 197 windows for chromosome 1 and 100
windows for chromosomes 6. Details of regions with 5S
rRNA and tRNA in tandem on chromosome 1 are shown
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chromosomes, accompanied by a similar distri-
bution by the 18S, though with lower numbers, in
contrast with what expected from previous
analysis.

In Fig. 10.3a, b the distribution of non protein-
coding genes on chromosomes 1 and 6 are shown,
respectively. Data are from the iTAG2.4_infernal.
gff file made available by the tomato genome
consortium at ftp://ftp.solgenomics.net/genomes/
Solanum_lycopersicum/annotation/ITAG2.4_release/.
Moreover, the results from the updated analysis
here provided are also shown in the figure.

Our updated analysis also permitted the clear
identification of an rDNA locus associated to the
occurrence of 45S loci on chromosome 6, since
18S 5.8S and 25S are all located in the region
(Fig. 10.3b).

tDNA distribution is shown both in
Table 10.2 and in Fig. 10.3. Interestingly to
notice, their occurrence is reported in all the
chromosomes.

Noncoding Tandem Repeats

Noncoding tandem repeat sequences in tomato
chromosomes were detected using the de novo
approach of Tandem Repeats Finder (Benson
1999), with default parameters. This permitted to
classify the sequences by length into
microsatellites (2–9 bp), minisatellites (10–99)
and satellites (≥100-bp), while overlapping
annotations of more than one of the three classes
were classified as hybrid type.

The whole collections of tandem repeats
resulted to cover 3.2 % of the genome, with the
major contribution from minisatellites (1.7 of the
entire genome and 53.7 % of the tandem
repeats). Microsatellite repeats in tomato genome
were also analyzed by Suresh et al. (2014), who
detected a total of 68,641 microsatellite repeat
motifs. Dinucleotide repeats (60.18 %) resulted
much more abundant than tri (19.56 %) and
other repeats, of which *82.90 and *17.10 %
were simple and compound repeats, respectively.
A total of 5841 and 4773 SSRs were present in
the assigned genes and their 5′-upstream
sequences, with average frequencies of 0.172

SSRs/gene and 0.14 SSRs/5′-upstream sequen-
ces, respectively. Data are accessible at the
Tomato Genomic Resources Database (http://59.
163.192.91/tomato2/).

Telomere
Beyond rDNAs, telomeres are the most ubiqui-
tous tandem repeated arrays in the genome of
eukaryotes.

The telomere repeats have been studied
extensively in species of the Solanaceae family,
which show mostly the Arabidopsis-type
telomere (TTTAGGG). The typical tomato
telomeric repeat (TR) (TT(T/A)AGGG) is
arranged in tandem to form large uninterrupted
blocks (Ganal et al. 1991). A block of 162-bp
subtelomeric repeats (TGRI) is localized a few
hundred kb from the terminal telomere repeats in
20 of the 24 homologous chromosomes (Ganal
et al. 1988, 1991; Schweizer et al. 1988; Lapitan
et al. 1989). These repeated blocks together
accounts for around the 2 % of the total chro-
mosomal DNA and, though the TR repeat is
highly conserved, the long range physical
structure of these arrays has been shown to be
highly variable in different varieties (Broun et al.
1992) and within the genome (Zhong et al.
1998). Zhong et al. (1998) investigated on the
relative length and distribution of the TR the
spacer and the TGRI blocks in tomato chromo-
somes. The major evidence from Zhong et al.
work was to highlight differences in
TR-spacer-TGRI organization in most if not all
the chromosome ends in tomato. Concerning the
role of the spacer and the TGRI repeats it is
assumed that they could represent buffering
blocks separating chromosome ends from unique
sequences or alternatively, playing a role in
favouring or preventing chromosome degrada-
tion, fusions and fissions (Meyne et al. 1990).
However, they have also been speculated to be
regions susceptible to unequal crossing over
between homologous and even nonhomologous
chromosomes, yielding to high polymorphisms
even in conserved genomes (Broun et al. 1992).

Interestingly, interstitial telomeric repeats
(ITRs) were also revealed hybridizing the TR
repeat on lambda clones of tomato, showing
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unexpected telomere homologous sequences on 8
of the 12 tomato centromeres (Ganal et al. 1991;
Presting et al. 1996).

ITRs are organized as short tandem arrays and
are expected to be evolutionary relics derived
from chromosomal rearrangements and DNA
repairs (He et al. 2013). However,
megabase-sized ITR arrays were reported in
Solanum species (Tek and Jiang 2004). These
results showed that some ITR subfamilies were
amplified and invaded the functional centromeres
of Solanaceae chromosomes revealing possible
other roles than simply being relics of chromo-
somal rearrangements. The epigenetic landscape
and transcription of telomeres and ITRs were
also investigated. As an example, in Nicotiana
tabacum (with no detectable ITRs), and in Bal-
lantinia antipoda, (with large blocks of pericen-
tromeric ITRs and relatively short telomeres)
Majerová et al. (2014) revealed that genuine
telomeres displayed heterochromatic as well as
euchromatic marks, while ITRs were just hete-
rochromatic. Methylated cytosines were present
at telomeres and ITRs, but showed a bias with
more methylation towards distal telomere posi-
tions and different blocks of ITRs methylated to
different levels (Majerová et al. 2014). Interest-
ingly, the authors also showed that telomeres and
ITRs are transcribed, and that the level of
telomerase transcripts is tissue dependent, con-
tributing novel insights for the understanding of
the specific role and regulation activity of the
associated transcripts.

Centromere
The tomato genome sequencing confirmed the
presence of a high DNA repeat content in the
heterochromatin pericentromeric regions, how-
ever no value added information was provided by
the sequencing effort to characterize centromeric
tandem repeated regions. It is known, however,
that both the centromeric satellites and the
retroelements are essential for centromere recog-
nition by kinetochore proteins (Zhong et al. 2002;
Nagaki and Murata 2005; Nagaki et al. 2011), and
previous efforts also revealed the mosaic structure
of centromeres in plant species (Nagaki et al.
2012). Interestingly, though it was evident that

centromeric repeats evolve rapidly (Melters et al.
2013), Gong et al. (2012) recently reported that
six of the 12 potato centromeres contain
megabase-sized arrays of satellite repeats differ-
ent in each centromere. By contrast, five potato
centromeres are shown to be composed of single-
and low-copy DNA sequences, with no satellite
repeats detected. These five potato centromeres
structurally resemble neocentromeres. Moreover,
they also showed that most of the centromeric
satellite repeats in potato were amplified recently
from retrotransposon-related sequences and are
not present in wild Solanum species closely
related to potato.

A deeper comparative analysis revealed that
different centromeric haplotypes were found to
be associated with three potato centromeres,
including haplotypes containing megabase-sized
satellite repeats and haplotypes that do not con-
tain the same repeats (Wang et al. 2014).

To further understand the evolution of cen-
tromeric DNA in Solanum species, (Zhang et al.
2014) conducted a genome-wide analysis of DNA
sequences associated with the cenH3 nucleo-
somes in Solanum verrucosum (2n = 2x= 24), a
wild species closely related to potato. They
demonstrated a rapid divergence of the cen-
tromeric sequences between these two closely
related species. Therefore, they hypothesized that
centromeric satellite repeats may undergo boom–

bust cycles of evolution from which a structurally
favourable repeat lengths, maybe favouring the
structure ideal for cenH3 nucleosome organiza-
tion, could take place.

Many existing centromeres are believed to
have originated as neocentromeres that activated
de novo from noncentromeric regions by
acquiring specific histones in the nucleosome
(for example, the canonical histone H3 is
replaced by cenH3 histone in plants or by
CENP-A in animals (Kalitsis and Choo 2012;
Rocchi et al. 2012). Newly formed neocen-
tromeres are associated with gene “desert”
regions and initially do not contain satellite
repeats (Marshall et al. 2008; Wang et al. 2014).
The evolutionarily new centromeres presumably
accumulate satellite repeats and/or retrotrans-
posons during evolution and eventually evolve
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rapidly to become repeat-based centromeres
(Yan et al. 2006; Kalitsis and Choo 2012;
Sharma et al. 2013).

Transposons

Considering the dispersed repeats, we already
reported on tDNA distribution in the tomato
genome in the paragraph on non protein-coding
repeated gene families.

The other relevant class among dispersed
repeats includes the transposons. In Table 10.3, we
report the nucleotide coverage in terms of trans-
poson classes of all the chromosomes, as derived
from the annotation reported in the iTAG2.4_re-
peat.gff3 file released by the tomato genome con-
sortium (Tomato Genome Consortium 2012) and
available at http://solgenomics.net.

While the pseudomolecules images in the Nat-
ure paper report the general behaviour of repeat
content along tomato and potato pseudomolecules,
in this chapter we provide, as an example, a more
detailed view with a similar approach showing the
distribution of all single class of repeats along
tomato chromosomes 1 and 6 (Fig. 10.4a, b).

As reported from Nature 2012, full length
LTR retrotransposons in the tomato genome
sequence, were detected by a curated analysis
starting from a de novo approach based on LTR-
STRUC (McCarthy and McDonald 2003).
1647 intact LTR retrotransposons were detected.
These sequences were assigned to the gypsy or
copia subgroups which were identified thanks to
the order of their inner protein domains.

Additional full length LTR elements were
found by sequence similarity, leading to a total of
4052 still intact elements. Moreover, a cluster
analyses of these sequences highlighted that
tomato and potato (Potato Genome Sequencing
Consortium 2011) genome sequences shared
common LTR retrotransposons (Tomato
Genome Consortium 2012).

The insertion events of LTR retrotransposons
were also dated by the sequence divergence
between left and right LTRs (Wiley et al. 2009).
Interestingly, this analysis showed fewer copies in
tomato and potato when compared to sorghum and

older insertion age. This appears to be a peculiarity
of tomato, and apparently also of potato, among
angiosperms (Tomato Genome Consortium 2012).

Transposons along tomato chromosomes were
annotated by the wublast version of RepeatMas-
ker (http://www.repeatmasker.org) against the
dicots section of mipsREdat (REdat_v8.9_Eu-
dico). This transposon library is connected to a
repeat classification scheme (mips_REcat) and
contains a collection of known transposons as
well as de novo detected LTR retrotransposons
from tomato (1647) and potato (1309). The
RepeatMasker output was subjected to two
post-processing filter steps: (a) removal of low
confidence hits (length <50 bp, score ≥255) and
(b) cleaning of overlapping annotations, consid-
ering higher score hits first, and overlapping
lower scored hits either shortened or, if the
overlap exceeded 80 % of their length, removed.

In Table 10.3 we redefined the nucleotide
coverage in terms of repeat classes for all the
tomato chromosomes, starting from the available
annotation from the consortium (Tomato
Genome Consortium 2012).

Moreover, while the pseudomolecule ima-
ges in the Nature 2012 paper (Tomato
Genome Consortium 2012) reports the general
behaviour or the global repeat content along
tomato pseudomolecules, in this chapter we
provide a more detailed view with a similar
approach showing the distribution of all single
classes of repeats along chromosomes 1 and 6
(Fig. 10.4a, b).

Moreover, in Fig. 10.5 we report the distri-
bution of the transposons by the delta repeat
minus gene content in a 500 kb window in
chromosome 6. The plots confirmed the high
content of LTR retrotransposon in repeat-rich
regions, that should correspond to heterochro-
matin regions (Di Filippo et al. 2012) with
higher content of the gypsy-like class and much
lower content of the copia-like one. The plots
also show that, among non-LTR retrotransposon,
the SINE are more frequent in gene richer
regions, as also demonstrated at BAC level (Di
Filippo et al. 2012), with a similar trend also
from LINE.
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The iTAG2.4_repeats.gff3 file used to perform
this analysis was downloaded from the ftp
section at http://solgenomics.net/.

Discussion

Solanaceae is an unusually divergent family
consisting of approximately 90 genera and 3000–
4000 species (Knapp et al. 2004) and almost all
members share the same chromosome number
(x = 12) (Wikstrom et al. 2001). Though the
genomes appeared to have undergone relatively
small numbers of chromosomal rearrangements
(Park et al. 2011), they maintained a conserved
gene content and order (Bonierbale et al. 1988;
Tanksley et al. 1988; Prince et al. 1993; Liv-
ingstone et al. 1999; Wang et al. 2008; Wu et al.
2009). Though, the sequencing of different
genotypes of the same species revealed micro-
scale heterogeneity between cultivated and wild
species (Traini et al. 2013; Ercolano et al. 2014;

Qin et al. 2014), the overall conservation of the
Solanaceae gene regions was generally described
as conserved, even at the level of syntenic seg-
ments (Wang et al. 2011). The level of conser-
vation revealed at gene level, however, is not
confirmed when considering genome size,
repetitive sequence content and composition.
Within the Solanaceae family, Solanum lycop-
ersicum (tomato) has a genome size of
*950 Mb, the genome size of Solanum tubero-
sum (potato) is 840 Mb and Capsicum annuum
(pepper) genomes is of 3349 Mb, though the
estimated gene content is comparable, suggesting
a possible significant role of repeats in the spe-
ciation of these clade of plants (Zhu et al. 2008).

The 12 tomato chromosomes consist of an
extended heterochromatic region (>60 % gen-
ome), mostly representing the telomeres and
extended pericentromeric regions. The euchro-
matin regions locate in the distal part of the
chromosome (Peterson et al. 1996, 1998), com-
posed of most single-copy sequences with fewer

Fig. 10.4 Distribution of gene and repeat content along
chromosomes 1 and 6. Annotation of line, LTR, Gypsy,
Copia, Sine and DNA transposons were obtained from
ITAG2.4_repeats.gff3; gene annotations were from
ITAG2.4_gene_models.gff3, both available at http://

solgenomics.net/. Data are reported by a 500 Kb nonover-
lapping window. Left and right y-axes represent different
percentages. The right y-axes represent the number of
undefined nucleotide (N) per window

10 Repeat Sequences in the Tomato Genome 189

http://solgenomics.net/
http://solgenomics.net/
http://solgenomics.net/


retrotransposon and the 90 % of the genes
(Chang et al. 2008).

Pericentromeric heterochromatin is generally
assumed to be gene poor and repeat-rich, where
crossing over is severely repressed (Sherman and
Stack 1995). The pericentromeric heterochro-
matic segments contain a large portion of retro-
transposons, other types of repeated sequences
and some single-copy sequences, which also
include a lower but representative gene content
(Di Filippo et al. 2012).

Among tandem repeats, ribosomal DNA rep-
resents one of the most abundant repetitive DNA
family. The repeat unit, estimated to be 9.1 Kb,
was expected of 2300 copies and at the end of
chromosome 2 by Ganal et al. (1988). rDNA
should represent the 3 % of the tomato genome
and its distribution was described also by several

other efforts (Vallejos et al. 1986; Lapitan et al.
1991). As reported in this chapter, the rDNA
regions appear not to be exhaustively covered by
the tomato genome sequencing and by the asso-
ciated annotation, and this is presumably the
reason why they are not broadly discussed in the
effort (Tomato Genome Consortium 2012).
However, the presence of satellite DNA joint to
the intergenic spacer of rDNA units also reveals
the strong association of these two types of
repeats and a possible initiation of satellite
repeats from these loci (Jo et al. 2009).

Previous analysis also confirmed a 162 bp
satellite repeat, named TGRI, with 77,000 copies
in the genome as localized within a few hundred
kb of the terminal 7 bp telomeric repeat TT(T/A)
AGGG in tomato, at 20 of 24 chromosome ends
(Ganal et al. 1988). In addition, internal

Fig. 10.5 Distribution of main repeat classes by win-
dows of 500 kb along chromosome 6. The data are
reported as frequency in the window versus the difference

between repeat and gene content frequency (ΔRG).
Annotations were obtained as for Fig. 10.3
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telomeric repeats (ITR) were also found at a few
centromeric and interstitial sites (Lapitan et al.
1989; Ganal et al. 1992; Presting et al. 1996),
opening interesting questions on the reasons of
this organization, as also highlighted in this
chapter.

Two other tomato genomic repeats, TGRII
and TGRIII, are less abundant, and were esti-
mated with 4200 and 2100 copies, respectively.
TGRII is apparently randomly distributed with
quite a regular spacing of 133 kb (Ganal et al.
1988), while TGRIII is predominantly clustered
in the pericentromeric region. The TGRIV repeat
was discovered later and it was found mainly
associated to satellite repeats in the centromere
(Chang et al. 2008).

Microsatellite polymorphism and genomic
distribution were studied in tomato by finger-
printing using labelled oligonucleotide probes
complementary to GATA or GACA microsatel-
lites (Vosman et al. 1992; Grandillo and Tanks-
ley 1996). The mapping of individual fingerprint
bands showed main association to centromeres
(Arens et al. 1995). The copy number and the
size of microsatellite containing restriction frag-
ments were proved to be highly variable between
tomato cultivars (Arens et al. 1995). Structure,
abundance, variability and location were also
evaluated (Broun and Tanksley 1996) and suc-
cessfully used for genotyping tomato cultivars
and accessions (Smulders et al. 1997; Brede-
meijer et al. 2002). Interestingly, what is evident
in tomato is the presence of compound satellite
repeats, highly variable in length and strongly
specific to the species. Ganal et al. (1988),
underlined that the distribution of the major
classes of tandem repeats described in tomato is
limited to this species. This is probably due to
high evolving rate of these regions. Zamir and
Tanksley (1988) also reported a positive corre-
lation between copy number and rate of diver-
gence of repeats among DNA sequences from
related Solanaceae species. This means that
highly repeated regions are less conserved when
compared to single-copy regions, coherently also
with a different selective pressure on the two
types of regions. Further analyses revealed rapid
evolution of centromere-proximal sequences

(Presting et al. 1996) which is also confirmed
from analysis in other Solanaceae (Gong et al.
2012; Melters et al. 2013; Wang et al. 2014;
Zhang et al. 2014).

Among all classes of repeats, transposons
comprise a large proportion of the tomato genome.
In general, the highest contribution to dispersed
repeats in plant genomes is mainly due to LTR
retrotransposons (Piegu et al. 2006; Richard et al.
2008; Lee and Kim 2014). Plants show more
C-value variation than other taxa (http://data.kew.
org) (Bennett and Leitch 2005), which appears to
be correlated with LTR retrotransposon abun-
dance (Michael 2014). In animals non-LTR ele-
ments appear to bemore abundant (Sakowicz et al.
2009). DNA transposons have minor impact on
genome size because of the way they expand (Lee
and Kim 2014). In particular, repeat-rich regions
of the tomato genome revealed abundance of the
LTR retroelements Ty3–gypsy and Ty1–copia
(Yasuhara and Wakimoto 2006; Chang et al.
2008; Szinay et al. 2008; Tang et al. 2008a, b;
Peters et al. 2009; Di Filippo et al. 2012), though
the second class is present at a less extent, as also
confirmed by the tomato genome annotation
(Table 10.3; Fig. 10.5).

In Di Filippo et al. (2012), tomato genome
sequences obtained by the preliminary BAC
sequencing that preceded the whole-genome
shotgun approach were analyzed to correlate
heterochromatin and euchromatin regions with the
relative gene and repeat content. Moreover, in the
same effort, molecular markers, available to define
the eu/heterochromatin boundaries along each
tomato chromosome (data from the Solanaceae
Genome Network website), and all the BACs
associated to the chromosome structure by
fluorescence in situ hybridization (FISH) (de Jong
1998; de Jong et al. 2000; Wang et al. 2006; Szi-
nay et al. 2008; Tang et al. 2008a, b; Peters et al.
2009) were used to analyze the associated
sequences. This gave out a preliminary confir-
mation based on sequence analysis that BACs
associated to euchromatin in the tomato genome
were indeed richer in gene and lower in repeat
content when compared to BACs associated to
heterocromatin regions. The analyses presented in
Di Filippo et al. (2012), while confirming the

10 Repeat Sequences in the Tomato Genome 191

http://data.kew.org
http://data.kew.org


initial assumption that genes were predominantly
located in repeat-poor euchromatin regions,
proved that the repeat-rich heterochromatic BACs
were not completely depleted of genes (Yasuhara
and Wakimoto 2006; Mueller et al. 2009). Inter-
estingly, Di Filippo et al. (2012) also proposed an
immediate approach to show the specific content
of repeat classes in tomato gene or repeat richer
BACs, corresponding to euchromatic and hete-
rochromatic BACs, respectively. We also exploi-
ted the same approach here to confirm, at
chromosome level, the distribution of different
repeat classes in compositionally different genome
regions (Fig. 10.5).

Today it is well known that transposons play
various relevant roles in genome evolution, gene
expression regulation and genetic instability.
They can change position within the genome,
contributing to genome reorganizations and
altering the genome size, since transposition
often results in duplication of the transposable
elements, contributing with their movement to
changes in cell function and organisms devel-
opment (Nowacki et al. 2009) as well as to
genome reorganization. Interestingly, in most
cases transposable elements are silenced through
epigenetics mechanism like methylation and
chromatin remodelling. As a consequence, no
phenotypic effects nor the movement of trans-
posons occur when, in the wild type plant, they
are silenced (Martienssen and Colot 2001; Reik
et al. 2001). It is important to note, however, that
DNA methylation is not conceived as a factor
provoking heterochromatin formation (some
species may lack methylation) but rather as a
factor stabilizing heterochromatin structures (for
review, see Wolffe and Matzke 1999).

Type, number and size of repeat domains in a
genome can vary among species, but even differ
between close genotypes or accessions, being
useful as genome markers in karyotype analysis
and chromosome markers in a segregating pop-
ulation. However, based on the assumption that a
portion that comprises such a large extent of
higher eukaryotes genome sequence cannot be
without specific reasons, more interesting could
be the understanding of the role and, possibly,
advantages, if any, in repeat expansion or

reduction, as well as association of these phe-
nomena with heterochromatin formation. A pre-
requisite for heterochromatin formation appears
to be the structural organization of the repeats
rather than the nature of the particular sequences,
or their repetitive character. It is evident that
DNA repeats have specific structure role in
constitutive heterochromatin, essential in multi-
cellular organisms at chromosomal and nuclear
level. At the chromosomal level, constitutive
heterochromatin is present around vital areas
such as telomeres and centromeres. The cen-
tromeric satellite DNA and retrotransposons are
known to be essential in the recognition of the
kinetochore (Zhong et al. 2002; Nagaki et al.
2003). The pericentromeric repeats are consid-
ered important in the recruitment of histone
modification enzymes promoting the formation
and maintenance of heterochromatin (Hall et al.
2002; Volpe et al. 2002; Zhong et al. 2002;
Bender 2004; Lippman et al. 2004) and confer-
ring protection and strength to the centromere.
Around secondary constrictions, heterochromatic
blocks may ensure against evolutionary change
of ribosomal DNA by decreasing the frequency
of crossing over in these regions during meiosis,
also absorbing the effects of mutagenesis. Indeed,
repetitive sequences in the form of constitutive
heterochromatin appeared concomitant with the
localization of the portion of the genome that was
concerned with synthesis of ribosomal RNA, and
with the need to protect chromosome structure
and function by telomeres and centromeres,
when the mitotic spindle developed in evolution.
During meiosis heterochromatin may also aid in
the initial alignment of chromosomes, facilitating
speciation by allowing chromosomal rearrange-
ment but also providing, through the species
specificity of its DNA, barriers against
cross-fertilization. At the nuclear level, constitu-
tive heterochromatin may help to maintain the
spatial relationships through all the steps of cell
cycle. The repetitive DNA was therefore kept
through natural selection and, because of its
innate attitude to amplify and expand, it favoured
eukaryotes genome expansion and evolution
(Yunis and Yasmineh 1971; Bennetzen and
Kellogg 1997). This occurred in the limit of an
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efficient management of other cellular activities
(Knight et al. 2005). In principle, repeats are
prone to expand but there exist also mechanisms
to decrease dramatically their content, if neces-
sary, including illegitimate or unequal recombi-
nation and other type of deletions (Grover and
Wendel 2010). However, beyond the relevance
here discussed, and the impact DNA repeats can
have on genome evolution and expansion, it
would also be rather important to investigate on
further possible roles of species specific repeats
in structuring and protecting the genome though
the energy requirements that genome expansion
can take from cell functionality.
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11Two Paleo-Hexaploidies Underlie
Formation of Modern Solanaceae
Genome Structure

Jingping Li, Haibao Tang, Xiyin Wang
and Andrew H. Paterson

Abstract
Polyploidy, multiplication of whole genome content, is an important
evolutionary force. Paleo-polyploidies (ancient genome duplications) have
been identified in early lineages of animals, yeasts, and ciliates, but are
particularly widespread in plants, with more than 32 events described.
Deep impacts of paleo-polyploidies on plant evolution and diversity are a
research focus in recent years. There are three unequivocally known
paleo-hexaploidy (ancient genome triplication) events: one predated
divergence of core eudicots (“c”), one predated divergence of Solanaceae
lineages (“T”), and one predated divergence of Brassica species. Two of
the three events, c and T, have affected the ancestors of all modern
Solanaceae species, which includes tomato (Solanum lycopersicum).
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Signatures of the paleo-hexaploidy T were first described in the tomato
genome, and confirmed in the potato (Solanum tuberosum) genome.
Comparison among several asterid genomes revealed that T likely
occurred in the Solanaceae lineage, and may have been chronologically
close to the Solanaceae–Rubiaceae divergence. The successive c and T
paleo-hexaploidies produced nine theoretical copies of each ancestral
locus in a modern Solanaceae haploid genome, although only a fraction of
these were retained. Following triplication, the paleo-genomes underwent
massive nonrandom gene loss and extensive structural rearrangement,
resulting in adaptive genetic changes and evolutionary novelties. In this
chapter we will review recent research on the timing and formation of the
c and T paleo-hexaploidies, and their evolutionary effects on the shaping
of modern Solanaceae genomes.

Keywords
Paleo-hexaploidy � Paleo-polyploidy � Synteny � Genome evolution �
Tomato � Solanaceae

Introduction

The first two asterid plant genomes, those of
tomato and potato from the Solanaceae (night-
shade) family, were sequenced about a decade
after the first plant genome was published, that of
Arabidopsis thaliana (a rosid) (Arabidopsis
Genome Initiative 2000). They greatly expanded
our knowledge of angiosperms (flowering plants),
the Earth’s dominant vegetation, which contains
about 80 % of known plant species. Today’s
angiosperms consist of about 250,000 recorded
species in about 450 families, of which about
75 % or 198,000 species in about 336 families are
eudicots (The Angiosperm Phylogeny Group
2009; Stevens 2012; Hedges and Kumar 2009).
Eudicots, characterized by two embryonic
cotyledons and tricolpate pollen grains, contain
two major crown clades of taxa, the rosids
(*70,000 species) and the asterids (*80,000
species), which diverged about 125–93 million
years ago (MYA) in early- to mid-Cretaceous
(Bell et al. 2010; Moore et al. 2010; Wang et al.
2009; Bremer et al. 2004). The asterid plants
consist of*102 families, many of which are very
closely associated with humans, such as tomatoes,
potatoes, blueberries (Ericaceae family), coffee

(Rubiaceae family), lavender (Lamiaceae family),
olives (Oleaceae family), elderberries (Adoxaceae
family), dogwoods (Cornaceae family), and sun-
flower (Asteraceae family).

One question that benefits greatly from whole
genome sequencing is the effects of paleo-
polyploidies, or ancient whole genome duplica-
tions (WGDs), on the evolution of plant genome
structure (see Sect. 13.2). Paleo-polyploidy
refers to ancient polyploidy (whole genome
multiplication) events that have subsequently
been diploidized (returning to disomic inheri-
tance), resulting in the present-day haploid gen-
ome content containing more than one set of the
ancestral genome. For example, a paleo-
tetraploid genome has two sets of haploid gen-
omes each containing two sets of the pre-
duplication ancestral haploid genomes. Paleo-
polyploidies have been reported in the eukaryotic
kingdoms of Animalia (Dehal and Boore 2005;
Ohno 1970), Fungi (Kellis et al. 2004; Wolfe and
Shields 1997), and Chromalveolata (Aury et al.
2006), but are most widespread in Plantae. All
angiosperms are paleo-polyploids, having expe-
rienced at least one, and usually more, WGDs in
their lineage histories (Jiao et al. 2011; Soltis
et al. 2009; Tang et al. 2008a; Cui et al. 2006;
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Stebbins 1966; Masterson 1994; Blanc and
Wolfe 2004). More than 32 paleo-polyploidy
events have been identified in sequenced
angiosperm genomes.

Even before any plant genome was sequenced,
comparative mapping of molecular markers sug-
gested that the small genome of Arabidopsis
thaliana actually contains many paralogous
regions, which may be descended from
paleo-polyploidy events (Kowalski et al. 1994;
Paterson et al. 1996). This inference was supported
by later studies using sequence from the first plant
genome of A. thaliana (Grant et al. 2000; Ku et al.
2000; Vision et al. 2000; Simillion et al. 2002;
Bowers et al. 2003; Paterson et al. 2000). One of
the key findings from the first sequenced plant
genomes was the pan-core eudicot paleo-
hexaploidy (2n = 6x) “c” (discussed in Sect. 13.
5). Paleo-hexaploidy (ancient genome triplication)
occurs or survives much less frequent than
paleo-tetraploidy (ancient genome duplication, or
doubling). Before the sequencing of the tomato
genome, the only two other paleo-hexaploidies
identified were one in the Brassica lineage esti-
mated to have occurred 13–17 MYA (Wang et al.
2011), and c. The tomato genome revealed the
third case of paleo-hexaploidy (also the first case in
asterids), the T event (Tomato Genome Consor-
tium 2012), discussed in detail in Sects. 13.3 and
13.4 of this chapter.

This chapter focuses on the two paleo-
hexaploidies experienced by Solanaceae ances-
tors. We will start by a very brief methodological
overview. Then we will first discuss the
pan-Solanaceae T event because it was the ter-
minal WGD event in this lineage and therefore
easier to study than the more ancient c event that
was nested inside T. After that we will discuss
the pan-core eudicot c event by first profiling it
using the grape (rosids) genome where c is a
terminal WGD (grape genome experienced no
reduplication following c), and then prove that it
was also shared by ancestral asterids. In the end
we will discuss the evolutionary effects of c and
T on the tomato genome structure, and raise a
few questions for future studies on these two and
more paleo-hexaploidy events.

Methods to Identify Paleo-Polyploidy

Paleo-polyploidy events are difficult to identify
because they occurred in the ancient past, during
which time conservation of sequence and syn-
teny between paralogous regions has been
severely eroded. Typically more than 70–80 %
of the genes duplicated in a paleo-polyploidy are
subsequently lost. The remaining loci are further
shuffled by post-WGD genome rearrangements.
Therefore it is necessary to collect genome-wide
signals for detection of WGDs. Because a
paleo-polyploidy event duplicates all loci in the
progenitor genome at the same time, the his-
togram of their paralogous genes Ks (nucleotide
substitutions per synonymous site) values forms
a peak corresponding to the event (Lynch and
Conery 2000). Those distributions can therefore
be used to identify paleo-polyploidies, with the
limitations that Ks divergence cannot be resolved
when it is either too small or too large, and that
the rate of accumulation of mutations varies
among gene families.

When genome sequence is available, the most
sensitive and accurate paleo-polyploidy detection
methods are synteny-based, which have been
used in studies in yeasts (Kellis et al. 2004),
vertebrates (Dehal and Boore 2005; Smith et al.
2013) and plants (Bowers et al. 2003; Tang et al.
2008a). In addition, synteny conservation is pre-
served across very long evolutionary distances,
for example across eudicot-monocot comparison,
and is unaffected by DNA substitution rate vari-
ation. Two synteny detection programs that are
capable of aligning multiple genomes are
MCscan (Tang et al. 2008a, b; Wang et al. 2012)
and ADHoRe (Simillion et al. 2008; Proost et al.
2012). On the other hand, because paralogous
regions from a paleo-polyploidy event usually
undergo reciprocal gene loss, having a reference
genome that did not experience the paleo-
polyploidy (and subsequent gene loss) under
study is very helpful in recovering maximum
syntenic mapping between the regions. For
example, in rosids some genomes have not expe-
rienced additional WGDs after c, such as grape
(Jaillon et al. 2007), papaya (Ming et al. 2008),
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and peach (Verde et al. 2013). These often serve
as outgroups when studying more recent WGDs
in other rosid lineages. For more comprehensive
reviews of the methods used in paleo-polyploidy
identification, readers are referred to Paterson
et al. (2010) and Chap. 8 in Paterson (2014).

The Paleo-Hexaploidy T: Triplication
of the Solanaceae Ancestral Genome

Paleo-polyploidy in Solanaceae was first detected
from studies of genetic map data, and supported
by EST data. Early comparison of a 293 loci
potato genetic map with the A. thaliana genome
suggested possible ancient segmental duplica-
tions (Gebhardt et al. 2003). Based on patterns of
paralogous genes synonymous (third codon
position) substitutions (Ks) in tomato and potato
EST sequences, this event was inferred to be a
genome-wide duplication, and estimated to pre-
date tomato–potato divergence (Blanc and Wolfe
2004; Schlueter et al. 2004; Cui et al. 2006).
Using 1,392 duplicated gene families shared by 8
plant species, Schlueter et al. (2004) modeled a
log normal Ks component (median 0.632) in
tomato corresponding to an inferred WGD *52
MYA. Independent study by Blanc and Wolfe
(2004) analyzed 7963 tomato and 6597 potato
paralogs, and estimated a modal Ks peak of
*0.60. Using constant-rate birth–death process
as a null model (Cui et al. 2006) identified a
significant Ks peak (median *0.79) in tomato
paralogous genes from 10,028 EST and 5303
Unigene sequences, further supporting this
paleo-polyploidy event.

Analysis of the tomato genome sequence
revealed this WGD event to be a paleo-
hexaploidy (triplication) (Tomato Genome Con-
sortium 2012), which was called “T” for easy
reference. Distribution of Ks values between
syntenic tomato paralogs confirmed previous
inferences of the paleo-polyploidy. To dissect the
patterns of homeology, syntenic regions, i.e.,
with matching gene content and order, were
aligned between the genomes of tomato and the
rosid plant grape (Vitis vinifera) that has been
free of additional WGDs after the pan-core

eudicot c event (Tang et al. 2008a, b; Jaillon
et al. 2007), and is therefore a valuable reference
in plant genome comparisons. This comparison
clearly showed the shared c event between the
two lineages and the unshared T event in tomato
(Tomato Genome Consortium 2012). Because of
massive gene loss following paleo-polyploidy,
most (*95.8 %) T triplicates in tomato have lost
1–2 homeologs. However across the entire gen-
ome signals of synteny are strong enough to
allow detection of the triplication patterns.
Genome-wide, 73 % of tomato gene loci are in
blocks that are each orthologous to one grape
region, collectively covering 84 % of the grape
gene space. Among those grape regions, 26.8 %
map to one orthologous region in tomato, 47.4 %
to two, and 25.7 % to three, a pattern most par-
simoniously explained by a historical triplication
in tomato. By aligning against single orthologous
grape genomic regions, the present-day tomato
genome can be partitioned into three nearly
nonoverlapping T “subgenomes” (Fig. 2 in
Tomato Genome Consortium 2012). Each of the
three subgenomes now spans all 12 tomato
chromosomes, indicating extensive genome
rearrangement since the triplication. After poly-
ploidization, there is sometimes noticeable dif-
ference in the evolution of the subgenomes,
known as biased fractionation or subgenome
dominance (Schnable et al. 2011; Sankoff and
Zheng 2012; Tang et al. 2012; Thomas et al.
2006). The three paleo-subgenomes in the
present-day tomato genome cover 45.5, 21.5, and
9.9 % of gene loci, respectively, possibly
reflecting this phenomenon.

The potato, another species in the genus
Solanum that diverged from tomato *7.3 MYA,
was sequenced at about the same time (Potato
Genome Sequencing et al. 2011), and shared the
T event. The potato and tomato genomes are
highly colinear (Fig. 11.6). There is relatively
small *8.7 % nucleotide divergence and 9
major inversions between the two genomes
(Tomato Genome Consortium 2012). Compar-
ison of potato and grape genomes showed single
grape regions corresponding to 1–3 potato
regions. Overall 27.8 % of grape genes are in
regions orthologous to one region in potato,
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38.1 % to two regions, and 14.5 % to three
regions, collectively spanning 68 % of the gene
space in potato and 80 % in grape, consistent
with the results between tomato and grape. Pat-
terns of Ks distribution among triplicated potato
paralogs closely resemble those of tomato as
well, and are clearly distinct from those of c
paralogs (Tomato Genome Consortium 2012).
The only discrepancy lied in that the potato
genome paper (Potato Genome Sequencing et al.
2011) reported this event as a duplication instead
of a triplication. However, careful reexamination
of Supplementary Fig. 6b of the paper, which
aligned syntenic regions between grape, Ara-
bidopsis, poplar, and potato, revealed that the
figure missed the third T region on potato chro-
mosome 8. Therefore, both independent analyses
of the potato genome and reexamination of pre-
vious results support that T was a triplication that
predated potato–tomato divergence.

Further Circumscribing the T Event
Using Additional Asterid Genomes

Based on Ks distributions of paralogous tomato
genes the triplication T was estimated to have
occurred 90.4–51.6 MYA Fig. 11.1; (Tomato
Genome Consortium 2012). The divergence of
ancestral Euasterid I and II lineages is around
123–85 MYA (Hedges et al. 2006), making it
possible that T was shared by those lineages. In
order to evaluate these possibilities, newly pub-
lished genomes of asterid species monkey flower
(Mimulus guttatus, Scrophulariaceae family),
bladderwort (Utricularia gibba, Lentibulariaceae
family), kiwifruit (Actinidia chinensis, Actinidi-
aceae family), and 6 BACs from coffee (Coffea
Arabica, Rubiaceae family) were analyzed and
compared to the tomato genome. The circum-
scription of WGD events in these lineages is
summarized in Fig. 11.5.

Kiwifruit (Actinidia chinensis) belongs to the
basal asterid order Ericales. The kiwifruit gen-
ome experienced the c triplication, after which it
experienced two lineage-specific WGDs that
were not shared with the Euasterid I and II lin-
eages (Huang et al. 2013). Comparing the

kiwifruit genome to the tomato genome revealed
a synteny pattern of 4-to-3 correspondence
(Fig. 11.2), indicating that the T triplication
event was not shared by kiwifruit, as otherwise a
1-to-4 synteny correspondence would be
observed. This inference is consistent with dating
of the relative WGD and speciation events on the
two lineages based on molecular data (not
shown), and inferences from the kiwifruit gen-
ome paper (Huang et al. 2013).

The recently published genomes of monkey
flower (Mimulus guttatus) and bladderwort
(Utricularia gibba) helped confine the timing of
T within the Euasterids. Bladderwort has one of
the smallest genomes among flowering plants
(*82 Mb). However it has experienced the c
triplication as well as three more WGDs in its
lineage (Ibarra-Laclette et al. 2013) that were
close in time (Fig. 11.1). Detailed synteny
analysis revealed that the first of these three
WGDs was shared with its sister lineage
Mimulus of the Lamiales (Ibarra-Laclette et al.
2013), which is also the only lineage-specific
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nucleotide substitution rate slower than that of monkey
flower, while bladderwort has the highest rate
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WGD in Mimulus (Fig. 11.5). Since ancestral
linkages are preserved better in the monkey
flower genome which experienced fewer WGDs
than bladderwort, the former is compared to the
tomato genome (Fig. 11.3). Each set of T par-
alogous regions in tomato (up to 3 regions
retained in the present-day genome) corresponds
to up to two paralogous regions in monkey
flower (Fig. 11.3), collectively spanning 88.4 %
of the monkey flower genome and 82.0 % of the

tomato genome. Distribution of the synteny
blocks’ anchor gene pairs median Ks values (an
approximation of evolutionary distance between
the syntenic regions) forms a single population,
again suggesting that the tomato–monkey flower
split predated their lineage-specific WGDs.
Therefore T is likely not shared with the Lami-
ales, an inference also supported in the blad-
derwort genome paper (Ibarra-Laclette et al.
2013).
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The coffee plant Coffea arabica belongs to the
asterid order Gentianales, which is thought to have
separated with the Solanales after their common
ancestor diverged from the Lamiales (Moore et al.
2010; Soltis et al. 2011). As of this writing, there is
no published genome sequence in Gentianales,
but there are six coffee BACs in NCBI
(GU123894–GU123899) coming from a

contiguous region of *900 Kb. Sequence align-
ment and colinearity analysis revealed that this
region is syntenic to three tomato regions tripli-
cated in T: Chr3:0.13–0.35 Mb, Chr6:33.0–
33.4 Mb, Chr9:63.7–64.7 Mb (Fig. 11.4). The
region on tomato Chr9 has significantly more hits
to the coffee region than those on chr6 or chr3
(198, 86, 108 respectively, Chi-square test
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P = 1.79e−11), favoring the “WGD shared”
model, i.e., tomato–coffee divergence postdated
triplication T. Analysis of two additional BACs
(MA29G21 and MA17P03) from a pair of
orthologous regions in a recent allo-tetraploid
Coffea arabica strain also supported the model of

triplication shared, with both of the BACs show-
ing differentiated distance to the tomato triplets,
and synteny between at least one pair of the
homeologous regions lost or diminished beyond
detection. Although biased fractionation of the T
paleo-subgenomes could be an alternative
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explanation, such levels of difference in synteny
retention as seen in the coffee–tomato compar-
isons are not usually seen among orthologous
regions, but often seen between orthologous and
out-paralogous regions, hence favoring the
hypothesis that T was shared by ancestors of
tomato and coffee. On the other hand, percentage
identity of hits is not significantly different among
the three alignments (Fig. 11.4, pairwise Wil-
coxon rank sum test P values are: Chr3 hits and
Chr6 hits: 0.277; Chr3 hits and Chr9 hits: 0.008;
Chr6 hits and Chr9 hits: 0.212), supporting the
alternative hypotheses that coffee did not share T,
or that tomato and coffee diverged shortly after
sharing T. A definitive inference will be possible
when the genome sequences of coffee or other
Gentianales become available.

In summary our current best inference is that
the T event likely occurred near the Gentianales-
Solanales split, a rough estimation of which is
108–71 MYA (Hedges et al. 2006). The exact
distribution of asterid lineages that have experi-
enced the paleo-hexaploidy T will become clear
when more genomes are sequenced from this
clade.

A More Ancient Hexaploidy c
Predated Divergence of Rosid and
Asterid Plants

When comparing the first plant genome of A.
thaliana with a soybean genetic map (Grant et al.
2000) and a 105 Kb tomato BAC region (Ku
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Fig. 11.5 Simplified cladogram of some representative
asterid and outgroup lineages. The phylogenetic relation-
ships are according to APG III (The Angiosperm
Phylogeny Group 2009) and to our current best knowl-
edge are unambiguous. Branch length has no meaning.
Paleo-polyploidy events identified in those lineages are
represented by circles, labeled with their names if given.

The WGD event in the ancestor of sunflower and lettuce
may be a triplication (Truco et al. 2013). The main
references for the paleo-polyploidy events are: (Truco
et al. 2013; Ming et al. 2013; Ibarra-Laclette et al. 2013;
Huang et al. 2013; Tomato Genome Consortium 2012;
Tang et al. 2008b; Barker et al. 2008; Jaillon et al. 2007;
Hellsten et al. 2013)
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et al. 2000) it was suggested that the compact A.
thaliana genome may nonetheless contain more
than two paleo-subgenomes, possibly resulting
from two or more paleo-polyploidies (Ku et al.
2000). Indeed, using a sensitive phylogenomic
approach 34 paralogous regions covering a total
of 89 % of the A. thaliana genome were cir-
cumscribed into three WGD events, named “c,”
“b,” and “a” (Bowers et al. 2003), the first of
which turned out to be a hexaploidy (Jaillon et al.
2007; Tang et al. 2008b). Through several stud-
ies in recent years, the c event has been found to
be shared by most or all core eudicot lineages.

Synteny comparison between tomato and
grape revealed that c predated the asterid-rosid
divergence. In an analysis of 72 tomato BACs
and the sequenced grape genome, each individ-
ual tomato BAC has primary association to only
one of the triplicate regions rather than showing
equal matches to each of the three c regions in
grape, suggesting that c likely predated tomato–
grape divergence (Tang et al. 2008b). This
inference was later supported by analysis of the
tomato genome, in which individual regions
correspond most closely to only one of the trip-
licated regions in grape, and no grape region is
orthologous to more than one set of re-triplicated
regions in tomato (Tomato Genome Consortium
2012).

On the other hand, the genome of the first
sequenced basal eudicots, Sacred lotus (Nelumbo
nucifera) of the order Proteales, did not share c
(but rather had a lineage-specific paleo-
tetraploidy event “k”) (Ming et al. 2013), plac-
ing c somewhere on the basal eudicot branches
after the Proteales lineage branched off. Two
recent studies have further confined the timing of
the c paleo-hexaploidy to a narrow window
shortly predating the divergence of the earliest
core eudicot lineages. Phylogenetic analysis of
769 gene families from a large collection of
angiosperm species dated c after the divergence
of the Ranunculales (a basal eudicot) and core
eudicots (Jiao et al. 2012). Phylogenetic analysis
of subfamilies of MADS-box genes and tran-
scriptomes from several basal eudicot species
further placed c after the divergence of two basal
eudicot orders (Buxales and Trochodendrales)

and the rest of eudicots, but before the branching
of the Gunnerales (basal core eudicots) (Veke-
mans et al. 2012).

The Nature and Consequences
of the c and T Paleo-Hexaploidy
Events

Subgenomes joined in a polyploidization event
are typically “diploidized,” i.e., gradually
restoring diploid inheritance through processes of
fractionation (loss of duplicated genes) (Thomas
et al. 2006; Force et al. 1999; Lynch and Conery
2000) and structural rearrangement (Wolfe 2001;
Tang et al. 2008a). Substantial difference in the
levels of fractionation among subgenomes is
sometimes indicative of possible ancient allo-
polyploidy. Study of fractionation patterns in the
three grape subgenomes produced in the c
paleo-hexaploidy showed that two subgenomes
are more fractionated with respect to each other
than to the third subgenome, suggesting that c
possibly involved hybridization between two
somewhat divergent species, one of which had
been previously autotetraploidized (Lyons et al.
2008). However, hybridization of differentiated
progenitors is not a necessary condition for dif-
ferentiated fractionation patterns between sub-
genomes, which could also be the results of
post-polyploidy evolution. Phylogenetic trees
constructed from triplets of c paralogs and out-
group genes lack one dominant topology, sug-
gesting that c may also have been an
autohexaploidy formed from a single progenitor,
or an allo-hexaploidy formed from fusions of
three moderately diverged genomes (Tang et al.
2008b). More knowledge of the ancestral kary-
otypes will be needed to distinguish between
those evolutionary scenarios.

Much reminiscent of the case of c, on one
hand T triplets in tomato produce a mixed pop-
ulation of phylogenetic trees with all the possible
topologies, indicating lack of sequence diver-
gence in the T progenitor genomes. On the other
hand there is fractionation difference between the
three subgenomes: T1 and T2 are less fraction-
ated with respect to each other than to the third
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subgenome T3 (data not shown). These results
suggested that T was possibly an autohexaploidy
or an allo-hexaploidy of two closely related
species and one more distant species.
Allo-polyploidy is often thought to be more
frequent in nature due to advantages in the
establishment of the polyploid strains resulting
from factors such as heterosis, homeostasis, and
fewer meiotic irregularities. However, the fre-
quency of natural auto-polyploidy and its effects
on species diversity may be higher than tradi-
tionally thought (Ramsey and Schemske 1998).
As with c, because of the antiquity of the T
event, a definitive conclusion cannot be drawn
due to degradation of molecular signatures and
loss of the progenitor genomes. However, current
data are in support of T having a higher possi-
bility to have been an auto-polyploidy than the
other two paleo-hexaploidies, the c event (dis-
cussed above) and the Brassica paleo-hexaploidy
which appears to have been an allo-hexaploidy
(Tang et al. 2012). This would also be consistent
with the fact that Solanaceae species do form
autopolyploids in agricultural and natural set-
tings. If T were indeed a paleo-autohexaploidy, it
would be the only one known so far. Genome
sequences from closely related sister taxa will aid
in the test of this hypothesis (Fig. 11.5).

Comparison between the tomato and potato
genomes showed that about 91 % of post-T gene
loss is orthologous, indicating that these genes had
been lost before tomato–potato divergence.
Paleo-polyploidy events are usually followed by a
phase of rapid genome evolution, including
structural, sequence, and regulatory changes
(Adams and Wendel 2005; Lynch and Conery
2000; Song et al. 1995). Therefore it is possible
that many of the shared changes in tomato and
potato occurred in their common ancestor
shortly after T. On the other hand, evolution of
genetic content in the triplicated paleo-genome
of the Solanaceae ancestor continued long after the
paleo-polyploidy event. The xyloglucan
endotransglucosylase/hydrolase (XTH) family
gene XTH10 that was triplicated in the T event
showed differential loss between the tomato and
potato genomes which diverged*65 MY after T
(Tomato Genome Consortium 2012). Although

tomato and potato genomes have maintained very
similar karyotypes in *7.3 MY of separate evo-
lution, and 70–80 % of their genes have remained
orthologous (Fig. 11.6 left panels), there has been
continuous rearrangement of the ancestral genome
content in the two lineages. The present-day
tomato and potato chromosomes differ by nine
major and several smaller inversions, and numer-
ous local micro-synteny differences. About 4.8 %
(tomato) and 4.6 % (potato) of the orthologous
loci triplicated in T have been differentially lost
between tomato and potato after their divergence.
Ancestral subgenomes produced in the pan-core
eudicot c triplication had undergone extensive
rearrangement before tomato–potato divergence,
but have continued to be restructured indepen-
dently in their recent independent lineage histories
(Fig. 11.6 right panels). Therefore paleo-
polyploidy poses both immediate and long-term
effects on the evolution and diversity of genome
structure.

In addition to the widespread effects of
paleo-polyploidy, there are also important
lineage-specific effects of the individual events.
For example, the two ancient genome triplica-
tions in tomato have produced new gene family
members that mediate important functions in its
fruit ripening control, such as some transcription
factors and enzymes necessary for red light
photoreceptors influencing fruit quality (PHYB1/
PHYB2) (expended in T), ethylene- and light-
regulated genes mediating lycopene biosynthesis
(PSY1/PSY2) (expended in T), and ethylene
biosynthesis (RIN, CNR, ACS) (expended in T)
and perception (ETR3/NR, ETR4) (expanded in
c) (Tomato Genome Consortium 2012). More
case studies like this are a clear future research
interest in revealing how the expanded genetic
repertoire from paleo-polyploidy events con-
tribute to biological diversity and the evolution
of unique characteristics of individual lineages.

All paleo-hexaploidy events identified so far
are in eudicot lineages, including one in the core
eudicot stem lineage (c), one near the origin of
the asterid Solanaceae family (T), one in the
rosid Brassica lineages (Wang et al. 2011),
possibly one in the Gossypium lineages (Paterson
et al. 2012) and one in the ancestral Compositae
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lineages (Truco et al. 2013). Although some wild
monocot plants such as the grass “Timothy”
(Phleum pratense) (NordenskiÖLd 1953), and
crops such as the bread wheat (Triticum aes-
tivum) are neo-hexaploids, paleo-hexaploidy has
not been found in any monocot genome studied
so far. This raises curious questions about pos-
sible reasons and consequences associated with
these events in the evolutionary history of some
or all eudicot lineages, or alternatively, possible
factors for suppressing such events in the evo-
lution of other lineages.

Summary and Perspective

Sequencing of the tomato genome was very
valuable in many ways, as detailed elsewhere in
this volume. With regard to angiosperm

evolution, the tomato genome sequence revealed
the third paleo-hexaploidy identified in plants,
and the first one in asterids, adding an important
sample to the small collection of paleo-
hexaploids. It confirmed that the c event shared
by all sequenced rosids was also shared by
asterids, unmasking a new clade for studying the
effects and consequences of c. The T
paleo-hexaploidy is possibly associated with the
Solanaceae–Rubiaceae divergence, and diver-
gence of early Solanaceae lineages, by triplicat-
ing the whole ancestral genome content, creating
great potentials for subsequent diversification of
homologous genomic associations and develop-
ment of lineage-specific traits such as fruit
ripening in tomato. Comparison of the tomato
and potato genomes, both currently included in
the genus Solanum, revealed continuous
restructuring of paleo-triplicated ancestral loci

Fig. 11.6 Schematic representation of orthologous and
paralogous regions in tomato (S. lycopersicum) and potato
(S. tuberosum) genomes. On the left side of the chromo-
some bars the purple regions are orthologous between
tomato and potato. On the right side, 7 colors are used to
paint genomic regions corresponding to 7 chromosomes
in the inferred pan-core eudicot ancestral genomes (pre-c)
using grape genome data (Jaillon et al. 2007). Each of the

c-triplicated (3�) ancestral regions later underwent the T
triplication (3�), resulting in their dispersed and multi-
plied (up to 9�) pattern in today’s tomato and potato
genomes. The gray shades and dark gray circles mark
estimated heterochromatin regions and centromeres,
respectively, from cytological experiments. Correspond-
ing linkage groups (chromosomes) between tomato and
potato are labeled with same color
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long after the paleo-polyploidy events. The
Solanum lineage is the first identified angiosperm
lineage experiencing two paleo-hexaploidies but
no paleo-tetraploidy. The consecutive paleo-
hexaploidies c and T are also valuable for com-
parative studies of the mechanisms and effects of
paleo-hexaploidy and paleo-tetraploidy. Many
questions about paleo-polyploidy have been
answered, which nevertheless opened the door to
more interesting questions.
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Abstract
The Solanaceae was among the first plant families to be analyzed via
comparative mapping and thus was a pioneer in the realm of synteny
studies. Analyses of chromosome content and organization have
employed a range of techniques, including linkage mapping of genes
and molecular markers, physical mapping via fluorescence in situ
hybridization, and sequencing of relatively small genomic segments as
well as the complete sequencing of the tomato genome. Early comparisons
in the family involved tomato and its close relative potato and have
extended outward to include eggplant, pepper, tobacco, and petunia. Not
surprisingly, the degree of synteny among these species is a function of
the time since their divergence, with inversion, translocation, and
transposition being the chief mechanisms of chromosome rearrangement.
The results of this work provide important insight into the modes and
tempo of plant genome evolution while serving a practical purpose as
well: knowledge of genome synteny and colinearity makes it easier to
leverage resources from one species to another in this agronomically
important family.

Keywords
Tomato � Eggplant � Pepper � Synteny � Solanaceae

Introduction

The term ‘synteny’ was originally used in
genetics to describe the presence of two or more
genes on the same chromosome, however, its
meaning has evolved with changes in the disci-
pline (McCouch 2001). Today the terms ‘syn-
teny,’ ‘conserved synteny,’ and ‘shared synteny’
are all used to indicate co-localization of genes or
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markers on chromosomes of two or more species
derived from a common ancestor (Abrouk et al.
2010). The terms ‘colinear’ (var. collinear) and
‘conserved syntenic segments’ (CSSs; Nadeau
and Taylor 1984) are more specific and indicate
the shared order of loci in syntenic regions
(Abrouk et al. 2010). ‘Macrosynteny’ describes
synteny for a large number of loci over a whole
chromosome, while ‘microsynteny’ describes the
detailed relationships between smaller CSSs.

Examination of shared synteny in plant gen-
omes followed soon after the appearance of the
first molecular linkage map in tomato (Bernatzky
and Tanksley 1986). Only 3 years later, maps
comparing the tomato, potato, and pepper gen-
omes were published (Bonierbale et al. 1988;
Tanksley et al. 1988). Since this pioneering work
in Solanaceae, comparative genome mapping of
molecular markers and genes has revealed much
about macrosynteny in plant genomes. Another
technique used in synteny studies is fluorescence
in situ hybridization (FISH) which involves
localization of specific probes on pachytene
chromosomes. FISH analyses can reveal chro-
mosomal rearrangements such as inversions and
translocations. DNA sequencing projects includ-
ing the complete sequencing of the tomato gen-
ome (Tomato Genome Consortium 2012) have
allowed comparison of genomes on a finer,
microsyntenic, scale.

The study of shared synteny can shed light on
the evolution of individual chromosomes and
whole genomes. As synteny is the result of des-
cent from a common ancestor, disruption in
CSSs can be used to deduce the mechanisms of
chromosome rearrangement that accompanied
species divergence. Examination of synteny also
helps to identify orthologous regions in different
species’ genomes. This can be useful for deter-
mining gene function or for isolating genes in
non-model plant species. Shared synteny is also
important in the study of paleogenomics, the use
of extant species to reconstruct ancestral gen-
omes (Abrouk et al. 2010). More practical
applications of shared synteny include the ability
to map genes or markers in silico and to leverage
resources developed for model species in
lesser-studied genomes.

Tomato (Solanum lycopersicum) is the model
species of the Solanaceae. As a result, most
studies of synteny in this family have entailed
comparisons with tomato. The species discussed
in the following review of synteny research are
thereby organized according to their relationship
to tomato, beginning with comparisons between
tomato and its wild relatives and moving to more
distant species within the Solanaceae.

Cultivated Tomato

Examination of synteny within S. lycopersicum is
extremely limited. Asamizu et al. (2012) com-
pared bacterial artificial chromosome (BAC) end
sequences from the cultivar ‘Micro-Tom’with the
sequence of ‘Heinz 1706.’ ‘Heinz 1706’ is the
inbred tomato cultivar whose genome was
sequenced by the Tomato Genome Consortium
(2012). ‘Micro-Tom’ is a dwarf cultivar which is
used as a model because of its small size, rela-
tively short lifecycle, and ease of genetic trans-
formation. Examination of microsynteny between
the two cultivars indicated two possible rear-
rangements. Chromosome 2 contains an inversion
of 20–220 kb, its size depending on the orienta-
tion of the inversion. Chromosome 3 contains an
intrachromosomal translocation and inversion.
The presence of a putative reverse transcriptase
within the region allowed the authors to hypoth-
esize that the rearrangement was due to retro-
transposon activity.

Wild Tomato

The closest relatives of domesticated tomato
include nine wild tomato species that can be
crossed with S. lycopersicum. These species are a
rich source of genetic diversity (Tanksley and
McCouch 1997; Bai and Lindhout 2007) and
have been widely exploited for improvement of
tomato including the introgression of over 40
disease resistance alleles from wild germplasm to
cultivated tomato (Hajjar and Hodgkin 2007).
Moreover, by providing DNA polymorphism
which is limited within S. lycopersicum,
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interspecific populations derived from the wild
species have allowed identification and mapping
of many qualitative and quantitative traits
(Lippman et al. 2007). Fine mapping of disease
resistance and morphological genes in inter-
specific populations of tomato have also revealed
genomic rearrangements that distinguish culti-
vated tomato from its closest wild relatives.
Reduced recombination within introgressed seg-
ments is often a preliminary indicator of altered
synteny. For example, in fine mapping the Cf-4/
Cf-9 leaf mold resistance gene cluster on chro-
mosome 1 of tomato, Bonnema et al. (1997)
noted that a S. pennellii-derived population had a
highly suppressed recombination rate as com-
pared to a S. peruvianum-derived one. The
authors surmised that small inversions in the
region might be responsible for this discrepancy.

Lack of recombination in a S. pennelli-derived
population also hindered high resolution map-
ping of the sun locus on the short arm of chro-
mosome 7 (van der Knaap et al. 2004). This led
to the identification of a paracentric inversion in
S. pennellii relative to cultivated tomato. The
same inversion was not detected in S. pimpinel-
lifolium (van der Knaap et al. 2004), S. peru-
vianum (van Heusden et al. 1999) or potato
(Gebhardt et al. 1991) but is present in eggplant
(Doganlar et al. 2002). These results were con-
firmed by FISH analysis of chromosome 7S
which suggested that the S. pennelli/eggplant
arrangement is ancestral (Szinay et al. 2012).
Thus, the inversions occurred independently in
the S. pennellii and eggplant lineages suggesting
that this region of the genome may be subject to
frequent rearrangements during evolution. Inter-
estingly, the region containing sun is 30 kb
shorter in S. pimpinellifolium than in S. lycop-
ersicum (van der Knaap et al. 2004). Further
investigation indicated that the size discrepancy
is due to a 24.7 kb duplication at the sun locus in
cultivated tomato which confers an elongated
phenotype to fruit (Xiao et al. 2008). This
duplication was attributed to the activity of a
long terminal repeat retrotransposon, Rider.

Thus, a lack of microsynteny between two
genomic regions helped to elucidate the identity
and mechanism of the sun locus in tomato.

Another inversion distinguishing cultivated
and wild tomato was detected on chromosome 6
in the region of a root knot nematode resistance
gene (Mi-1) (Seah et al. 2004). The region con-
tains two clusters of homologous genes which
are arranged similarly in both S. lycopersicum
and S. peruvianum, the original source of Mi-1.
Physical mapping revealed that the clusters are
inverted relative to each other in the two species.
Examination of microsynteny in the region
indicated that simple inversion alone could not
explain the arrangement and sequence identity of
homologues (Seah et al. 2007). Instead the
authors proposed the occurrence of several rear-
rangements (inversion and/or intra- or inter-
chromosomal recombination) as well as gene
conversion but did not specify the events or their
timing during evolution. Interestingly this chro-
mosome 6 inversion in S. peruvianum was not
detected by Szinay et al. (2012) using
BAC-FISH. However, they did identify an
inversion at the top of 6S in S. pennelli. This
research also showed that a portion of S. chilense
chromosome 12S is inverted relative to tomato
and wild tomato species.

Physical mapping and sequence analysis were
also used to compare large portions of the S.
lycopersicum and S. pennellii genomes
(Kamenetzky et al. 2010). With QTLs for meta-
bolic traits as the starting point for their com-
parisons, the authors examined five regions of
the genome and produced a detailed physical
map of 1 % of the wild species’ genome. S.
pennellii and cultivated tomato were found to be
mostly colinear in these regions. In addition, over
1 million bp of DNA were sequenced and func-
tionally annotated. Examination of the
microsynteny in this region revealed that gene
order, orientation and exon/intron structure were
conserved between the two species with small
differences in transposable element insertion and
the size of intergenic regions. A divergence time
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of 2.7 million years ago (MYA) was estimated
based on the rate of amino acid substitution for S.
lycopersicum and S. pennellii.

Tomato-Like Nightshades

Nightshade is often used as a general term to
refer to any member of the Solanaceae. However
a more specific definition, ‘tomato-like night-
shades,’ includes only those species closely
related to tomato: S. ochranthum, S. juglandi-
folium, S. sitiens, and S. lycopersicoides (Rick
1979). These species are of interest because both
morphological and molecular phylogenetic
studies place them between tomato and potato
(Peralta and Spooner 2001; Albrecht and
Chetelat 2009). In addition, the tomato-like
nightshades are expected to contain more diver-
sity for useful traits such as biotic and abiotic
stress tolerance than their domesticated relatives
(Albrecht and Chetelat 2009). Some species of
tomato-like nightshades can be hybridized, albeit
with some difficulty, to tomato, therefore, these
species represent a potential genepool of novel
traits for tomato improvement.

Molecular genetic mapping in S. lycoper-
sicum × S. lycopersicoides BC1 and BC2 pop-
ulations revealed a high degree of synteny
between the two species’ genomes (Chetelat
et al. 2000; Chetelat and Meglic 2000). A total of
139 RFLP, isozyme and morphological markers
previously mapped in tomato indicated complete
colinearity with the tomato genome except on
chromosome 10L. These results suggested an
inversion of this arm in S. lycopersicoides rela-
tive to tomato, a paracentric inversion that is also
observed in potato. The same rearrangement of
10L was detected in a pseudo F2 population
derived from a cross between two related night-
shades, S. lycopersicoides and S. sitiens, and
mapped with 101 RFLP markers (Pertuze et al.
2002). Because this arrangement is common to
these tomato-like nightshades, potato, pepper,
and eggplant, the inversion must have occurred
during the divergence of tomato from these other
species. However, it is important to note that
BAC-FISH analysis in the same species did not

confirm the 10L inversion, instead inversions
were detected on chromosomes 6S and 7S of the
S. lycopersicoides genome relative to tomato.
(Szinay et al. 2012). Thus, more detailed analysis
of these regions is merited.

The chromosome 10L inversion was also not
detected in an F2 population derived from the cross
S. ochranthum × S. juglandifolium (Albrecht and
Chetelat 2009). Mapping using 132 tomato COS,
COSII, RFLP, and SSR markers revealed overall
synteny between these nightshades and tomato
with a shared arrangement of chromosome 10L.
This finding was confirmed by FISH analysis of
10L in S. ochranthum (Szinay et al. 2012). Overall,
these results agree with the molecular phylogeny
which indicates that the section Juglandifolia
nightshades (S. ochranthum and S. juglandifolium)
are more closely related to tomato than the section
Lycopersicoides nightshades (S. sitiens and S.
lycopersicoides) (Peralta and Spooner 2001). Szi-
nay et al. (2012) also described an inversion on 6S
of S. ochranthum relative to tomato which is larger
than that in S. lycopersicoides and is also shared by
potato. The S. ochranthum and S. juglandifolium
genomes were found to differ by a reciprocal
translocation of chromosomes 8 and 12. Although
other inversions were detected, they might be
artifacts as they were only supported by single
marker deviations from colinearity.

In other work, the first linkage map for a
non-tomato-like nightshade was constructed
(D’Agostino et al. 2013). S. dulcamara, also
known as bittersweet or climbing nightshade, is
native to Europe and may be a source of useful
abiotic and biotic stress resistances for related
crop species. D’Agostino et al. (2013) compared
this species’ genome with those of tomato,
potato, and eggplant. Five S. dulcamara chro-
mosomes (1, 3, 6, 8, and 9) were completely
colinear with the respective tomato chromosomes
indicating that the tomato/bittersweet chromo-
somes represent the ancestral arrangement.
Chromosomes 2, 5, 7, and 10 of S. dulcamara
contain inversions relative to their tomato coun-
terparts with some of these inversions also
observed in potato, eggplant, and/or pepper.
Translocations were seen on chromosomes 4, 11,
and 12 as has also been observed in solanaceous
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crop species but with different combinations of
chromosome arms. This re-use of chromosome
breakpoints suggests that certain chromosomes
are unstable and have been rearranged more than
once over evolutionary time.

Potato

In economic and agricultural terms, potato (Sola-
num tuberosum) is the most important member of
the Solanaceae. The genetics of potato is more
complex than tomato, owing to its autotetraploid
nature. The existence of diploid wild relatives as
well as potato’s close kinship with tomato pro-
vided an essential foundation for molecular
genetic analyses in the crop. The construction of
molecular genetic linkage maps for potato using
genomic and cDNA clones derived from tomato
permitted some of the first explorations of synteny
in dicot plant genomes (Bonierbale et al. 1988;
Gebhardt et al. 1991; Tanksley et al. 1992). The
initial molecular map of potato was developed by
examining the segregation of 134 RFLP and iso-
zyme markers in offspring from an interspecific
cross of diploid Solanum parents: S. phureja × (S.
tuberosum × S. chacoense) (Bonierbale et al.
1988). The use of common markers revealed
homologous relationships between the 12 linkage
groups of potato and tomato and demonstrated that
marker content and order are highly conserved
between the two species. Four paracentric inver-
sions were identified as disrupting the karyotypic
similarity between the species. Three of these
chromosomal rearrangements were confirmed and
an additional two inversions were discovered as a
result of the subsequent parallel construction of
high-resolution maps of the tomato and potato
genomes (Tanksley et al. 1992). Based on a cross
between S. tuberosum and S. berthaultii, this
potato map provided evidence that the entire short
arms of chromosomes 5, 9, 11, and 12 and the long
arm of chromosome 10 are inverted relative to
tomato. Synteny and colinearity of markers
between the two species was otherwise strongly
conserved leading the authors to surmise that
chromosome breakage followed by inversion was

the principle mechanism of genome rearrange-
ment during divergence of the two lineages.

Wu and Tanksley (2010) performed a com-
prehensive review of the data from COSII marker
and other comparative mapping studies to
ascertain the nature of structural changes distin-
guishing the genomes of tomato, potato, egg-
plant, pepper, and Nicotiana (Fig. 12.1). This
work confirmed the positions of six inversions in
potato relative to tomato and deduced that two of
these inversion events had occurred along the
potato line whereas the rest were specific to
tomato (Fig. 12.2). They estimated that the last
common ancestor (LCA) of potato–tomato lived
7.3 MYA and that the karyotype of the ancestral
genome resembled the following extant chro-
mosomes (where T = tomato and Pt = potato):
T1/Pt1, Pt2, T3/Pt3, T4/Pt4, Pt5, T6/Pt6, T7/Pt7,
T8/Pt8, Pt9, Pt10, T11, T12 (Wu et al. 2010).

Another approach to elucidating the synteny
of the potato and tomato genomes has involved
comparative mapping of disease resistance and
pathogen recognition genes (Grube et al. 2000;
Huang et al. 2004, 2005). In a genome-wide
survey of resistance genes (R genes) in tomato,
potato, and pepper, Grube et al. (2000) discov-
ered that clustering of R genes at homologous
positions is a common phenomenon: four such
clusters were found on potato–tomato chromo-
somes 6, 9, 10, and 12. The authors point out that
it would, however, be difficult to exploit this
synteny for the purposes of isolating orthologous
R genes as corresponding R gene clusters typi-
cally contain genes with different pathogen
specificity. Nevertheless, Huang et al. (2004,
2005) found strong conservation in marker con-
tent and order between the I2 region of tomato
(which confers Fusarium wilt resistance) and the
R3 region of potato (confers late blight resis-
tance) that proved useful in isolating R3a. Based
on their protein sequences, I2 and R3a belong to
the same gene family and may have evolved
from an R gene locus present in their LCA.
Interestingly, the tomato I2 region is half the size
of the potato R3 region. Thus in addition to the
change in pathogen specificity, a greater number
of R genes have evolved at this particular locus
in potato than in tomato (Huang et al. 2005).
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With the availability of the complete genome
sequence of tomato (Tomato Genomics Consor-
tium 2012), it has become easier to conduct
genome-wide surveys and phylogenetic analyses
of disease-resistance genes. An analysis of the
bHLH transcription factor family uncovered 152
members distributed across the entire tomato
genome, with evidence suggesting that one was
upregulated in a resistant line following infection
by tomato yellow leaf curl virus (Wang et al.
2015). Comparison with potato enabled the

identification of over 160 orthologous gene pairs,
each single copy tomato gene being represented in
potato by up to four genes, reflecting the polyploid
origins of S. tuberosum. Physical localization of
these gene pairs revealed a high degree of synteny
between the potato and tomato genomes.
Similarly, Andolfo et al. (2013) performed a
comprehensive analysis of pathogen recognition
genes (specifically, nucleotide-binding site,
receptor-like protein, and receptor-like kinase
genes) in the tomato genome, in an effort to

Fig. 12.2 Karyotypes of tomato, potato, eggplant, pep-
per, and tobacco and their most recent ancestors as
determined by COSII mapping. Tomato chromosomes are
color-coded. Symbols and abbreviations are as described

for Fig. 12.1. Chromosome breaks indicate areas that
require further study (used with permission from Wu and
Tanksley 2010)

b Fig. 12.1 Comparative maps of tomato (T), potato (Pt), eggplant (E), pepper (P), and tobacco (N) chromosomes and
their most recent ancestors (chromosomes with AT prefixed to name) as determined by COSII mapping. White circles
indicate positions of tomato centromeres. Black arrows and bars indicate inversions and breakpoints relative to tomato.
Grey symbols indicate uncertain chromosomal rearrangements (used with permission from Wu and Tanksley 2010)
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localize the genes and trace their evolutionary
origins via gene duplication. More than 300
putative orthologs of the pathogen recognition
genes were obtained from potato, using synteny
(comparative genome positions) as a key criterion
for orthology. Slight differences in the genomic
positions of many of the orthologous pairs were
noticed in addition to differences in gene number
between tomato and potato, suggesting that these
genes are evolving independently in the two
lineages.

Although comparative genetic mapping has
revealed a great deal about the syntenic rela-
tionship between genomes in the Solanaceae,
suppressed recombination in heterochromatic
genomic regions limits the ability of genetic
maps to fully resolve genome structure. Recog-
nizing this shortcoming, physical mapping
approaches have become increasingly popular
especially now that extensive BAC libraries have
been made available by the work of the tomato
and potato genome sequencing consortia (http://
www.sgn.cornell.edu/; http://potatogenome.net).
Thus localization of BACs on pachytene chro-
mosomes of tomato and potato using FISH
uncovered two structural differences between
tomato and potato chromosome 6 (Iovene et al.
2008; Tang et al. 2008). Iovene et al. (2008)
reported that, while the pachytene chromosomes

of tomato and potato are morphologically simi-
lar, an interstitial heterochromatic knob is
specific to potato 6L. BAC colinearity on 6L is,
however, conserved. In addition, both studies
(Iovene et al. 2008; Tang et al. 2008) confirmed
the existence of a large inversion encompassing
the euchromatic portion of 6S that had been
suggested by a previous molecular genetic anal-
ysis of chromosome 6 (van Wordragen et al.
1994) but was not apparent on the high-density
tomato–potato map (Tanksley et al. 1992).

Comparative sequencing offers an avenue for
elucidating microsyntenic relationships between
potato and tomato. Wang et al. (2008) included
potato in their sequence analysis of a 105 kb
CSS in five solanaceous species (tomato, potato,
eggplant, pepper, petunia). Of the 17 genes
contained within this region, two showed a
reversed orientation in potato as compared with
tomato (Fig. 12.3). Because the potato orienta-
tion was also seen in eggplant and petunia, it was
judged to be the ancestral condition. These
authors also calculated an approximate date of
6.2 MYA for the divergence of potato and
tomato (Wang et al. 2008). Zhu et al. (2008)
generated almost 90 Mb of potato genomic
sequence from 77,000 BAC ends and 22 BACs.
BLAST searches in Genbank and the SGN
database (solgenomics.net) were then used to

Fig. 12.3 Organization of
a 105 kb conserved
syntenic segment (CSS) in
potato, tomato, pepper,
eggplant, and petunia
containing 17 annotated
genes. Positions of the
genes in the arabidopsis
(At) genome are also
shown. Putative orthologs
are connected by dashed
red lines (used with
permission from Wang
et al. 2008)
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identify segments syntenic to tomato. In some
instances, the conserved segments spanned more
than 100 kb and sequence coverage ranged from
13 to 73 %. Although macrosynteny between
potato and tomato was apparent, evidence of
small-scale rearrangements such as insertions/
deletions and micro-inversions were also seen.
Nevertheless, protein sequence alignments as
well as a comparison of the length of genes,
exons, and introns indicated that genic synteny
was maintained. A comprehensive analysis of
repeated DNA sequences within the BACs sug-
gests that transposition, alongside chromosome
inversion, is a key contributor to genome
restructuring between potato and tomato
(Zhu et al. 2008).

In a multipronged approach employing
cross-species BAC-FISH and comparative
sequencing, Peters et al. (2012) analyzed 7 Mb of
the euchromatic portion of the long arm of chro-
mosome 2. Six major rearrangements including
inversions ranging in size from 20 kb to 3 Mb as
well as several translocations were identified.
These structural changes appear to have occurred
along the lineage leading to tomato as they are
absent from pepper, eggplant, and potato. This
work also revealed that the rearrangements
affecting 6S, 10L, and 11L are more complex than
previously suspected. The inversion on 6S
involved several reversals, deletions, and
translocations. A second inversion was pin-
pointed on 10L. In addition, three inversions,
three deletions, and an inverted translocation
occurred on 11L. Microsynteny in potato and
tomato was also explored by examining the
adjacency of orthologous genes on 2L. Within
664 ortholog groups, the vast majority (96 %)
consisted of homologous gene pairs that mapped
to corresponding colinear positions. However,
gene adjacencies were not conserved between
potato and tomato for 46 % of these ortholog
pairs. In many cases, the insertion of putative
retrotransposons appears to have disrupted
microcolinearity. Sequences similar to transpos-
able elements were also found near rearrangement
junctions suggesting that repeat-mediated
recombination is a plausible mechanism for gen-
ome reorganization. Accordingly, the authors

hypothesized that a series of intra-strand and
ectopic recombination events transformed 2L
from the ancestral state found in potato to that
found in tomato (Peters et al. 2012). Thus, what
has emerged from this and other physical mapping
studies is a far clearer picture of chromosome
evolution in Solanum as well as the importance of
examining synteny and colinearity on a finer
scale.

Synteny studies in potato have extended
beyond tomato to encompass a number of other
Solanum species. In a comparison of
tuber-bearing Solanums, a BC1 population was
derived from a cross between two Mexican
diploid species S. pinnatisectum (a source of late
blight resistance) and S. cardiophyllum ssp. car-
diophyllum (Kuhl et al. 2001). The resulting
molecular map, albeit low resolution (99 markers
derived from tomato) and incomplete (13 linkage
groups), showed good overall synteny and col-
inearity with previously published potato linkage
maps (Bonierbale et al. 1988; Tanksley et al.
1992; Perez et al. 1999). Interestingly, despite the
morphological similarity among potato and its
non-tuber-bearing relatives (section Etuberosum)
(Contreras-M and Spooner 1999), a wide range
of evolutionary mechanisms has operated to
distinguish the A genome of cultivated potato
from the E genome of section Etuberosum spe-
cies (Perez et al. 1999). Using established
tomato/potato markers on a F2 population
derived from an interspecific cross between S.
palustre and S. etuberosum, Perez et al. (1999)
placed 80 loci in 19 linkage groups. While the
excess of linkage groups indicates that the E
genome was not completely mapped, this work
did reveal general synteny in that markers usu-
ally mapped to homeologous chromosomes in
both genomes. However, the linear order of
markers was frequently disrupted by putative
translocations, inversions, and occasional trans-
positions. Thus, it is not surprising that attempts
to cross A and E genome Solanum species have
not been successful: the extent of chromosome
rearrangement could explain the lack of chro-
mosome pairing and hybrid sterility that are
typically observed (Ramanna and Hermsen 1979;
Watanabe et al. 1995). The comparative mapping
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results of Perez et al. (1999) provide additional
support for the phylogenetic placement of S.
tuberosum and S. lycopersicum as sister groups
on a lineage separate from section Etuberosum
(Spooner et al. 1993). However, more recent
research (Szinay et al. 2012; described below)
places S. etuberosum closer to the tomato clade.

Research in potato has also examined synteny
within the species. Tang et al. (2008) extended
the analysis of the chromosome 6S inversion
across six potato genotypes and found evidence
of a single minor structural rearrangement of 6S
in one potato line. This, combined with their
failure to observe the 6L interstitial knob iden-
tified by Iovene et al. (2008) in any of their lines,
led them to speculate that a certain degree of
chromosomal rearrangement has occurred within
S. tuberosum (Tang et al. 2008). Lou et al. (2010)
broadened the cytogenetic comparison of chro-
mosome 6 to include a total of seven Solanum
species: cultivated potato (A genome), two wild
potato species (S. bulbocastanum and S. chro-
matophilum representing the B and P genomes,
respectively), the E genome species S. etubero-
sum, as well as tomato, eggplant, and its relative
S. caripense. Synteny in BAC position and ori-
entation was found across all species with the
exception of the aforementioned paracentric
short arm inversion in tomato and a large peri-
centric inversion in S. etuberosum. The para-
centric 6S inversion was deemed to have
occurred after the divergence of tomato from the
other Solanum species. The pericentric inversion
is noteworthy as being the first such inversion
identified in the genus. Interestingly, Perez et al.
(1999) failed to detect this inversion in their
cross-species comparison of the A and E gen-
omes, once again highlighting the shortcomings
of linkage analysis as the sole approach to syn-
teny studies.

In addition to revealing hidden structural
changes in genomes, the BAC-FISH approach
has been useful as a means of understanding
evolutionary relationships within Solanum. Szi-
nay et al. (2012) used BAC-FISH signal order to
perform a phylogenetic analysis of 18 Solanum
species/accessions. BACs specific to seven
chromosome arms known to harbor inversions

among the selected species (5S, 6S, 7S, 9S, 10L,
11S, 12S) were isolated and mapped via FISH.
Two syntenic species groups (composed of spe-
cies with identical hybridization patterns)
emerged: group A comprising potato and its
relatives within section Petota and group B
comprising several members of section
Lycopersicon, including tomato. The genome of
S. etuberosum differed from that of syntenic
species group A due to inversions on three of the
studied chromosome arms: 7S, 9S, and 10L (this
latter inversion is apparently shared with group
B). As a result, the phylogenetic tree based on
these results places S. etuberosum closer to
tomato and its relatives than to potato (Szinay
et al. 2012), a topology that differs slightly from
that deduced by Perez et al. (1999) based on their
comparison of the A and E genomes. Finally, the
authors hypothesize that cultivated and wild
potato species must have diverged in the recent
past as no structural differences among their
genomes were detected (Szinay et al. 2012). In a
broader comparison within the clade, over 300
COSII markers were assessed in eight potato
accessions (including the wild species S. ber-
thaultii, S. chomatophilum, and S. paucissectum
as well as two diploid landraces of S. tuberosum)
(Lindqvist-Kreuze et al. 2013). Only a small
number of the COSII markers did not map in
their predicted locations based on the established
synteny between potato and tomato.

In contrast, by aligning diversity arrays tech-
nology (DArT) marker sequences derived from
the wild tuber-bearing species S. commersonii
and S. bulbocastanum with genome sequences
from cultivated potato and tomato, Traini et al.
(2013) discovered a greater amount of variability
between the genomes. The failure of a proportion
of the markers to align with the potato (8 %) or
the tomato (21 %) genome sequences was taken
as evidence of this heterogeneity. The existence
of gaps between the markers provided additional
support of small-scale structural divergence
between the genomes of wild and cultivated
potato. The use of DArT markers to construct
medium-density genetic linkage maps for
S. bulbocastanum has shed additional light on the
degree of divergence between the A genome of
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S. tuberosum and the B genome of S. bulbocas-
tanum (Iorizzo et al. 2014). The wild potato
genome shows the same nine chromosomal
rearrangements previously described as distin-
guishing tomato and cultivated potato. Moreover,
two additional, albeit small (5–10 cM), inver-
sions on 2S and 8S appear to be specific to S.
bulbocastanum. The results of these two studies
are suggestive of the sorts of microscale,
lineage-specific rearrangements that have
accompanied the diversification of potato as a
clade and which should become more and more
visible as new strategies for mining whole gen-
ome sequence data are developed.

Eggplant

Eggplant (S. melongena), unlike many other
solanaceous species, was domesticated in the Old
World and its current importance as a crop is
primarily limited to the Mediterranean Basin and
Asia. In the past decade, genetic studies in egg-
plant have been facilitated by genome similarity
with tomato. Synteny between eggplant and
tomato was first investigated by Doganlar et al.
(2002) who mapped 233 single copy tomato
RFLP markers in an interspecific (S. lin-
naeanum × S. melongena) eggplant population.
This work indicated that the eggplant and tomato
genomes share large colinear regions and differ
by 28 rearrangements encompassing 23 inver-
sions, 4 reciprocal, and 1 non-reciprocal
translocation. A total of 36 CSSs were identi-
fied in the genomes with an average size of
34 cM. Two chromosomes, 1 and 8, were found
to be completely syntenic between eggplant and
tomato. The use of tomato RFLP markers that
had also been mapped in potato allowed com-
parisons between eggplant and potato and
revealed similar high levels of synteny with 24
rearrangements differentiating these two gen-
omes. Examination of the synteny between egg-
plant and these two species indicated that
eggplant and tomato are five to six times more
diverged than tomato and potato in terms of
numbers of rearrangements. The work also pro-
vided insight into mechanisms of chromosome

evolution in the Solanaceae. Results indicated a
moderate rate of chromosome evolution (0.19
rearrangements per chromosome per million
years) and that paracentric inversions of CSSs
were the primary mechanism of rearrangement.
Translocations were of secondary importance in
divergence of eggplant and tomato/potato.
Translocations and inversions generally occurred
at or near the centromeres as indicated by the
presence of telomeric sequences at the cen-
tromeres of affected chromosomes (Presting et al.
1996).

Further work with the same population by Wu
et al. (2009a), added 110 COSII markers to the
eggplant map. Their results were very similar to
those of Doganlar et al. (2002) indicating that the
eggplant and tomato genomes share 37 CSSs and
differ by 24 inversions and five translocations
with some differences detected in the locations of
the inversions. Wu et al. also identified five
single markers with altered positions suggesting
possible transposable element activity during the
divergence of eggplant and tomato from their
LCA. The authors took advantage of the high
degree of synteny of the species to infer the
locations of 522 additional COSII markers thus
producing a virtual eggplant map containing 869
markers. Comparison of this map with potato and
pepper maps indicated that several rearrange-
ments are shared by eggplant and pepper only
and not by tomato and potato. These results
indicated that the eggplant-pepper arrangements
seen at the bottoms of chromosomes E2, E10,
and E12 and at the tops of chromosomes E6 and
E9 are ancestral.

In more recent work, Doganlar et al. (2014)
mapped an additional 192 RFLP, 6 COSII, and
400 AFLP markers on the interspecific eggplant
population. This work confirmed the established
syntentic relationships between eggplant and
tomato with 33 CSSs identified. However, the
higher resolution map indicated more transloca-
tions (19) and fewer inversions (14) than previ-
ously hypothesized. Thus, translocation appears
to be a more common mechanism of chromo-
some evolution in the Solanaceae than previously
thought. Eleven marker transpositions were also
detected confirming the role of transposable
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elements in genome evolution of the family as
suggested by Wu et al. (2009a).

Wu and Tanksley (2010) compared COSII
maps for eggplant and four other solanaceous
species to deduce ancestral chromosome
arrangements (Fig. 12.1) and their timing. Based
on this work, they hypothesized that 16 inver-
sions and 3 translocations occurred along the
eggplant lineage (Fig. 12.2). They calculated the
divergence time of tomato and eggplant as 15.5
MYA. This value allowed them to estimate the
rate of chromosomal evolution in the eggplant
lineage. Thus, they determined that this lineage
experienced 1 inversion and 0.2–0.4 transloca-
tions every MY. This rate of inversion is higher
than those calculated for the potato and pepper
lineages, however, the authors cautioned that the
number of inversions in the eggplant lineage may
have been overestimated due to difficulties in
assigning some inversions to specific lineages.
The rate of translocation was the same as that
estimated for the pepper lineage.

In the past, mapping in intraspecific popula-
tions of eggplant was constrained by limited
polymorphism. However, this has changed with
the advent of SNP and InDel markers. Fukuoka
et al. (2012) integrated results from two
intraspecific eggplant populations to obtain a
map with 952 markers. Of these, 469 were SNP
and InDel markers derived from Solanum
ortholog gene sets (SOL markers). These are
orthologous unigene markers identified in the
eggplant, tomato and potato genomes. As 70 %
of these markers had also been mapped in the
tomato genome, the authors were able to observe
synteny between the two genomes. Although
detailed comparisons were not made, the results
indicated several rearrangements with overall
agreement with the findings of Wu et al. (2009a).

Gramazio et al. (2014) have recently devel-
oped an interspecific genetic linkage map for a
BC1 population generated by backcrossing a S.
melongena × S. incanum F1 to the S. melongena
parent. Of the molecular markers mapped (a
combination of COSII, SSR, AFLP, CAPS and
SNPs), 123 had been positioned on the maps of
Nunome et al. (2009), Wu et al. (2009a), Barchi
et al. (2012) and Fukuoka et al. (2012). These

anchor loci revealed good correspondence in
marker order between the new map and the four
previous eggplant maps (Fig. 12.4). In addition,
comparing the map positions of 130 markers
shared with tomato (Fulton et al. 2002) uncov-
ered regions of chromosome shuffling that were
consistent with those reported by Wu et al.
(2009a).

The well-established synteny between the
eggplant and tomato genomes has been used to
infer gene position and to identify candidate
genes controlling quantitative traits. Thus, Gra-
mazio et al. (2014) mapped a number of genes
involved in chlorogenic acid synthesis and phenol
oxidation using orthologous sequences from
tomato. In all cases, the genes mapped to the
eggplant linkage groups in regions corresponding
to their syntenic positions on the tomato
map. Similarly, synteny with tomato was used to
identify candidate genes in genomic regions
harboring QTL for anthocyanin levels and fruit
color (Cericola et al. 2014) and a range of agro-
nomic traits (Portis et al. 2014) in eggplant.

Synteny in eggplant and other Solanaceae has
also been examined with FISH mapping. Using
this technique, Lou et al. (2010) localized 17
BAC clones on chromosome 6 of tomato, egg-
plant, potato, and wild potatoes. Based on this
analysis, the authors concluded that the arrange-
ment of chromosome 6 in eggplant represents the
ancestral condition. Moreover, the paracentric
inversion of 6S, which was detected by Doganlar
et al. (2002) in their comparison of tomato and
eggplant, was not identified in any of the other
species and suggesting that it only occurred in the
tomato lineage. More extensive BAC-FISH
analysis examined seven previously identified
inversions in the Solanum genome (Szinay et al.
2012). This work indicated that the S. melongena
genome represents the ancestral state for chro-
mosomes 6S, 7S, 9S, and 11S. Therefore, the
inversions in these regions occurred in the
tomato–potato lineage. In contrast the inversion
described on chromosome 10L is derived and
occurred only in the eggplant lineage.

To date, limited insight has been gained from
sequencing analyses of eggplant. Wang et al.
(2008) included eggplant in their comparison of a
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Fig. 12.4 Macro-syntenic relationships between five
eggplant maps and tomato for linkage groups E1–E6.
Each eggplant linkage map is color-coded: Gramazio
et al. (2014) in purple, Barchi et al. (2012) in blue,
Fukuoka et al. (2012) in orange, Nunome et al. (2009) in

green and Wu et al. (2009a) in yellow. The tomato map
(Fulton et al. 2002) is in red. Marker names and positions
appear on the outside of the circles (used with permission
from Gramazio et al. 2014)
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105 kb CSS in solanaceous species. They found
that gene orientation and position in the segment
was very similar with only two differences
between eggplant and tomato (Fig. 12.3). In the
case of one gene, tomato had a reverse orienta-
tion which was not shared by any of the other
species studied (potato, pepper, petunia, egg-
plant). In the other example, eggplant, potato,
and petunia all contained a gene which was
absent in tomato and pepper. Based on their
examination of rates of evolution in the CSS, the
authors hypothesized that 13.7 MY separate
eggplant and tomato from their LCA which is
similar to the value estimated by Wu and
Tanksley (2010).

The recent release of a draft genome of egg-
plant that covers an estimated 74 % of the gen-
ome promises to reveal much more about
chromosomal evolution in the Solanaceae (Hir-
akawa et al. 2014). Mapping nearly 10,000
eggplant sequence super-scaffolds over >98 % of
the tomato genome revealed 56 conserved syn-
teny blocks and 44 synteny break points between
the genomes of the two species. Newly identified
rearrangements included inversions on chromo-
somes 1 and 8. Given its higher resolution, it is
not surprising that whole genome sequence
analysis has enabled detection of a greater
number of syntenic blocks and chromosome
rearrangements than genetic linkage analysis
(Doganlar et al. 2002, 2014). Refinement of the
draft genome therefore promises to reveal much
more about how the eggplant and tomato gen-
omes have diverged.

Pepper

The genus Capsicum contains five domesticated
species, C. annuum, C. chinense, C. frutescens,
C. baccatum, and C. pubescens (Heiser and
Pickersgill 1969), collectively referred to as
peppers. Of these, C. annuum is the most com-
monly cultivated and has the most characterized
genome. In fact, some of the first comparative
molecular mapping done in plants was performed
between C. annuum and tomato (Tanksley et al.
1988). In this early work, an interspecific map

(85 tomato RFLPs and isozyme loci) constructed
from a cross between C. annuum and C. chinense
indicated that at least 32 chromosome breaks
distinguished the tomato and pepper genomes.
Using a similar C. annuum × C. chinense pop-
ulation, Prince et al. (1993) mapped nearly 200
RFLP markers which showed that 32 % of
marker order was conserved between the two
species. The map also indicated that far fewer
breaks, at least 15, could explain the differences
between the pepper and tomato genomes. Liv-
ingstone et al. (1999) extended this map to
include 352 markers that could be used for
comparisons of synteny between the pepper and
tomato genomes. With these markers, they
identified 13 linkage groups and 18 homeologous
segments which corresponded to 95 and 98 % of
the pepper and tomato genomes, respectively.
Four chromosome pairs were entirely syntenic
between tomato and pepper: T2/P2, T6/P6,
T7/P7, and T10/P10. The remaining linkage
groups were substantially rearranged with at least
30 breaks required to explain the differences
between the two genomes. Livingstone et al.
(1999) proposed the occurrence of 5 transloca-
tions, 10 paracentric inversions, 2 pericentric
inversions, and 4 other changes since divergence
of tomato and pepper from their LCA.

Synteny between pepper and tomato was
further examined by Wu et al. (2009b) who pri-
marily used COSII markers (263 COSII, 36
RFLP markers). For the first time, the number of
linkage groups (12) corresponded to pepper’s
base chromosome number. These linkage groups
included 35 CSSs which covered 67 % of the
pepper map and had an average length of 32 cM.
Based on this work, at least six translocations, 19
inversions, and many single gene transpositions
were required to explain the genomic differences
between tomato and pepper. As in other com-
parisons, most of the rearrangements seemed to
involve breakpoints at or near centromeres.
Moreover, individual markers that moved among
non-homologous chromosomes tended to be
located near the centromere. Because pericen-
tromeric regions of the tomato genome have been
found to be rich in retrotransposons (Wang et al.
2006), this can be taken as evidence of
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transposon activity. Comparison of the pepper
and tomato maps with those of potato and egg-
plant allowed estimation of the timing of some
rearrangements (Wu et al. 2009b). Thus it was
found that inversions in the lower part of P11
occurred in the tomato/potato lineage while four
other inversions most likely occurred in the
tomato lineage after divergence of potato and
tomato.

Further comparisons of the pepper COSII map
with those of tomato, potato, eggplant, and
tobacco allowed determination of the timing of
other chromosomal rearrangements (Wu and
Tanksley 2010). According to this work, only
one inversion and three translocations are speci-
fic to the pepper lineage (Figs. 12.1 and 12.2).
The divergence time between tomato and pepper
was estimated as 19.6 MYA, allowing the rate of
chromosomal rearrangements in the pepper lin-
eage to be estimated as 0.1–0.6 inversions and
0.2–0.3 translocations per MY.

Use of interspecific populations for compara-
tive mapping has also allowed rearrangements in
the genomes of different Capsicum species to be
identified. Namely, two translocations (one
reciprocal, one nonreciprocal) and a duplication/
deletion were found to distinguish C. annuum
and C. chinense (Livingstone et al. 1999). In
addition, the work of Wu et al. (2009b) proposed
a model to explain the karyotypic differences
between C. annuum and C. chinense/C. fru-
tescens. Cultivated C. annuum has 2 acrocentric
and 10 metacentric chromosomes while wild C.
annuum, C. chinense, and C. frutescens have
only 1 acrocentric and 11 metacentric chromo-
somes (Lanteri and Pickersgill 1993). According
to Wu et al. (2009b) this difference can be
explained by illegitimate recombination between
ribosomal RNA (R45S) gene clusters on chro-
mosomes 1 and 8 in the wild C. annuum genome
resulting in a reciprocal translocation that altered
chromosome arm length as seen in chromosomes
I and XII in cultivated C. annuum.

Synteny of gene, rather than marker, location
was examined by Grube et al. (2000) in their
study of the genomic organization of disease
resistance genes in tomato, pepper, and potato.
They found that homologues of the tomato

N, Pto, Prf, Sw-5, and I2C genes had syntenic
positions in the pepper and tomato genomes.
This work also showed that resistance genes
clustered at homeologous positions in tomato,
pepper, and potato on chromosomes T3, T4, T9,
and T11. Resistance gene clusters on T1 and T7
were syntenic between tomato and pepper while
a cluster on T8 had synteny between pepper and
potato. (Tomato–potato synteny is discussed in
the section on potato.)

Mazourek et al. (2009) focused on the
orthologous disease resistance genes Bs2 and
Rx/Gpa2 in pepper and potato, respectively.
They demonstrated that the orthology between
Bs2 and the potato genes was disrupted by
recombination, duplication, and deletion events,
at least some of which involved retrotransposons.
Bs2 was found to map to chromosome P9 in a
region syntenic to the top of potato chromosome
12 (XII) which contains Rx and Gpa2. This
region is colinear in tomato (T12), pepper,and
potato; however, this part of chromosome 12 in
potato is inverted. Moreover, although Rx and
Gpa2 are tightly clustered in the potato genome,
the resistance genes in the syntenic regions of the
pepper and tomato genomes are more numerous
and more dispersed. In fact, an examination of
the entire pepper and tomato genomes indicates a
close correspondence between the locations of R
genes and chromosome breakpoints (Fig. 12.5).
These results reinforce previous work which
showed that chromosome breakpoints were
associated with resistance gene duplication and
dispersal in arabidopsis and Medicago truncatula
(Baumgarten et al. 2003; Ameline-Torregrosa
et al. 2008).

BAC-FISH analysis was also used to examine
macrosynteny in pepper, tomato, and potato
(Peters et al. 2012). FISH analysis on chromo-
somes 2L, 6S, 10L, and 11L revealed that the
pepper arrangement differs by inversion from
tomato but is colinear to potato on 2L, 6S, and
10L. In contrast, tomato and potato share an
arrangement of 11L which is interrupted by an
inverted translocation in pepper (Yang et al.
2009; Peters et al. 2012). These results disagree
with those of Livingstone et al. (1999) who found
complete colinearity between pepper and tomato
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chromosomes 2, 6, and 10. This discrepancy
highlights the limitations of mapping for detailed
analyses of synteny. While molecular mapping

and FISH analyses allow examination of gross
chromosomal rearrangements, other techniques
are required to study microsynteny. One such

Fig. 12.5 Locations of selected resistance (R) genes in
the tomato (T) and pepper (P) genomes. Potato genes are
underlined. Circular arrows indicate putative inversions

while dotted lines indicate translocations between chro-
mosomes (used with permission from Mazourek et al.
2009)
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technique is sequencing. As previously men-
tioned, Wang et al. (2008) sequenced a 105 kb
CSS in tomato, pepper, potato, eggplant, and
petunia. They detected only two differences
between pepper and tomato in gene arrangement
in the region (Fig. 12.3). One gene had a reverse
orientation in tomato as compared to all of the
other species indicating that an inversion occur-
red along the tomato lineage. In addition, pepper
had a duplication of one of the genes which was
hypothesized to have occurred by tandem dupli-
cation. Based on their analyses, Wang et al.
(2008) calculated that pepper and tomato
diverged from their LCA approximately 19.1
MYA, which is nearly identical to the divergence
time (19.6 MYA) calculated by Wu and Tanksley
(2010).

Although gene order and repertoire are con-
served in the Solanaceae, genome size is vari-
able. The pepper genome contains fourfold more
DNA than the tomato genome (Kim et al. 2014).
To determine the cause of this difference, Park
et al. (2011) compared nearly 36 Mb of euchro-
matic pepper DNA sequence with its orthologous
region in tomato. They found that the number
and identities of predicted genes in the genomic
sequences were similar. Gene length differences
were mainly due to longer introns in pepper
(1815 bp on average as compared to 1459 bp in
tomato). In addition, pepper contained many
more transposons between genes. These were
mostly Ty3/Gypsy-like LTR retrotransposons.
FISH with one of these transposons, Tat, showed
that this element is primarily located in hete-
rochromatic regions of the tomato genome while
it is dispersed in both euchromatin and hete-
rochromatin in pepper. Thus, as found in other
plant and animal species, transposable elements
play a major role in genome size determination in
pepper with a lesser, but still significant role
played by intron size (reviewed by Gregory
2005).

A more comprehensive comparison of the
pepper and tomato genomes was made possible
by sequencing the pepper genome (Kim et al.
2014; Qin et al. 2014). Sequencing of hot pepper
cultivar CM334 (Kim et al. 2014) and nonpungent
cultivar Zunla-1 (Qin et al. 2014) provided nearly

full coverage of pepper’s 3.48 Gb genome. In
both studies, predicted gene number was similar
to that for tomato, approximately 35,000
protein-coding sequences with nearly 18,000
orthologous gene sets shared by the pepper and
tomato genomes. Both genomes were found to
have many large blocks syntenic with tomato.
However, the pepper genome is fourfold larger
due to the accumulation of repetitive sequences
which make up 81 % of the genome (Qin et al.
2014). As in previous work (Park et al. 2011),
these repetitive sequences were found to be
mostly Gypsy-like LTR retrotransposons which
are not seen to such an extent in tomato (Kim et al.
2014; Qin et al. 2014). Based on these results and
an estimate of the timing of transposon activity,
the authors hypothesized that the accumulation of
transposable elements in the pepper genome was
quite recent (0.3 Mya) (Qin et al. 2014) and that
the concomitant alteration and increase in hete-
rochromatin were involved in pepper speciation
(Kim et al. 2014). Qin et al. (2014) also report that
translocations were the main drivers of chromo-
somal rearrangement in the Solanaceae with 612
and 430 translocations differentiating pepper from
the tomato and potato genomes, respectively.
Extensive inversions also occurred with 468 and
367 inversion events distinguishing pepper from
tomato and potato, respectively.

Kim et al. (2014) used the whole genome
sequence and microsynteny to identify capsaici-
noid pathway orthologs in the pepper, tomato,
and potato genomes. The orthologs were found
to be expressed during placenta development in
pepper but in tomato or potato. Microsynteny
was also used to analyze the region surrounding
the capsaicin synthase gene in hot pepper and the
corresponding area in tomato. The region was
found to contain seven acyltransferase genes in
pepper but only four in tomato. Phylogenetic
analyses of these genes indicated that the cap-
saicin synthase gene emerged after speciation.
More dramatic gene family expansion was
observed for the Bs2-containing subclass of
NBS-LRR (nucleotide-binding site-leucine-rich
repeat) disease resistance genes. Hot pepper
contains 82 such genes in its genome while
tomato and potato have only three and one,
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respectively. The expansion of this gene family
has resulted in a loss of colinearity in the affected
genomic regions of the three species. Thus, both
retrotransposon amplification and gene family
expansion were found to be significant factors in
the divergence and speciation of hot pepper.

Nicotiana

Very few comparative genetic mapping studies
have been published in Nicotiana, a genus of 66
species that includes the agricultural commodity
and model organism for genetic engineering,
cultivated tobacco (N. tabacum). While tobacco is
an allotetraploid with a base chromosome number
of 12, karyotypic variability is found within sec-
tion Alatae. Chromosome numbers of nine and
ten are found in several species, including N.
alata, N. bonariensis, N. forgetiana and N.
langsdorffii (x = 9) as well as N. longiflora, and
N. plumbaginifolia (x = 10). While this variabil-
ity in chromosome number makes Nicotiana an
attractive system for chromosome evolution and
synteny studies, the late development (within the
last decade) of genetic maps in the genus means
that such work remains to be done.

The first analysis of genome synteny in
Nicotiana was made possible by the construction
of a RFLP/RAPD linkage map for an inter-
specific (N. plumbaginifolia × N. longiflora)
population (Lin et al. 2001). Only nine linkage
groups were obtained, thus genome coverage
was not complete. Nevertheless, comparison of
linkage group assignments of 20 RFLP markers
derived from N. sylvestris (Suen et al. 1997)
revealed a lack of synteny between the mapped
portions of the plumbaginifolia and sylvestris
genomes. Given the difference in chromosome
number between these species (x = 10 vs. x = 12
in sylvestris), this indication of chromosome
disruption was not unexpected. Unfortunately,
the positions of the markers relative to one
another were unknown in sylvestris. Thus, col-
inearity between the two genomes could not be
explored. However, based on evidence that sev-
eral duplicate and triplicate loci in sylvestris were
single copy in plumbaginifolia, the authors

hypothesized that gene loss from multigene
families may have contributed significantly to
chromosome evolution and reduction in the
Nicotiana genome.

While its large genome size (4500 Mbp;
Arumuganathan and Earle 1991) and polyploid
nature make N. tabacum less amenable to geno-
mic research than other Nicotiana species, a
concerted effort has been made to overcome
these difficulties in recent years. A microsatellite
map comprising 293 loci was published for a
cross between the varieties ‘Hicks Broadleaf’
and ‘Red Russian’ (Bindler et al. 2007). The
authors deemed the initial map incomplete due to
the presence of large gaps and unlinked markers
and subsequently published a high resolution
map containing 2317 microsatellite markers
(Bindler et al. 2011). The tenfold increase in
marker number was accomplished by screening
EST sequences generated by the Tobacco Gen-
ome Initiative (Gadani et al. 2003). As the
authors suggest, this strategy of targeting single
copy sequences for SSR marker development
should facilitate the localization of homologous
regions in other solanaceous genomes. However,
explorations of tobacco-tomato synteny based on
these markers have not yet been reported.

An allotetraploid that behaves as a diploid,
tobacco is thought to have arisen as an inter-
specific hybrid between N. sylvestris and N.
tomentosiformis (Kenton et al. 1993; Lim et al.
2004). Thanks to the availability of the afore-
mentioned tobacco map (Bindler et al. 2011) as
well as COSII/SSR maps (Wu et al. 2010) chro-
mosome evolution within the two genomes of
tobacco (the S- and T-genomes) is starting to be
revealed. The mapping study conducted by Wu
et al. (2010) compared the genomes of N.
tomentosiformis and N. acuminata to each other
and to that of N. tabacum. Extremely low poly-
morphism prevented mapping of N. sylvestris. N.
acuminata was chosen as a substitute because it is
evolutionarily closer to N. sylvestris than is N.
tomentosiformis. Comparative analysis of COSII
marker positions indicated that a minimum of
seven chromosomal inversions and one reciprocal
translocation distinguish the tomentosiformis
(Tmf) and acuminata (Acn) genomes.
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Chromosomes 6, 7, 9, and 11 show conservation
of gene content and order in the diploid Nicotiana
genomes. The timing of these structural changes
relative to the polyploidization event leading to
tobacco was determined by using a set of SSR
markers from the Bindler et al. (2007)
map. Mapping the SSR markers in the Tmf and
Acn genomes also allowed the 24 tobacco linkage
groups to be assigned to their respective ancestral
genomes (T-genome for those markers that
mapped to Tmf and S-genome for those in Acn).
Since the divergence of the Tmf and Acn gen-
omes, four inversions occurred in the lineage
leading to tomensiformis, with the majority (3 of
4) pre-dating the tetraploidization event leading to
tobacco. Of the two inversions specific to the Acn
genome, one occurred before its split from syl-
vestris and one after. Based on these changes, it
was estimated that the rate of chromosome evo-
lution in N. tomentosiformis has varied from 0.5
to 2.1 rearrangements/MY before tetraploidiza-
tion to 0.6 rearrangements/MY after that event.
Similarly, a slower rate of evolution is evident in
N. acuminata since its divergence from N. syl-
vestris: 0.4–1.3 rearrangements/MY before to 0.2
rearrangements/MY after divergence.

Comparison of SSR marker positions between
the diploid Nicotiana species and tobacco
revealed a minimum of 12 rearrangements: 9
inversions and single occurrences of chromo-
some breakage, fusion, and reciprocal transloca-
tion (Wu et al. 2010). The inversions were split
almost equally between the T- and S- genomes (4
and 5 events, respectively). Since the speciation
event, which the authors estimated as occurring
less than one MY ago, the sub-genomes of
tobacco are evolving at a faster rate than their
diploid relatives: six changes in the T-genome as
compared to just one in the Tmf genome. Esti-
mated chromosomal evolution rates provide
another measure of accelerated evolution fol-
lowing interspecific hybridization and poly-
ploidization: 3.5 rearrangements/MY in the
T-genome (as compared to 0.6 in N. tomentosi-
formis) and as many as 1.2 rearrangements/MY
in the S-genome (vs. 0.2 in the Acn genome).
Bindler et al. (2011) also found evidence for

chromosomal rearrangement in tobacco, so much
so that they were unable to identify homeologous
chromosomes: more than 90 % of their SSR
markers were specific to just one of the ancestral
genomes. Nevertheless, the fact that markers
specific to N. sylvestris and N. tomentosiformis
mapped to the same linkage group in tobacco
was interpreted as evidence of translocation
between homeologous chromosomes. Thus the
findings of Wu et al. (2010) and Bindler et al.
(2011) provide valuable insight into how plant
genomes reorganize after polyploidization.

Wu et al. (2010) also used COSII marker
position to investigate the synteny of the Nico-
tiana and tomato genomes. Colinearity of
markers was observed in 25 CSSs. With an
average size of 15 cM, these CSSs spanned 34 %
of the Tmf map. Outside of these regions of
conservation, at least 11 reciprocal translocations
and three (and perhaps as many as 10) inversions
have occurred since the divergence of tomato and
the LCA of the Nicotiana species. The relative
frequency of each type of structural change was a
bit of a surprise; previous analyses in the Sola-
naceae had prepared the authors to expect a
greater number of inversions relative to translo-
cations. Given the length of evolutionary time
separating tomato and Nicotiana (some 27.7
MYA as calculated in this study), a number of
inversions may have been obscured by subse-
quent changes in chromosome structure. In
addition, they also noted that comparing tomato
to the extant species N. tomentosiformis shows a
slightly different picture: 14 inversions and 11
translocations, supporting the hypothesis that
inversion is the predominant mode of rear-
rangement. As with the analysis of the ancestral
genomes of tobacco, numerous instances of sin-
gle marker transpositions were found between
tomato and the Nicotiana species (36 in Tmf and
13 in Acn), suggesting that this is another
important mechanism contributing to loss of
synteny as genomes diverge.

Rapid progress has been made in sequencing
Nicotiana genomes as evidenced by the recent
publication of draft genome sequences of the
diploid species N. sylvestris and
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N. tomentosiformis (Sierro et al. 2013) as well as
the allotetraploid species N. benthamiana
(Bombarely et al. 2012) and N. tabacum (Sierro
et al. 2014). These sequences should provide
considerable insight into synteny within the
genus and the family, however such analyses
remain in their infancy. Thus, comparison of the
diploid species genomes with those of other
solanceous species was limited to localizing
COSII markers from the N. acuminata and N.
tomentosiformis genetic maps on the genome
assemblies of N. sylvestris and N. tomentosi-
formis, respectively (Sierro et al. 2013). Only
one-third of COSII markers could be mapped,
highlighting the fragmented and incomplete nat-
ure of these assemblies. The lack of a genetic
map for N. benthamiana has restricted compar-
ative genomic studies with this species despite its
popularity as a model system for plant–pathogen
interations. However analysis of the draft N.
benthamiana genome sequence revealed
microsynteny with tomato in the Pto-Prf gene
cluster, suggesting that this region evolved
before the divergence of Nicotiana and Solanum
(Bombarely et al. 2012).

The sequencing of three varieties of commer-
cial tobacco (N. tabacum) has provided the
greatest insight into genome evolution within the
genus (Sierro et al. 2014). Comparisons with the
genetic maps generated by Wu et al. (2009b) and
Bindler et al. (2011) show the extent of chromo-
somal rearrangements that have occurred within
the diploid and allotetraploid species. Moreover,
use of the sequence data provided by the sylves-
tris and tomentosiformis draft genomes (Sierro
et al. 2013) helped verify these species as the
putative ancestors of N. tabacum and revealed
that only 4–8 % of the ancestral genomes was lost
subsequent to the hybridization event that created
N. tabacum (Sierro et al. 2014). Mapping protein
sequences of tomato and potato onto the tobacco
genome sequence revealed considerable genome
reorganization, however syntenic regions do exist
and gene content is strongly conserved across
the * 30 MY of evolution separating these
solanaceous species (Fig. 12.6).

Petunia

Analyses of synteny between the horticultural
plant Petunia and tomato have been hampered by
the fact that genome mapping efforts in petunia
have been limited. Until recently, the most
comprehensive genetic linkage map for petunia
contained just 36 RFLP markers spread across
the plant’s seven chromosomes (Strommer et al.
2000). For this reason, early reports of synteny
between petunia and tomato arose from research
focused on specific genomic regions.

It is not surprising that thefirst report of synteny
between the petunia and tomato genomes origi-
nated from an analysis of the self-incompatibility
(SI) locus. Members of the Solanaceae, including
petunia, have served as model organisms for the
analysis of gametophytic SI for several decades.
While mapping the self-incompatibility locus
(S locus), ten Hoopen et al. (1998) established a
syntenic relationship between petunia chromo-
some III and chromosome 1 of tomato and potato.
The position of the S locus was initially deter-
mined through T-DNA tagging and further sub-
stantiated by the cosegregation of an S-linked
potato RFLP marker (CP100) with a peroxidase
isozyme locus (PrxA) that had been previously
mapped to chromosome III. Citing similar linkage
between the S-locus and a peroxidase isozyme in
Nicotiana alata (Labroche et al. 1983), the authors
suggested that synteny of the self-incompatibility
locus may be conserved in the Solanaceae (ten
Hoopen et al. 1998).

In contrast, a region of the Petunia genome in
which five floral traits (color, UV absorption,
scent, and pistil and stamen length) are tightly
linked appears not to be conserved in the family
(Hermann et al. 2013). BLAST searches revealed
that homologs of ten Petunia markers spanning
this pollination syndrome gene cluster were
widely distributed in the tomato and potato
genomes, mapping to six chromosomes in
tomato and five in potato. The authors speculate
that this difference between Petunia and Solanum
species may reflect different evolutionary pres-
sures on these genes in the two genera. Solanum
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species tend to be bee-pollinated, whereas Petu-
nia species exhibit frequent pollinator changes
which could be facilitated by tight linkage of the
genes underlying pollinator attraction.

On a broader scale, the conservation of a
17-gene region in the Solanaceae was revealed in
sequence analysis of a 105 kb CSS in five spe-
cies including petunia (Wang et al. 2008). While
gene order and orientation were largely main-
tained, a small number of petunia-specific evo-
lutionary changes were identified including a
relatively recent tandem duplication of gene 12
and a 20 kb inversion involving genes 15 and 16
(Fig. 12.3). Comparison of gene structure
revealed that ORFs and exon/intron positions in
four out of seven genes were conserved across
lineages. The degree of conservation of gene
content was somewhat surprising given that
homologous regions of the Arabidopsis genome
have evolved at a considerably faster rate (Ku
et al. 2000). However, the authors attributed this
difference to the fact that no whole genome
duplication events have occurred within the
solanaceous lineage over the * 30 million years
since the divergence of petunia and tomato.

The recent construction of linkage maps for
wild Petunia species (Bossolini et al. 2011) has

made it possible to compare synteny within
Petunia as well as between petunia and tomato on
a genome-wide basis. Such comparative mapping
studies provide valuable insight into patterns of
chromosomal evolution throughout the Solana-
ceae. A question of particular interest which the
work of Bossolini et al. (2011) begins to answer is
how chromosome number in the family was
reduced from an ancestral value of x = 12 to x = 7
in the lineage leading to petunia. Bossolini et al.
(2011) mapped a total of 207 CAPs and AFLP
markers in two interspecific populations:
P. exserta × P. parodii and P. axil-
laris × P. inflata. Thirty-seven shared markers
revealed complete preservation of marker order
between the two petunia maps. In order to com-
pare the petunia and tomato genomes, BLASTN
searches were used to position the petunia marker
sequences on the physical map of tomato. A large
amount of rearrangement was uncovered, with the
degree of macrosynteny varying depending on the
chromosome. Petunia chromosomes 5 and 7 were
found to be syntenic with tomato chromosomes
T12 and T8, respectively. Petunia chromosomes 1
and 6 were composite in nature. Petunia chromo-
some 1 has segments specific to T5 and T6 while
chromosome 6 carries markers shared with T1 and

Fig. 12.6 Synteny between Nicotiana species and
tomato for selected tobacco linkage groups. The compar-
ison of N. tabacum and tomato is based on mapping
tomato proteins. Links between tobacco and N. acuminata

and N. tomentosiformis are derived from shared SSR
(solid lines) and COSII (dotted lines) markers (used with
permission from Sierro et al. 2014)

12 Synteny Among Solanaceae Genomes 237



T9. While portions of chromosomes 3 and 4 are
syntenic with T3 and T4, the synteny is limited to a
segment of the long arms of the tomato chromo-
somes. An even more complex pattern is seen in
the make up of chromosome 2 as it comprises
markers found on T2, T7, T8, and T10. Thus, as
compared to the localized synteny revealed by ten
Hoopen et al. (1998) and Wang et al. (2008), the
genomes of petunia and tomato show evidence of
extensive structural differentiation when viewed
on a larger scale. This loss of synteny makes it
difficult to use the abundant genomic resources of
tomato to assist petunia genetics but is indicative
of the complex patterns of evolutionary change
that occur during genome evolution.

Conclusions

The Solanaceae has been the subject of
pioneering work in studies of genome synteny.
By investigating the differences in genome size,
content, and organization, this work has provided
insight into the ways in which the structural
rearrangement of chromosomes can lead to
reproductive isolation and, ultimately, speciation.
Moreover, it has helped to extend the utility of
the extensive genomic resources of tomato to
other members of this economically important
family of plants.

Both DNA content and chromosome number
vary in the Solanaceae. It has been hypothesized
that the primary mechanisms responsible for
genome size variation in plants and animals are
transposable element replication, polyploidy,
intron size, gene, and chromosome loss (Gregory
2005). Species in the Solanaceae provide exam-
ples of each of these mechanisms. There is ample
evidence of transposable element, especially
retrotransposon, activity in the genomes of tomato
(Asamizu et al. 2012), wild tomato (Xiao et al.
2008), potato (Peters et al. 2012), eggplant (Wu
et al. 2009a) and pepper (Mazourek et al. 2009;
Park et al. 2011). For example, the pepper genome
is three times larger than that of tomato and large
scale (35.6 Mb) sequence comparisons indicated
that many LTR retrotransposons (primarily Tat
and Athila) have been inserted in the pepper

genome while gene order and content are con-
served across the two species (Park et al. 2011).
Transposable element activity is also evident in
the displacement of single markers/genes in gen-
omes that are otherwise syntenic as observed in
potato (Perez et al. 1999), eggplant (Wu et al.
2009a; Doganlar et al. 2014), pepper (Mazourek
et al. 2009; Wu et al. 2009b), and tobacco (Wu
et al. 2010). Examination of repetitive DNA at
rearrangement junctions in potato indicates that
transposition has played an important role in lar-
ger breaks from synteny including translocation
and inversion (Zhu et al. 2008; Peters et al. 2012).
In addition, transposable element activity was
found to be responsible for a duplication resulting
in the sun locus phenotype in tomato (Xiao et al.
2008). Polyploidy is observed in both the potato
and tobacco genomes. Studies of synteny in these
species provide insight into how genomes are
rearranged after polyploidization (Bindler et al.
2011; Wu et al. 2010). Intron size has not yet been
examined extensively in the Solanaceae, how-
ever, preliminary work in pepper indicates that
increased gene size in pepper is mainly due to the
presence of longer introns as compared to tomato
(Park et al. 2011). Gene and chromosome loss are
observed in some species of tobacco which have
fewer members within multigene families and
only ten chromosomes (Suen et al. 1997; Lin et al.
2001). Chromosome loss is also apparent in the
petunia lineage as this species has only seven
chromosomes (Bossolini et al. 2011).

While genome size is affected by a number of
factors, only a few mechanisms are responsible
for restructuring chromosomes: inversions,
translocations, and transpositions (discussed in
the previous paragraph). In the Solanaceae, para-
centric inversions are usually reported as the most
common type of rearrangement in potato, pepper,
nightshade, and eggplant (Tanksley et al. 1992;
Livingstone et al. 1999; Chetelat et al. 2000;
Doganlar et al. 2002). A definite pericentric
inversion was reported for S. etuberosum (Lou
et al. 2010) and others have been hypothesized for
pepper (Livingstone et al. 1999; Wu et al. 2009a,
b). The preponderance of paracentric as compared
to pericentric inversions supports the hypothesis
that these inversions have fewer harmful effects

238 A. Frary et al.



on fertility than pericentric inversions (Burnham
1962), and therefore, may be less detrimental to
organism fitness. Similarly, translocations may be
more likely than inversions to interfere with
chromosome pairing and are usually less frequent
than inversions in the Solanaceae (Wu and
Tanksley 2010). Interestingly, during the evolu-
tion of the Solanaceae, a few recurrent chromo-
somal breakpoints seem to have been primarily
responsible for genome restructuring (Wu and
Tanksley 2010). These breakpoints are commonly
found in pericentromeric regions (Wu and
Tanksley 2010), areas of the tomato genome that
are known to be rich in retrotransposons (Wang
et al. 2006) and other repetitive sequences
(Presting et al. 1996). Thus, these observations in
Solanaceae are in accordance with the general
finding that rearrangements involving repetitive
DNA are important in plant speciation
(Raskina et al. 2008).

Examination of synteny among tomato,
potato, eggplant, pepper, and tobacco using
COSII markers has allowed rates of rearrange-
ment and divergence times along these lineages
to be calculated (Fig. 12.2). Such estimates allow
comparison of rates of evolution within the
family, as well as with other plant families. Thus
it has been hypothesized that the eggplant lineage
has undergone the more frequent rearrangements
than the tomato, potato or pepper lineages (Wu
and Tanksley 2010). The same work also indi-
cates that genomes in the Solanaceae are evolv-
ing at similar rates as genomes in the Poaceae
(the true grasses, including all the major cereals),
Malvaceae (the mallows, including cotton and
cacao) and Brassicaceae (the crucifers including
rapeseed and cabbage) (Wu and Tanksley 2010).

In addition to impacting our understanding of
the modes and tempo of plant genome evolution,
synteny studies in solanaceous species have had
several practical applications. Discovery of shared
synteny in the family has allowed the use of RFLP
and COSII markers originally developed for
tomato (Bernatzky and Tanksley 1986; Wu et al.
2006) in related species (Tanksley et al. 1992;
Livingstone et al. 1999; Doganlar et al. 2002;

Albrecht and Chetelat 2009; Wu et al. 2009a, b,
2010; Doganlar et al. 2014). This has been a
tremendous advantage for studies of the less
important solanaceous species such as eggplant
and nightshade. Shared synteny also enables in
silico mapping of markers (Wu et al. 2009a, b) and
facilitates gene cloning. For example, late blight
resistance genes in both potato (Huang et al. 2005)
andwild potato (Pel et al. 2009) were isolated with
the help of comparative genomic analyses made
possible by conserved genome organization in
these species. In addition, knowledge of syntenic
relationships between donor and recipient gen-
omes can be extremely useful when attempting to
minimize linkage drag while introgressing traits
(Peters et al. 2012). Thus, synteny studies in the
Solanaceae have provided fruitful results in both
basic and applied plant genetics and will continue
to do so as genome sequence data become more
readily available.
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13Tomato Databases

Lukas Mueller and Noe Fernandez-Pozo

Abstract
Databases have become indispensible for conducting biological research.
Here we present a brief overview of databases that focus on Solanum
lycopersicum. The databases address different needs for researchers, and
cover germplasm, mutant, gene expression, metabolism and genome
sequence databases. Researchers should familiarize themselves with these
resources to make the most out of tomato as a model system.
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Tomato � Databases � Germplasm � Sequence � Genome

Introduction

With the rapid accumulation of vast amounts of
biological data, databases have become an indis-
pensable pillar for research. The extent of data
growth is particularly evident for sequence data,
which now grows faster than computer storage
capacity (Stein 2010). Other datatypes, such as
genotypic and phenotypic data, are also growing
rapidly,making it difficult to pursue biologywithout
a bioinformatics and database infrastructure. Model
species, such as tomato, for which many large
datasets are produced, are intractable without
appropriate databases. With novel methods and

technologies, it is easy to predict that data growth
will only increase in the future. For the tomato
researcher it is therefore critical to have access to
databases covering a wide range of topics that
enable data to be queried and analyzed. Researchers
need timely and easy access to up-to-date gene
annotation information, gene expression data, and
data associated with germplasm (i.e., phenotypic
data, passport data, and ordering information).
Databases are a key element in the toolkit of an
organism that makes it an attractive model, and
tomato is no exception. Fortunately, there are a large
number of databases available for tomato, with the
Sol Genomics Network (SGN, http://solgenomics.
net/) website serving as a central hub linking out to,
and incorporating much of, the sequence, pheno-
typic and genotypic data available through different
sources, facilitating access for researchers through a
“one stop shop” (Bombarely et al. 2011; Menda
et al. 2008; Mueller et al. 2005; Tecle et al. 2010).
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This chapter gives a brief overview of
tomato-centric databases and other generic
resources highly significant for tomato data,
which the reader is encouraged to further explore
using the links provided.

Germplasm and Mutant Collections

An important resource for the community is a
comprehensive germplasm collection with an
associated database for searching and ordering
mutants and wild accessions. Large-scale muta-
genesis projects have produced a considerable
amount of data on phenotypic variation in
tomato. Several such projects exist for tomato,
with a number of associated databases for
web-based data access. Some representative
examples are described here in more detail. Most
of the germplasm resources have integrated seed
ordering, but usually require a Material Transfer
Agreement (MTA) to be signed before seed can
be obtained.

An important aspect in germplasm and mutant
collections is the description of phenotypes. The
description of phenotypes is most useful if they
are based on common vocabularies, such that
phenotypes can be compared between different
experiments, projects and information resources.
In addition to the Plant Ontology (Ilic et al.
2006), which describes plant anatomy and plant
developmental stages, other ontologies have been
developed for tomato and the larger Solanaceae
(Menda et al. 2004), to describe mutant pheno-
types that are particularly also useful for breed-
ers. This Solanaceae Phenotype (SP) ontology is
available from SGN (Bombarely et al. 2011).
The SP ontology has been widely used in a
number of projects and expanded with terms
describing very specific attributes, such as fruit
shape (Brewer et al. 2006; Rodriguez et al.
2011). Most of the tomato mutant databases use
the SP ontology, or a close derivative thereof, for
the description of their phenotypes, making the
data more easily comparable between databases.

TGRC (http://tgrc.ucdavis.edu/)

The tomato community has been fortunate to
have a comprehensive resource for wild and
mutant germplasm, the Tomato Genetic Resource
Center (TGRC, http://tgrc.ucdavis.edu/), based
on the collection of Charles Rick at UC Davis
(Anonymous). This comprehensive germplasm
collection provides a common standard for nam-
ing accessions and provides basic information,
such as passport data, as well as seed ordering.
TGRC has a website with searches for a number
of criteria, such as accession number, phenotypic
characteristics, ploidy level, and importantly,
specific gene mutants. Seed can be ordered
directly on the website. The TGRC data is also
mirrored on SGN.

TOMATOMA (http://tomatoma.nbrp.jp/
index.jsp)

Due to its small size, the MicroTom tomato
variety can be grown comfortably in large num-
bers in growth chambers. MicroTom was devel-
oped as a model system in a number of projects,
particularly in Japan and France, and has recently
been sequenced (Kobayashi et al. 2014).
Large-scale mutagenesis projects have been ini-
tiated in both countries. In Japan, tomato has
been chosen as one of the Bioresource projects
(http://tomato.nbrp.jp/indexEn.html), which
includes a number of resources for mutants,
sequences, and databases, with a focus on
MicroTom. The TOMATOMA site describes
more than 3300 mutants generated at the
University of Tsukuba by EMS mutagenesis
(3048 lines) and gamma radiation induced lines
(289 lines) (Saito et al. 2011). Lines can be
ordered on the site for a small fee and come with
a Material Transfer Agreement. A TILLING
platform for MicroTom has also been established
(Okabe et al. 2011). The TOMATOMA lines are
also available for searching on SGN, from where
links to the TOMATOMA database are provided.
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Tilling Site at Ucdavis (ctilling.ucdavis.
edu/index.php/Tomato_Tilling)

In addition to the TGRC site, there is a tilling
project database in Davis, available at http://tilling.
ucdavis.edu/index.php/Tomato_Tilling. The data-
base contains information about 4000M2 lines, but
awaits more funding to complete the work.

LycoTILL (http://www.agrobios.it/
tilling/)

LycoTILL, based in Naples, Italy, is an
EMS-mutation based tilling platform based on
the Red Setter tomato variety. Red Setter is a
processing tomato that has high yield and is
amenable to mechanical harvesting. The mutant
collection comprises 6677 M2 and 5872 M3
families that are searchable on the website and
can be ordered with a Material Transfer Agree-
ment (Minoia et al. 2010).

EU-SOL Database (https://www.eu-sol.
wur.nl)

The EU-SOL database describes a core collection
of about 7000 lines, which have been selected to
represent a large fraction of the diversity found in
tomato germplasm. The germplasm was sourced
from a number of germplasm collections around
the world, and phenotyped as well as genotyped.
Seed can be ordered on-line, and a number of
tools, such as the Marker to Sequence tool, are
available on the site. This tool allows to locate
markers and intervals from the tomato genome
and retrieves the corresponding sequence. This
database is maintained at the University of
Wageningen in the Netherlands.

SolCAP (http://solcap.msu.edu/)

The SolCAP project phenotyped and genotyped
panels of tomato and potato accessions. Geno-
typing was done using the SolCAP-developed
SNP chip based on the Illumina Infinium

platform; the chips are available to the commu-
nity. Phenotyping focused on traits important to
breeders. The data can be downloaded from the
SolCAP site at http://solcap.msu.edu and have
also been integrated into the SGN site.

SGN (http://solgenomics.net/)

As mentioned for the respective databases, SGN
mirrors certain datasets from other databases in
its germplasm database, complete with images,
annotations, and links to the original database.
The database currently comprises 25,000 acces-
sions, the large majority of which (23,000) are
Solanum lycopersicum accessions. Additionally,
full-length protein kinase clones from TOKN 1.0
(Singh et al. 2014) can be requested at http://
solgenomics.net/kinases/clones/form.

Genome and Sequence Databases

With the availability of genome reference
sequences, databases have established themselves
as an indispensable part of the research infras-
tructure. Reference genome sequences provide
detailed information and a unified reference for
genomic features, allowing the community to
more easily share and compare data. The SGN site
serves as a primary repository for the tomato ref-
erence sequence and provides versioned annota-
tions from the International Tomato Annotation
Group (ITAG). Based on this reference sequence,
a number of tools and databases have been built for
specific applications. Before the reference
sequence was available, in the early 2000s, a
number of EST-based databases were created
which are still available and provide useful infor-
mation (Aoki et al. 2010; Bombarely et al. 2011;
Chiusano et al. 2008; Duvick et al. 2008; Quack-
enbush et al. 2000). However, newer technologies
such as next-generation RNA-Seq technology
made EST sequencing obsolete. RNA-Seq data,
due to their massive size, are difficult to integrate
into databases that are designed for EST data.
Therefore, most of the sites have not been updated
with data based on RNA-Seq.
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SGN (http://solgenomics.net)

SGN is a comprehensive site for tomato genome
information and a central “one stop shop” for
tomato and the Solanaceae. As the repository of
the tomato genome and its annotation, and pro-
viding sequence and genome data for many other
Solanaceae, the SGN site offers a wide range of
tools to query and analyze the data, covering
standard tools such as genome viewers and
BLAST (Altschul et al. 1990), but also a map
viewer (Mueller et al. 2008), an interactive
sequence alignment tool, tree viewers, mapping
tools, and an expression database (Edwards et al.
2010) and a tomato expression atlas for tomato
data from laser dissection is under development.

An important goal of SGN is to enable the
links between genomes and phenomes (G2P).
The sequence module is tightly linked to the
phenotype module, which contains more than
25,000 accessions, over 90 % of which are cur-
rently accessions of Solanum lycopersicum
(Bombarely et al. 2011; Mueller et al. 2005).
Tools to link phenotype and genotype include the
solQTL tool (Tecle et al. 2010), as well as a
Genomic Selection tool currently under devel-
opment. Linking phenotypes and genotypes is a
key activity for breeders, and several new fea-
tures are being added to the site to enable
breeders to more easily take advantage of geno-
mic tools, including the ability to run aspects of a
breeding program directly from within the SGN
database (Fig. 13.1).

Tomatogenome.net

Recently, the 150 tomato genomes project has
made available a large number of genomic
sequences from 150 tomato lines and wild rela-
tives on the website tomatogenome.net. In total,
83 genotypes including 10 old varieties, 43 land
races and 30 wild accessions were sequenced.
Ten accessions of S. lycopersicum var. lycoper-
sicum and S. lycopersicum var. cerasiforme were
selected that represent the maximum range of
expected genetic variation. The data are pre-
sented in a genome viewer showing the single

nucleotide polymorphisms between the rese-
quenced lines and the tomato reference genome
(Causse et al. 2013). The data are also available
from SGN.

The PGSB Tomato Genome Database
(http://mips.helmholtz-muenchen.de/
plant/tomato/index.jsp)

As a partner in the sequencing project, the MIPS
database in Munich, Germany, has a site that
presents the tomato genome sequence and
annotations, hosted by the PGSB group (Plant
Genome and System Biology) at the Helmholtz
Zentrum Munchen at Germany.

ISOL@ (http://biosrv.cab.unina.it/isola/)

ISOL@ has a twofold focus: the genome and the
transcriptome. It integrates the reference tomato
(and potato) genome data with transcriptome
data, currently mostly derived from EST
sequences (Chiusano et al. 2008) as a tool to
analyze expression. The EST data are included
through the SOLESTdb site (D’Agostino et al.
2009). Since both tomato and potato datasets are
in the database, a goal is to provide comparative
genomics functionality on the site (Chiusano
et al. 2008).

MiBASE TomatoDB (http://www.pgb.
kazusa.or.jp/mibase/)

MiBASE TomatoDB is a site maintained at the
Kazusa DNA research center in Japan that
revolves mainly around the MicroTom variety,
with information on unigene datasets, metabolic
networks, and expression data (Aoki et al. 2010).
The database can be searched by functional
annotation of unigene sets, based on keywords
and Gene Ontology terms (Ashburner et al.
2000), biochemical pathways, or genetic mark-
ers. BLAST (Altschul et al. 1990) and download
tools are available, and a link for ordering clones
generated at Kazusa is provided.

248 L. Mueller and N. Fernandez-Pozo

http://solgenomics.net
http://mips.helmholtz-muenchen.de/plant/tomato/index.jsp
http://mips.helmholtz-muenchen.de/plant/tomato/index.jsp
http://biosrv.cab.unina.it/isola/
http://www.pgb.kazusa.or.jp/mibase/
http://www.pgb.kazusa.or.jp/mibase/


KafTom (http://www.pgb.kazusa.or.jp/
kaftom/)

Created by the same team at Kazusa that also
create MiBase, KafTom provides a database of
full-length cDNA clones for tomato, based on the
MicroTom variety (Aoki et al. 2010). Clone
ordering is available for a small fee (Fig. 13.2).

Tomatomics (http://bioinf.mind.meiji.
ac.jp/tomatomics/index.php)

This database integrates the data from miBASE
and KafTom to create a new version of unigenes
for the Micro-Tom variety. DNA markers,
microarray data, gene expression networks and
metabolic pathways are stored in the database

together with the SNPs and InDels of Micro-Tom
compared with Heinz. GBrowse is available to
display Micro-Tom annotations (Fig. 13.3).

Genbank (http://www.ncbi.nlm.nih.
gov/)

Genbank is the global repository for sequence
and sequence-related information, and as such
should contain all publicly available sequence
data, including data for tomato. Genbank consists
of several databases, including Nucleotide, EST,
GSS (genome survey sequence), taxonomy,
chemical compounds (PubChem), literature
(PubMed), and the Short Read Archive
(SRA) for next-generation sequencing (Benson
et al. 2014). In the nucleotide section, which

Fig. 13.1 The SGN database (http://solgenomics.net/) provides comprehensive information on Solanaceae genomes
with an easy to use web-based interface
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comprises mRNA sequences and gene predic-
tions from the genome reference sequence, there
are currently 65,378 entries, while there are over
300,000 sequences in the EST database.
The SRA database currently contains over 400
next-generation sequencing runs for tomato. It is
important to note that the RefSeq database,
which contains genome annotations, contains an
annotation for tomato that has been done at
Genbank and is different from the annotation
presented in the tomato genome paper (Tomato
Genome Consortium 2012) and available from
SGN.

UniProt (http://www.uniprot.org)

UniProt is a generic protein repository for all
kingdom species. It has two sections Swiss-Prot,
including manual curated proteins, and TrEMBL,
with automatic annotations (UniProt Consortium
2010). Protein entries can include many
cross-references with other databases, publica-
tions, alternative sequences and annotations. The

new UniProt web site allows the access to the
tomato proteome by chromosome. Uniprot also
include tools like BLAST and an aligner and
many protein resources on its FTP site.

Phytozome (http://phytozome.jgi.doe.
gov/pz/portal.html#!info?alias=org_
slycopersicum)

Phytozome is a web portal for plant comparative
genomics (Goodstein et al. 2012) which also
contains tomato genomic data as annotated by
the International Tomato Annotation Group
(ITAG) and tools such as BLAST, BLAT and
JBrowse. Phytozome also implements InterMine
(Smith et al. 2012), a powerful tool to extract,
filter and compare data from its database, useful
to find genes or proteins by their annotations and
annotations from a gene list. It is also possible to
extract the sequence or part of the sequence from
a list of genes (CDS, UTR, mRNA, flanking
sequences, etc.) and retrieve the gene family
components from a gene.

Fig. 13.2 The KafTom database at the Kazusa in Japan
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GreenPhyl V4 (http://www.greenphyl.
org/cgi-bin/index.cgi)

Greenphyl is a database for gene families from
green plants (Rouard et al. 2011). These gene
families are automatic clustered and manually
annotated. GreenPhyl tools allow the user to get
useful data like phylogenetic trees or gene
ontologies from gene families, check InterPro
domains on genes or get homologs based on
phylogeny and blast mutual hits.

Metabolic Databases

Knowledge of gene annotations can be powerful,
but gene networks can give insights on the
“system level” properties of a cell. Metabolic

networks are a type of network that can be
generated relatively easily, as metabolism is well
studied, relatively well conserved between
organisms, and a large number of tools are
available. A number of databases with a meta-
bolic interest have been created for tomato.

SolCyc (http://solcyc.solgenomics.net/)

The SolCyc databases are Pathway/Genome
Databases (PGDBs) generated using the Path-
way Tools software suite (Karp et al. 2002) for
the Solanaceae. The species specific pathways
are extracted from the MetaCyc reference data-
base based on annotated genes using a Pathway
Tools module called Pathologic. Databases for
tomato, potato, tobacco, pepper, petunia, and

Fig. 13.3 Web interface at the Tomato Expression Database (TED; http://ted.bti.cornell.edu/, also accessible through
http://solgenomics.net/ted/)
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Nicotiana benthamiana have been created. The
database for tomato (LycoCyc), potato (Potato-
Cyc), and Nicotiana benthamiana (Benthami-
anaCyc) and Pepper (CapCyc) were generated
from their respective annotated genomes, while
the other databases are based on datasets from
annotated transcript assemblies. The SolCyc site
can be searched for pathways, genes, enzymes,
and compounds, and the results are displayed
graphically. Pathways are displayed using zoom
levels, with increasing zoom levels revealing
more about the pathway. The Cellular Overview
diagram shows the entire metabolism in that
species’ database, with the pathways represented
as small glyphs. With the Omics Viewer, users
can overlay data—for example, expression data
and metabolomic data—on the Cellular Over-
view to identify pathways that have altered
expression or metabolite levels. Pathway Tools
have been used for many other plant species, as
well as animals, fungi, and prokaryotes. The
system is well supported and actively developed.

KEGG (http://www.genome.jp/kegg/)

The Kyoto Encyclopedia of Genes and Genomes
(KEGG), similar in concept to the PGDBs of
MetaCyc, is a resource that integrates metabolic
pathways for many species, organizing the data
in pathway maps including metabolites and
enzymes (Aoki and Kanehisa 2005).

Tomato Expression Database (http://
www.ted.bti.cornell.edu)

The Tomato Expression Database provides a
comprehensive collection of expression data
based on microarray data, mostly obtained with
the TOM1 and the TOM2 array produced at the
Boyce Thompson Institute, as well as a number
of experiments based on the Affymetrix chip
experiments and RNA-Seq. The web interface
provides tools to query and view expression data

by array id and can convert the widely used SGN
unigene identifiers.

Tomato epigenome database is also part of the
site (http://ted.bti.cornell.edu/epigenome/). It
provides information on the methylation of
tomato fruits in different stages as described in
(Zhong et al. 2013).

Tomato EFP Browser (http://bar.
utoronto.ca/efp_tomato/cgi-bin/
efpweb.cgi)

The Tomato electronic Fluorescent Pictograph
(eFP) Browser developed by the Provart group at
the University of Toronto, displays gene
expression values from RNA-Seq experiments in
a graphical way over schematic pictures of the
tomato plant, including data from several tomato
tissues at different stages.

TomPLEX (http://www.plexdb.org/
plex.php?database=tomato)

This database is part of PLEXdb (Plant Expres-
sion Database) and contains expression data from
tomato microarrays data from several tissues,
stages, and conditions, that are displayed in a
graphical way (Winter et al. 2007).

Plant MetGenMap (http://bioinfo.bti.
cornell.edu/cgi-bin/metgenmap/home.
cgi)

Plant MetGenMAP is a web-based visualization
and analysis software hosted at the Boyce
Thompson Institute. It allows the identification of
significant enrichment in genes or metabolites
from an experiment. It uses LycoCyc pathways,
making possible to visualize the profile data in a
biochemical pathway context and can also iden-
tify enriched GO terms (Joung et al. 2009).
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KOMICS (http://www.kazusa.or.jp/
komics/en/)

The Kazusa Metabolomics Portal integrates
databases and tools for metabolomics, including
tools for annotation, data mining, and visualiza-
tion (Sakurai et al. 2014).

Tomato MapMan

This popular tool is available in both a stan-
dalone tool and a web-based version that provide
similar functionality. MapMan essentially allows
to use or create custom diagrams for the overlay
of expression or metabolomic data (Thimm et al.
2004). Tomato-related diagrams are available.

Phenome Networks (http://www.
phenome-networks.com)

The Phenome Networks database pulls together
phenotypic and genotypic data to create a tool
that is appealing to the breeder. It is maintained
by a company as a commercial product, while
granting limited access to the interested user free
of charge.

Genevestigator

Genevestigator is a database from a commercial
provider that incorporates many species, includ-
ing tomato, and specifically also clinical data.
The site focuses on expression data and analysis,
both based on microarray data and RNA-seq data
(Hruz et al. 2008; Zimmermann et al. 2005). For
academics, limited basic functionality is free, but
more advanced features, such as analyzing many
genes at the same time, requires a paid
subscription.

Database of Transcription Factors

ITAK (http://bioinfo.bti.cornell.edu/cgi-
bin/itak/db_browse.cgi)
Database hosted at the Boyce Thompson Institute
for Plant Research. It includes transcription fac-
tors (TFs) and protein kinases (PKs) predicted by
the iTAK program for tomato and other plant
species. TFs are predicted following the rules
described by (Perez-Rodriguez et al. 2010) and
classified in TF families. PKs are identified and
classify in gene families using Hidden Markov
Models and the Pfam database (Finn et al. 2014),
a database for protein domains.

PlantTFDB (http://planttfdb.cbi.edu.cn)
Database including transcription factors from
tomato based on EST and unigenes. It contains
998 TFs, less than the half of the TFs predicted
by iTAK based on the tomato genomic sequence
(Perez-Rodriguez et al. 2010).

Value of the Databases

The databases represent a significant investment
in terms of research dollars, but the wealth of
data that these databases provide enable
researchers to be far more efficient, and make
model systems such as tomato far more com-
pelling for future research. Today, databases are
indispensable tools in advanced research. The
research impact of databases is evident in terms
of website use (page hits and number of users) as
well as number of citations of papers describing
databases. However, funding for databases is
dwindling, and some databases have seen their
funding disappear. While it is true that databases
are expensive to maintain, in the absence of
databases, fewer clearly versioned and well
annotated datasets would be available, putting
researchers in the awkward position to have to
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recreate datasets by themselves—which is time
consuming, inefficient, and in the end even more
costly.

As we have shown in this brief review, a rich
variety of databases exist for tomato, As many of
the databases use standardized structured
vocabularies and versioned identifiers, research-
ers can easily exploit all the resources jumping
from one resource to the next in the quest for new
hypotheses.
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14Prospects: The Tomato Genome
as a Cornerstone for Gene Discovery

James J. Giovannoni

Abstract
The tomato genome was sequenced at a time when next generation
sequencing technologies were replacing prior state-of-the-art methodolo-
gies for genome sequencing and assembly. The result was a strategy
merging both old and new approaches. Because biologists guided this
effort with an eye on maximal utility of the resulting product, one of the
most complete and accurate plant genome sequences was developed for
tomato as a model for plant biological inquiry. This volume details both
the process and the outcome of the tomato genome sequencing effort as a
cornerstone for discovery that will continue to be improved and that will
serve researchers for years to come.

Keywords
Tomato � Genome sequence � Breeding

Very few scientific advancements result from
insights and conclusions developed de novo.
Like the architecture of ancient yet living cities,
scientific discovery builds on the foundations left

by those who explored before us. At the con-
clusion of this volume, it is as important to take a
look back so as to put a forward view in proper
perspective. As beautifully described in Chap. 2,
tomato and its relatives capture a vast array of
complexity and genetic diversity. Professor
Charles Rick (1915–2002), while a professor at
the University of California at Davis was
instrumental in capturing this diversity and
bringing it to the attention of researchers,
geneticists and plant breeders over his 60 year
career. Equally as important as his collections,
descriptions and genetic characterization, was his
openness and generosity. Prof. Rick knew the
intrinsic value of sharing toward the synergistic
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advancement of science as exemplified by his
development and support of what is now known
as the C. M. Rick Tomato Genetic Resource
Center. The Rick Center currently operates in
this same generous spirit under the direction of
Prof. Rick’s successor, Prof. Roger Chetelat, and
is a central and reliable source of tomato wild
species germplasm, in addition to various
true-breeding populations and monogenic mutant
stocks for researchers the world-over. The same
spirit of openness, generosity, and collaboration
has been at the core of two influential tomato
researchers who are also Prof. Rick’s Ph.D. stu-
dents, Profs. Steven Tanksley (Cornell Univer-
sity), and Dani Zamir (Hebrew University of
Jerusalem) who have been leaders in the areas of
plant molecular genetics, genomics, and breeding
with much of their work focused on tomato. Both
were instrumental in the early planning, organi-
zation, and implementation of the tomato gen-
ome sequencing effort and contributed through
their careers toward both the development of
maps and markers necessary for anchoring and
orienting the genome sequence in addition to
development of stable populations and gene
mapping/isolation tools and methodologies
comprising the fulcrum upon which much future
exploitation of the genome sequence will be
leveraged. Indeed these individuals and many
others, including the host of authors of this vol-
ume and their colleagues, have contributed to not
only the development of an important genome
sequence relevant to a major economic and
nutritional crop (Chap. 1) but also to the tomato
experimental system as a model for plant biology
that is worthy of prior and future investment and
scientific endeavors, including those that helped
justify and launch this effort (Chaps. 3, 4).
Without question, prior seminal work on patho-
gen response, fruit development and ripening,
leaf morphology, root physiology, hormone
biology, and light perception, combined with the
practical and genetic tractability of tomato pre-
sented its genome as an obvious target for
sequencing. Finally, it is critical to note the
important fact that the sequencing project was
largely driven by biologists who ultimately
endeavored to utilize the genome in future

research, as opposed to simply scratching another
genome off the “to do” list, and thus insured that
high quality (Chaps. 5–10), open access (the first
drafts of the genome were made public 3 years
prior to publication) and ease of use were all
requisite features of the genome and its enabling
interface, SGN or the SOL Genomics Network
(https://solgenomics.net/; Chap. 13). The genome
sequence of tomato initially revealed biological
insights into the evolution of genes with func-
tions pertaining to fruit biology. Furthermore,
comparison to the grape genome in particular,
provided evidence of a genome triplication event
specific to the tomato lineage (Chap. 11). Gen-
ome sequences of additional Solanaceae species
have been developed both just before (potato)
and shortly after (pepper, eggplant, tobaccos, and
petunia) the publication of the tomato genome
sequence in 2012, revealing the similarities
among these genomes (Chap. 12) anticipated
from prior comparative mapping studies.

The exponentially expanding impact
of the tomato genome sequence

The tomato genome sequence, following its initial
release in 2009, had rapid and profound effect on
the ability of researchers to map single and
quantitative traits, in large part due to the reality
that DNA sequence necessary for the development
of molecular markers was no longer a limiting
factor in gene localization and discovery efforts. It
is noteworthy that the number of tomato-related
publications listed on the NCBI database (http://
www.ncbi.nlm.nih.gov/pubmed/?term=tomato)
has increased approximately 40 % on an annual
basis since 2009 to present and those emphasizing
genetics have doubled. Following on the heels of
the cultivated tomato (S. lycopersicum) sequence
and its wild ancestor (S. pimpinellifolium) (TGC
2012) was the de novo genome sequence of S.
pennellii, the wild relative parent of one of the
most widely exploited introgression populations
deployed by numerous scientists and breeders for
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a range of objectives including cultivated tomato
improvement, QTL mapping, and gene discovery
(Alseekh et al. 2013). The reference genome has
since provided the foundation for resequencing
efforts that have been recently published (100
TGSC et al. 2014; Lin et al. 2014) in addition to
ongoing efforts resulting in hundreds of additional
genomes. These sequences reveal genetic poly-
morphisms that have facilitated a shift toward
advanced molecular breeding by many tomato
seed companies culminating in the rapid devel-
opment of new varieties that are, and will continue
to provide, a growing range of choices filling a
broader spectrum of consumer preferences. These
sequences have also shed light on the traits and
associated loci instrumental in tomato domesti-
cation, and reveal the genetic architecture pro-
viding the core foundation of the cultivated tomato
genome (Lin et al. 2014). It is certain that in the
future additional S. lycopersicum genomes will be
sequenced providing both a broader breeding
resource and more powerful genomic infrastruc-
ture for genome association and genome selection
activities (Pascual et al. 2016). The ongoing de
novo sequencing of additional wild species,
including many of the parents of widely used
introgression, recombinant inbred and back-cross
inbred lines, will further enable these germplasm
resources and facilitate assessment of more recent
tomato evolution. Such studies will further our
understanding of important agricultural and bio-
logical traits including exploitable features of
stress tolerance, climate adaptation, and plant
development.

The tomato genome and evolving metagenome
resulting from ongoing sequencing, refinement
and resequencing activities also provides an
important reference for ongoing and future
sequence-enabled analyses including transcrip-
tome profiling and characterizations of genome
interactions with regulatory and structural com-
ponents and their dynamics. Numerous studies
have yielded tomato transcriptome data on hun-
dreds of tissue/development/treatment/genotype
combinations (see the TomExpress database;
http://gbf.toulouse.inra.fr/tomexpress/www/
welcomeTomExpress.php), profiles of small
RNAs and epigenome dynamics including those

influencing fruit development (Zhong et al. 2013).
While the genome will continue to improve, at its
core, the work described in this volume represents
a cornerstone upon which future investigations in
tomato and broader plant genome evolution and
biological inquiry has andwill continue to be built.
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