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ABSTRAKT |

Abstrakt

Die vier NachtschattengewachSelanum ochranthun®. juglandifolium S. lycopersicoides
und S. sitiensbilden die untersten Range im Stammbaum der Tomgateichse und gelten als
Verbindungsglied zwischen Kartoffe5( tuberosupnund Tomate $. lycopersicui Alle vier
besitzen morphologische Charakteristika, die typifiec Kartoffel sind, und sind von der Tomate
durch Kreuzungsbarrieren getrennt. Wahr&achranthunund S. juglandifoliumin den tropisch
feuchten Regionen Kolumbiens, Ecuadors und Perdsoromen, sindS. lycopersicoideand S.
sitiensausschliellich in trockenen, eng begrenzten Gabied Stiden Perus und Norden Chiles zu
finden.

In den Genomen voB8. lycopersicoidesnd S. sitiensfehlt eine der parazentrischen Inversionen,
die Tomate von der Kartoffel differenzieren. Um dienomstruktur inS. ochranthunmund S.
juglandifolium zu untersuchen, wurde an 66 Pflanzen einer interspezifischen Kreuzung eine
Gen-Kartierungsanalyse durchgefuhrt. Insgesamt evurti3B2 molekulare Marker (96 CAPS, 19
RFLPs und 17 Mikrosatelliten) eingesetzt. Abweidemvon dem erwarteten Aufspaltungsmuster
wurden bei einem Drittel der molekularen Marker lisezhtet. Dreizehn Loci, die die Aufspaltung
madglicherweise beeinflussen, wurden auf neun déifZBhromosomen identifiziert. Die Lange der
Genkarte umfasste 790 cM, was einer 42 %-igen Ramukder Rekombinationsereignisse im
Vergleich zur Referenz-Genkarte fir Tomate entdprad/ie erwartet war der Grad der
Kollinearitat mit Tomate hoch. Die Analyse deutaté eine reziproke Translokation zwischen den
Armen zweier Chromosomen (8 und 12) in einer detdreEltern-Spezies hin.

Das Ausmald der genetischen Diversitat sowie deterktgrelle Verteilung wurden in 14S.
lycopersicoidesund siebers. sitiensPopulationen anhand von insgesamt elf Isoenzynmeh1%
Mikrosatelliten bestimmt. Die genetische Diversitétr geringer auf dem Protein-Level verglichen
mit dem DNA-Level. Auf Basis der Mikrosatellitenvaesen sichS. lycopersicoideBopulationen
diverser als die der Schwester-Spezs sitiens die Isoenzyme-Analyse jedoch zeigte das
Gegenteil. Insgesamt war der Grad der Ubereinstinghrawischen den beiden Markersystemen in
S. lycopersicoidesecht gering. Die Analyse zeigte einen hohen GaadFragmentierung il%.
sitiens Populationen sowie Anzeichen, dass sich in ihmefiingerer Vergangenheit genetische
Flaschenhals Ereignisse zugetragen hatten. Starktler Isolierung durch Distanz waren in beiden
Spezies deutlich, und eine Reihe von Allelen sdwigersitats-Parameter zeigten Korrelationen mit
geographischen Eigenschaften (sog. Clines), voemallmit dem Breitengrad. In den
Stammbaumanalysen beider Spezies wurden jeweilspdreédre Populations-Gruppen deutlich;

eine nordliche, eine zentrale und eine stdliche.
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Abstract

The four nightshadeSolanum ochranthumS. juglandifolium S. lycopersicoidesnd S.
sitiens compose the basal ranks of the tomato clafle séct. lycopersicumand S. sect.
juglandifolium), representing a link between cultivated pot&otgberosupand cultivated tomato
(S. lycopersicum All four exhibit potato-like morphological feaks and are isolated by strong
reproductive barriers from tomat&. ochranthumand S. juglandifoliumoccupy wet, tropical
regions in Colombia, Ecuador and Peru whie lycopersicoidegind S. sitiensare narrowly
endemic in the arid south of Peru and NortherneChil
The S. lycopersicoidesand S. sitiensgenome lacks one of the major whole-arm paraeentri
inversions that differentiate tomato from potatam investigate the genomic structure $
ochranthumandsS. juglandifolium a genetic linkage map was constructed from £6l&nts of an
interspecific mapping population using 96 CAPS,RPLPs and 17 microsatellites. Segregation
distortion affected one third of the markers, ar®l dutative segregation distorter loci were
identified on nine out of twelve chromosomes. Tatap length spanned 790 cM, representing 42
% length reduction relative to the tomato referen@p. As expected, the degree of collinearity
with the tomato genome was high. Evidence was fdond reciprocal whole-arm translocation
among the parental species involving chromosomedgla.

Levels of genetic diversity and genetic structueravinvestigated for the two narrowly endemic
tomatoesS. lycopersicoidesnd S. sitiens Fourteen and seven populations, respectivelye wer
analyzed with a total of 11 allozyme and 15 mictekite markers. Less variability was detected at
the protein compared to the DNA lev8. lycopersicoideappeared more diverse th&n sitiens
from the microsatellite analysis, whereas the oppogicture was presented by the allozyme
analysis. Congruence between the two marker systeaadow in the former species. Populations
of S. sitienswere characterized by severe population fragmemaind exhibited signs of recent
bottleneck events. A pattern of isolation by disewas evident in both species, and several alleles
and diversity estimates exhibited geographic clinpemarily across the latitudinal range.
Phylogenetic analyses revealed three major populatiusters for each species; a northern, a

central and a southern.
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INTRODUCTION 1

1. Introduction

The focus of the present dissertation is a groupoof tomato-like nightshadeSolanum
ochranthum(Dunal), S. juglandifolium(Dunal), S. lycopersicoidegDunal) andS. sitiens(IM

Johnston).

1.1 Tomato and the Solanaceae: facts & numbers

The Solanaceaeor nightshade family is highly diverse and one tbé largest and
economically = most important  angiosperm  families dp et al 2004,
http://www.nhm.ac.uk/solanaceaesource). The estdn2B00 species of 96 genera (D’Arcy 1991)
are distributed worldwide except Antarctica. Thentee of diversity lies in central and South
America. Secondary centers of diversity are founesh iAustralia and Africa
(http://www.nhm.ac.uk/solanaceaesource). TBelanaceae family ranks % in economic
importance among cultivated plants (http://www.sgmell.edu). Plants are utilized in a broad
spectrum of ways, mainly as food (potato, tomatggpéant, pepper), ornamentals (petunia,
floripondio, velvet tongue, butterfly flower) or aources of drugs (deadly nightshade, jimson
weed, tobacco, henbane). Some (potato, tomatoctobgetunia) serve as model systems for
scientific research (Knapp et al. 2004; Labatd.€2@07; http://www.nhm.ac.uk/solanaceaesource).
With ca. 1,100 to 1,500 species, the geBatanumis the largest genus within ti®olanaceae
family (D’Arcy 1991; Knapp et al. 2004) and onetbé largest among flowering plants (Knapp et
al. 2004; http://www.nhm.ac.uk/solanaceaesourcag @f its subgenera Rotatoewhich contains
the crop species potat8.(tuberosuni.), tomato §. lycopersicuni. = Lycopersicon esculentum
Mill.) and pepino §. muricatumD’Arcy 1972; Spooner et. al 1993; Peralta and deo 2005).
Solanum species display an astonishing diversity in teraismorphology, life forms and
environmental adaptations. Habitats range fromleses to over 4,500 m, and from arid deserts to
wet tropical forests. The majority of species osaarthe Andean region of western South America,
secondary centers of diversity include western INdnerica, Mesoamerica, eastern Brazil, the
West Indies, Africa  including Madagascar  and Adgtra (Child 1990;

http://www.nhm.ac.uk/solanaceaesource).

1.2 Tomato utilization

The name ‘Tomato’ derived from ‘tomatl’, a wordtime Aztec language which was used to
refer to several different plants with fleshy frGould 1983). Miller (1754) established the
botanical nameLycopersicum esculentuyra compound term of the Greek word ‘lykos’ (= wolf

and the Latin words ‘perscium’ (= peach) and ‘esotum’ (= edible), hence literally meaning
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‘edible wolf-peach’. The name has its roots in arfsan legend, according to which the fruits were
used by witches to attract werewolves (Hammerschrail Franklin 2005). After the first
introduction to Europe tomatoes were believed tpdisonous, and Miller intended to diffuse that
notion by stressing the edibility in the name (B4illL754). Among the solanaceous vegetable crops
tomato is the second most important. It ranks tmrdorld production after the stappmtato and
the cucurbits, amounting to over 120 Mt in 2005 @FR005). Main producers are China, the
United States, Turkey, India, Egypt and Italy. Tdrenual per capita consumption of tomatoes
increased over the past decades, and lies at iamaesi 12.1 kg/cap/year (FAO 2002). During the
period from the early 1990s to the early 2000scthresumption of fresh market tomatoes in the US
increased 15 % to almost 8 kg per person while agh@rocessed tomatoes declined 9 % to 31 kg
(fresh weight; USDA-ERS 2006). Tomato is a benafidietary source of vitamin A and C, and
other antioxidants. Its glycoalcaloid tomatin lowehe contents of LDL cholesterol in the blood
(reviewed in Labate et al. 2007).

Tomato has been used as a model system to stuast away of research topics, including but not
limited to the evolution of plant breeding syste(Rsck 1979), the genetic architecture of plant
morphological aspects such as fruit and seed dfixgganlar et al. 2000; Frary et al. 2000; Van der
Knaap and Tanksley 2003), the genetic characterizadf fruit ripening (Vrebalov et al. 2002),
abiotic stress (Maskin et al. 2004) and pathogspaeses (Xiao et al. 2001). Tomato possesses a
series of features that make it particularly attvecas a model species: it is a diploid with a kma
to medium-sized genome (950 Mbp; ArumuganathanEeme 1991), has a comparatively short
life cycle, and genetic transformants can be obthinith relative ease. Genetically better
characterized than most other crop species, mangtigetools are available, including germplams
collections, various genetic stocks, a dense liakagp and genomic and cDNA libraries. Finally,
genetic information can often be cross-utilized irelated solanaceous species.
(http://www.sgn.cornell.edu; http://tgrc.ucdavisugd

Currently ten countries collaborate under the uthdbref the International Tomato Sequencing
Project in an effort to sequence and annotate dheatio genome (initially only the euchromatin
fraction) and to create a bioinformatics platforon interconnecte@olanaceaspecies (Mueller et

al. 2005; http://www.sgn.cornell.edu).

1.3 Taxonomy
Early taxonomic treatments were solely based orphmogy while today phylogenies based

on molecular data are consulted to deduce reldtipps among taxa.



No. Name'? Sectior? Subsectiori  Lycopersicon equivalent Breeding Fruit Crossability Mapping analyses
systent>®” color’ with
cultivated
tomato®9°
1 Solanum juglandifoliunbunal Juglandifolium - Lycopersicon juglandifoliunfDunal) allogamous green ? NA
Shaw
2 Solanum ochranthurBunal Juglandifolium - Lycopersicon ochranthuifbunal)  allogamous green *? NA
Shaw
3 Solanum sitiengohnston Lycopersicon  Lycopersicoidelsycopersicon sitiengJohnst.) Shaw allogamous green Ul, EC 11
4  Solanum lycopersicoidd3unal Lycopersicon  Lycopersicoidelycopersicon lycopersicoidéBunal allogamous green-Ul, EC 11,12,13
in DC) Child ex Shaw black
5 Solanum pennelliCorrell Lycopersicon  Lycopersicon Lycopersicon penn@lirrell) allogamous/ green Ul 14,15,16,17,18,19,20,21
D'Arcy fac. autog.
6  Solanum habrochaitdsnapp & Spooner Lycopersicon Lycopersicon Lycopersicon hirsufDomal allogamous/ green Ul 22,23
fac. autog.
7 Solanum chilensgDunal) Reiche Lycopersicon  Lycopersicon Lycopersicon chileDs@al allogamous green Ul, EC NA
8  Solanum peruvianuin. Lycopersicon  Lycopersicon Lycopersicon peruviaffumMiller allogamous/ green Ul, EC NA
fac. autog.
9 Solanum huaylasen$eralta Lycopersicon  Lycopersicon Part ofLycopersicon peruvianuitl..) allogamous green Ul, EC NA
Miller
10 Solanum corneliomuelleMacbr. Lycopersicon  Lycopersicon Lycopersicon peruviafium allogamous green Ul, EC NA
glandulosurmMull.
11 Solanum arcanurReralta Lycopersicon  Lycopersicon Part ofLycopersicon peruvianuitl..) allogamous green Ul, EC 24,25
Miller (incl. varhumifusurmand
Marathon races)
12 Solanum neoricki{Rick, Kesicki, Fobes Lycopersicon Lycopersicon Lycopersicon parviflorRiok, autogamous green Ul 26
& Holle) Spooner, Anderson & Jansen Kesicki, Fobes & Holle
13 Solanum chmielewskiRick, Kesicki, Lycopersicon  Lycopersicon Lycopersicon chmeilewrici, fac. green Ul 27
Fobes & Holle) Spooner, Anderson & Kesicki, Fobes & Holle allogamous
Jansen
14 Solanum cheesmanig@Riley) Fosberg Lycopersicon Lycopersicon Lycopersicon cheesmdnidley autogamous yellowBC 28,29
15 Solanum galapagendgarwin & Peralta Lycopersicon Lycopersicon Lycopersicon cheesmdnimaor  autogamous orangBC NA
L. Riley
16 Solanum pimpinellifoliunt. Lycopersicon  Lycopersicon Lycopersicon pimpiralliim (L.) fac. red BC 30,31,32
Miller allogamous
17 Solanum lycopersicuin Lycopersicon  Lycopersicon Lycopersicon esculerittither autogamous red NA 33, the ref. above (exc.

11)

NOILONAOYLN|
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Table 1. Tomato species.

Ul = unilateral incompatibility (cross succeedsymlhen cultivated tomato is used as female par&@);= embryo

culture required to obtained interspecific hybrahd often first backcross); BC = bilateral compéitib(cross succeeds
in either direction); ? = crossability unknown.

References: 1: Peralta et al. 2004; 2: Peraltd. &085; 3: Spooner et al. 2005; 4: Rick 1963; £kRL979; 6: Rick

1986¢; 7: TGRC; 8: Rick 1979; 9: Pertuzé et al.20M: Canady et al. 2005; 11: Pertuzé et al. 20@2Chetelat and
Meglic 2000; 13: Chetelat et al. 2000; 14: Tankséwl. 1982; 15: Bernatzky and Tanksley 1986; Tihksley et al.

1992; 17: Broun and Tanksley 1996; 18: Pillen et1896; 19: Haanstra et al. 1999; 20: Areshchenkama Ganal

1999; 21: Areshchenkowa and Ganal 2002; 22: Behianad Tanksley 1997; 23: Zhang et al. 2002; 24 Qaijen et

al. 1994; 25: Fulton et al. 1997; 26: Fulton et28l00; 27: Paterson et al. 1988; 28: Paterson &B8ll; 29: Paran et al.
1995; 30: Grandillo and Tanksley 1996b; 31: Tankgkal. 1996; 32: Doganlar et al. 2002c; 33: Salinlombani et

al. 2000.

Taxonomic classification of tomato and its wildatéles (including the four tomato-like nightshade
species) has been the subject of frequent conspvieom the time they were first described by
Linnaeus in 1753. At the center of the dispute dtih@ question whether Lycopersicon represented
an independent genus separate from geBaknum This was not an isolated case in the
Solanaceaefamily: taxanomic circumscriptions have been ugderg constant change. For
example, in 1979 estimates arrived at 83 gener&26iidl species (D’Arcy 1979) for the family and
a decade later those numbers had changed to 96agame 2300 species (D’Arcy 1991). Linnaeus
treated tomatoes within the gertsglanumdue to their five-parted flowers. Only a year |a®ilip
Miller (1754) removed the group from gensislanumto form the independent genlgcopersicon

on the basis of unique features (i.e. the fusetlemstand sterile anther tips). The dispute over the
generic circumscription continued over the follogione and a half centuries. Those in favor of an
independent genusycopersiconvere motivated by mostly practical, traditionat biso biological
arguments. Some referred to the validity of thst fofficial recognition oLycopersicon esculentum
as taxon name at the Fourteenth International Bzbhi©€ongress in Berlin 1879 (Terrell 1983;
D’Arcy 1991). Lester (1991) e.g. pointed out thagtical value of the name but admitted that the
classification was “artificial” from a phylogenetiwewpoint. Similarly, Symon (1981) advocated a
“utilitarian component in nomenclature”, arguingtivased on the importance of the crop the group
should be classified in a distinct genus. Rick @9@mphasized biological aspects, i.e. the
reproductive isolation dfycopersicorfrom Solanum

The opponents on the other hand argued that, fgloglnetic consistency, ifycopersiconwas
granted genus-status, gerislanumwould either have to be accepted as paraphyletsplit into

several monophyletic genera (reviewed in Spoonex.e1993). Likewise, if taxonomic rankings



INTRODUCTION 5

were established on crossing relationships, additisubdivisions withirSBolanumwould need to
ensue (Spooner et al. 1993).

Both S. juglandifoliumandS. ochranthumwere first described by Dunal (1816) and lateBityer
(1912).S. lycopersicoidesvas named by Dunal in 1852 in reference to itemdgance to tomato.
Johnston was the first to descriBesitiensn 1929. In 1961 Correll, believing that Rick hiagen
the first to discover the species, classified itSasricki. The nomenclatural ambiguities were
clarified by Marticorena and Quezada in 1977 (altioit took several years before knowledge
about their publication had spread through thengifie community), and the earlier name is now
recognized as having precedence. Seliggandifoliawas described within gen®&olanumsect.
Tuberarium(Dun.) Bitt., subsecHyperbasarthrunBitt. by Rydberg in 1924.

As the genud.ycopersiconwas defined primarily by the presence of yelloamférs and sterile
anther tips, Correll (1958) classifi€sl pennellii which lacks the sterile appendages, within the
seriesJuglandifolia(Correll 1958) However, pedicel articulation i8. pennelliis close to the base,
hence more tomato-like, whereas pedicels of the timmato-like nightshades are articulated below
the calyx (Correll 1958). This circumstance motehCorrell to remov&. pennellifrom the group
only a few years later and treat it as the soleressgmtative of the newly created section
Neolycopersiconn genusLycopersiconi.e. asL. pennelliiCorrell (Correll 1962). The species’
closer association withycopersicorrather than with serie3uglandifoliawas also supported by
crossability tests and other evidence (Rick 197Trrell (1962) first described all foulS.
juglandifolium S. ochranthumS. lycopersicoidesnd S. rickii, together in serieduglandifolia
Rydb. and listed as common features of this seviesdy, non-tuber bearing plants with yellow
corollas and pedicels articulated well above thgeb@orrell 1958, 1962). He also remarked the
morphological hiatus among the two groups which evgrouped together in one series and
disagreed with the treatment under subseébtperbasarthrumbecause of the morphological
resemblance of this group tycopersiconAs an alternative he proposed the inclusion efdéries

as a distinct subsection in se€uberarium D’Arcy (1972) shared Correll’'s opinion and moved
seriesJuglandifoliato Solanumsect.PetotaDumort subsectPotatoeG Don. Child (1990) finally
split the two groups and remov&d lycopersicoideandS. sitiendrom seriesluglandifolia(Rydb.)
Hawkes to form the new subsectibgcopersicoidesChild within sectionLycopersicum(Mill.)
Wettst. He treate®. juglandifoliumandS. ochranthununder sectioduglandifolium(Rydb.) Child
(Child 1990) inSolanunsubgenu®otatoe(Tuberarium Dun.) Bitter.

More recent molecular phylogenies (Spooner et @921 2005) show the tomatoes deeply nested
within genusSolanumwhich led to the relegation af/copersicorto a sectional status and sparked

a comprehensive revision and reclassification efehtire group. Supported by molecular data and
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morphological characterizations the tomato cladaow treated within genuSolanumsubgenus
Potatoe Thirteen species are segregated into two secfloyeopersiconand Juglandifoliun) and
one subsection Lyycopersicoides Spooner et al. 2005; Peralta et al. 2005). Formenus
Lycopersicoris equivalent to sectioaycopersicorsubsectiorLycopersicorwith the exception that
two taxa [. peruvianumand L. cheesmanigewere subdivided into four and two species,

respectively (Peralta et al. 2005; Darwin et aD20

1.4 Phylogenetic relationships

A large number of studies investigated phylogenetiationships withinrSolanumsubgenus
Potatoe The most comprehensive analyses were based ophoiogical aspects (Dunal 1852;
Bitter 1912; Correll 1958, 1962; D’Arcy 1972, 197Child 1990; Hawkes 1990; Lester 1991) but
amino acid sequences data (Boulter et al. 1978))oggcal studies (Lester 1991), occurrence of
steroidal alkaloids (Tétényi 1987), crossing relaships (Rick 1979), somatic hybrid formation
(Wann and Johnson 1963), distribution of gametadplsglf-incompatibility (Whalen and Anderson
1981) comparative mapping analyses (Tanksley et%82; Perez et al. 1999; Pertuzé et al. 2002;
Doganlar et al. 2002a; Gebhardt et al. 2003), meicleid sequence data (Peralta and Spooner 2001)
and nucleic acid restriction sites (Spooner etl8B3) were also used to establish phylogenetic
relationships.
The four tomato-like nightshades have long beerogeized as linking the potatoes and the
tomatoes (Correll 1962; Rick 1988; Child 1988). Asas of antisera revealed ttdlanumsect.
Juglandifoliumwas closely associated with seBPetotaand sectEtuberosumand that all three
were only slightly distinct from secLycopersicon(Boulter et al. 1979). Later, as molecular
markers became available, phylogenetic evidencsupport of this notion was obtained from
different sources including analysis of cpDNA riesion sites (Spooner et al. 1993), GBSSI
sequence data (Peralta and Spooner 2001), ITS rsezjukata (Marshall et al. 2001) and AFLP
cladistic analysis (Spooner et al. 2005).
Of greater uncertainty are the relationships amtireg four species. Few phylogenetic studies
contain sufficient species sampling to address thisstion. Most results (GBSSI sequence,
morphology and AFPLS) support seduglandifoliumand subsectLycopersicoidesas separate
monophyletic groups (Peralta and Spooner 2001; i&goet al. 2005); only an analysis based on
cpDNA sequence data identifigsl. sitiensas sister toS. ochranthumand both as sister 8.
lycopersicoidegSpooner et al. 1993). Whether sekttglandifoliumor subsectLycopersicoidess
the closest outgroup to tomato has been subjectuzh speculation. Prior to molecular evidence

(i.e. based on morphology and crossing relatiorst8p lycopersicoideandS. sitiensvere widely
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assumed to be the closest relatives to $gcopersicumseparated by only a short divergence time
(Rick 1979). To date only two informative moleculanalyses are available that elucidate
hierarchical structuring among the groups, onedseld on GBSSI sequence data (Peralta and
Spooner 2001) and the other on AFLPs (Spoonei.e2085). Both suppor$. ochranthunandS.
juglandifoliumas closest relatives to seky.copersiconsubsectLycopersicoidegS. sitiensandS.

lycopersicoidegsbasal to the two groups and séttota(the potatoes) as sister to the entire group.

1.5 Genome characterization

The base chromosome number of x = 12 defines a piytetic group within th&olanaceae
that comprises thAnthocercidadribe, genusdNicotianaand subfamilySolanoideagwhich includes
genusSolanum(Olmstead et al. 1999). The great majority of merslxe genusSolanum subgenus
Potatoeare diploid, only about one third of sePetotais polyploid (3x - 6x; Hawkes 1990; Child
1990). Tomatoes are diploid with the exceptionahe spontaneous tetraploids (Rick 1976). The
genomes of the species within the tomato cladet.(k§copersiconsubsect.Lycopersicoh are
homologous and highly collinear (Rick 1979; Tanksié¢ al. 1992; Paran et al. 1995; Grandillo and
Tanksley 1996; Bernacchi and Tanksley 1997; Fultoral. 1997), differentiated only by small

rearrangements (van der Knaap et al. 2004).

1.6 Genetic diversity

Each domestication event constitutes a bottleneekg sudden reduction in population size;
Tanksley and McCouch 1997; Lowe et al. 2004), tloeeeit is no surprise to find a dearth of
genetic variation among many crop species, for gt@mmoybean, wheat, rice, cotton and tomato
(Rick and Fobes 1975). Without genetic diversityedaing efforts remain ineffective (Rick 1988;
Zamir 2001) and susceptibility towards disease iasdct epidemics is enhanced (Tanksley and
McCouch 1997). As a consequence many plant bred¢dered to crop related wild species for
germplasm enhancement (Zamir 2001). A large nundfesolanaceaeousiild species have
contributed to the improvement of their cultivatedatives in breeding programs (e.g. Rick and
Chetelat 1995; http://www.nhm.ac.uk/solanaceaeg)uiithe major limitations associated with the
use of wild species are 1) linkage drag (i.e. titeoduction of undesirable characteristics along
with the target trait), 2) complex inheritance cdmy traits (QTLS), determined by multiple loci and
epistatic effects, and 3) crossing barriers (Bdrakr et al. 1988; Zamir 2001).
A prominent domestication trait in tomato is thedrted stigma (i.e. recessed within the anther
cone), which secures selfing and therefore fediion in the absence of pollinating insects, e.g.

under unfavorable environmental conditions. Stigrages well exposed in the wild ancestors, but
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style length was shortened progressively duringeth@ution of the crop. Thus, Latin American
cultivars exhibit more exserted stigmas than Eumapeultivars, which, in turn, have stigmas that
are more exserted than those of modern Califorcugtivars (Rick 1976).

The wild cherry tomatoS. lycopersicunvar. cerasiformeis thought to be the direct wild ancestor
to tomato (Rick and Holle 1990). On the basis afyM@nited archeological and ethnobotanical
evidence it is believed that the domestication aecliin Mesoamerica (Jenkins 1948). Genetic
diversity is diminished among populations 8f lycopersicunvar. cerasiformein that region,
presumablyas a result of founder events that accompaniednigeation from the center of origin,
the north central Andes (Rick 1976; Rick and HAI#90). Two major bottleneck events followed
in the course of the cultigen’s history: the figstring the introduction to Europe, which started in
the 16" century (Rick 1976; Labate et al. 2007), as ewigenby the early herbalist Matthiolus
(1544), and the second as the vegetable was réuded to Amercia, this time North America,
from Europe in the late ¥8century (Rick 1986b). This, in combination witk inbreeding nature
(cultivars were maintained as pure lines) led titelif any increase in average yields of varieties
bred in the early 20century (Rick 1976, 1988). The utilization of wildmato relatives as a new
source of variation, starting around 1940, marketuraing point in this trend (Rick 1988).
Fusarium wilt resistance fro®. pimpinellifoliumwas the first economic trait of exotic origin to be
introgressed into an elite variety. It also repnésé the first high-level resistance in tomato know
at that time (Bohn and Tucker 1940; Rick 1988).c8ithen many valuable sources for disease and
insect resistances, fruit quality traits and abidatiress tolerances have been found among wild
species and bred into tomato cultivars (Rick 1988k result was a four to five-fold yield increase
over the subsequent decades. By 1995 resistane¢demst 42 major diseases had been discovered
among related wild species and half of those haeh lwed into horticultural tomatoes (Rick and
Chetelat 1995). The use of exotic resources didemain restricted to qualitative traits: With the
development of advanced backcross QTL (AB-QTL) ysial(Tanksley and Nelson 1996) a new
technique became available to a) efficiently scrastic germplasm for desirable quantitative traits
and b) to introgress the newly discovered alleiesctly into elite varieties. I'$. habrochaitedpr
example, valuable QTLs have been identified foldyi&uit flavor and chilling tolerance (Monforte
and Tanksley 2000; Fulton et al. 2002b; Goodstahlet2005), inS. pimpinellifoliumand S.
peruvianumfor fruit size and weight (Tanksley et al. 1996tén et al. 1997), and i6. pennellii
for yield and antioxidant content (Rousseaux e2@03; Frary et al. 2004).

The tomato clade is comprised of 13 species whiehdivided among two sections and two
subsections within the genG®lanum(Spooner et al. 2005; Peralta et al. 2005; Tapl&dcording

to the concept of Harlan and de Wet (1971) the 'srpgmary genepool (i.e. within which gene
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transfer is easily achieved) comprises the nineiepés. lycopersicumS. pimpinellifolium S.
cheesmanji S. galapagensdformerly Lycopersicon cheesmanii minor), S. chmielewskiiS.
neorickii (formerly L. parviflorum), S. habrochaitegformerly L. hirsutun), S. pennelliiand S.
arcanum(formerly L. peruviuanumvar. humifusum The secondary genepool (i.e. within which
gene transfer is more difficult) contains the fapeciesS. peruvianumsS. corneliomuelleri
(formerly L. peruvianunt. glandulosuny, S. huaylasens@ormerly part ofL. peruvianum andS.
chilense The two genepools correspond to thesculentumcomplex’ and the peruvianum
complex’, respectively, oBolanumsect. Lycopersiconsubsect.Lycopersicon(Rick 1976). The
tertiary genepool (i.e. within which gene transigraccomplished only with extreme difficulty)
includes the two species withBolanumsubsectLycopersicoideqi.e. S. lycopersicoideand S.
sitiens Rick 1976, 1988).

Wild tomato species are adapted to a wide rangéatitats and, as a consequence, possess
substantial allelic variability for agronomicallynportant traits (Correll 1962; Rick 1976; Rick
1979). The most polymorphic among thenSisperuvianunwith diversity estimates that surpass
those of outcrossers such as maize and loblollg grick 1979; Stadler et al. 2005). A sin§e
peruvianumaccession typically harbors more genetic diversign those of the self-compatible
tomato species combined (Miller and Tanksley 1990jus, it is believed that several tomato
species originated from a common ancest@®.tperuvianunonly fairly recently via a combination
of lineage sorting and postspeciation events (Bawatral. 2001). Within each wild species,
maximum levels of diversity are typically found tte center of the distribution, and decline
towards the edges of the species range. Divars#gsures are positively correlated with the degree
of outcrossing, as expected (Rick et al. 1977, 1979

Over the past century seed banks have been ektblisr many crops in order to preserve genetic
diversity and provide accessibility of genetic miale including wild relatives, for agricultural
breeding programs (Tanksley and McCouch 1997). Mban 75,000 tomato accessions are
maintained in over 120 countries (reviewed by Rtsmer and Labate 2007). One of the most
diverse germplasm collections for tomato is helthatCM Rick Tomato Genetics Resource Center
(TGRC) at the University of California at Davis. @&t one third of the over 3,600 tomato
accessions are collections of wild species, thear®smonogenic mutants or other types of genetic
stocks, such as cultivars (modern, vintage andnLAtherican), prebred lines (introgression lines,
backcross recombinant inbreds, alien substitutinas| monosomic alien addition lines), stress
tolerant stocks, cytogenetic stocks (translocatitmsomics, autotetraploids), cytoplasmic variants
genetic markers, etc. The TGRC supplies more thad05seed samples per year to researchers in

over 34 countries, representing a utilization aftaearly 150 %. TGRC stocks are heavily used for
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research or breeding of disease resistances amadiar (carotenoids, flavonoids) and, to a lesser
extent for genetic, physiological, biosystematidiwersity studies (http://tgrc.ucdavis.edu; Chatel
2006). Other larger tomato genebanks are heldeaPthnt Genetic Resource Unit (PGRU) of the
United States Department of Agriculture, AgricutuResearch Service (USDA-ARS) in Geneva,
NY and the Asian Vegetable Research and Develop@enter (AVRDC) in Taiwan.

1.7 Habitat preferences

Wild tomatoes are originally native to western $oéimerica, from Ecuador to northern
Chile, including the Galapagos Islands. Habitatgyeafrom coastal regions to over 3,600 m above
sea level in the Andes (reviewed in Peralta andoB@o 2007). The wild cherry tomat&.
lycopersicunmvar. cerasiforme- presumed ancestor of cultivat®dlycopersicura has spread into
Mesoamerica, and is now widely distributed in toapiand subtropical regions globally (Rick and
Holle 1990). Cherry tomatoes occur as weeds ountekers in many regions, often as a
consequence of garden escape (Rick 1976).
Within the vast genus$olanum,the most tomato-like taxa outside selcycopersiconsubsect.
Lycopersiconare the four specieS. ochranthumS. juglandifolium S. lycopersicoidesand S.
sitiens They form two groups of sibling speci&, ochranthumand S. juglandifoliumin sect.
JuglandifoliumandS. lycopersicoideandS. sitiensn sect.LycopersicorsubsectLycopersicoides.
The two groups occupy distinct regions and haligpes: S. ochranthumand S. juglandifolium
occur exclusively at mid-elevations in rainforesgions from Colombia to southern Peii
lycopersicoidesand S. sitiensare restricted to mid- to high elevations, extrgnalid regions of
southern Peru and northern Chie. ochranthumand S. juglandifoliumare distributed over a
narrow, elongated range in the tropical, northwestgart of the Andes (Rick 1988). The two
species are largely sympatric, frequently foundhimitonly a few kilometers from each other in
Ecuador and Colombia. Collections of both were natde.g. the Ecuadorian/Colombian border in
Maldonado, Carchi, Ecuador. Levels of diversity dnaever been assessed for these two species.
The highest number of population occurrences aredon Ecuador (Smith and Peralta 2002), with
an additional center of diversity f&. ochranthuniocated in the region around Cusco, Peru. The
distribution of S. juglandifoliumis continuous, it occurs on both sides of the Aamdeordillera in
Ecuador and on all three major mountain rangesolor@bia: the coastal Cordillera Occidental, the
Cordillera Central and the Cordillera Oriental. Thstribution range 08. ochranthunalso follows
the Andean cordillera but covers a greater latitadrange reaching from Colombia far south down
to Peru’'s Cusco region. Populations are fragmesaisd further scattered out than thoseSof

juglandifolium with large gaps in central Peru and central Ecuaghd two clusters at the
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Ecuadorian/Colombian and Ecuadorian/Peruvian feositiThere are no obvious environmental
factors that explain the distribution patterns, ebhimay therefore also reflect differences in
collection efforts, accessibility by roads, herbiw@ressures or other factors (Smith and Peralta
2002; http://tgrc.ucdavis.edu). Habitat preferemafeS. ochranthunandS. juglandifoliumappear to
be similar: both occur in regions with frequent dmgh rainfall, in swampy, poorly drained areas,
and at riparian sites (Rick 1988). Plants may henflbamong a diverse array of vegetation types,
ranging from thickets of primary cloud forests he tclearings at road or forest margins, where they
often climb trees (Correll 1962). The only diffecen bbetween the two may be the higher
temperature requirements @&. juglandifolium (Rick 1988), which grows at slightly lower
elevations thars. ochranthunf1200 - 3048 m versus 1400 - 3658 m, respectiValy)well as at a
more equatorial latitudes (~ 7.5° N — ~ 45° Swuers 6° N — ~ 14° S; Correll 1962; Smith and
Peralta 2002). Their habitat ranges overlap witbs¢hof S. habrochaitesand S. neorickiiin
southern Ecuador and northern Peru (http://tgravisdedu).

S. lycopersicoideandS. sitienson the other hand are allopatric, separated byt@rmtie of ~ 300
km, and confined to relatively small areas in seuthPeru and northern Chile (Rick 1988; Smith
and Peralta 2002¥5. lycopersicoideprefers high elevation, more mesic sites, 8nditiendower
elevations and extremely dry sites (Correll 1958¢ckR1988; Smith and Peralta 20023.
lycopersicoideccurs in a narrow region along the western path® main Andean cordillera in
southern Peru (province of Tacna) and northerneCf{iRegion I, Tarapaca), which is located
between ~ 17° and 19° S latitude (i.e. spanningréhfsouth line of ca. 250 km). Plants typically
grow on south-facing slopes, along drainages, antbaudders and in quebradas (Correll 1962).
lycopersicoidess distributed at higher elevations than any otoenato species (up to 3,800’m)
where it is regularly exposed to frosts (Rick 1988Byvo tomato speciesS. chilenseand S.
peruvianumare sympatric withS. lycopersicoidest a few mid- to high elevation locations in
Tarapaca, Chile (http://tgrc.ucdavis.edu).

Unfortunately populations of both species have bexgmeriencing a rapid decline over the past
decades and have recently been classified as ‘gedzth and rare’S. lycopersicoidgsand
‘vulnerable and rare’S. sitien} by the Chilean government. Grazing animals likenks, alpacas
and goats are posing the greatest threat to treteexe ofS. lycopericoideswhile S. sitiensis
primarily suffering from hostile climate conditiorend habitat loss through mining activities
(Chetelat and Pertuze 2006). sitienggrows under the most arid conditions reported fyr tamato
species (Rick 1988). It is native to the northereaa of the Atacama desert (~ 22° - 24° S) in
Chile’s Region Il (Antofogasta), one of the drigdaces on earth with annual rainfalls below 10
mm (Johnston 1929; Caviedes 1973; Alpers and Biimi288; Smith and Peralta 2002). Its



INTRODUCTION 12

distribution is restricted to a small area spanrabgut 230 km from north to south and 2500 —
4000 m in altitude, mostly on the slopes of the Coeddl de Domeyko, a minor cordillera between
the coast ranges and the main Andean crest (Ri@8;18mith and Peralta 2002). Scarcely
vegetated quebradas, rocky ravines and dry mownti@ among the preferred habitats of this
species. A local name is ‘uva minera’ (= miner'aygg), which alludes to the grape-like shape and
color of its fruits, and tendency to be found gnogvinear mine sites (Rick 1988). There are few
perennial plants that can survive the hyperaridithtlof S. sitiens Associated flora consists
primarily of herbaceous xerophytes, iGalandrinia crassifolia Adesmia atacamens@dNolana
ssp. (Rick 1988; http://tgrc.ucdavis.edu). The artlyer tomato species in this regiorSischilense,
which grows along the coast and in the Andes ofeCénd Peru, but is never found alongs&le

sitiens presumably because that climate it is too dry.

1.8 Morphology

All members of the tomato clad8dlanunsect.Lycopersicohare biennial or perennial herbs
with pinnately segmented leaves, sympodia of twthoge leaves, cymose inflorescences, yellow
corollas, yellow anthers that are held togethembgriocking marginal hairs to form a tube around
the pistil, and berry-like fruits (Mdller 1940; Rid979; Smith and Peralta 2002).
The four tomato-like nightshades share a numbemoifphological traits that place them in an
intermediate position between tomato and potato. tkdn one hand they possess tomato-like
characteristics that set them apart from most oB@anumspecies, such as the yellow corolla
(flowers in subsectPetotaare mainly white, purple or blue), and they laektain tomato traits,
such as sterile anther appendages and longitupiol&#n dehiscence (Instead, pollen typically
dehisce through terminal pores, spreading longiiitli along anthers.). Their anthers are free (i.e.
unattached), floral bracts are missing, pedice¢saaticulated below the calyx, and finally strong
reproductive barriers separate them from the torgedap (Correll 1958, 1962; Rick 1988; Child
1990; Stommel 2001; Smith and Peralta 2002). Allrfspecies are diploid (2n = 24), woody
perennial shrubs or vines (Correll 1962; Rick 1988haracteristic are highly compound
inflorescences and the ubiquitous presence of glangubescent hairs. Foliage and flowers of
each species display distinctive fragrances (Clofr@62). The foliage odor o8. sitiensand S.
lycopersicoidesare easily distinguishable, and flowers are gdiyesaented (nectar or honey-like

fragrance), unlike the tomatoes which lack scent.

! Distributions were inferred from passport data efffarium specimens in the ecogeographic surveyrihSand
Peralta (2002) and the TGRC database (http://tgeavis.edu).
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Apart from the few shared features the two grouggehittle in commonS. ochranthunand S.
juglandifoliumresemble one another so closely that they may h&eoded outside their natural
environment (Appendix 1A, 1B). Both are woody, ditry climbing vines that draw the observer’s
attention for their showy, bright yellow flowers fact, their utilization as ornamentals has been
proposed. Further characteristics are walnut-lé@vés (hence the naméuglandifolium) with
entire, elliptic to lanceolate leaflets (Correll6E9 Rick 1988).

S. ochranthunforms robust branches that reach 8 - 10 cm in diarmend up to 30 m in length.
Leaves are odd-pinnately segmented and up to 3biegn In contrast t&. juglandifoliumleaves
bear pseudostipules. The leaflets, of which theeetgpically 9 - 13, are mostly sessile (or near
sessile) and more closely spaced than in the sipegies. Leaflets are smooth and velvet-like on
the surface. Thechranthuminflorescence can measure 30 cm across and isasadpof large
flowers (up to 3.5 cm in diameter) on long pedusciehe corollas are more rotate than thos8.of
juglandifolium The only plant parts that are diminished in sizéh respect to theirS.
juglandifolium counterpart are the pedicels, which rarely exdbedength of 1 cm. Fruits require
an extraordinarily long ripening period (at least 8 months when grown at UC Davis). Fruit size
(4 - 6 cm in diameter) far exceeds that of any ottilel tomato. Pericarps are woody and thick. The
interior is composed of 3 - 4 locules, in contrstthe wild tomato species, which bear almost
exclusively bilocular fruit. Fruits emit an applikd fragrance when ripe (Child 1990%.
ochranthumseeds are large and winged (Correll 1962; RiclO187ck 1988; Child 1990).

S. juglandifoliumappears like a miniature version f ochranthumVines grow up to 5 m long.
Leaves are scabrous and densely pilose on theseesgte. The corolla is stellate and up to 3.7 cm
in diameter. Pedicels are up to 3 cm long. In Cdlientcommon names are ‘rifilon’ or ‘rifonada’
(Correll 1962, Rick 1988).

S. sitiensandS. lycopersicoideare also morphologically similar to one anoth&haugh to a lesser
extent thar. ochranthunandsS. juglandifolium The plants are erect with highly pinnatifid leaye
stellate corollas of ca 2 cm in diameter, and wtdteream-colored anthers.

S. lycopersicoides a woody bush that grows up to 2.5 m in heidipendix 1C). Leaves are up
to 13 cm long and herbaceous-like thin. The mafferdince to its sister species are the fruits,
which are smaller (6 mm) and turn black from angfamin accumulation towards maturity. A thick
pericarp allows the interior to retain its moistdioe a long period of time after ripening (Correll
1958, 1962; Rick 1988; Peralta and Spooner 200%)yre€ (1962) noted the high level of
morphological variability among populations.

S. sitiensis a herbaceous plant with a woody stem (Appent¥. It is smaller thanS.

lycopersicoideswith a maximum height of ~ 50 cm. Leaves are fjestriaceous, about 4 cm in
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length and composed of small, almost needle-likfldes. Fruits are patchy-green, globose, ~ 1 cm
in diameter and insulated only by a thin pericavpich desiccates on the vine, eventually attaining
a papery eggshell texture (Correll 1962; Rick 1988&alta and Spooner 2005).

1.9 Useful traits

Considering their unique ecological adaptationgsé¢h four tomato-like nightshades are
expected to harbor traits not found elsewhere antonmto relatives (Rick 1988). Furthermore,
novel traits, often observed in crosses of divageeetic backgrounds, are likely to arise from
hybridizations with the cultigen (Rick 1967, 1982888, 1995).
Of the four species, onlg. lycopersicoidesas been subjected to anything near a thorough
evaluation for beneficial traits. As a result, aner of fungal and viral resistances, insect and
abiotic stress tolerances were identified. Knowsedse resistances include resistances to tomato
mosaic virus and cucumber mosaic virus (Phillslel@77a), early blight (Bamberg et al. 1994),
Fusarium wilt Fusarium oxysporuni. sp. lycopersicj Phills et al. 1977b), Phytophtora root rot
(Phytophtora parasiticrand grey moldBotrytis cinereaGradziel and Robinson 1989; Chetelat et
al. 1997; Guimaraes et al. 2004; Zhao et al. 20baddition, foliage and fruit were found to be
rarely attacked by parasitic Lepidoptera or leafiens (iriomyza trifolii; Rick 1988; Chetelat et al.
1997). A repellent or antibiotic effect may be caméd by the high levels of glycoalkaloids in the
leaves (Oleszek et al. 1986). Tolerance of chillieagperatures has been confirmed in several
reports (Robinson and Kowaleski 1974; Wolf et 886; Zhao et al. 2005).
Little is known about potentially valuable traits $. sitiensexcept that it can withstand extreme
drought and to a degree also low temperatures,aasbken attested by field and greenhouse
observations (Rick 1986b; Rick and Chetelat 19Bi&ewise, the mechanisms that convey cold or
drought adaptations in either species are unkn®eth have the ability to send up knew shoots
from the root system, which may allow them to glyckecover after a period of stress (e.g.
drought, freezing or grazing). At the driest sifssitiengplants tend to be stunted and have darker,
narrower leaves that are folded along the veinssiypnably to reduce transpiration (Chetelat, pers.
comm.).
S. ochranthunandsS. juglandifoliumare expected to display traits associated with aseditions,
such as tolerance of waterlogged soils and resistano moisture-related fungal or bacterial
diseases of both the root system and upper plat# (RRick 1988, 1990). In addition they have been
reported to be remarkably free of virus symptomigKR988). InS. ochranthunmesistance to late
blight (Phytophtora infestandKobayashi et al. 1994) and root knot nematodiésldidogynespp.;

Bamberg et al. 1994) has been observed. The tygkuBdular trichomes in this species, which
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cover the entire plant surface, have been showtomder resistance to a number of small, “soft-
bodied” insects in othéBolanumspecies (Tingey et al. 1981), including aphily/Zus persicae
larvae of the Colorado potato beetlestinotarsa decemlineataleaf miner Liriomyza trifolii;
Moretti 1990), potato leafhoppeEfpoaseae fabdend flea beetleHpitrix ssp.; Bamberg et al.
1994). However, a general resistance against aptagdsnot observed (Moretti 1990). The type-B
stalks manifest a physical barrier in the defedea( et al. 1989) while, besides its function as a
deterrent (Lapointes and Tingey 1984), a viscodbesive exudate hampers feeding and mobility
(Tingey and Gibson 1978).

1.10 Crossing relationships

The tomatoes display a broad range of mating systemluding nearly complete autogamy
(S. lycopersicum S. cheesmanii S. neorickij, facultative outcrossingS( chmielewskii S.
pimpinellifolium) and obligate outcrossingS( chilense S. habrochaites S. peruvianum S.
huaylasenseS. corneliomulleriS. arcanumS. pennellii Rick 1963, 1979, 1986¢c; Table 1). Self-
compatible forms have been found among all therossing types, often, but not always among
marginal populations (Rick 1979; Rick et al.1979¢ckRand Tanksley 1981; Rick 1986c¢). Self-
incompatibility is based on the gametophytic systamd is controlled by a single, multialle&
gene, located on chromosome 1 of tomato (Tanksidylaaiza-Figueroa 1985). This Sl-system is
widespread in subgenuBotatoe other Solanumsubgenera are predominantly self-compatible
(Whalen and Anderson 1981; Child 1990). To dateettzge no reports of self-compatible forms
among populations of any of the four tomato-likghtshades (Peralta and Spooner 2001).
Rick (1979) defined the relationships among wilch&does on the basis of their ability to hybridize.
Within the Lycopersiconclade, species segregate into either thsculentumcomplex’ §.
lycopersicumS. pimpinellifolium S. cheesmaniS. chmielewskiiS. neorickij S. habrochaitesS.
pennelli) or the peruvianumcomplex’” 8. peruvianumsS. corneliomuelleriS. huaylasenses.
arcanum —considered by Rick to represent one species -Snchilensg Species within each
complex are experimentally intercrossable with wrayyease but crosses between both complexes
require use of embryo culture (Rick 1979). It igportant to note that natural hybridization of any
of these species is extremely rare, due to pre- postizygotic reproductive barriers, including
problems in the For later generations. Species barriers within.dgatopersiconare maintained
via reproductive and geographic isolation (Rick 997
Among the four tomato-like nightshades crosses snlgceed betweeS8. lycopersicoideand S.
sitiens(Rick 1979) and betwee®. ochranthunandS. juglandifoliumthe latter combination only

with the aid of embryo culture (observed in thespre study). Though overlapping somewhat in
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their natural rangeS. ochranthumand S. juglandifoliumdo not hybridize spontaneously (Rick
1988; Smith and Peralta 2002). There are no appareenological differences, both flower
periodically throughout the year. Little is knowhaat their pollinators, but their similar flower
structures do not suggest the presence of spemapipllen vectors. A separation on the basis of
diurnal specificities is also unlikely given thabtb species are bee- and therefore daytime-
pollinated (Correll 1962; Smith and Peralta 20(R{st-fertilization incompatibilities act either
during the prezygotic phase in pollen-stigma olgopistil interactions or the postzygotic phase,
from the time of fertilization onwards (Grant 197%)uits develop upon artificial interspecific
pollination, but seeds are inviable (Rick 1979) dndhot normally survive without embryo culture.
The evidence therefore suggests that these speiésolated by postzygotic barriers, primarily.
Crosses betwee8. sitiensand S. lycopersicoidesn the other hand are readily obtained in both
directions, and the interspecific hybrid is relaty fertile (Rick 1979; DeVerna et al. 1990).
According to observations from plant collectors ¢@at, pers. comm.), the flowering times of the
two are similar, therefore spontaneous hybridiretiwould be possible in areas of sympatry (Smith
and Peralta 2002). The two are thought to havergice only recently and geographic isolation
appears critical for the maintenance of the speloggger (Pertuzé et al. 2002; Smith and Peralta
2002). Smith and Peralta (2002) speculated thégrdifit adaptations, i.e. towards extremely cold or
extremely dry conditions, may have contributedhirt present geographic separation.

Of the four tomato-like nightshades orfBy lycopersicoidess unilaterally compatible with sect.
Lycopersicon(Rick 1979).S. sitiensandS. ochranthunmare incompatible with secLycopersicon
(Rick 1979). S. juglandifoliumhas not been thoroughly tested, other than inseswith S.
chilense,which failed in both directions (Graham 2005), andil this point there has been no
reason to expect it to be more compatible withather tomatoes.

Among the four tomato-like nightshad&s lycopersicoidefias always been the most hopeful
candidate for introgressions to tomato, as it & dhly species that can be crossed directly to the
cultigen, using embryo rescue technique (occasieeabls are formed without embryo culture).
Rick obtained a viable ;Fhybrid but backcrosses to tomato failed due toens&trility and stylar
incompatibility to tomato pollen, thereby preventiany form of germplasm transfer (Rick 1951).
Further progress was not reported until some 3%sylager, when a set of alien addition lines was
generated from synthetic sesquidiploids usthgoennelliias a bridge to overcome incompatibility
(Rick et al. 1986; DeVerna et al. 1987). Two additil, independent approaches succeeded to
produce backcross (B material without polyploidization. Gradziel andolitnson (1989)
circumvented stylar incompatibility by applicatiofi a bud pollination technique, and Chetelat et

al. (1989) employeds. pennellirderived bridging lines. However, each of theseraptts had its
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shortcomings and did not produce the desired inés®ijons ofS. lycopersicoidesn the S.
lycopersicunmbackground. Somatic hybridS.(esculentumt S. lycopersicoideand S. lycopersium

x S. pennellii + S. lycopersicoidggid not overcome fertility problems either (Haeyllet al. 1986;
Guri et al. 1991; Hossain et al. 1994). Years l#terfortunate discovery of & lycopersicunx S.
lycopersicoideshybrid with an unusually high male fertility, whiatould be used as staminate
parent in backcrosses — thereby avoiding stylasrmuatibility problems — provided a breakthrough
for genetic transfer (Chetelat et al. 1997)SAlycopersicoidemtrogression library with ~ 96 %
genome representation has since been generatedd¥enal. 2005).

S. sitienscan be crossed indirectly to tomato using the sdgjaid S. lycopersicumx S.
lycopersicoides(LLS) hybrid as a bridging line (DeVerna et al.909. Introgression lines
representing a portion of ti& sitienggenome in the background of cultivated tomato areently
being developed at the TGRC (Pertuzé et al. 2003).

Unfortunately,S. ochranthumis reproductively isolated from aBolanumrelatives except sister
species S. juglandifolium and thereforestrategies similar to those implemented f8r
lycopersicoidesand S. sitienscannot be used to breach the reproductive bawi¢gomato (Rick
1979; Stommel et al. 2001).

Tomato §. lycopersicuinand potato §. tuberosuinhave never been hybridized by conventional
sexual means (protoplasts fusions are viable —sterile, as mentioned below). Various crossing
attempts have been made between the tomato graljpther sections of the gen@slanumor
different Solanaceaggenera, but without success (Wann and Johnson; 198&diji 1979; Rick
1979). Wann and Johnson (1963) stated that amoagvé#nious Solanum species, onlyS.
ochranthum and S. etuberosumshowed signs of cross-compatibility with tomato. u@v
development was triggered $ ochranthumupon pollination withS. peruvianunandS. chilense
and in tomato after pollination wit8. etuberosupbut in both cases no fertilization took place. In
an attempt to transfer agronomic traits among dexusompatible species, many plant breeders
resorted to somatic hybridization techniques. Ssexe have been reported, yet fewer with
increasing genetic distance between the particsp&@amatic hybrids have been generated between
tomato and members of other sections within subg@uiatoe albeit with varying degrees of
success. However, unlike the progress reportednmentional introgression, no backcross progeny
was attained from somatic hybrids betwenlycopersicum+ S. sitiens(O’Connell and Hanson
1986). Somatic hybrids between setycopersiconand sect.Etuberosumwere successfully
produced by Gavrilenko et al. (1992) but, as v8thsitiens backcross generations could not be
recovered. Melchers (1978) was the first to gerevable somatic hybrid plants between tomato

and potato. The sterility of first generation fusibybrids was overcome sixteen years later by
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Jacobsen et al. (1994) who used hexaploid (tomatotato) somatic hybrids in backcrosses with
tetraploid potato. Somatic hybrids betwe®n lycopersicumt S. ochranthumwere obtained by
Kabayashi et al. (1996). Unfortunately, in spiteatif efforts reciprocal backcrosses of both the
allotetra- and allohexaploid fusion products fajledggesting that the potential for gene transfer
through this route is limited (Stommel et al. 200%pmatic hybridization attempts were also
conducted with &. lycopersiunx S. pennelliihybrid (Olmstead and Palmer 1997) and the more
distantly related eggplang( melongenaGuri 1991) which is reproductively isolated fraomato
(Miwa et al. 1958); these manipulations failed gbrid growth was arrested after formation of leaf
primordia. Even broader fusions, like those R#tunia hybridaand S. peruvianumhave been

attempted but without any success (Tabaeizadelh E2&5).

1.11 Genetic mapping in tomato

Early linkage maps, so called “classical maps” waeeved primarily from morphological
mutants, as well as allozymes and disease resestgmes. The first linkage analyses in tomato date
back to the beginning of the 2@entury (Hedrick and Booth 1907). MacArthur cousted the first
linkage map in the 1920’s (MacArthur 1926, 1934tdr cytogenetic analyses were introduced as a
tool to characterize genomes (Afify 1933; Rick aBdtler 1956; Khush and Rick 1968). The
discovery, in the 1960’s, of protein-based isozymarkers, represented a major advance for
linkage analyses, because these are — in cortrazdsgt morphological markers - codominant, show
few epistatic interactions, and are essentiallytna¢to selection (Chetelat and Li 2006). Beginning
in the 1970’s Tanksley and Rick generated a tonsdaymic genetic linkage map based on
existing classical maps, with the difference thaismmarker variation came from interspecific
crosses, as little variation was present amongnst cultivated tomato (Tanksley and Rick 1980;
Tanksley 1985). The advent of DNA-based, moleculaarkers (RFLPs) in the 1980ies
revolutionized the field of genetic mapping, matkithe starting point of a proliferation that has
been ongoing until this date (Botstein et al. 1980)
Genetic linkage mapping in tomato has been conduateng RFLPs (Bernatzky and Tanksley
1986), AFLPs (Haanstra et al. 1999), RAPDs (Sallotombani et al. 2000), SSRs
(Areshchenkowa and Ganal 2002), SCARs (Fulton.€t917) and CAPS (Yang et al. 2004).
Genetic linkage maps exist for most of the tomatecges and — with the inclusion of the present
work — the two pairs of tomato-related nightshadessubsect.Lycopersicoidesand sect.
Juglandifolium the primary reference maps, all available at:Hitpvw.sgn.cornell.edu, are based
on K S. lycopersicunx S. pennelli(Tanksley et al. 1992), BGS. lycopersicunx S. habrochaites
(Bernacchi and Tanksley 1997) and BC-recombinadnteidS. lycopersicunx S. pimpinellifolium
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(Grandillo and Tanksley 1996a; Tanksley et al. 1996ganlar et al. 2002c). The Tomato-EXPEN

2000 map (from £S. lycopersicunbA925 x S. pennelliilLA716; Fulton et al. 2002a) was used in

the present study as a reference; it is compri¢emver 2222 markers (RFLPs, CAPS, SSRs and
SNPs) with an average spacing of ~ 0.6 cM.

Additional tomato genome maps include cytogenetiapsn based on fluorescence in-situ
hybridization (FISH; Zhong et al. 1996; Wang et2006) and a T-DNA insert map (Gidoni et al.

2003). Physical maps of the tomato genome werergttefrom BAC libraries (Budiman et al.

2000; http://www.sgn.cornell.edu).

1.12 History of comparative genetic mapping

Comparative mapping was introduced as a new totleén1980s, when DNA based markers
(RFLPs) started to be cross-mapped, thereby emmpbimparisons of linkage relationships across
related taxa. The first comparative linkage mapeevgenerated foBolanaceaspecies (Bonierbale
et al. 1988; Tanksley et al. 1988) and grasses b@tulet al. 1990). Later, RFLPs were
complemented or replaced by PCR-based moleculakersarsuch as RAPDs, AFLPs, SSRs,
SCARs and SNPs. Of particular interest for compazastudies are markers pertaining to the
conserved ortholog set (COS). These are singlBveicopy sequences preserved above the family
level (Fulton et al. 2002a; Wu et al. 2006). Cutisemore than half of the ~ 1000 COS markers
(conserved between tomato afwdbidopsis thalianpand several hundred of the ~ 2900 identified
COSII (conserved within the Asterid | clade of flieking plants, e.g. th&olanaceaeand the
Rubiaceage.g. coffee) markers have been mapped. More tlgc®NA sequence information and
genomics approaches are implemented for compargémeme analyses (reviewed in Labate et al.
2007).
A common finding of comparative mapping analyses weat gene order had been remarkably
preserved over millennia of evolution among reladpdcies (reviewed in Devos and Gale 2000).
With the intent to capitalize on collinearity angtrapolate information from well-characterized
species (e.g. model organisms) to poorly-charasdrispecies, comparative linkage maps were
generated for most agronomically important plamhifiees, including thePoaceae(reviewed in
Devos and Gale 2000Brassicaceag(Lagercrantz 1998)Solanaceae(Tanksley et al. 1992),
Fabaceag(Boutin et al. 1995)CompositagBurke et al. 2004)Pinaceae(Krutovsky et al. 2004)
andRosaceaédDirlewanger et al. 2004). Comparative mappingresf did not remain restricted to
families and were even carried out among speciedisdantly related as monocots and dicots
(Paterson 2000).
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1.13 Comparative mapping in tomato and theSolanaceae

The first steps toward comparative mapping in tama¢re undertaken with isozyme-based
data within sectLycopersiconTanksley and Rick 1980) and among tomato and pgi@sosicum
annuum Tanksley 1984). Over the past two decades cortiparanalyses with DNA-based
markers were conducted between tomato and potawi€Bale et al. 1988; Gebhardt et al. 1991,
Tanksley et al. 1992), tomato and eggplant (Dogaatlal. 2002a), tomato and pepper (Tanksley et
al. 1988; Prince et al. 1993; Livingstone 1999)wadl as the related potato ai®d etuberosum
(Perez et al. 1999). All studies revealed a higrelleef homosequentiality among solanaceous
species, in particular the presence of conservedkenarder organized in reshuffled blocks. For
over a decade it was believed that the genomesnudito and potatdS( tuberosuinwere separated
by five major paracentric inversions involving 38, 10L, 11S and 12S. However, an additional
whole-arm paracentric inversion on 6S was revepisiorecently by Bai et al. (2007). Twenty-three
paracentric inversions and five translocationsedéhtiate the genomes of tomato and eggpfant (
melongengy while the pepperGapsicum annuujrgenome is more extensively rearranged. Direct
comparisons of the solanaceous genomes allowedettunstruction of the divergence of the
Solanaceadineages from a hypothetical common ancestor (igstone et a. 1999; Doganlar et al.
2002a). Comparative analyses identified conseregdisnts even beyond the family level; among
tomato andArabidopsis(Ku et al. 2000), potato ardrabidopsis(Gebhardt et al. 2003) and coffee
and tomato (Lin et al. 2005).
Gene order within the tomatoes is highly presenasdrevealed by comparisons of genetic maps
based on interspecific crosses between tomato Sandhmieleswski(Paterson et al. 1990%.
pennellii (Tanksley et al. 1992)S. peruvianumivan Oojien et al. 1994; Fulton et al. 199%),
galapagense(Paran et al. 1995)S. pimpinellifolium (Grandillo and Tanksley 1996b)S.
habrochaitegBernacchi and Tanksley 1997) aBdneorickii(formerly L. parviflorun Fulton et al.
2000). An exception represented the finding ofrareision on 7S between the genomes of tomato
and S. pennellii(Van der Knaap et al. 2004). The genome of subdeaatopersicoides(S.
lycopersicoidesndS. sitien§ lack the inversion of 10L that separates tometenfpotato, making

it a cytotaxonomic marker (Pertuzé et al. 2002).

1.14 Applications for comparative information

Comparative linkage information finds applicatioris plant breeding as well as
developmental and evolutionary genetic researchle(@ad Devos 1989). One of the great
advantages of comparative mapping is that it allemhorough comparison of genomes among

species that are not cross-compatible. Furthernmmeparisons with model organisms provide
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access to genomes that are essentially intractalglelarge genomes such as wheat that do not lend
themselves well to chromosome walking or genomeesecjng (Gale and Devos 1998; Devos and
Gale 2000). Finally, comparative mapping providesiprehensive insights into genome evolution,
genome organization and phylogenetic relationshipeng taxa (Paterson et al. 2000), as well as to
gene function (Labate et al. 2007). Comparative pimgpenables the localization of orthologous
genes in related taxa. Its predictive power dee®adgth increasing phylogenetic distance, it is
most valuable among species within one family (Rate et al. 2000). Thus, the extrapolation of
functional information from taxa as phylogenetigalistant asArabidopsisand potato will most
likely be highly error-prone (Gebhardt et al. 2Q0Bpday there are numerous reports where the
knowledge about linkage or sequence conservatimsaspecies led to the discovery and isolation
of favorable monogenic traits and even QTLs inteslaspecies. A comparative map-based cloning
approach in rice led to the isolation of tRal gene that controls chromosome pairing in wheat
(Foote et al. 1997). Conserved QTLs for fruit simre detected among tomato and pepper (Zygier
et al. 2005). In potato tHe3alate blight resistance gene was isolated basegpamic information
about thd2 complex in tomato. Both loci are members of anertdocus involved in the defense
against oomycetes and fungal pathogens (Huang 20@b). A list of physiological/morphological
QTLs and disease resistance genes that were thecsob comparative mapping analyses in the
Solanaceaean be found in Labate et al. (2007).

Stretches of collinearity are even conserved antbhagwo major subclasses of flowering plants,
monocots and dicots, which diverged from a commmestor between 130 and 240 myr (Wolfe et
al. 1989; Paterson et al. 1996; Chaw et al. 20D@nsferring linkage information between the two
clades seems feasible at the gene level, but reeisearily at the genome level, indicating that
collinearity may be restricted only to certain @ (Gale and Devos 1998). Another prominent
example is the isolation of the ‘green revolutioengs’ where homologues of tigabidopsis
thaliana dwarfing geneGAI (gibberellic acid insensitive gene) were detecteadvheat and maize
using rice ESTs (Peng et al. 1999). However, charioefind economically relevant traits for

grasses iMrabidopsisare deemed extremely small (Devos and Gale 2000).

1.15 Karyotype evolution

Plant genomes are forged by counteracting forteset that preserve integrity and those that
introduce variation (Paterson et al. 2000). Amdmg most interesting findings that emerged from
comparative mapping analyses was the high degreeon$ensus in terms of mechanisms of
genome evolution and sequence conservation everssacemotely related species. Common

mechanisms by which synteny is eroded include sagahduplications, deletions, chromosomal
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rearrangements, mutations and/or genome expansaugltt on by transposable element activity
(for review see Paterson et al. 2000). A commodifiig is that genes are typically organized as
collinear linkage blocks or gene islands, which sgparated by stretches of repeats. The segments
generally vary in size among related taxa, but doinsproportion to their genome sizes (i.e.
segments in wheat are larger than those in riceakda 1997; Lagercrantz 1998; Paterson et al.
2000; Doganlar et al. 2002a). Collinear blocksearen conserved among species that differ greatly
in genome content (Livingstone et al. 1999), buyyraasume different locations in the genomes
among taxa — analogous to a brick-like type of ileing - while their internal gene orders remains
preserved (Lagercrantz 1998; Paterson et al. 2D@@anlar et al. 2002a). Both the degree of
collinearity and the size of the interspersed skre$ most likely vary with the regiom the genome
(Devos and Gale 1998). Gene order may be consénvegntenic blocks as a result of selective
constraints to ensure the joint expression of adjatoci that control parts of the same network
(Gebhardt et al. 2003). Preserved gene functioeshéghly common. Houskeeping genes are
particularly well conserved, even across kingdo@shhardt et al. 2003), while disease resistance
genes are fast evolving (Pan et al. 2000). Stuttiethe grasses and thgolanaceaeshowed
orthologous relationships of QTLs associated wdthmestication traits (seed dispersal and
shattering in the former, fruit weight, shape aotbcin the latter) among related taxa (Devos and
Gale 2000; Doganlar et al. 2002b).

The rates of structural changes vary greatly anmarg, and are strongly influenced by biological
characteristics, life history traits and ecogeofgrafactors. The amount of rearrangements is
independent of phylogenetic distance, and closelgted lineages can assume very distinct
evolution rates (Devos and Gale 2000). The highetsts ever observed in a eukayotic genome
occurred inDrosophilawith more than 100 paracentric inversion betwBemelanogasteandD.
replete(Ranz et al. 2001). In plants 0.2 - 2.5 rearrangesbappen on average per million years.
The highest rates have been reported for geHe$ianthus (sunflower) with 55 - 7.3
rearrangements per million years (Burke et a. 200#fyomosomal restructuring is more common
in annual herbs and decreases in related perenamaswoody plants (Grant 1981). However,
evolutionary estimates are based on years, notrggmes and may therefore be underestimated in
organisms that reproduce less than once per yedr &8 bi- and perennial plants (Lagercrantz
1998; Burke et al. 2004). Polyploid genomes aresgly more dynamic and exhibit faster rates of
repatterning (Gale and Devos 1998; Lagercrantz J19B8eory suggests that polyploid genomes
may be more tolerant of rearrangements, becausengemedundancy protects against deleterious
effects (Rieseberg et al. 2001). In addition, adrdrrmeiotic pairing between homoeologous

chromosomes promotes the occurrence of rearrandgemenpolyploids (Lagercrantz 1998).
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However, mapping analyses in recent polyploidsgarerally more complex due to a high number
of paralogs (Gale and Devos 1998). Rearrangemeatsften only deleterious in a heterozygous
state (Levin 2002) and therefore may have a gredutance of survival in self-compatible species
(Lande 1979; Lagercrantz 1998). Finally, demogramainditions are likely to have an impact on
the establishment of structural changes which ayeerfrequent in marginal (Levin 2002) or small
populations, presumably because newly arisen megeraents encounter better prospects to become
fixed via genetic drift (Lande 1978).

The mode of genome evolution that predominates linemge is often a characteristic feature for
specific plant families (Paterson et al. 2000).sTigi not unexpected as evolutionary mechanisms
are a function of life history traits and genomedaficities (Lagercrantz 1998). Speciation in the
Brassicaceadamily involved several auto- and allopolyploidioam events, as classically illustrated
in U’s triangle, that shows how members of the gaBrassicaarose from natural hybridization
events (U 1935). Polyploidization also played andigant role in the evolution of the grasses.
Hexaploid wheatTriticum aestivurpis comprised of 3 subgenomes (McFadden and 3&£46)
that underwent ancient regional gene duplicatiamsam ancestral genome (Hart 1983), and
extensive autopolyploidization characterizes thaugeSaccharum where haploid chromosome
counts may reach 70 and vary substantially everninvisingle species (Ming et al. 1998).
Sunflower Helianthug and species in th&olanaceaefamily are primarily differentiated by
chromosomal rearrangements (Tanksley et al. 19%ndstone 1999). Finally, transposable
element activity has had a strong impact on the&tion of the pepper genome (Livingstone et al.
1999) and the maize genomge@ maize family Poaceag where mobile element duplications
account for over 50 % of the DNA content (SanMigeighl. 1996).

1.16 Future trends of comparative genome analyses

While comparative mapping using conventional magkier likely to retain significance as
powerful tool for coarser, genome-wide charactéions, especially of less well-studied genomes,
the trend is toward comparative genomics, i.eotus$ in on particular DNA sequences in order to
infer patterns of evolution and dissect biologicetworks (Ku et al. 2000; Fei et al. 2004). A rdcen
impressive example was given by the exhaustive kblacottonwood Populus
trichocarpg/Arabidopsis thalianacomparison that revealed — among an array of attigguing
findings — an ancient “eurosid” duplication evelmatt predated the divergences of the two lineages
(Tuskan et al. 2006). The field of comparative gea$ will fast be taken to the next level as new
technologies are on the horizon that will faciktdtigh-throughput sequencing, gene expression

profiling and genome annotation (Caicedo and Puangg 2005).
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1.17 Genetic diversity and genetic structure analyses inatural populations

Knowledge about levels and partitioning of geneiiersity provides insights into a species’
ecological status and evolutionary history, andssential for the development of conservation
strategies (Ellstrand and Elam 1993). Miller anchiiskey (1990) suggested the evaluation of
germplasm accessions according to ‘the likelihdwd they contribute new alleles to a collection’.
In order to obtain a frame scale they proposednapemison of the average genetic distances among
accessions within a given species.
The amount of genetic variability comprised witlsipecies was a matter of much speculation prior
to the introduction of protein markers in the 1¥0iThe first diversity assays published in 1966
(Johnson et al. 1966, Harris 1966), representedttréing point of the production of vast amounts
of genotypic surveys. Later, in the 1980ies, as E&ed markers became available, RFLP
fingerprints from hypervariable minisatellites (VRS; variable number of tandem repeats) were
discovered as a tool to characterize natural ptipuk (Jeffreys et al. 1985; Hill 1987). The
invention of the polymerase chain reaction (PCRhilate 1980ies (Mullis et al. 1986) opened an
entire new field of marker methodologies and apians for genetic diversity characterizations.
Among those were the microsatellite technique (ST&jtz 1989), single-strand conformational
polymorphisms (SSCP; Orita et al. 1989) and randamplified polymorphic DNA (RAPD) in the
early 1990ies (Williams et al. 1990), followed betinvention of the amplified fragment length
polymorphism (AFLP) technology in the mid-1990i&%¢ et al. 1995). Over the past few years
due to technological improvements sequencing aesalfigve become more affordable and quickly
advanced to become the golden standard for diyessiticture characterizations in species. A
significant bonus unique to the analysis of DNA ws&tpes is the ability to directly infer
phylogenies (due to the fact the data can be adfleteereby enabling phylogeographic assays.
However, a drawback associated with sequencing rempeets is that the intense investigation
needs to remain limited to just a few loci. Therefoto obtain good genome coverage,

combinations with PCR-based marker systems oftestitate the approach of choice.

1.18 Diversity analysis in tomato

In wild tomato species genetic diversity has ofexen characterized using allozymes (Rick
and Fobes 1975; Rick et al. 1976, 1977, 1979; Rick Tanksley 1981; Rick and Holle 1990; Breto
et al. 1993), but also RFLPs (Miller and Tanksl&@Q), RAPDs (Egashira et al. 2000; Ercolano et
al. 2005), microsatellites (Alvarez et al. 2001)ddbNA sequences (Caicedo and Schaal 2004;
Roselius et al. 2005). A consensus finding of them@us genetic diversity analyses was that
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peruvianumrepresented the most diverse species within tmato clade, followed b$. chilensg

and that the self-compatible species are more gafigtdepleted.

1.19 Nature of genetic diversity

Levels and distribution of genetic diversity aretedmined by extrinsic factors such as
ecological processes, demographic events (e.qg.lgtigru subdivision), the presence of soil seed
banks (i.e. a repository of viable seed in the)soitural selection and genetic drift, or intrisi
factors like the mating system, population turnosasges, local chromosomal recombination rates,
mutation rates and gene flow (for reviews see f&igt and Elam 1993; Avise 2004). The
importance of genetic drift increases with decregsiffective population sizedlf) relative to that
of mutation (Avise 2004). There is typically a gos correlation between the amount of genetic
diversity and the level of outcrossing in planto(iieb 1981), which has also been observed in
tomato many times and with a variety of approadieeg. Rick 1979; Miller and Tanksley 1990;
Stephan and Langley 1998; Alvarez 2001). A positiweelation has been reported for nucleotide
diversity and local crossing-over rates in varig@lant and animal species (Begun and Aquadro
1992), including tomato (Stephan and Langley 19B&combination counteracts the homogenizing
effects of selective sweeps (‘hitchhiking effectst) background selection (Stephan and Langley
1998; Roselius et al. 2005). A major challengehia interpretation of molecular diversity data lies
in the distinction of historical demographic evefram recent occurrences of mutations, drift or
migration. Only DNA sequence data, genealogicatljeced and analyzed in a ‘phylogeographic’
fashion — i.e. against the backdrop of geograpffiermation — (phylogeographic analyses; Avise
2000) allow to discern between the two.

1.20 Allozymes

Allozymes are still used for genetic diversity saslbut have often been criticized due to
shortcomings in comparison with other methodolaghesiong the most common critique points
are the following: the number of available locisimall compared to that of other marker systems,
and it is unlikely that many new loci will be dis@red in the future (Gao et al. 2002). To date a
total of ca. 100 allozyme systems exist, but tyjhyoanly 10 - 30 are available for a given species
(molecular marker review in Avise 2004). The ladkabielic variability often further limits their
usefulness in genetic diversity analyses (Gao.e2Qf)2). Allozyme estimates yield lower levels of
diversity than DNA-based markers due to smalleeai¥e mutation rates. Only the fraction of
mutations that is manifested at the protein leiel fon-synonymous or replacement substitutions),

and that results in proteins with altered electoyptic properties will create new alleles (Avise
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2004). The allozyme mutation rate was estimate®-100" per locus and generation (Kahler et. al
1984). Furthermore, as many of the enzyme systemriaip to specific biological areas such as the
glycolytic pathway or the citric acid cycle, doulszist whether they truly reflect genome-wide
diversity (Avise 2004). In addition, proteins asgdets of natural selection, and non-neutrality of
allozyme markers has been observed on many ocsa@an Karl and Avise 1992; Dhuyvetter et a.
2004). To date allozyme analyses have largely bapplanted by more modern methodologies that
offer a greater return of information for a smab@nount of labor and cost investment plus greater
detection sensitivities, less reporting bias, bevagdenome representation (both spatially and
qualitatively) and higher prospects for selectiweitnality. However, allozymes are still useful for

comparisons with older literature, for exampleamato.

1.21 Microsatellites

Microsatellites or ‘simple sequence repeats’ (SSis)short stretches of DNA composed of
up to 60 repeat units of one to six basepair m@Bfsidstein and Pollock 1997). Mutation rates are
several orders of magnitude higher than those ofrepetitive eukaryotic sequences, an estimated
10° to 10° vs. 10° per locus and generation, respectively (Weber amthgM1993; Schug et al.
1997; Ellegren 2000; Vigouroux et al. 2002). Thexge instability has been attributed to their
propensity for replication slippage (Levinson andtri®an 1987) and unequal crossing over events
(Jakupciak and Wells 2000).
Microsatellite motifs occur in the genomes of maukaryotes. Mutation rates and patterns are
substantially heterogeneous with respect to spegpes sex and age (reviewed in Ellegren 2000;
Azaiez et al. 2006), locus position and flankingioas (di Rienzo et al. 1994), repeat motif class
(di-, tri- or tetranucleotide) and base composit{iBnoun and Tanksley 1996), microsatellite type
(perfect, compound or interrupted), allele lendiigren 2000; Balloux and Lugon-Moulin 2002)
and insert orientation (Azaiez et al. 2006). Innplgenomes the by far most predominant motif is
the dinucleotide AT (Morgante and Olivieri 1993)ldwved by mono-, tri- and tetranucleotides
(Wang et al. 1994). Microsatellite repeats werewshdo be three times more abundant in
dicotyledons compared to monodicotyledons (Wanagl.et994). Clustering of mono-, di-, tri- and
tetranucleotides in centromeric regions was obsknveeveral plant species including Arabidopsis
(Brandes et al. 1997), sugar beet (Schmitdt andodddarrison 1996) and tomato, where they
appear associated with the high concentration pétitve sequences (Areshchenkova and Ganal
2002). However, this distribution pattern may netumiversal. In many grasses, for example, both
microsatellites and other repetitive sequencesnane randomly distributed throughout the genome
(Areshchenkova and Ganal 2002). Base compositignnaotif length influence SSR distribution
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and variability. Units composed of the bases C @nldave been shown to be more mutable than
those composed of the bases A or T in yeast (Harfe Jinks-Robertson 2000). In tomato ‘AT’
motifs tend to be more evenly distributed throughtbe genome (Areshchenkova and Ganal 2002).
Other types of dinucleotides, especially long dieatide repeat motifs and tetranucleotides are
clustered around centromeres (Arens et al. 1996umBiand Tanksley 1996; Areshchenkova and
Ganal 1999, 2002), whereas trinucleotides are theafing microsatellite class in tomato coding
regions (Smulders et al. 1997). SSRs are rare dingoregions (Wang et al. 1994) with the
exception of tri- and hexanucleotides (Toth et2800), most likely because these repeat types do
not result in frameshift mutations, and are thuss ldetrimental (Malpertuy et al. 2003). SSR
mutations occur asymmetrically; alleles tend to ateiinto larger alleles (Amos et al. 1996; Jarne
and Lagoda 1996). However, a general finding in yr@aganisms is that microsatellite length does
not increase indefinitely, i.e. that there is anfjéh ceiling” for microsatellite alleles (Garzaadt
1995). The underlying causes remain uncertain. Longrosatellite repeats may be subject to
negative selection (Li et al. 2002). Alternativetge size reduction of longer microsatellites may
simply be a function of stochasticity; i.e. thegar the allele, the higher the probability that a
mutation will reduce its size (Vigouroux et al. 2)0Size limitations may also be caused by rare
large deletions (Amos et al. 1996) or interruptidimet inhibit replication slippage (Smulders et al.
1997), thereby ‘stabilizing’ the microsatellite (Moan and Arens 1996).Variability has been found
to decrease with repeat unit size, i.e. dinuclesti¢éhow higher mutation rates than tri- or
tetranucleotides (Schug et al. 1998; Vigouroux 2002is may be a consequence of the size
constraint (i.e. the size ceiling), allowing dineclide SSRs to accumulate higher numbers of
repeats than those composed of larger units (Sehag 1998). However, the opposite, i.e. greater
variability associated with larger repeat unit sjzeas also been observed (Weber and Wong 1993).
Variability has often been shown to increase with humber of repeat motifs (Vigouroux et al.
2002; Frary et al. 2005; Azaiez et al. 2006), dlbet in a linear fashion (Goldstein and Pollock
1997). In tomato, both a positive correlation beswenumber of repeat motif and variability
(Smulders et al. 1997; Areshchenkova and Ganal;19@9y et al. 2005) as well as no correlation
(Broun and Tanksley 1996) have been observed.

The mutation modus has been a long-standing issdebate that continues to this date (for review
see Balloux and Lugon-Moulin 2002). Two contrastingtation models dominate microsatellite
interpretation: the infinite alleles model (IAM; iKura and Crow 1964) and the stepwise mutation
model (SMM; Otha and Kimura 1973). According to ti#éV each mutation results in a novel
allele, i.e. the occurrence of homoplasy is exdide the SSM on the other hand, a mutation will

cause either the deletion or duplication of a repeatif and thereby generate a ladder-like increase
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or decrease in allele size. Alleles that are siniilasize are assumed to be more closely relatal th
those that are more different in size. Thus, theéVBiklcorporates additional information. Modified
or extended versions exist for both models:Khallele model (KAM) was derived from the 1AM to
account for homoplasy (Kimura 1968), and the twagghmodel (TPM), a modification of the
SMM, allows a certain proportion of mutations t@aive more that one repeat unit and to create
larger sized ‘steps’ (Di Rienzo et al. 1994). Thalgtical output may vary considerably depending
on the mutation model that is implemented (LugoruMo et al. 1999), therefore caution is
warranted regarding the interpretation.

None of the existing models achieves to fully amalynicrosatellites, as these do not follow a
simple mutation pattern (Ellegren 2000). The truetation modus may best be described by a
mixture of these models. Due to the extreme conipledf the mechanisms it is questionable
whether there will ever be a model that captures mlature of microsatellites appropriately
(Anderson et al. 2000; Balloux and Lugon-Moulin 2R0OMost mutations appear to follow the
stepwise modus, but that proportion may vary suilbistly (Awadalla and Ritland 1997; Anderson
et al. 2000; Vigouroux et al. 2002). Additions @lations of single repeat motifs are more frequent
than those of several motifs (Weber and Wong 199Rienzo et al.1994). In animal species an
estimated 4 to 74 % are multistep changes (reviewdsllegren 2000). Non-stepwise SSR allelic
variability is generated by mutations in the flamkiregions of the repeat segment (Buteler et al.
1999; Matsuoka et al. 2002).

SSR markers have been developed for e.g. wheae(Rd@l. 1998), barley (Liu et al. 1996), maize
(Taramino and Tingey 1996), rice (McCouch et aB7)9 mouse (Dietrich et al. 1996), cattle (Ihara
et al. 2004) and humans (Dib et al. 1996). In t@i88 mapped SSRs are available at the SGN
website (http://www.sgn.cornell.edu), most of whicblude primer information. The advantages of
microsatellite makers are their codominant natieiy universal abundance (Morgante and Olivieri
1993), good reproducibility, locus-specificity (Fyaet al. 2005), a high sensitivity that allows
distinctions even between closely related individuaa high proportion of single-fragment
amplification — which is especially attractive fgpecies with genetic redundancies (Bindler et al.
2007) —, predominant selective neutrality (reviewadLi et al. 2002) and cost-effectiveness
(Loridon et al. 2005). Although microsatellite mark are generally regarded as selectively neutral
they may assume regulatory or protein-coding flumstiand have been proposed as intrinsic source
of genetic variation, providing the ability for dutionary adaptations (Kashi et al. 1997; Li et al
2002; Nevo et al. 2005). Problems associated witlrasatellite applications are those generally
encountered with PCR-based techniques. Null allelag result as a failure of amplification, and

homoplasy as a consequence of recurrent mutafidres hypervariability of microsatellites makes
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the occurrence of size homoplasy especially likblgwever, this is not expected to become a
concern for the interpretation of population gemetfudies that focus on shorter evolutionary
distances such as at the below-species level (damhdéagoda 1996) unless the mutation rates are
exceptionallyhigh, population sizes are large and size conssrain alleles are strong (Estoup et al.
2002). Another drawback of SSR markers is that @ridevelopment is laborious, requiring genetic
library generation, screening and clone sequentirgshchenkova and Ganal 2002). Recently,
however, with the accumulating amount of sequerata, SSRs may also be detected through in
silico mining of publicly available databases (Fmild et al. 2005). As a second advantage, the
screening of EST sequences for SSRs avoids anepvesentation of centromeric and telomeric
regions (Frary et al. 2005). A further disadvantah8SRs is the typically low transferability acsos
species (Van de Wiel et al. 1999) which can begaitd by developing primers from conserved

sequences (Frary et al. 2005).

1.22 Objectives

Two research projects focusing on four speciesngehg to sectionJuglandifoliumand
subsectiorLycopersicoidesf the genusSolanumare reported in the present thesis; the constmctio
of a comparative genetic linkage map rochranthunandS. juglandifoliumand assessment of
genetic diversity and genetic structure in wild plagpions ofS. lycopersicoideandS. sitiens
A comparative genetic mapping analysis was conduittecompare the genome $f ochranthum
andS. juglandifoliumvis-a-vis to that of tomato and related solanasespecies, with the ultimate
aim to

1) estimate their potential as a source for torgatonplasm enhancement, and to

2) provide insights into genome evolution in theagESolanum

The principle aim of estimating levels of genetieatlsity and genetic structure in wild populations
of S. lycopersicoideandS. sitienswas to acquire information on the amount of gendiversity
and its geographic structuring both on the proéeid the DNA level in order to

3) provide guidelines for conservation strategies to

4) elucidate the species’ demographic histories.
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2. Materials and methods

2.1Comparative mapping analysis

A comparative mapping analysis based on annfapping population derived from an
interspecific cross was conducted to characterize genomes ofS. ochranthumand S.
juglandifolium relative to that of tomato. The following chaptescribes the generation of the

mapping population, fertility measurements, DNAl@ion, marker analysis and map construction.

2.1.1 Plant material

An F, mapping population was generated from an interipecross of S. ochranthum
LA3650, collected by Charles Rick and Miguel Hode Choquemaray, Apurimac, Peru a8d
juglandifolium LA2788, collected by Charles Rick and Miguel Hol¢ Quebrada La Buena,
Antioquia, Colombia. Seeds were provided by theMCRick Tomato Genetics Resource Center
(TGRC), Department of Plant Sciences, UniversityGallifornia, at Davis (USA). Due to self-
incompatibility of both parental species and theierspecific hybrid, two Fplants were crossed to
obtain 66 pseudoFprogeny. All plants were grown at the greenhouwsglify at UC Davis at
approximatetly 21° C day temperature, 16° C nigithgerature and 65 % relative humidity.
Daylength periods corresponded to the natural dagths at Davis. Light intensity was artificially

elevated during winter months by overhead lightrses.

2.1.2 Embryo culture

All F; and F, plants were obtained via embryo culture. Fruitsen®arvested ~ 45 days post-
pollination, surface-sterilized for 10 min in 70 s/v) ethanol and ~ 1.25 % (w/v) sodium
hypochlorite and rinsed prior to the extractiontloé ovules. Embryos were cultured first on the
HLH medium of Neal and Topoleski (1983), then tfarmred after 10 - 14 days to Gamborg’s B-5
basal media with minimal organics (Sigma, St. LoWKD), prepared according to Sacks et al.
(1997). After 3 - 7 weeks of developmémtvitro plantlets were transferred to soil, acclimatized a
moved to the greenhouse.

2.1.3 Pollen stainability

Anthers of five flowers per i plant (01L5288-1 and 01L5311-1) were squashed in
acetocarmine (1 % w/v in 50 % v/v glacial acetiecdpon three different days. The number of
grains that were presumed to be viable (i.e. grdiaswere intact, full-sized and well-colored) out

of a total of 100 grains was counted under the osimope.
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2.1.4 Chromosome pairing

Chromosome pairing was examined during meiosishen R hybrid 01L5288-1 using the
acetocarmine sqash method (Khush and Rick 1963)elDging floral buds were soaked in fixative
(3:1 95 % EtOH : glacial acetic acid with FeClor 24 hours, washed 3x with 70 % EtOH and
stored at 4 C. The number of uni-, bi- and multivalents wasoreled in eight individual cells using

a Zeiss Axioskop compound microscope.

2.1.5 DNA isolation

Young leaves were harvested from mature plantsotifi parental accessions (for a better
representation of the parental genotypes sampes five individuals per species were bulked), the
two F; hybrids and 66 Fplants. DNA was extracted using to the polytrorthod (Chetelat et al.
1995; Chetelat and Meglic 2000).

2.1.6 Marker analysis

Single copy markers, previously mapped in interdjgecrosses with cultivated tomat (
lycopersicumand the wild specieS. pennelli{Tanksley et al. 1992; Fulton et al. 2000; Frarglet
2005) with LOD scoreg 2 were selected for whole genome coverage at erage distance of 10
cM (Appendix 2). Tomato-EXPEN 2000 and in some saBemato-EXPEN 1992 were used as
reference maps. Both maps are based,dd. iycopersicunev. VF36 xS. pennelliiLA716 and are
available at the SOL Genomics Network databasp:(iMtvw.sgn.cornell.edu).
Marker types included RFLPs, COS markers, COSllkerarand microsatellites. RFLPs are based
on tomato genomic clones (‘TG’; Zamir and Tanksl&g8; Miller and Tanksley 1990) and tomato
leaf epidermal cDNA clones (‘CT’; Yu et al. 19910.0S (Conserved Ortholog Set) markers
represent single or low copy genes conserved artiongto and Arabidopsis (Fulton et al. 2002a).
COsSII markers are based on genes that have a singlelogous match in Arabidopsis (Wu et al.
2006). Simple sequence repeats (SSRs) are derwactdémato ESTs (Frary et al. 2005).

CAPS (Conserved amplified polymorphic sequen&e)mers were designed from sequence

information available at the SOL Genomics Netwosgktathase (http://www.sgn.cornell.edu) using
the primer design program Primer3 (Rozen and Skale000; http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3.cgi), and assembled by Sigmadsgs and Operon Technologies. Primers
were developed from RFLP and unigene sequencemattion. COS markers were developed from
SGN unigene build sequences that were assembledE®Ts of tomato and a number of closely
related species (i.e. species witt8olanumsect. Lycopersicun Primer pairs were selected to
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amplify ~ 1000 bp (+/- 700 bp). Preference was mgit@ regions supported by a high number of
member sequences. In cases where unigene buildsralatively short<{ 600 bases) or composed
of only few EST member sequences, alternative G@S were chosen in the genomic vicinity.

The majority of the COSII loci were amplified usitige Universal Primers for Asterid Species
(UPA), available at http://www.sgn.cornell.edu (Véu al. 2006). A few primers were designed
from sequence information according to the procedlgscribed above. PCR amplifications were
conducted in a total volume of 20 in a thermal cycler (GeneAmp; Applied BiosystemSach
cycling reaction contained reaction buffer (1x financentration; Applied Biosystems), MgQl.5
mmol/l; Applied Biosystems) dNTPs (2Qnol/l; Applied Biosystems), bovine serum albumine
(400 pg/ul; New England Biolabs)Taqg polymerase 0.05 Wl Applied Biosystems, 0.3 mmol/l
primer (forward + reverse) and template DNA (100. ymplification consisted of an initial
denaturation for 5 min at 94° C, followed by 40 legcof amplification with denaturation at 94° C
for 30 s, annealing at 55 - 62° C for 1 min andergion at 72° C for 1 min, and a final extension at
72° C for 10 min. The optimal annealing temperatwas determined for each primer pair on
parental genomic DNA in a gradient PCR (Techne)mér performance was evaluated by
electrophoresis on 1.8 - 2.0 % agarose (Amresdimwed by ethidium bromide staining. The locus
identity was evaluated by comparing PCR producessiobtained from genomic DNA of
Lycopersicum esculentuew. VF36 to those predicted by tReimer3program.

Primer pairs that resulted in single-band amplifarawere digested with a set of eight frequently
cutting restriction enzyme8¢dI, Hinfl, Msp, Ban, Haelll, Styl, Haell and Hhal; New England
Biolabs, Promega). Digests were carried out acogrdo the manufacturer. Digested DNA
fragments were separated on 1.8 - 2 % agarose lgelene of the restriction enzymes yielded
polymorphic banding patterns among the parentabtypes a second set of digests was performed
using eight additional restriction enzymeAvdl, Dral, Ncil, Rsd, Alul, Dpnl and Ddd).
Successful primer pair/restriction enzyme comboreiwere confirmed on both Rybrids and 4 -

7 R, plants to rule out, e.g. residual polymorphisnipkeethey were used in the screen of the entire

F. population.

SSRs (Simple Sequence Repedsiner sequence information was obtained from ti@L S

Genomics Network database. Primer assemblage aotiae mix preparation were as described
above. Thermocycling reaction conditions were basedhose employed by Frary et al. (2005):
after an initial denaturation for 5 min at 94° @) dycles of amplification consisting of 30 s
denaturation at 94° C for, 45 s annealing at 58n@ for 45 s extension at 72° C followed by a final

extension of 72° C for 10 min. Depending on thee silifference between parental fragments,
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samples were resolved on either 1.8 - 2 % aganodestained with ethidium bromide or on 5.2 %
polyacrylamide using a LiCor (4200) sequencing apos to detect fluorescently labeled
fragments. The tailed primer method was used torpuarate fluorescence dye (IR-700 or IR-800)
into PCR amplicons via a labeled M13 primer (TTTG@I CACGACGTT; MWG-Biotech) that
was added at 0.0/l to the PCR reaction.

RFLPs (Restriction fragment length polymorphisRrpbe identity had been confirmed previously

by comparison of insert sizes and restriction fragmbanding patterns with those from the
SolGenes database (http://ukcrop.net/perl/acesSoiGenes; Pertuzé et al. 2002). Total genomic
DNA of both parents, the interspecifigbrids and 66 Findividuals were digested with a panel of
six restriction enzymesECoRI, EcarV, Hinfl, Xba, Dral, Hadll; New England Biolabs;
Promega). Digestions were performed according ¢ontlanufacturer’s instructions. Samples were
separated electrophoretically on 0.8 % agarosesabdequently blotted onto nylon membranes
(Hybond-N+; Amersham). Probes were labeled WitR]JFdCTP and ¥P]-dATP using the random
hexamer primer method (Feinberg and Vogelstein 1988 washed three times to a final
stringency of 0.5x SSC before exposure to X-ray fiKodak BioMax MS; Fuji Super RX) at -80

C. Surveys were conducted to identify probe/retsbic enzyme combinations that produced

polymorphisms between parental genotypes.

2.1.7 Map construction

They? goodness-of-fit statistic was employed to testdeviations from expected Mendelian
segregation ratios (1:2:1) Bt< 0.05. Linkage analysis and map construction werelucted with
MapMaker version 2.0 for Macintosh (Lander et @817). Linkage groups were assigned with
LOD > 4 and a recombination fraction0.3. The stringency was raised to LOD = 6 in orer
resolve the spurious association of two chromosofses results). Kosambi’s mapping function

was used to convert recombination fractions int@ mngits [cM] (Kosambi 1944):
cM = -In[l1 + 2y)/(1 - 2y)]

(y = recombinatioffraction)
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2.2 Genetic diversity analysis
Wild populations ofS. lycopersicoidesnd S. sitienswere analyzed for their content and
structure of genetic diversity. Experimental praoed, from generation of plant material to marker

and data analysis are described below.

2.2.1 Plant material

FourteenS. lycopersicoidesnd severS. sitiensaccessiorfswere selected according to a)
geographic distribution (with the aim to sample #wire distribution range), b) population and
sample size (prioritizing larger populations ananpkes), and c) availability of passport data
(selecting accessions with more detailed collectdormation.; Table 2, Figure 1). Oi%e chilense
accession (LA2773), sympatric with lycopersicoidesvas included as a reference. SampleS.of
lycopersicum(cv. VF36), S. pennellii(LA0716) and Ik S. lycopersicunx S. lycopersicoides
(LA3857) served as gel scoring standards. Seedsda@ltattion data were obtained from the C. M.
Rick Tomato Genetics Resource Center (TGRC). Eawpulption was represented by 11 - 29
plants, composed of five half-sib progeny from fidd#ferent mother plants, depending on the
availability of collection information and seed mi@l. Seeds were sown from ‘original’ seed (i.e.
seed collected from plants growiigsitu). After soaking in 2.5 % sodium hypochlorite fdr ain,
seeds were rinsed under running water for 15 mdiaoubated on moist absorbent paper inside
transparent plastic boxes in a germination chant@®rC, 12 h photoperiod). Those that failed to
germinate within 10 days were nicked (i.e. the ssmat was opened with a scalpel in proximity of
the radicle) to facilitate radicle emergence. A¢ tlotelydon stage seedlings were transplanted into
flats filled with ‘desert soil miX in order to accommodate the requirements of tispeeies —
especiallyS. sitiens- for dry conditions. Small plantlets were traaspéd into five gallon pots of
the same soil medium typ8. sitiensaccessions were grafted ontpS= lycopersicunx S. pennellii
rootstock to obtain satisfactory plant growth. Pdamere grown at the UC Davis greenhouse
facilities at the conditions as described aboveung leaf tissue was harvested for DNA
extractions, young shoot material for allozyme gsed. Not all plants were genotyped with both

sets of markers; 85 % and 56 % of plantS ofycopersicoideandS. sitiensrespectively, were

2 Accessions LA4110 and LA4111 were located atfeas 3 km from each other in the wild and therefavasidered
as a single population (they are maintained byTtB&®C as one population). They are referred to #1111’ in the
present text.

® The ‘desert soil mix’ is composed of 10 | peat mdd | coarse sand and 10 | redwood bark to whizh5 kg
dolomite and 0.160 kg fertilizer (14-14-14) are eddubsequent to steam sterilization.



Population Accession  Population g.l. Location Province Country Latitude Longitude Altitude Population Collection
number  number name (m) size year
S. lycopersicoides
1. LA4018 Aricota #1 1 Lago Aricota Tacna Peru 3BR -70.250 2888 many 1988
2. LA2387 Aricota #2 1 Lago Aricota (Tarata) Tacna Peru -17.355 -70.313 2852 NA 1981
3. LA1964 Chupapalca 2  Chupapalca Tacna Peru -17.76 -69.912 3459 50 1979
4, LA1966 Palca 2 Palca Tacna Pera -17.767 -69.950 3134 60 1979
5. LA2781 Putre #1 3  Desvio a Putre Tarapaca Chile -18.199 -69.540 3736 large 1986
6. LA2777 Putre #2 3  Putre Tarapacéa Chile -18.203 69.564 3462 large 1986
7. LA2776 Perquejeque 3  Catarata Perquejeque Tarapa Chile -18.210 -69.596 3115 immense 1986
8. LA2772 Zapahuira 3 Zapahuira Tarapaca Chile 21B. -69.580 3416 many 1986
9. LA4320 Lluta 3  Alto Rio Lluta Tarapaca Chile -:388 -69.805 1509 small 2005
10. LA4130 Pachica 4 Pachica (Camarones) Tarapacé hile C -18.908 -69.604 2672 > 20 2001
11. LA4131 Esquina 4  Esquina (Camarones) TarapacdaChile -18.926 -69.551 2341 > 68 2001
12. LA4126 Nama 5 Camifia — Nama Tarapacé Chile 281P. -69.396 3156 > 50 2001
13. LA4123 Camifia 5 Camina Tarapaca Chile -19.306 69.421 2599 > 50 2001
14, LA2730 Moquella 5 Moquella Tarapaca Chile -09.4  -69.600 1719 NA 1985
S. dtiens

15. LA4116 Paqui 1  Quebrada de Paqui Antofagasta ile Ch -22.159 -68.782 2935 > 100 2001
16. LA4114 Carbonatera 1 Pampa Carbonatera Antsfaga Chile -22.191 -68.757 2736 >35 2001
17. LA4113 Cere 1 Estacion Cere Antofagasta  Chile  22.235 -68.762 2652 > 20 2001
18. LA4112 I\_/ig;gg 2 Aguada Limo6n Verde Antofagasta  Chile -22.617 968. 2780 > 47 2001
19. LA4331 Quimal 3  Cerro Quimal Antofagasta  Chile -22.969 -68.821 3074 15-20 2005
20. LA4110/4111 San Juan 4 Mina San Juan AntofagasChile -23.098 -69.033 2718 > 60 2001
21. LA4105 Escondida 5 Mina La Escondida AntofagastChile -24.211 -69.241 2618 > 20 2001

SAOHL3N ANV STVIH3ILVIN
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Table 2. S. lycopersicoides and S. sitiens accessions used in the diversity analysis.

Passport data were obtained from http://tgrc.ucdesti. More detailed information is available oe thebsite.
‘Population size’ is the observed number of indits in the wild. ‘g.l." indicates the primary geaghic locations as
referred to in the text: iS. lycopersicoide4) Lago Aricota, 2) Palca, 3) Putre, 4) Camarcered 5) Camifia; irS.
sitiens 1) north of Chuquicamata, 2) Aguada Limén Verde,Cerro Quimal, 4) Mina San Juan and 5) Mina La
Escondida.

'n

Figure 1. Geographic distribution of S. lycopersicoides and S. sitiens in southern Peru and

northern Chile.

S. lycopersicoidegopulations are indicated by black triangl®ssitiengpopulations by black circles.

genotyped for both marker types. Disregarding thied additional populations in the SSR dataset,
portions of identical plants amounted to 94 % abd%6, respectively. To prevent discarding of
valuable data, calculations were based on the amp@ls well as the reduced, ‘common’ set of

individuals for direct comparisons and combinedadatalyses.
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2.2.2 DNA isolation
DNA was extracted according to the ‘microprep peotb (Fulton et al. 1995). DNA of.
chilenseLA2773 was kindly provided by Elaine B. Graham.

2.2.3 Marker analysis

2.2.3.1 Allozymes

Plant shoot sample preparation, horizontal slabeggttrophoresis and staining procedures
were carried out as described in Chetelat et 8B{L Eight out of ten tested enzyme systems were
chosen yielding 14 polymorphic out of a total of [b6i (Table 3). These ar&co-1 (aconitase),
Aco-2 6-Pgdh-1 (6-phosphogluconate dehydrogenas&)Pgdh-2 6-Pgdh-3 Idh-1 (isocitrate
dehydrogenase)Adh-1 (alcohol dehydrogenasefdh-2 Fdh-1 (formate dehydrogenasefot-2
(glutamate oxaloacetate transaminas@ot-3 Pgi-1 (phosphoglucose isomeraseRgm-1
(phosphoglutomutase) aym-2 Enzymes were resolved on 12 % potato starch gédsc{Brt)
using pH 7.0 Aco-1, Aco-2 6-Pgdh-1 6-Pgdh-2 6-Pgdh-3andldh-1) or pH 7.8 Adh-1, Adh-2
Fdh-1, Got-2 Got-3 Pgi-1, Pgm-landPgm-2 buffer systems. Alleles (unique banding patterns)
were recorded as differences in migration (in memgtive to the tomatdS( lycopersicuinreference
on the same gel. Control sampkspennelli(LA716) and i S. lycopersicunx S. lycopersicoides

(LA3857) were employed to facilitate gel interpteda.

2.2.3.2 Microsatellites

Marker information including primer sequences @hato EST-derived SSRs were obtained
from the SOL Genomics Network database (http://wsgn.cornell.edu; Table 3). Selection criteria
were a) even genomic distribution and the avoidasfcan overrepresentation of centromeric or
telomeric regions, b) amplification quality, c) polorphism degree and d) scorability (i.e.
sufficient spatial separation of alleles on theypotylamide gel).
Thermocycling reactions including fluorescent lahglwere performed as described above in the
section on comparative mapping. All fragments weeparated on 5.2 % polyacrylamide and
visualized with a LiCor (4200) sequencing apparagislycopersicumVF36’ was used as the
control. SSR identity was confirmed by comparisdrthe observed and predicted (from SGN)
fragment sizes for the control genotype. A totatléfout of 37 tested markers were used for the
population genotyping. Alleles were recorded acewydo their fragment sizes (in base pairs).

Putative rare alleles were validated by repeatiegSSR genotyping of selected individuals.



MATERIALS AND METHODS 38

2.2.4 Data analysis
Prior to the computational analyses data weredefir agreement with Hardy-Weinberg
expectations in order to avoid the inclusion of khat were not exhibiting neutral genetic variatio

due to factors such as selection or scoring ereord, would violate the assumptions of most test

statistics.
S. lycopersicoides S. ditiens
Marker name Chr  Position (S/LorcM) LOD score N N
Allozymes
1. Aco-1 12 L NA - 150
2. Aco-2 7 L NA 296 150
3.  6-Pgdh-2 12 NA NA 208 149
4.  6-Pgdh-3 5 NA NA 272 146
5. ldh-1 1 S NA 279 146
6. Adh-2 6 L NA 285 124
7. Fdh-1 2 NA NA 297 -
8. Got-2 7 L NA 298 142
9. Pgi-1 12 NA NA 298 148
10. = Pgm-1 12 S NA - 147
11. Pgm-2 4 L NA 298 150
Mean 281.2 145.2
Total 298 150
Microsatellites
1. SSR125 2 106.6 | 315 154
2.  SSR15 8 22.7 I 306 152
3.  SSR320 3 158.0 I 317 153
4. SSR325 5 18.5 I 314 154
5.  SSR341 1 137.5 I 313 154
6. SSR345 12 72.5 I 311 149
7. SSR43 4 14.0 F 316 155
8. SSR50 2 70.5 I 316 155
9. SSR578 6 44.0 CF 317 -
10. SSR599 9 103.0 F 315 155
11. SSR74 10 74.0 I 315 155
12. SSR76 11 38.0 I 316 155
13. SSR80 11 20.0 I 316 155
14. £ SSR85 10 55.0 | 316 153
15. SSR98 1 31.8 CF 317 155
Mean 314.7 153.7
Total 317 155

Table 3. List of allozyme and microsatellite markes.

Chromosomal positions and LOD scores are from ¢meato . lycopersicuisozyme map (Tanksley 1985) and
tomato-EXPEN 2000 (available at http://www.sgn.@edu). S/L = short/long chromosome arlh;= number of
individuals analyzed. Shaded areas indicate ‘commankers (i.e. markers used in the analysi§ofycopersicoides

S. sitiensand the control speci&s chilensg
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A Marcov-chain algorithm (Guo and Thompson 1992)hwi000 dememorizations, 100 batches
and 1000 iterations per batch was implemented gbtke probability of deviations from Hardy-
Weinberg equilibrium using the ‘exact Hardy-Weirdgpdest’ (HO = random union of gametes;
Haldane 1954; Weir 1990; Guo and Thompson 1992)tledingle and multiple-samples version
of the score test (‘U test’; H1 = heterozygote cieficy or H1 = heterozygote excess) was
employed (Raymond and Rousset 1995). The lattestatstic is the more powerful and was given
priority in the analyses. Both tests were performé& GENEPOP on the web
(http://genepop.curtin.edu.au; Raymond and Rouk3@5%). The Bonferroni correction for multiple
testings (Shaffer 1995) was applied in the staastnalyses, if appropriate.

The total number of allelek)( the number of private alleles (i.e. alleles thatre unique to one
accession), allele frequencies, percent polymorpites P), allelic richness per locus and sample
(Rs) and over all samplesR{), Nei's gene diversity Hg), Wright's inbreeding coefficient per
population Fis) and the population pairwisEst were computed in FSTAT ver. 2.9.3 (Goudet
2001). For each locus and population the numbelefes, the number of private alleles and the
proportion of polymorphic locfP; i.e. all sites with allele frequencies below 99 Were recorded
from the FSTAT ver. 2.9.3 (Goudet 2001) output.eAd richness was calculated per locus and
sample Rs) and over all samplesRf). The measure was independent of sample size;
standardizations were realized via an adaptationthef rarefaction method (Hulbert 1971; El
Mousadik and Petit 1996). All estimates were basethe smallest number of individuals typed at
a given locus within a sample. The inbreeding c¢oeffit per populationHs) was estimated
according to Nei (1987; i.e. not requiring the @ifint weighting to adjust for different population
sizes). The inbreeding coefficient per locus anel plopulation pairwisd-st were calculated as
Weir's & Cockerham’s (1984) unbiased estimators Bnfd) and theta {), respectively which
account for small and unequal population sizes.

Significant deviations of the inbreeding coeffidigger population K;s) from the null hypothesis
(i.e. panmixia) were tested with randomizationshat 5 % level (i.e. randomizing alleles among
individuals within samples and multi-locus genotypbetween two samples, respectively).
Significance of the population pairwidesr was evaluated with the log-likelihood statistic G
(Goudet et al. 1996).

Locus-specific inbreeding coefficients{ , FsrandFir), Nei's gene diversity (Nei 1987) as total
(Hr) and mean expected heterozygosity at each loElg}, @s well as the mean observed
heterozygosity Hip) per locus and per population were estimated udireg software program
ARLEQUIN ver. 3.11; Excoffier et al. 2005). Sig#nce of the inbreeding coefficients,{and

Fir) and the fixation indexHsy) per locus was tested via non-parametric pernuortati The
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hypothesis of isolation by distance (IBD) and othwatrix-based correlations were tested in the
Mantel test option in ARLEQUIN using 10000 permigas (Mantel 1967; Smouse et al. 1986).
For IBD tests transformations of Weir's & Cockerhian{1984) unbiased estimat@r via the
formula Fs1/(1- Fst) and of geographic distances into In-distancesevaditained in GENEPOP,
following the method described by Rousset (1997%igle negative pairwisEst value in theS.
lycopersicoidesllozyme dataset was set to 0.0001 in order tooparthe transformation.

A conventionalt-test and the nonparametric Mann-Whitney test warglemented to test for
significant differences between allozyme and miateliite diversity estimates. In a reduced,
common dataset (i.e. composed of only those indali&l that were tested with both marker
systems) pairs of global population and locus estéd were compared using either population or
locus means as replicates. The correlation ofwledatasets was investigated via a Mantel test on
the pairwiseFst () matrices. Spearman’s rank test was used to eeati@relations of various
diversity estimates and allele frequencies with ggaphic components and population size
estimates. The statistical tests were conduct&TITISTICA ver. 6.0.

The amount of gene flow between populatioNsn( and the average frequency of private alleles
were estimated in GENEPOP. Gene flow was calculaecbrding to Barton and Slatkin’'s
parameter (Barton and Slatkin 1986) which is bamethe distribution of rare alleles assuming the
island model of migration. Wright's traditional efion Nm= (1 —Fsy)/4 Fst (Wright 1951) was
also included as a comparison. Populations weresiyated for signatures of recent bottlenecks in
BOTTLENECK ver. 1.2.02 (Piry et al. 1999) with 1@i@erative runs assuming the infinite alleles
model (IAM) via two detection methods, in the al=emf historical population information or
reference population data. One is based on theiplenthat the number of alleles (in particularerar
alleles) declines faster than the gene diversitgrad bottleneck event, resulting in an excess of
heterozygosity relative to that expected at mutatioft equilibrium. Significant heterozygosity
excess was tested using the Wilcoxon sign-rankbesause of its robustness with few (less than
20) polymorphic loci (Cornuet and Luikart 1996; kait et al. 1997a; Piry et al. 1999). In addition,
the graphical method described by Luikart et aP9@) was implemented, designed to detect
bottlenecks by visualizing mode-shift distortiome.(an over-proportional frequency reduction of
rare alleles). This test, however, cannot be ewatlifor its significance and requires sample sizes
larger than those of the present study (more ti@aimd@viduals) in order to return confident results
It was therefore viewed as inferior to the Wilcoxsign-rank test and only included herein to

provide additional information from a different ppective.
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In order to investigate the partitioning of genetiziability among populations global and locus-by-
locus analyses of molecular variance (AMOVA) werenducted in ARLEQUIN ver. 3.01
(Excoffier et al. 1992, 2005; Weir and Cockerhar84)9

Significance tests were based on non-parametrienyt@tions (16000) on the covariance
components associated with the structural leveithifwvand among individuals, within and among
populations, and within and among groups of popurat if these were specified).

Cluster analyses were performed using the prograBQBOOT, GENDIST, NEIGHBOR and
CONSENSE from the PHYLIP software package versign(Belsenstein 2005). Allele frequency
tables were generated in CONVERT ver. 1.31 (GlauB®04). Three genetic distances were
computed: Reynolds’ distance (Reynolds et al. 1983valli-Sforza’s chord distance (Cavalli-
Sforza and Edwards 1967) and Nei’'s genetic distéiNee 1972). The first two assume that genetic
differences are caused by drift alone while theetadttributes a role to the effects of both motati
and drift in generating genetic differences. Treeonstruction was achieved by implementation of
the UPGMA (Sokal and Sneath 1963) and the neigfdioing (Saitou and Nei 1987) method.
Bootstrapping was carried out over 10000 replicagsong branch support was indicated by
bootstrap values above 70 %. A consensus tree uiisabcording to the extended majority rule
and rooted with the respective sister species agraup. Phylogenetic trees were printed in
TREEVIEW ver. 1.6.6 (Page 1996). Principle compararalyses (PCA) were conducted on Weir
and Cockerham’s pairwis@ using the statistics software program STATISTICAr.v6.0.
Individuals were assigned to populations via a rbdsed, clustering algorithm provided by
STRUCTURE ver. 2.2 (Pritchard et al. 2000; Falushle2003, 2007). A burnin and run length of
10000 steps each was used. The admixture modethvaissumes that individuals share portions of
their genome with individuals of other populatiqne. exhibit mixed ancestry) and the correlation
model, which assumes that allele frequencies anmugtigiduals are correlated because they have
derived via drift from a common ancestor, were emo® optimally analyze the underlying data.
No prior population information was added to thenpotations. The true number of populations
was estimated from the posterior probability of kbg-likelihood distribution and its second order
rate of change as described by Pritchard et al0DQR@nd Evanno et al. (2005), respectively.
Geographic maps were generated in DIVA-GIS ver. HHijmans et al. 2001).
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3. Results

3.1Comparative mapping analysis

A comparative genetic linkage map based on anspésific i, was constructed and analyzed
in comparison to other solanaceous genomes. Hiestsignificant aspects regarding the mapping
population (e.g. generation and fertility) are Hhighted. Next, results from the genotyping
procedure, such as marker numbers, amplificatiah mymorphism rates as well as segregation
distortion are reported. The comparative genetikage map of theS. ochranthumand S.
juglandifoliumgenome vis-a-vis to that of tomat®. (ycopersicuinis presented, differences in map

length are investigated and the degree of collibherevaluated.

3.1.1 Generation of the mapping population

Cross-incompatibility between the parental spe&eschranthunandS. juglandifoliumwas
overcome by embryo rescue. The twopkants closely resembled each other and weremgiate
between the two parents. A ‘pseudg-population comprising 66 plants was generated by
intercrossing of two Fplants in order to circumvent self-incompatibiligactions. The genotype of
F, and R plants was confirmed by segregation analysis usintecular markers. Further evidence
of hybridity and normal segregation was that [lants varied for parental morphological
characteristics, such as leaf size and dimensitemgth x width), surface texture (smooth vs.

rugose), degree of pubescence and number of psgudes (data not shown).

3.1.2 Pollen fertility and chromosome pairing

Pollen fertility averaged 38 % in the twq Rybrids (39 % in 01L5288-1 and 37 % in
01L5311-1). The majority of the chromosomes inttaiotic pollen cell in the Fhybrid 01L5288-
1 paired as bivalents (5 - 8 bivalents/cell) ancesal as univalents (3 - 6 univalents/cell). Six ol
eight cells contained one trivalent. Only one aalhtained two, and another no trivalents but

instead a multivalent formation involving sevenahbsomes.

3.1.3 Marker analysis

A genetic linkage map was constructed with 132 m@KAppendix 2); the map comprised
96 (73 %) CAPS, 19 (14 %) RFLPs and 17 (13 %) nsatellites. The majority (51 %) were COSII
markers, followed by 24 % TG probes, 13 % SSRs%dTOS markers and 2 % CT probes.
Average marker spacing was 6 cM between markergjimg from 0 to 31.7 cM. Of the 269
markers that were evaluated 51 % did not give fsatisry results. Marker failure was due to either

failure of PCR amplification (CAPS and microsateH), lack of polymorphisms (all marker types)
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or complications during the,Bcreen, e.g. amplification problems or allelic mbdydy (all marker
types). Among the different marker types used aPELOSII markers yielded the highest number
of informative loci (62 %), followed by TG probe35 %) and COSI loci (19 %).

3.1.4 PCR amplification

Of all PCR-based markers 76 % (204 out of a tot269) yielded single amplicons. PCR
amplification was most successful for COSIlI marké4 %; 101 of the 108 tested primer pairs
generated single bands) and similar for ‘TG’ or *@fobe derived markers (50 %; 31 out of 62)
and COSI markers (42 %; 45 out of 107). Among SSHRKkers 77 % (27 out of 35) yielded single
fragments. Amplicon sizes were either equal to eriated only slightly from those predicted for

tomato.

3.1.5 Polymorphism rate

RFELPs. Sixty out of 289 (21 %) tested probe/restrictionzygne combinations were
polymorphic. Polymorphism rates ranged from 0 %8® % for individual probes. Among
restriction enzyme&coRV andHasdlll yielded the highest (both 35 %) aridul the lowest (3 %)
polymorphism rate.

CAPS A total of 3.5 % of the markers that yielded sinfijeegments were polymorphic with
respect to their amplicon sizes, all of those we€@SIl markers. A total of 2052 restriction
digestion reactions were carried out. Overall palyphism rate was 12 % with the highest (17 %)
among COSI markers followed by ‘TG’ and COSII satpes which showed similar polymorphism
rates (14 % and 13 %, respectively). Polymorphiates were not corrected for fragment length,
therefore those of ‘TG’ probes, which were gengrahorter (data not shown), were likely
underestimated.

SSRsPolymorphism yield among SSRs that amplified aglsifragments was 63 % (17 out
of 27).

3.1.6 Segregation distortion

The R and F, state of the plants was confirmed by genotypic yaisi this is 100 %
heterozygosity in thejfand presence of all 3 genotypes (J/J, J/O and @/€gch Eplant. Overall,
genome-wide segregation matched the expected I#id. Goodness-of-fit statistic detected
significant segregation distortion at a confidelmeel of P < 0.05 at one third (32 %) of all loali,
6-fold increase of the number of loci expected ¢ocaffected by chance alone (Figure 2, Appendix

3). Proximal and distal chromosome positions wéexted equally. A total of 12 putative
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Figure 2. Genotype frequencies across the twelve rdmosomes of E S. ochranthum x S,
juglandifolium.

Shaded areas indicate markers showing a signifisagtegation distortion (P < 0.05). Markers assediavith the

strongest deviation in a region were marked asegggjion distorter loci (*). The expected frequenacieere 50 % for

the heterozygotes and 25 % for the homozygotes;adtetl by horizontal lines. The X-axis shows thedje distance

(cM) from the distal short arm to the distal longneend of each chromosome. Black boxes show petagntromere
positions.

segregation distorter loci were observed on nin¢hef12 chromosomes. On two chromosomes
(chr. 2 and 9) the deviation extended nearly achbes entire length of the chromosomes.
Segregation distortion was most severe (P < 0.000l1hree chromosomes: at two loci on chr. 2,

six loci on chr. 5 and one locus on chr. 9. Onaing segregation distorter locus was locatedeat th
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upper end of chr. 2 at a position predicted fordéetromere (TG60&d2.), and a second towards
the middle of the chromosome (C2_At4920410 and @2920930;sd2.2 where theS. jugl.
homozygote reached > 50 % of the genotypic distiobuat the expense &. ochr.homozygotes.

All loci on this chromosome were distorted in tlaeng fashion. The bias decreased towards the end
of the long arm and was no longer significant atriost distal locus (C2_At4g37280).

The reverse situation was found on chr. 5. An exoéS. ochr.homozygotes was accompanied by
a deficiency ofS. jugl.homozygotes and a less pronounced decline ofdmtgotes (P < 0.0001).
The distortion peaked around T158&4%.). Prominent was the partition of markers into thasth
highly significant segregation distortion and nadgngficant segregation distortion on this
chromosome. The sharp drop occurred between ma2rg\t4g24830 and SSR115 and may
therefore coincide with the centromeric positiorhieth was predicted to lie in proximity of
C2_At4g24830, albeit on its ‘south’ side.

An over-representation 05. ochr.homozygotes indicated the presence of anotheregation
distorter locus of high significance (P < 0.000&dlocalizing with the centromere on chr. 9
(TG291;sd9.). While S. jugl.homozygotes were suppressed throughout the eatige of chr. 9,
ratios for the heterozygous state were as expeamtetlS but exceeded normal values on 9L. An
increase of heterozygotes accompanied by a deafi®e ochr.homozygotes was observed across
the entire length of the long arm of chr. 9 andnped to a second putative segregation distorter
locus around C2_At39g24056d9.9.

Further putative segregation distorter loci withaker effects (P < 0.05 0.001) were observed at
the following locations: On chr. 1 around C2_At2626 the heterozygous state was favored over
both homozygous genotypexi(.]). The two linkage groups that represented chiinkgge groups
are depicted in Figure 3) showed similar segregapatterns with the exception of a (non-
significant) drop ofS. jugl.homozygotes and an increaseSofochr.nomozygotes at the end of the
shorter linkage group in close proximity to thegicéed centromere. The distal end of the short arm
of chr. 4 showed an excess 8f ochr.homozygotes associated with a reductionSofjugl.
homozygotes (SSR43d4.). S. jugl. homozygotes outnumberes. ochr. homozygotes at the
centromeric region on chr. 7 (C2_At4g3325@7.). The number of heterozygous genotypes was
also slightly lower than expected, but the reductdS. ochr.homozygotes was more pronounced.
Two putative distorter loci were found on chr. Be ffirst was located at the distal end of the short
arm (C2_At5g46630sd8.) and the second in the middle of the long arm (I@GSd8.3. At both

loci the heterozygous state was favored, accomgdnjea reduction o§. ochr.homozygotes at the
first and a reduction of both homozygotes at theosd locus. The same pattern was evident as a

trend at adjacent loci. On chr. 11 a significarduction of heterozygotes was observed only at
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T0142 while the remainder of loci segregated in plisnmce with the expected Mendelian ratios.
This, combined with the fact that a relatively higtimber of data were missing at this locus (16.7
%), suggested that the deviation could be an attdad not caused by the presence of a distorter
locus. Finally, two additional putative segregatitistorter loci were located on chr. 12. The first
was centered on the short arm around C2_At5g196802() and the second on the long arm
around TG3944d12.2. The first locus showed an increase of hetero®gand, to a lesser degree,
S. jugl. homozygotes at the expense ®f ochr. homozygotes. At the second site only the
heterozygote state was favored and the numbd@&. afchr.homozygotes was reduced. The same
patterns were apparent as trends at adjacent loci.

Chr. 8 and 12 displayed similar patterns of sedregalistortion. Along the entire ranges of both
chromosomes the number of heterozygotes was abodehe number of th®. ochr.homozygotes
below the expected values. Segregation pattertigitranslocation version (see next paragraph) of

these chromosomes therefore corresponded to tlidse non-translocated counterparts.

3.1.7 Comparative genetic inkage map

3.1.7.1 Linkage groups

The 132 markers on thi& ochranthunx S. juglandifoliuminkage map were distributed over
12 linkage groups (LOD> 4, recombination fraction (RR 0.3), which corresponded to the 12
chromosomes reported for tomato with the followiegceptions (Figure 3): Tomato chr. 1
corresponded to two linkage groups on $heochranthumx S. juglandifoliuminkage map, which
were joined by a LOD of 1.98 and a RF of 0.28 amtribt show linkage to any other linkage
group. Tomato chr. 5 and 9 were connected to alesilagge linkage group within which both
corresponding tomato chromosomes formed clearlyniteld subgroups (i.e. loci order of the two
subgroups was unaltered), suggesting a spuriowsiaien. The subgroups were split manually by
raising the stringency to LOD = 6. Tomato chr. 8 d2 also emerged as a single linkage group
which was almost twice as long as the average diekgoup on th&. ochrx S. jugl.linkage map,
thus appearing as a spurious fusion product. Howewarker order was ambiguous along the
merged linkage groups and higher stringencies did rasult in a division into two balanced
chromosomes but revealed the presence of threaginkubgroups (with total lengths of 22 cM, 53
cM and 20 cM), each with clearly determined maxkeler.
The subgroup (C2_At5g38530-T0800) that correspontiedthe distal portion of tomato
chromosome 12L disassociated at LOD = 4.9, thetlwetemapped to tomato chr. 8L (TG510 -
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Figure 3. Comparative genetic linkage map of £S. ochranthum x S. juglandifolium.

Positions of corresponding markers are shown on réference map of tomato (tomato-EXPEN 2000) from
(http://www.sgn.cornell.edu). Common markers arengd by dotted lines. Circles indicate putative toemere
positions (Pillen et al. 1996). Map distances ar&dsambi centi Morgans (cM). The fused linkageugr@f tomato
chromosome 8 + 12 is shown as its three linkaggrsuips. Ta and Tb indicate the chromosome pairtregirom a
putative reciprocal translocation in eittf&rochranthunor S. juglandifolium

CT68) disintegrated at LOD = 5.4, leaving a “comgrbup of 12 tightly linked markers that
maintained its integrity up to LOD = 13. Within shsubgroup linkage was strongest between
markers SSR15 and C2_At42740 (LOD = 27, RF = O)eéiprocal translocation in one of the
parents of a mapping population is known to creatudolinkage between markers in proximity to
the interchange breakpoints (Burnham 1991). Onttineato map SSR15 and C2_At42740 are
located near the centromere, a region with higlp@msity for chromosome breakage in many
species (Tanksley et al. 1992; Moore et al. 19833uming this to be the interchange point, linkage
groups were rearranged manually resulting in twiatpre, balanced chromosome pairs: a) tomato
chr. 8 and 12 and b) the translocation pair TaBndAll four were similar in length to the rest of
the linkage groups. Chromosome pairs with the tomased and the tomato-like configurations
produced near equal amounts of overall mappingsuiii24.0 cM and 124.2 cM, respectively).
Within each group computational analysis identifisthmbiguous marker positions that were also
supported by LOD tables generated in MAPMAKER.

3.1.7.2 Map length

When the length of the fused linkage group (8 + W& considered as sum of its three
subgroups (i.e. 22 + 53 + 20 cM) the total mapadtiseé covered by th®. ochr.x S. jugl.linkage
map spanned 761 cM, which represented a 44 % liedudlative to the distance covered by the
same markers on the tomato reference map (1363 tMjler consideration of the putative
translocation and the tomato-like configurationnso@s (i.e. after manual splitting of the large
linkage group) the total map length amounted to.#3%M and 790.2 cM, respectively, which
constituted a reduction of 42 % compared to theatomeference map tomato-EXPEN 2000.
Linkage groups were heterogeneous with respectap axpansions and reductions, but all 12
displayed a net shrinkage compared to the tomatategparts. Distal, proximal and intermediate
regions were affected similarly. Clustering of nmexskaround (putative) centromeres was observed
on J2, J4, J6, J7 and J10. Individual linkage gsowaried between 63 % (J3) and 21 % (J10) size

reduction relative to their tomato counterparts. INkage group showed a net map expansion
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across its entire range, but small regions of mggamsions were observed on all but one linkage
group (J2). Average marker spacing was 6 cM.

The strongest reduction in mapping distance wasrebd for linkage group 3 (63 %), mostly due
to the nearly complete omission of the short ar1¥®reduction) as a result of inverted positions
of two markers, relative to the tomato EXPEN 20Cfpmaccompanied by a 10-fold size reduction:
C2_At3g02420 and T1286 are separated by over 50rckhe reference map but by only 5 cM on
F, S. ochr.x S. jugl. Severe over-all length reductions were also efeston J2 (57 %), J11 (48
%), J5 (46 %) and J1 (41 %). In four cases recoatlmn suppression was concentrated on one of
the two chromosomal arms: J3S (98 %; as mentiohedeg, J10S (96 %), J1S (87 %) and J5L (76
%).

3.1.7.3 Collinerarity with the tomato genome

Overall marker order was highly conserved amon®.Fochr.x S. jugl.and tomato-EXPEN
2000. Six of the markers used in this study (TGII&E08, TG342, TG291, TG144 and TG596)
were not mapped on tomato-EXPEN 2000 but on torBXBEN 1992. Values extrapolated from
adjacent markers with known locations on both t@arEXPEN 1992 and tomato-EXPEN 2000
were used as a proxy for their reference positibiesduplicated loci were detected as only markers
with single banding patterns (RFLPs) or single aompls (CAPS, SSRs) were included in the
study.
Inverted marker positions were observed among searker pairs on 7 out of 12 linkage groups,
these were: SSR346 and C2_At1g02560 on J1L, TG81T&B3 in the distal region of J2S,
C2_At3g02420 and T1286 on J3S, C2_At3g25120 andA@207080 on J6S, SSR578 and
SSR326 in the centromeric region of J6, C2_At4g8323%d C2_At5g20180 in the proximal region
of J7L, TG176 and C2_At5g46630 at the distal end88, and finally SSR596 and SSR034, and
U241700 and SSR318 on J10L. In order to infer ti@ect marker order at the 5 % confidence
level markers needed to be spaced at > 3 cM, erierithat was met in four of the cases (J3S, in the
centromeric region of J6, on J8S and on J10L).
Two markers mapped to different chromosomes: TGE®hted on tomato 6L was placed on 4S in
S. ochr.x S. jugl.. TO308, on 10L in tomato, mapped to the distal @h8S onS. ochr.x S. jugl,
demarcating the most distal position of the chroonues arm that appeared inverted and severely
truncated as a result of the above mentioned iforer3he presence of a whole-arm paracentric
inversion on J3S may have represented an artiadbmato 3S was represented by only two
markers in this study. Efforts to increase that hamwere unsuccessful; no markers with

polymorphisms among the parental species were fémmthat area. A similar situation was found
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on J6S: the only two markers (C2_At3g25120 and G2g@s080) on this chromosome arm
revealed inverted positions, calling for a wholaxgraracentric inversion scenario. However, the
two loci are located at very close positions orhboaps and therefore the inversion could well be

an artifact.

3.2Genetic diversity analysis

To evaluate levels and partitioning of genetic msity across the distributional range $4
lycopersicoidesnd severS. sitienswild populations (Table 2), represented by a tofaB33 and
195 plants, respectively, were analyzed using wffees and microsatellites (Table 3). Results are
presented in the following order: First, the confdy of loci and population estimates to Hardy-
Weinberg expectations is reported. Second, levietgepetic diversity (allele numbers and various
descriptive diversity parameters) and recent pdjmmabottlenecks are highlighted, including
statistical correlations among diversity estimatetatistical differences among allozyme and
microsatellite data and overall correlations ampagameters). Third, population genetic structure
as revealed by partitioning of genetic diversita VAMOVA analysis is described. Spatial
organization of diversity estimates, such as pastef isolation by distance and gene flow estimates
are illustrated. Forth, population genetic clustgridentified via three routes: phylogenetic tree
construction, principle component analysis and aehbased structure analysis is presented, and
subsequently compared to geographic patterns. Iinfalr each population cluster levels and

partitioning of genetic diversity are reported.

3.2.1 Hardy-Weinberg disequilibria

3.2.1.1 Allozymes

Thirteen out of a total of 16 loci in eight allozgnsystems were polymorphic i8.
lycopersicoidesFour of these were excluded from further anaty§eBgdh-1did not fulfill the
criteria of > 1 mm band separation, afddo-1, Got-3 and Pgm-1showed significant (P < 0.042)
heterozygote deficiencies at > 50 % of the polyrharpocus/population combinations according to
both test statistics, the ‘exact Hardy-Weinberd #sd the ‘U test’. This left a total of nine loitiat
were informative and met the above criteria (Té)le
Thirteen out of 16 loci were polymorphic 8 sitiensAs in S. lycopersicoiderot all alleles a6-
Pgdh-1could be resolved at > 1 mm distance, and thesle@s removed from the analysash-1

and Got-3 showed significant (P < 0.008) deviations from dda¥Weinberg expectations according
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to both test statistics in form of heterozygotedehcies at 50 % of the polymorphic loci, leaving
a total of 10 informative loci for the subsequemalgsis.

After removal of loci that showed scoring uncertigi® or deviated from Hardy-Weinberg
disequilibria none of thes. lycopersicoidesind only two of theS. sitienspopulations tested
significantly positive for departures from expectddrdy-Weinberg ratios. Cere (LA4113) was
determined as deviant by both tests, exhibitinggaifsicant excess of heterozygotes (P < 0.006).
Paqui (LA4116) was deviating according to the ‘@xdardy-Weinberg test’ only and showed both
heterozygote excess and deficiency at the underlgici (P < 0.005).

3.2.1.2 Microsatellites

As allelic sizes within loci did not vary in a stristepwise fashion, the infinite alleles model
(IAM; Kimura and Crow 1964) rather than the stemwsutation model (SSM; Otha and Kimura
1973) was assumed to more accurately representithiesatellite mutation mode.
At eight of the 37 SSR loci tested no PCR fragmemats obtained, another five loci were
monomorphic and nine exhibited ambiguous bandiritepe in either of the two species (in most
cases loci showed similar behavior in both spegciegying a total of 15 informative markers for
theS. lycopersicoideand 14 for theS. sitiensanalyses (Table 3).
In S. lycopersicoidesione of the fifteen loci showed more than a fewnisicant (P < 0.036)
deviations in individual populations. The ‘exactrehgWeinberg test’ detected two populations
(Pachica - LA4130 and Lluta - LA4320) that devihtggnificantly (P < 0.003) from the expected
equilibrium, mostly due to heterozygote deficiescithe multi-sample version of the ‘U-test’ one
population (LA1966; P < 0.003), showing heterozygaeficiencies.
In S. sitienssignificant (P < 0.007) departures from Hardy-Wbeirg expectations were restricted to
a small portion of locus/population combinatiorierefore none of the markers was removed from
the dataset. In one population (Escondida - LA4185%ignificant (P < 0.004) heterozygote

deficiency was evident according to both testssties.

3.2.2 Genetic diversity
3.2.2.1 Number of alleles, number of private alleles and peentage of shared alleles
S. lycopersicoideOverall genetic variability was lower at allozynteaih at microsatellite

loci. A total of 25 alleles were found at nine aljjame loci among 298 individuals in 12 populations
of S. lycopersicoidegTable 4). The average population sample size wWe& Zhe highest number
of alleles (5) was counted at locBgm-2with an average of 2.8 per population (Appendix.4A

Among populations the highest number of alleleslldbci (16) was observed in Camifia (LA4123),



Population Accession  Ngig N k Korivate P Rs He Ho Fis 0
name number
A M A M A M A M A M A M A M A M A M
1. Aricota #1 LA4018 50 25 25 13 44 0 1 444 86XI32 276 0.089 0.344 0.076 0.360 0.146 -0.08393 0.342
2. Aricota #2 LA2387 NA 20 20 14 39 0 0 556 80.046 258 0.137 0.407 0.142 0.447 -0.037.102 0.101 0.290
3. Chupapalca LA1964 50 19 19 14 42 0 0 444 93a3%1 279 0.136 0.417 0.137 0.379 -0.0@B094 0.102 0.270
4. Palca LA1966 60 25 25 15 54 0 2 444 861/59 345 0.171 0462 0.194 0.394 -0.20.149 0.116 0.270
5. Putre #1 LA2781 75 25 24 12 46 0 1 333 861731 298 0.110 0.351 0.084 0.385 0.242 -0.02254 0.294
6. Putre #2 LA2777 75 25 25 13 45 0 1 333 861143 287 0.148 0.370 0.131 0.396 0.120 0.0D4111 0.248
7. Perquejeque LA2776 100 28 23 14 49 1 1 444 9335 321 0.131 0461 0.121 0506 0.083 -0.10m88 0.199
8. Zapahuira LA2772 50 29 25 14 54 0 3 444 10071349 0.128 0476 0.126 0.472 0.014 0.0@p191 0.240
9. Lluta LA4320 20 - 22 - 53 - 1 - 100 - 3.47 - &4 - 0.530 - -0.098 - 0.225
10. Pachica LA4130 20 - 11 - 39 - 3 - 73.3 - NA - 0.371 - 0.389 - -0.052 - 0.268
11. Esquina LA4131 68 26 24 12 43 0 0 222 86Li26 278 0.063 0.380 0.050 0.385 0.212 -0.00845 0.284
12. Nama LA4126 50 25 25 14 43 1 0 333 10041 277 0.080 0.428 0.067 0.453 0.177 -0.06485 0.253
13. Camifia LA4123 50 24 24 16 43 1 0 556 93B63 281 0.154 0.465 0.146 0.447 0.050 0.089112 0.222
14. Moquella LA2730 NA 27 25 15 50 1 0O 556 100 1.31153. 0.052 0.486 0.055 0.523 -0.058.078 0.229 0.252
Mean 55.724.8 22.6 13.8 46.0 0.33 0.93 426 905 142 3.01 0.117 0.422 0.111 0.433 0.067 -0.00369 0.261
SD (2.9) (3.9) (1.2) (5.2) (10.4) (8.2) (0.12) (0.31) (0.038) (0.051) (0.044) (0.057) (0.117) 0.079 (0.079) (0.036)
Total 298 317 25 90 4 13

Table 4. Genetic diversity in populations ofS. lycopersicoides.

Nwia = estimated population size in the wild;= number of individualsk = number of alleles per populatioR;= percentage of polymorphic sitd®; = allelic richness per
population;Heg = expected heterozygositi4o = observed heterozygositlis = inbreeding coefficient per populatiofi;= average pairwise genetic distance; A = allozyme

analysis; M = microsatellite analysis. Standardiat&ns (SD) are reported in brackets. Shaded anelisate significant values (P0.05 adjusted level).
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and the average was 13.8 total alleles per populakour private alleles (i.e. those that were not
shared by other populations of the same speciesg wetected inS. lycopersicoidesin
Perquejeque (LA2776; &gi-1), in Nama (LA4126; aFdh-1), in Camifia (LA4123; akdh-1), and

in Moquella (LA2730; aPgm-2. The average frequency of private alleles peufaimn was 0.33.
Ninety SSR alleles were detected at 15 loci in Btividuals of 14S. lycopersicoidepopulations,
ranging from 39 in Aricota #2 (LA2387) to 54 in Pal(LA1966) and Zapahuira (LA2772), with an
average of 46 alleles per population. Individuati lbad maxima of two (SSR578) to twelve
(SSR15, SSR50, SSR341) allelesSinlycopersicoidegmean = 6.0). A total of 13 private alleles
were observed among populationsSoflycopersicoidesn Aricota #1 (LA4018; at SSR50), Palca
(LA1966; at SSR50, SSR98), Putre #1 (LA2781; at 38R Putre #2 (LA2777; at SSR50),
Perquejeque (LA2776; at SSR74), Zapahuira (LA27d2;SSR15, SSR341, SSR345), Lluta
(LA4320; at SSR85) and Pachica (LA4130; three pe\alleles at SSR341). The average private
allele frequency per population was 0.93.

S. sitiensA total of 31 alleles were detected at 10 allozyowe among 150 individuals in six
S. sitiengopulations (Table 5). The loci with the highegimiber of alleles (4) wer@-Pgdh Adh-2
and Pgm-1 Loci showed on average 3.1 alleles among all |atipms (Appendix 4B). The
population that contained the largest number oéledl (25) was Paqui (LA4116), and the
population average was 21.2 alleles. Four privlietea were found amon§. sitiengpopulations:
two in Paqui (LA4116; aldh-1 andPgm-2, and two in Escondida (LA4105; &tPgdh-2andidh-
1). The average private allele frequency per pomravas 0.67.
Sixty alleles were identified at 14 SSR loci amdi&® individuals in seveB. sitiengpopulations,
ranging from 31 in Carbonatera (LA4114) to 45 imbin Verde (LA4112), with a mean of 36.3
alleles per population. Individual loci had two &0, SSR599) to eight (SSR15) allelesSin
sitiens(mean = 4.3). Eight private SSR alleles were dettamonds. sitiengopulations: in Paqui
(LA4116; at SSR43, SSR98), Limén Verde (LA4112S8&R15,SSR345), San Juan (LA4111; at
SSR85), and Escondida (LA4105; at SSR15, SSRERSRB0), leading to an average private allele
frequency of 1.14 per population.

Comparison among specida. order to be able to compare the three speanesuding the

control specie$. chilensgdirectly, the population average for allele numbard estimates of the
main descriptive parameters were recalculated faomommon set of markers, containing eight
allozyme Aco-2 6-Pgdh-2 6-Pgdh-3 1dh-1, Adh-2 Got-2 Pgi-1 andPgm-2 and 14 SSR loci



Population Accession Nyiq N k Korivate P Rs He Ho Fis /]
name number

A M A M A M A M A M A M A M A M A M

15. Paqui LA4116 100 25 19 25 36 2 2 100 85740 255 0.390 0.377 0.383 0.376 0.019 0.003 0.229481
16. Carbonatera  LA4114 35 27 22 21 31 0 0 600 7207 216 0299 0.289 0272 0.289 0.089 -0.00229 0.207
17. Cere LA4113 20 28 21 24 32 0 0 700 78825 225 0.309 0308 0.272 0313 0.121 -0.00247 0.186
18. Limon Verde LA4112 47 24 23 23 45 0 2 700 100 2.2307 0.338 0.452 0.307 0.452 0.099 0.000 0.225580.1
19. Quimal LA4331 7 - 25 - 3 - O - 87- 254 - 0376 - 0379 - -0008 -  0.190
20. San Juan LA4111 70 22 20 17 3 0 1 600 8570 255 0.228 0345 0.204 0358 0.108 -0.081275 0.198
21. Escondida  LA4105 20 24 25 17 37 2 3 600 711464 2.61 0.163 0.371 0.145 0.324 0.113 0.128 0.406304
Mean 441 25 221212 363 0.67 1.14 70.0 83.7 205 253 0288 0.360 0.264 0.356 0.092 0.009 0.28(03
SD (2.2) (2.3) (3.5) (4.5) (15.5) (9.0) (0.32) (0.29) (0.061) (0.053) (0.082) (0.054) (0.037) (0.055) (0.098) (0.047)
Total 150 155 31 60 4 8

Table 5. Genetic diversity in populations ofs. sitiens.
Nwig = estimated population size in the wild;= number of individualsk = number of alleles per populatioR;= percentage of polymorphic siteR; = allelic richness per
population;Heg = expected heterozygositito = observed heterozygositis = inbreeding coefficient per populatiofi;= average pairwise genetic distance; A = allozyme

analysis; M = microsatellite analysis. Standardiat&ns (SD) are reported in brackets. Shaded anelicate significant values ®0.05 adjusted level).
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(under exclusion of SSR578; Figure 4, Table 3). Témults from the ‘common’ dataset did not
diverge much from those based on the ‘unique’ @atd$he total number of alleles at allozyme loci
was similar in both species (22 & lycopersicoideand 24 inS. sitien} but due to the smaller
number of populations i8. sitienghe population mean was higherSnsitieng15.7 vs. 11.8 irs.
lycopersicoides The locus average 8. lycopersicoide§l.5) was lower than that observedSn
sitiens (2.0). Forty percent of all alleles, 48 % of thdsand inS. lycopersicoideand 36 % of
those inS. sitienswere shared by the two specigs.addition, a putative null-allele @&dh-2was
detected in both species, but because the idestitid not be confirmed it was scored as missing
data. In contrast to the allozyme analyses, feWelea were found among populationsSfsitiens
thanS. lycopersicoidessing SSRs. At the 14 common |o8i, lycopersicoideshowed almost 50 %
more alleles (88 vs. 60) which translated into &2crease per population (44.3 vs. 36.3 alleles).
As a comparison, 61 alleles were found among tha@®iduals of the singl&. chilenseontrol
population. Of the 98 alleles scored at the 14 comiaci, 38 were unique t8. lycopersicoideslO

to S. sitiens The two species shared 58.0 % and 83.3 % of thkales, respectivelyS.
lycopersicoidesshared 36.4 % of the alleles wi chilensgS. sitiens45.0 %, or, reversely
described, of the alleles found $ chilense52.5 % were shared I8 lycopersicoidest4.3 % by

S. sitiens

3.2.2.2 Descriptive diversity parameters inS. lycopersicoides
Proportion of polymorphic sites'he proportion of polymorphic site®)Y was 42.6 % irS.

lycopersicoidegTable 4).The highest rates were observedrdh-1 andAco-2(100 %), the lowest

at Pgi-1 (8.3 %; Appendix 4A). Among populations Aricota §222387), Camifia (LA4123) and
Moquella (LA2730) showed the highest rates (55.6Esfjuina (LA4131) the lowest (22.2 %). The
meanP at 15 SSR loci irs. lycopersicoidewas 90.5 %, ranging from 64.3 % at SSR125 to 100 %
at SSR15, SSR325, SSR345, SSR50, SSR599, SSR78038 SSR85. Among populations
percentage rates varied from 73.3 % in Pachica 1384 to 100 % in Zapahuira (LA2772), Lluta
(LA4320), Nama (LA4126) and Moquella (LA2730).

Allelic richnessCalculations of allozyme allelic richness indeperid# population size were

based on the minimum sample size of eight diplaoidividuals inS. lycopersicoidesAllelic
richness over all sampleRy) ranged from 1.086(Pgdh-3 Pgi-1) to 2.89 Aco-2 with a mean of
1.54. AverageRs over populations reached from 1.26 (Esquina - L3Y1lto 1.63 (Camifa -
LA4123) with a mean of 1.42. At SSR loci calculasoof allelic richness were based on a
minimum sample size of 17 diploid individuaRopulation Pachica (LA4130) was excluded from

the dataset in order to avoid a downward bias chbgehe exceptionally low sample siZé £ 11
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vs. meanN = 23.5 in the remainder of populations). Allelichmess over all population&
ranged from 2.00 (SSR578) to 7.88 (SSR15) withemn of 4.43 per locus. AveraBe over loci
spanned from 2.58 (Aricota #2 - LA2387) to 3.49fdkuira - LA2772) with an average of 3.01.

Nei's gene diversitylNei's total gene diversityHr) averaged 0.139 at allozymes, the mean

over loci and populations, i.e. the expected hetayosity Heg) 0.117 (84 % ofHy). The least
diverse loci werePgi-1 and 6-Pgdh-3(Heg = 0.009), the most diverse locAgo-2 (He = 0.422).
Among populations the genetic diversity estimatesewsmallest in Moquella (LA273MHe =
0.052) and largest in Palca (LA1968: = 0.171). Overall observed heterozygosity across(Ho
= 0.111) ranged from 0.009 &gi-1 to 0.411 atAco-2 and among populations from 0.050 in
Esquina (LA4131) to 0.194 in Palca (LA1968)X SSRs the total average gene diversiy)(was
0.569, the average gene diversity over loci andufaions Hg) 0.422 (74 % oMHy). He varied
substantially among loci (frorhle = 0.140 at SSR578 tdg = 0.612 at SSR15 and SSR80). The
least diverse populations were Aricota #1 (LA40HE; = 0.344) and Putre #1 (LA278Hg =
0.351), the most diverse Moquella (LA2738; = 0.486). Overall observed heterozygosity across
loci (Ho) was 0.433. Estimates at individual loci rangeahfr0.145 (SSR578) to 0.615 (SSR80) and
among populations from 0.360 in Aricota #1 (LA4018)).530 in Lluta (LA4320).

Inbreeding coefficient per populatiom S. lycopersicoidethe averagd s per population at
allozyme loci ranged from -0.136 in Palca (LA1966).242 in Putre #1 (LA2781) with an average
of 0.067. None of the values were significantlyfefiént from zeroR < 0.006).F,s estimates from

microsatellite data were lower than those obtaifredh allozymes. The average value of the
inbreeding coefficients across populations wasectoszero ;s = -0.015). The population with the
highest level of inbreeding was Palca (LA196% = 0.149), the one with the lowest Aricota #2
(LA2387; Fis = -0.102). The value of the former was significartifferent from zero (P < 0.0033).

3.2.2.3 Descriptive diversity parameters inS. sitiens

Proportion of polymorphic site§Seventy percent of all allozyme sites were polyrharin S.
sitiens(Table 5). The rates were highest (100 %) at thedd?gdh-2 6-Pgdh-3 Adh-2 Pgm-1and
in the population Paqui (LA4116; 100 %), lowestthe locusPgm-2 (16.7 %) and in the
populations Carbonatera (LA4114; all 60 %), SamJuA4111) and Escondida (LA4105). Eighty-
four percent of all sites were polymorphic at 14RS8ci in S. sitiens spanning from 28.6 % at
SSR85to 100 % at SSR125, SSR320, SSR325, SSR341, SSR3&Y6 and SSR98. Population
values ranged from 71.4 % in Escondida (LA4105)Q@6 % in Limon Verde (LA4112; Appendix
4B).
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Allelic richnessRr over allozyme loci ranged from 1.4Rll§-1) to 3.75 Adh-2 with a mean
of 2.64.Rs over populations spanned from 1.64 (Escondida 410%5) to 2.40 (Paqui - LA4116)
with a mean of 2.05. Values were based on a sasigaeof 14 diploid individuals. Allelic richness
at individual SSR loci over all population&j ranged from 1.81 (SSR85) to 6.50 (SSR15) with a
mean of 3.41. Average allelic richness over |&) feached from 2.16 in Carbonatera (LA4114) to
3.07 in Limo6n Verde (LA4112) with a mean of 2.5&¢k number = 17 individuals).

Nei's gene diversityThe average total gene diversityr§ was 0.393 and the average gene

diversity over loci and populationblf) was 0.288 (73 % dfi) at allozyme loci. The smallest gene
diversity was estimated faddh-1 (He = 0.038), the greatest fddgm-1 (Hg = 0.488). Among
populations the smallest average gene diversityakasrved in Escondida (LA4108g = 0.163),
the largest in Paqui (LA4116{e = 0.390). The average overslb (0.264) was smaller thate in
S. sitiens Observed heterozygosity was lowestdit-1 (Ho = 0.028) and highest &gm-1(Ho =
0.441), ranging among populations from 0.145 inoBdada (LA4105) to 0.383 in Carbonatera
(LA4114). The averagélr at SSRs was 0.448 and the medn 0.360 (80 % ofHy). Again,
variations were high among loci. The lowest leviegene diversity was observed at SSREb €
0.058), the highest at SSR#8(= 0.643). Among populations Carbonatera (LA4114%the least
diverse He = 0.289), Limon Verde (LA4112) the most diverst € 0.452).Ho was similar taHg
(Ho = 0.356), among loci lowest at SSR3%(= 0.048) and highest at SSR{#6o = 0.692) and
among populations lowest in Carbonatera (LA41#4; = 0.289) and highest in Limén Verde
(LA4112;Ho = 0.452).

Inbreeding coefficient per populatiofhe population averages at allozymes irS. sitiens
was estimated 0.092, ranging from 0.019 in Paghi4@16) to 0.121 in Cere (LA4113). None of

the results per population were significant (P 808). The average degree of inbreeding among

populations wa$-s = 0.009 at SSR loci. All populations showeg values close to zero except
Escondida (LA4105) whergs = 0.128. The values were not significant (P < 08)03

3.2.2.4 Descriptive diversity parameters: comparison amongpecies

Proportion of polymorphic sitesConsidering only the eight common allozyme locig th

averageP (over all locus/population combinations)3n lycopersicoide&34.4 %) was about half of
that in S. sitiens(66.7 %; Figure 4). Comparisons at the 14 comm8R $ci revealed that the
over-all proportion of polymorphic sites was onlygstly reduced inS. sitiensrelative to S.
lyopersicoidegP = 83.7 % vsP = 92.4 %, respectively). The value in the lattes\aa high as in
the singleS. chilensgopulation P = 92.9 %).
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Figure 4. Comparison of population genetic diversit amongS. lycopersicoides, S. sitiens and

S. chilense.
L = S. lycopersicoidesS =S. sitiensC =S. chilens€C). Values are based on a common set of markeesTable 3) in
twelve (allozyme) or 13 (SSH. lycopersicoidepopulations, 6 (allozyme) or 7 (SSR) sitiengopulations and on®.
chilensepopulation (23 individuals). Dotted areas représéinzyme data, striped areas microsatellite datanumber
of alleles per populatior = percentage of polymorphic siteRs = allelic richness per populatiobtz = expected

heterozygosityFs = inbreeding coefficient per populatiofh= average pairwise genetic distance.
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Allelic richness.Based on a minimum sample size of 14 diploid irlials the averagBs

was higher at the eight common allozyme locBinsitieng1.90) than irS. lycopersicoidegl.43).
Compared on the basis of a common set of loci witlase number of 17 individuals (again
excluding S. lycopersicoidegpopulation Aricota #1 - LA4018) the average aflelichness per
population Rs) was highest in the singi& chilensgopulation Rs = 4.20); almost twice as high as
in S. sitiengRs = 2.53) and intermediate & lycopersicoidefRs = 3.21).

Nei's gene diversityHr was almost 3.5 timesje twice as high irS.sitenscompared tcS.

lycopersicoidest the subset of eight common allozyme ldt} € 0.333 andHeg = 0.256 vsHt =
0.097 andHg = 0.122, respectively). At the 14 shared SSR kgcandHe in S. sitiengHr = 0.448
andHg = 0.360) reached only 79 % and 82 % of thaSidycopersicoidefHr = 0.577 antHg =
0.442). Expected heterozygosityd) was highest, however, in the sin§echilensgopulation He
= 0.585).

Inbreeding coefficient per populatiomhe average inbreeding coefficighAt per population

estimated at each of the eight common loci wasevai high in populations &. sitieng0.121)
compared t&. lycopersicoide®.062) at the allozyme loci. The average inbregaioefficient per
population F;s) measured at the 14 common SSR loci was closertband non-significant in both
species; -0.016 irs. lycopersicoidesind 0.009 inS. sitiens The singleS. chilensepopulation

showed ark s value of 0.042.

3.2.2.5 Signatures of recent population bottlenecks

Results derived from allozyme and microsatellit¢adaere generally not in concordance.
Gross incongruencies were also observed betwedwthstatistical detection methods. Only &Ge
lycopersicoidegAricota #2 - LA2387) and on8. sitiengopulation (Limén Verde - LA4112) were
detected as bottlenecked by both approaches, howtee former with microsatellite, the latter
with the allozyme data only.
At allozyme loci most of the recent bottleneck sitymes, threeS. lycopersicoidepopulations
(Palca - LA1966, Putre #1 - LA2781, Putre #2 - LA2Y and threé. sitiengpopulations (Paqui -
LA4116, Limén Verde - LA4112 and San Juan - LA41M¢re in form of mode-shift distortions.
Heterozygosity excess was only significaP(0.005) in Limén Verde (LA4112).
At microsatellites mode-shift distortions were ag¢el in theS. lycopersicoidepopulations Aricota
#2 (LA2387) and Chupapalca (LA1964), but only tlaétdr was accompanied by a significant
heterozygosity excesP € 0.0033).
Of theS. sitiengopulations only Escondida (LA4105) exhibited angigant heterozygosity excess
(P < 0.0036). Cere (LA4113) showed a mode-shift di&ior
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3.2.2.6 Correlations between the estimated census populati size and genetic
diversity estimates

Correlations between the estimated census sizeimild and genetic diversity estimatés (
P, Rs, Hg, Fis per population and average pairwigeTable 4, 5) were determined (Appendix 5).
Gross estimates of population sizes in the nahahbltat were obtained from observations made at
the time of collection. Imprecise descriptions swsh ‘large’, ‘small’, etc. were converted into
numerical values (75, 20 individuals, respectiveRpproximations foiS. sitiensare probably more
accurate; plants are easier to spot in the teramd, numerical population size estimates were
available for all accessions. Thus, the averagesusmpopulation in the wild was estimated to
comprise 56 individuals i®. lycopersicoidesanging from ca. 20 (e.g. Pachica - LA4130) to ca
100 (Perquejeque - LA2776%. sitienspopulations were smaller, containing 44 individuafs
average, from ca. 17 (Quimal - LA4331) to ca. 16&dui - LA4116). The estimated census
population size in the wild showed significant etations only withP at allozyme loci and at

SSR loci inS. lycopersicoidesand with both estimators at both locus typeS.isitiens

3.2.2.7 Statistical differences between allozyme and micrasellite data

In order to investigate the concordance betweentwe marker systems within-species
comparisons were based on the common set of indilgdi.e. those that were genotyped with both
marker systems, allozymes and SSRs. Estimateshagitly similar to those based on the complete
set of individuals. Of the parameters that wergéete$or significant differences between the two
marker systems in each populatiénR, Rs, He andF,s per population), and at each locksR, Ry,
He, Fis, Fst and Fir per locus) all but thés and theF;r per locus and th&s per population
revealed significant difference$ (< 0.05) in S. lycopersicoidesvith both test statistics, the
conventional t-test and the nonparametric Mann-Wéyitest (Appendix 6, 7).
In contrast, inS. sitiensnone of the loci means and only the average nurobatleles k), the
average allelic richness per populatid®)(and the inbreeding coefficient per populatidhs)
showed significant differences according to bo#t satistics.
Mantel tests on pairwidest (¢) values indicated significanP(< 0.01) correlations between the two
marker systems in both species, but the correlatias substantially weaker € 0.363) inS.

lycopersicoideshan inS. sitiengr = 0.916).
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3.2.3 Population genetic structure

3.2.3.1 Analysis of molecular variance

The partitioning of genetic variation within eagbesies was determined via a hierarchical
analysis of molecular variance (AMOVA). Most gegatariation was found within and less among
populations at both marker types (Table 6). Gldbatls of inbreeding were presented as weighted
average over loci: The inbreeding coefficients dbscthe deviation from expected heterozygosity
due to assortative mating within populatiorf§sX or within individuals relative to the total
population F1), or within populations relative to the entire ptagion as a result of selection or
drift (Fst, Lowe et al. 2004).

S. lycopersicoidesAllozyme analysis revealed genetic variation wadii@ned to 84.7 %

within populations and only to 15.3 % among popalet of S. lycopersicoidesThe proportion of
genetic variation among individuals within popubais ¢,s) equaled zero (i.e. was slightly negative
which represented an artifact due to heterogernritgopulation sizes). Global inbreeding)
measured 0.123, fixation among populatiofsr) 0.153 and inbreeding within populatiortss] -
0.036. TheFst and Fr values were highly significanP(< 0.0005 and® = 0, respectively). In
agreement with allozyme data microsatellite analysivealed a far greater amount of genetic

diversity residing within populations compared tang populations (73.2 % vs. 26.9 %). Nearly

Source of variation df SSD VC % Inbreeding P-value
variation coefficients
Allozymes
Among populations 11 46.2 0.077 15.3 Fsr 0.153 0.000
Among individuals within populations 286116.5 -0.015 -3.1 Fis -0.036 0.817
Within populations 298 130.5 0.438 87.7 Fir 0.123 0.000
Total 595 293.2 0.499

Microsatellites

Among populations 13 7139 1.148 26.9 Fst 0.269 0.000

Among individuals within populations 303926.7 -0.068 -1.6 Fis -0.022 0.920

Within populations 317 1012.5 3.194 74.7 Fir 0.253 0.000
Total 633 2653.2 4.274

Table 6. Analysis of molecular variance (AMOVA) andglobal levels of inbreeding inS.
lycopersicoides.
df = degrees of freedom; SSD = sum of square dewisit VC = variance componentsr = fixation index;F;s = the

inbreeding coefficienttr = the overall inbreeding coefficient. Values pesgret the weighted average over loci.
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zero variation was partitioned among individualthim populations (-1.6 %; the negative value was

an artifact as a consequence of heterogeneous&aimpt). Results were highly significant (P = 0).
Locus-by-locus AMOVA in S. lycopersicoidé&ighted average results over loci revedigd

values (estimated as Weir & Cockerhanmsmallf) ranging from -0.1481¢h-1) to 0.289 Pgm-2,

Fst (thetg values from 0.0086¢Pgdh-3 to 0.222 Fdh-1) andFr (Capf values from -0.011ldh-

1) to 0.324 Pgm-2 meanF; = 0.139; Appendix 8A). None of the values werengigantly

different from zero P < 0.004 per locus? < 0.006 per population}zdh-1 was the locus at which
differentiation among populations was highest (22, Pgm-2 and 6-Pgdh-2 showed
extraordinarily high levels of differentiation angmdividuals within populations (27.5 % and 20.8
%, respectively) and at four lod-Pgdh-3 Idh-1, Got-2 andPgi-1) the entire genetic variation was
partitioned among individuals of the whole specig®re than half of the values were highly
significant P < 0.004).

At SSR lociF s values ranged from -0.177 (SSR98) to 0.054 (SSBB8)were not significanP(<
0.004). Fst values were highly significant (P = 0) at all loandicating differentiation among
populations. Values ranged from 0.069 at SSR9866at SSR578 with an average of 0.269.
values were significant (P < 0.004) at all loci epicone (SSR98) and spanned from -0.096 at
SSR980 0.703 at SSR578.

S. sitiensIn S. sitiensa higher percentage of variation was found amonmiadion (30.3 %)
and accordingly less within populations (69.7 %)aHdbzyme loci (Table 7). Fixation among
individuals within populations was very low,§ = 0.049). The level of fixation among populations
(Fst) was similar to the overall amount of inbreedifg (= 0.337). Both globaFst andFir were
highly significant (P = 0). A far greater amountgenetic diversity within populations compared to
among populations was also revealed by the mictisatanalysis (78.5 % vs. 21.5 %), and
essentially zero (0.7 %) among individuals withiropplations. However, unlike inS.
lycopersicoides among-population differentiation was less proremeh than at allozyme loci.
Results were highly significant (P = 0).

Locus-by-locus AMOVA in S. sitierAt individual loci weighted average results indext

greater variation among inbreeding levelsSinsitienscompared tdS. lycopersicoide§Appendix
8B). Fis values spanned from -0.458gm-2 to 0.346 Adh-2. The former value was significantly
different from zero (P < 0.005Fsr values ranged from 0.063db-1) to 0.585 Got-2 and Fir
values from -0.062Rgi-1) to 0.585 Got-2). Among loci Got-2 showed the greatest amount of
differentiation among populations (59.0 9%8)h-2among individuals within populations (29.5 %)

and bothPgm-2the highest among all individuals (100 %). MostleFst andFr values were
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Source of variation df SSD VC % Inbreeding P-value
variation coefficients

Allozymes

Among populations 5 152.8 0.584 30.2 Fsr 0.302 0.000

Among individuals within populations 144203.3 0.066 3.4 Fis 0.049 0.063

Within populations 150 192.0 1.280 66.3 Fir 0.337 0.000
Total 299 5481 1.930

Microsatellites

Among populations 6 196.4 0.683 215 Fst 0.215 0.000

Among individuals within populations 148373.3 0.021 0.7 Fis 0.008 0.358

Within populations 155 3845 2.481 77.9 Fir 0.221  0.000
Total 309 954.2 3.185

Table 7. Analysis of molecular variance (AMOVA) andglobal levels of inbreeding inS.
sitiens.
df = degrees of freedom; SSD = sum of square dewisit VC = variance components; = fixation index;F;s = the

inbreeding coefficient;r = the overall inbreeding coefficient. Values pejert the weighted average over loci.

highly significant (P = 0).

At SSR loci results were very similar to thoseSoflycopersicoided=s values ranged from -0.173
(SSR98) to 0.418 (SSR80). Apart from SSR80 sigaifidnbreeding was detected at two additional
loci across the combined populations: SSR5Q = 0.159) andSSR15(Fs = 0.152).Fst values
were highly significant at all loci except for SSR%eaching from 0.019 (SSR98) to 0.367
(SSR599).Fr values varied from -0.151 (SSR98) to 0.612 (SSR8@Q) were significant (P <
0.007) at 8 out of 15 loci.

3.2.3.2 Pairwise genetic distance and Mantel tests

Correlations between genetic distance and both rgeb@ and elevational distance were
evaluated with Mantel tests. Matrices with pairge®graphic distances are shown in Appendix 9,
matrices with pairwise genetic distances in ApperidlA and 10B forS. lycopersicoideand S.

sitiens respectively.

S. lycopersicoidesAmong S. lycopersicoidegopulations the geographic distance was
smallest between Putre #2 (LA2777) and Perquejdgd776; 2.5 km) and largest between
Aricota #2 (LA2387) and Moquella (LA4018; 240.2 kmith a mean of 99.1 km between any two

populations. Elevational distances varied subsiiptamong populations, ranging from just 3 m
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between Chupapalca (LA1964) and Putre #2 (LA27&@l, to 2227 m between Putre #1 (LA2781)
and Lluta (LA4320) and with a mean of 743.7 m.

Pairwise genetic differences were estimated as '8V&irCockerham’sf. With allozyme data the
greatest genetic distancé £ 0.532) was observed between populations Putrd A2781) and
Esquina (LA4131), the smallest genetic distartce (0.001) between the population pair Putre #1
(LA2781) and Zapahuira (LA2772). The species meas @.169. Most values were significant at
the adjusted 5 % nominal level. The average pa@Wisvas highest for the population Esquina
(LA4131;6 = 0.345) and lowest for population PerquejequeL26;0 = 0.088).

The correlation between allozyme genetic diveraitg geographic distance was law=(0.223) but
significant (P < 0.05). The correlation between ejendistance and elevational distance was
stronger ( = 0.381, P < 0.05).

At SSRKs 0 measures ranged from 0.060 for the pair Nama (LA¥Camifia (LA4123) to 0.464 for
the pair Aricota #1 (LA4018)/Esquina (LA4131) with mean of 0.261. The northernmost
population Aricota #1 (LA4018) displayed the highagerage) (0.342), which was almost twice as
high as the lowest average value (0.199) in Peequej (LA2776) at the center of the distribution
range, indicating isolation by distance. All estiesawere highly significan®(= 0).

In contrast to the allozyme analyses the Manteldetected isolation by distance (IBD). A highly
significant positive correlationr (= 0.680,P = 0) was observed between genetic variation and
geographic distance. Only a very weak and non-8ogmt negative correlation was observed

between genetic and elevational distamce {0.033).

S. sitiens.Geographic distances amoigy sitienspopulations were similar to those 6f
lycopersicoidesranging from a mere 4.3 km between Paqui (LA41di&) Carbonatera (LA4114)
to 232.9 km between Paqui and Escondida (LA410mm®85.2 km). Overall elevational distances
amongs. sitiengopulations were less than a quarter of thos® ilycopersicodesanging from 18
m between Carbonatera (LA4114)/San Juan (LA4111) 456 m between Quimal
(LA4331)/Escondida (LA4105). The mean distance %6&9 m.

At allozymes pairwised values ranged from 0.070 for the pair Paqui (LA@)ICarbonatera
(LA4114) to 0.535 between Carbonatera (LA4114) Bedondida (LA4105; meafh = 0.280). All
pairwise § values were highly significantP(= 0). The average pairwise was highest for the
southernmost population Escondida (LA4105; 0.476) and lowest for Limén Verde (LA4112;
= 0.225) at the center of the distribution, as efg under isolation by distance.

The correlation between allozyme genetic distamzk geographic distance was much highres (

0.785,P < 0.001) than irg. lycopersicoidesThe correlation with the elevational distance wlase
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to zero ( = 0.006) and non-significant, not surprising githa relatively limited elevational range
of this species.

At SSR loci#-values varied among population pairs from 0.048vben Carbonatera (LA4114)
and Paqui (LA4116) to 0.370 between Carbonatera4(ll4) and Escondida (LA4105) with a
mean of 0.203. All values were significantly diffet from zero® = 0). As with isozyme data the
averageFst was substantially higher in the southernmost paimr Escondida (LA41050 =
0.304), ca. 70 % increased compared to the nexerlcaaverage 4 = 0.207) in Carbonatera
(LA4114). The lowest averageshowed Limén Verde (LA4112 = 0.158) at the center of the
distribution. As inS. lycopersicoidefindings were in line with the presence of IBD.eThlantel
test revealed a high correlation between genetit ggographic distance € 0.847, P < 0.001),
similar to the allozyme estimate. The correlati@ween genetic and elevational distance was not

significant.

3.2.3.3 Gene flow

The average amount of gene flow among populatioas eerived by means of the private
allele method (Barton and Slatkin 1986) and fromgrs formula (Wright 1951):

Nm= (1 —Fs7)/4 Fsr
The private allele method estimated a very highratign rate at allozymes; 2.54 migrants on
average per population after correction for popaoiatsize. As a comparison, Wright's formula
estimated fewer migrantdl(n= 1.23). At SSRs the average number of migrantssegtimated 0.72
after correction for population size and — veryim- 0.71 according to Wright's formula.
In contrast tdS. lycopersicoidethe estimated gene flow was fairly low at allozyloe, only 0.36
migrants per population. Wright's formula estimatdohost twice as many migrantdr = 0.64)
from the same dataset. A slightly higher migratiate (N\m = 0.64) was estimated at SSRs.
Wright's formula returned a higher valugri= 0.98).

3.2.3.4 Spatial trends of genetic diversity: correlationsbetween geographic locations
and genetic diversity parameters
The genetic diversity parametets P, Rs, Hg, Fis per population and average pairwige
were tested for correlations with geographic patamsglatitude, longitude, elevation and isolation
measured as average distance to other popula#@pedix 5).
Latitude. In S. lycopersicoides Bnd & were negatively correlated with latitude (the ferm

with SSR data only), i.e. both parameters increase@rds the south. The amount of significant
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correlations was similar on the allozyme and SSRI& whereas is. sitiens again, allozymes
showed stronger signals of geographic clines.

In S. sitiensmost genetic diversity parameteks R, Rs and#) were correlated with latitude in the
allozyme dataset, but onfyin the SSR dataset. Except fbcorrelations were positive, reflecting a
decrease of genetic diversity and an increaseétgedistance towards the south.

Longitude. P and ¢ were correlated with longitude i68. lycopersicoidesand with the
exception ofP in the allozyme dataset in a positive modeSinsitiensboth P and 8 (allozyme
dataset) or jusf (SSR dataset) showed a correlation with longitadeyhich the one with9 was
negative.

Elevation.In S. lycopersicoide® increased with altitude in the SSR dataset, bwnd 4
decreased with altitude in the allozyme datasetS.IrsitiensP was positively and? negatively
correlated with altitude in both datasets.

Isolation.In S. lycopersicoidethe average geographic distance was positivelyelziad with
P (allozyme data) and (SSR data), negatively correlated with the nundfexlleles (SSR data). In
S. sitienghe estimates of number of alleles (allozyme dats) andP (both datasets) declined with
increasing average geographic distance, i.e. taw#nd margins of the distribution whil@

increased with average geographic distance (batselts).

3.2.3.5 Spatial trends of genetic diversity: Statistical orrelations between geographic
parameters and allele frequencies

Most of the correlations between allele frequeneied geographic parameters were evident
with latitude, followed by longitude and to a lessatend elevation (Appendix 11A, 11B). The
highest number of significant correlations was obesa with theS. lycopersicoideSSRs dataset
where one third (32 %) of the alleles showed adrerth latitude, one quarter (26 %) with
longitude and just 3 % with elevation. At allozyheei 8 % of allele frequencies were correlated
with latitude or longitude and 4 % with elevation.
In comparisonpnly 13 % and 12 % of th®. sitiensallele frequencies at SSR loci were correlated
with latitude and longitude, respectively. No ctations were observed with elevation. A greater
number of correlations was observed at allozyme B % showed trends with latitude, only 10 %

with longitude but as many as 20 % with elevation.

3.2.4 Population genetic clusters
Population clusters were estimated via three differoutes: a) from a phylogeny based on

genetic distance estimates b) by PCA based on 8Vaiti Cockerham@ and c) via a model-based
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(Bayesian) clustering algorithm provided by thetwafe program STRUCTURE. AMOVA and

genetic diversity analyses were subsequently chaug for the major groupings.

3.2.4.1 Phylogenetic trees

Phylogenetic trees were constructed using the softwackage PHYLIP. Three genetic
distances (Reynolds’ distance, Cavalli-Sforza’'s rdhdistance and Nei's genetic distance) in
combination with two tree construction methods (WPGand neighbor-joining) were compared
for each of the four datasets (i.e. a total ofd@rdrograms per dataset) in order to identify tlstm
informative approach. Evaluations were based ondb@p values, the degree of congruence among
tree topologies as well as the ability to deteciggaphic groupings.
Reynolds’ distance and Cavalli-Sforza’s chord dista were expected to be best suited for
allozyme data because they attribute all genefferdnces to genetic drift and ignore mutations,
while Nei's genetic distance had been anticipatetha distance of choice for the SSR data because
it factors in both mutation and drift. However, @HivSforza’s chord distance generated the most
likely result only with theS. lycopersicoideSSR data. Topologies derived from Reynold’s distanc
were largely similar to those obtained from Neigngtic distance, yet generally slightly inferior,
and therefore Nei's genetic distance were chosetide construction from allozyme data and$he
sitiens SSR dataset. Topologies generated by the UPGMA adettere supported by higher
bootstrap values than those derived by the neigjuiming approach. Also, the hierarchies and
clusters produced by the latter were often ambiguemd sometimes contradictory to geographic

arrangements.

S. lycopersicoidesln S. lycopersicoidedootstrap support was very low in the allozyme

dendrogram, and the topology hardly reflected #@ggaphic distribution (Figure 5). This outcome
was not unexpected due to the weak IBD patterrcolnrast, the phylogenetic tree derived from
SSR data was highly supported and showed populgtiompings in concordance with geographic
patterns (even reflecting drainages; Figure 6).colagies from the two other genetic distance
estimators were largely identical, with the exocaptithat Nei's genetic distance identified
Perquejeque (LA2776) and Putre #2 (LA2777) as rolosely related and Lluta (LA4320) as basal

to these, but less well supported (data not showg.divide into ‘Peruvian’ (cluster A) and
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Figure 5. Allozyme phylogeny ofS. lycopersicoides based on Nei's genetic distance.

Node numbers indicate the number of times a noderced among 10,000 replications.
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S. sitiens
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Figure 6. Microsatellite phylogeny of S. lycopersicoides based on Cavalli-Sforza’s chord
distance.

Node numbers indicate the number of times a nodaroed among 10,000 replications.
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Figure 7. Allozyme phylogeny ofS. sitiens based on Nei’'s genetic distance.

Node numbers indicate the number of times a noderoed among 10,000 replications.
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Figure 8. Microsatellite phylogeny ofS. sitiens based on Nei’s genetic distance.

Node numbers indicate the number of times a noderoed among 10,000 replications.
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‘Chilean’ (clusters B and C) populations was ewidé the hierarchy, the latter was further

partitioned into a ‘central’ (cluster C) and ‘soeith’ group (cluster B).

S. sitiensAllozyme and SSR dendrograms were in good agreemeéhtsitiengFigure 7, 8).
Both identified clusters that corresponded to thegyaphic provenances of the populations. The
only differences compared to the depicted topolagye that, disregarding Escondida (LA4105;
branch C), San Juan (LA4111) emerged as basakteethainder of populations in the tree based
on Cavalli-Sforza’'s chord distance, and that Regisadistance identified Cere (LA4113) instead of
Paqui (LA4116) as basal among the three populatidrnthe 'northern cluster’ (cluster A). The
same configurations were evident in the hieraragywed from SSR data.
Topologies generated from the three genetic distastimators were identical for tig& sitiens
SSR data, but the best support was given by Nei®tc distance (Figure 8). Escondida (LA4105)
clearly emerged as an ‘outlying’ population (brai@)y in agreement with its geographic isolation
from the other accessions, and its relatively bestmorphology (data not shown). The remainder of
populations clustered into a ‘northern’ group (casgd of three populations in close geographic
proximity; cluster A) and a ‘central’ group (comjeaisof three populations that were more scattered

out; cluster B).

3.2.4.2 Principal component analysis

Topologies identified in the cluster analysis colbédconfirmed in a PCA performed on Weir
and Cockerham’s pairwisg (Figure 9, 10). Again, allozyme and SSR results rehtl correspond
well in the case 08. lycopersicoideAlso noteworthy was the continuous population gtree at
the first two dimensions at allozyme loci in costrto the clear identification of three clustershat
SSR level.

3.2.4.3 STRUCTURE analysis
On the basis of allele frequencies genotypes wss@m@ed to populations in STRUCTURE
analyses, assuming that a) populations were adnairdd) allele frequencies were correlated as a

consequence of shared ancestry and/or migration.

S. lycopersicoidesAllozyme data failed to reveal any structural patte the STRUCTURE

analysis (Figure 11), in agreement with the wegkali of IBD. As number of ‘true’ populationé

=2, 3 or 12 were assumed. Subsequent computatierstherefore carried out on SSR data only
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Quality of representation = 97.5 %, Multiple R(2/xy0.510, p = 0.259
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Quality of representation = 86.2 %, Multiple R(2/xy0.364, p = 0.459

Figure 9. PCA in S. lycopersicoides.

Principle component analysis of 317 and Z8lycopersicoideplants, from 12 and 14 wild populations, using 9
allozyme (empty triangles) and 15 SSR loci (blackngles), respectively.
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Figure 10. PCA inS. sitiens.

Principle component analysis of 150 and $8itienglants, from 6 and 7 wild populations, using 1@ajime (empty

circles) and 14 SSR loci (black circles), respetyivGraphs are depicted in three dimensions (&ft viewed from
above (right).
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Figure 11. STRUCTURE analysis irS. lycopersicoides based on allozyme data.

Membership structure of 313. lycopersicoideplants based on allozyme allele frequencies, asguto K = 2),
three K = 3) and twelve groupsK(= 12). Horizontal numbers correspond to the pdmianumbers in Table 2,
membership coefficients)) are depicted vertically for each individual.

(Figure 12). Assignment patterns from SSR data \gereerated by three runs each frim 1 toK
=15 and analyzed in order to determine clustalti@iships. Populations and geographic groupings
were largely reflected in the result images with fibllowing exceptions and specificities: Principal
unambiguous assignments were madk at2 andK = 3, resulting in a northern ‘Peruvian’ (Lago
Aricota and Palca - LA4018, LA2387, LA1964, LA196fntral-southern ‘Chilean’ (remainder of
locations) subdivision, or a northern (Lago Aricatad Palca)/central (‘Putre’ — LA2781, LA2777,
LA2776, LA2772, LA4320)/southern (Camarones and {flam- LA4130, LA4131, LA4126,
LA4123, LA2730) subdivision, respectively. The rain group (Lago Aricota and Palca) retained
its integrity up toK = 12. The northernmost accessions from Lago Azi¢bA4018 and LA2387)
consistently formed one group upKo= 15, demonstrating distinctness from the othgrupetions.
The first single population that emerged was Zapah(LA2772) atK = 4, which showed
associations to Putre #1 (LA2781) and Pachica (I3®/Esquina (LA4131), both at Camarones.
The second single population that emerged was Buit(eA2781) aK = 5. Of the remainder of
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Figure 12. STRUCTURE analysis inS. lycopersicoides based on SSR data.

Membership structure of 29B. lycopersicoideplants based on SSR allele frequencies, assumingdw 2), three K

= 3) and 14 groupsK(= 14). Horizontal numbers correspond to the pdpranumbers in Table 2, membership
coefficients Q) are depicted vertically for each individual.

‘Putre’ populations (Perquejeque - LA 2776, Put?e-#£A2777 and Lluta - LA4320) associations
were strongest between Perquejeque (LA2776) and (LA4320) ; Putre #2 (LA2777) subdivided
at K = 7. The two southern locations (Camarones: Pachitd Esquina, and Camifia: Nama,
Camifia and Moquella) were consistently identifisdvao separate clusterskat- 7. At Camarones
Pachica (LA4130) appeared as genetic subset ofiizs@uA4131). Within the southernmost group
(Camina) Camifia (LA4123) and Nama (LA4126) wereselp connected, i.e. still formed one
coherent group (albeit composed of two clustat3y = 15. At risingK values the first individual
populations to contain >HK were Zapahuira (LA2772), Putre #2 (LA2777) and €wuit (LA2781),
indicating high levels of genetic variation in thggioup.

The ‘true’ number of clusters was estimated frora gosterior probability of the log-likelihood
distribution Pr(X| K; Pritchard et al. 2000) and an estimator derivechfthe second order rate of
change of the likelihood distribution & (AK; Evanno et al. 2005). Using three runs for each

scenario (fronK = 1 toK = 15) a peak was observedkat 14, which, although representing the
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actual number of populations, would not be idehtigéh the 14 physical populations, because the
algorithm detected a higher number of populatiom®rzg central populations at the expense of
lower numbers at the northern/southern marginsa(dat shown). The second approach (based on
AK) identified a total of three ‘true’ populations € 3) and a secondary peak<at 14.

The parametes measures the degree of admixture and is therafsoean indicator of population
structure. At am. value near zero levels of admixture are low, at &alue > 1 most individuals are
admixed (Falush et al. 2003). The averagd 0.303 over all runs therefore confirmed thaistl

patterns were prevailing i8. lycopersicoides

S. sitiensSimulations fromK = 1 toK = 8, three runs each, were carried out with SSR. dat
Spatial patterns were evident in the STRUCTURE mepggssumingK = 2 individuals segregated
into a ‘northern’ group (Paqui - LA4116, Carbonatet.tA4114 and Cere - LA4113; Figure 13) and
the remainder of populations, from which the southwst location Mina la Escondida (LA4105)
split atk = 3. Even under the assumption of the true pojaumatumber (seven), two (Paqui -
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Figure 13. STRUCTURE analysis irS. sitiens based on allozyme data.

Membership structure of 158. sitienglants based on allozyme allele frequencies, asgyumio K = 2), three K = 3)
and six groupsK = 6). Horizontal numbers correspond to the pojatumbers in Table 2, membership coefficients
(Q) are depicted vertically for each individual.
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Figure 14. STRUCTURE analysis irS. sitiens based on SSR data.

Membership structure of 155. sitienglants based on SSR allele frequencies, assumiogdw 2), three K = 3) and
seven groupsk( = 7). Horizontal numbers correspond to the popadahumbers in Table 2, membership coefficients
(Q) are depicted vertically for each individual.

LA4116 and Carbonatera - LA4114) of the three papoihs at the northern location appeared
substantially intermingled up t§ = 8 while the rest of the populations were ideatlfias clearly
distinct groups.

The central populations showed lower levels of atiuné. An association was observed between
Quimal (LA4331) and the (geographically distant)nSduan (LA4111). The single, isolated
southernmost population at Mina La Escondida (LA)1€howed an allele frequency pattern that
set it apart from the remainder of populations.

Singular allozyme simulations were in good agredmeith those from SSR data with these
exceptions: the principle divide laid between Estida (LA4105; Figure 14) and the remainder of
populations, the closest relationship in the northgroup was observed between Carbonatera
(LA4114) and Cere (LA4113), and Cere (LA4113), tmest southern population within the
northern group, showed some admixture from the pextulation further south, LA4112. Both
marker systems showed the lowest levels of admaxtoir Escondida (LA4105), followed by San

Juan (LA4111) at allozyme loci and Limén Verde (1442) at microsatellite loci. The distribution
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of Pr(X| K) based on SSR data indicated the presence of skstmct groups, the estimataiK
returnedK = 3 as the number of real populations, but &S.itycopersicoidea secondary peak was

evident alK = 7. The average over all runs was 0.036 (data not shown).
3.2.4.4 AMOVA within and among population substructures
Amova analyses were conducted against the backafrtpe three major population clusters,

and revealed significant differences among theipted groups in both species.

S. lycopersicoide®Because of the ambiguities associated withshlgcopersicoideallozyme

dataset individual grouping analyses are presentgdeater detail on the basis of the SSR dataset
(which were in congruence with geographic distiidmg) only. At allozyme loci only 4.2 % of the
total variation was present among groups, 12.1 %nanpopulations within groups (Appendix
12A). Both fixation indices were significantly dgffent from zero, indicating structuring. However,
results suggested that the groupings did not qoores to the allozyme genetic clusters. While the
northern (9.2 %) and the central group (7.2 %) sftbar smaller portion of the variation partitioned
among populations compared to the species’ total3(%), the amount was much larger in the
southern group (23.0 %).

At SSR loci a greater amount of variation was olegramong groups than among populations
within groups (17.6 % vs. 12.9 %) as expected fiare’ population clusters. The corresponding
fixation indices were highly significanP(= 0). In all three groups a lower portion of thengic
variation was partitioned among populations comgdeein the total species (15.5 %, 15.9 % and
15.5 % vs. 26.9 %).

As a comparison, only 18.7 % of the variation wasgtiponed among and 10.7 % within the five
principle geographic groups (1 - 5) at SSRs, indigathat structuring was hardly more pronounced
among five vs. the three groups. At allozyme loorengenetic variation resided among five groups
vs. three (11.3 %) and less within each group %b),/suggesting that the five-partite grouping was

more accurate in that case.

S. sitiensAs much as a quarter (25.2 %) of the allozyme vianiawas distributed among
groups and only 10 % among populations within gspugupporting the predicted clustering
(Appendix 12B). The two fixation indices were higlsignificant P = 0). Percent genetic variation
among populations within groups was substantiallyer than among populations of the entire
species (10.4 % in the north and 16.7 % in thetrswust 30.2 % in the total species). The southern

‘group’ was composed of just one species, Escondidd105), therefore no value is available.
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Nineteen percent of the SSR variation was presembng groups and only 6.5 % among
populations within groups, in congruence with theictural pattern, and the fixation indices were
highly significant P = 0). The portion of among-population variation waduced to almost one

third compared to in the total species (7.1 % afd®vs. 21.5 %).

3.2.4.5 Genetic diversity within population substructures
To characterize the three main regions (north,ezegmid south) more specifically, population

groups were investigated for levels of genetic diig.

S. lycopersicoidesAt allozyme loci overall genetic diversity was hagt in the northern
group P =47.2 %,Rs = 1.47,Heg = 0.133), at SSR loci in the central groip=93.3 %,Rs = 3.20,
He = 0.429; Figure 15). The number of private alleles highest in the south for the allozyme loci

(3 private alleles), and in the center at SSR (@calleles). At allozyme loci the northern cluster
demonstrated a slight excess in outcrosskg=X -0.009), while the other two groups showed a
substantial amount of inbreedingd= 0.115 and~s= 0.095).

The picture was reversed at microsatellite locityatme northern group was inbred, and only
slightly so Fis= 0.024), while the other two were more outcrogsgg= -0.028 andris= -0.034).

The average pairwise genetic distance among popuasawithin each groupdf was lowest in the
northern region and rose towards the south acogtditooth marker system& € 0.077, 0.137 and
0.202 at allozyme loci and = 0.117, 0.127 and 0.192 at SSR loci). The highevin the south
suggested a substantial amount of substructurinigangroup relative to the others. Indeed, when
the two locations in the southern group were cared separately, pairwise distance estimates fell
below those of the two other regiors= 0.104 at Camarones afic- 0.091 at Camifia). Therefore,
the division of these two subgroups would be thgt f¢hird) split in the hierarchy of th8&.
lycopersicoideslendrogram.

Finally, the average global pairwise genetic distaff) was calculated for each group (i.e. the
average genetic distance of the populations wighgroup to all other populations). At allozyme
loci values descended from north to souil+(0.128 in the north, 0.161 in the center and 8.ial
the south), at SSR loci these estimates decreasedthe centerq = 0.241 in the center, 0.256 in

the south and 0.293 in the north), indicating thatcentral location were the most ‘distinct’.

S. sitiensAllozymes identified the northern cluster of aciess as the most diverse €
76.7 %,Rs = 2.24,He = 0.332; Figure 16), and two private alleles eaehe present in the northern

and southern cluster. On the other hand, micrdgageindicated the highest levels of diversity in
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Figure 15. Levels of genetic diversity within popudtion clusters ofS. lycopersicoides.

P = percentage of polymorphic siteBs = allelic richness per populatiotdg = expected heterozygositfs =

inbreeding coefficient per populatiof= average pairwise genetic distance; N = nortle&rster; C = central cluster; S

= southern cluster. Dotted areas represent allozateg, striped areas microsatellite data.
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Figure 16. Levels of genetic diversity within popudtion clusters ofS. sitiens.
P = percentage of polymorphic siteBg = allelic richness per populatiomjg = expected heterozygositfs =
inbreeding coefficient per populatiof= average pairwise genetic distance; N = nortle&rster; C = central cluster; S

= southern cluster. Dotted areas represent allozateg, striped areas microsatellite data.
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the central accessionB € 90.5 %,Rs = 2.72,He = 0.391) with the most private alleles (3) in the
southern region which contained just one populatitstondida — LA4105).

The degree of inbreeding was considerably highethe southern populatiorFg = 0.113 for
allozymes andFis= 0.128 for SSRs), declined towards the northlazgie loci Es= 0.104 in the
center andFis = 0.076 in the north), while it was approximatelgra in those two regions at
microsatellite loci s = -0.016 and -0.005).

The pairwise genetic distance among populationsimvigroups was higher in the central regién (
= 0.166 at allozyme loci and = 0.089 at SSR loci) than in the northern regi@n=(0.098 and
0.073, respectively). The global pairwise geneistashce was similar for the center and the south,
but substantially higher for the southern populatialmost twice as high at allozyme loéi £
0.476 vs. 0.250 in the center and 0.235 in thehmatrallozyme loci, and = 0.304 vs. 0.182 in the
center and 0.191 in the north at SSR loci).



DiscuUssIoN 84

4. Discussion

4.1 Comparative mapping analysis

The principal aim of the underlying experiment wasconstruct a comparative genetic
linkage map folS. ochranthunandS. juglandifoliumin order to assess the level of synteny with the
closely related genome of tomaf®. (ycopersicuin and otheSolanaceaspecies.
The first part of the discussion is focused on ab@ristic features of théuglandifoliumlinkage
map, which are analyzed in the light of phylogenetlationships and genetic reproductive
mechanisms. In the second part of the discussiamrmge comparisons are made among
Juglandifoliumand other solanaceowspecies. Hotspots for rearrangements are identiied a
hypothetical evolution scenario is presented. Bingiractical implications from the results for

tomato breeding are outlined.

4.1.1 Genetic linkage map forSolanum sect.Juglandifolium

An F, S. ochranthumx S. juglandifolium genetic linkage map was constructed with 132
markers (73 % CAPS, 13 % microsatellites and 14PbHA®). All of these were single-copy loci on
the tomato map to reduce the likelihood of compmerief paralogous sites. Duplications in tBe
ochr.or S. jugl.genomes cannot be ruled out, however.
Analysis of linkage identified 12 linkage grouppasning a total of 761 cM. The linkage groups,
however, did not correspond perfectly to the 12atmrchromosomes. Tomato chromosome 1 was
represented by two linkage groups that could notirded (probably due to insufficient marker
density in this region) and tomato chromosome 8 Hhdvere fused into one large linkage group
owing to a reciprocal translocation in one of tleemtal species. Disintegration of pseudolinkage
resulted in two pairs of balanced chromosomes,canging the tomato configuration and the other
the reciprocal whole-arm translocation between mlugome 8 and 12. Therefore, under
assumption of both scenarios the present studyogesptwo putative maps for sedtiglandifolium

one forS. juglandifoliumone forS. ochranthumeach covering 790 cM.

4.1.2 Species relationships within sectluglandifolium

The two sister tax&. ochranthumand S. juglandifoliumresemble each other closely both
morphologically and with regard to habitat requiesits (Rick 1988). It was therefore expected to
find the close association reflected on the genletiel. Surprisingly, the results in this study
provide evidence of substantial genetic divergepesveen them, including the aforementioned

translocation, as well as reduced recombination.
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4.1.2.1 Crossing barriers

Hybridizations betweerS. ochranthumand S. juglandifoliumare successful only with
deployment of special techniques (embryo rescuevexcome postzygotic reproductive barriers
that exist between the two species. Crossing vammay arise from:

1) An imbalanced endosperm balance number (EB: rAs hybrid plants can be obtained
via implementation of embryo rescue techniques, rifen difficulties appear to reside in the
endosperm. Seed abortion due to failure of normebsperm development is the principal cause
for postfertilization barriers (Wann and Johnso63)9In the absence of other reproductive barriers
the maternal to paternal EBN ratio in the endosperonmally 2:1, will determine the failure or
success of a cross (Johnston et al. 1980). Theane&rh secures species barriers in sympatry and
has been shown to account for the separation oftiee crossing complexes within sect.
LycopersiconRick 1979; Ehlenfeldt and Hanneman 1992; Moyld @naham 2005).

2) Structural differences among the crossing pgarg€dhromosomal rearrangements can lead
to sexual isolation (White 1978). The presencesafrangements was indicated by linkage analysis
(outlined in greater detail below) and supportedchyomosome pairing behavior. Less than two
thirds of the chromosomes paired as bivalents dumeiosis of the f£hybrid. The observations
were in striking contrast to those iR &. sitiensx S. lycopersicoidesvhere bivalent pairing was
almost complete and crosses are readily obtainegitiver direction without the aid of embryo
culture (Rick 1979; Pertuzé and Chetelat 2002addition, F pollen fertility in theS. ochranthum
x S. juglandifoliumhybrid (39 %) was only half of that of ti& sitiensx S. lycopersicoidelybrid
(92 % and 69 % in both reciprocal crosses). Traagion heterozygosity is known to cause
semisterility (Burnham 1962), therefore the obseériav pollen fecundity is consistent with our

evidence of structural differences between themalgenomes.

4.1.2.2 Sequence divergence

Restricted fragment length polymorphisms are catllelase substitutions or insertion and
deletions, (of e.g. repetitive sequences; Dvorat Akhunov 2005) and therefore represent a
measure of divergence at the DNA sequence level.lEnein observed RFLP polymorphism rate
was 21 % (or 24 % when only enzymes in common écettperiment by Pertuzé et al. (2002) were
considered), slightly lower than that reported $olycopersicoideandS. sitieng27 %; Pertuzé et
al. 2002) and suggested a closer relationship leetve ochranthumand S. juglandifolium In
comparison, the RFLP polymorphism rate was 63 %éenS. lycopersicunandS. pennelliiand
80 % betweers. lycopersicunandS. lycopersicoidesThe two species are unilaterally compatible

with cultivated tomato; crosses succeed only when wild species is used as pollen parent
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(Chetelat et al. 2000). The relative difficulty hgbridizing S. ochranthunandS. juglandifoliumis
therefore surprising. However, crossability cleatlyes not vary in direct proportion to sequence
relatedness. For example, cultivated tomato iseneasily hybridized witls. pennellii the basal
taxon in theLycopersicorclade, than witts. peruvianumwith which it shares a closer relationship
based on molecular (allozymes, Breto et al. 198RS Alvarez et al. 2001; ITS sequence data,
Marshall et al. 2001; AFLPs, Spooner et al. 200%) eorphological phylogenies (Peralta et al.
2005).

Comparisons of granule-bound starch synthaseygene) sequence data, generated by Peralta and
Spooner (2001), and available at NCBI (http://wwebimnim.nih.gov), were in agreement with
divergence estimates from RFLP polymorphism ratésslightly higher level of sequence
homology was revealed fd8. ochranthus. juglandifolium(99.7 %) compared t&. sitiensS.
lycopersicoide$98.5 %), which was nearly equal to thaSoflycopersicun®. pennellii(98.5 %).

4.1.2.3 Recombination suppression

The herein reported map (790 cM) was substant&ityrter than the tomato reference map
tomato-EXPEN 2000 (42 %) and the &. sitiensx S. lycopersicoidemap (33 %; Pertuzé and
Chetelat 2002). Map length compression can be dadngea variety of factors.

a) In areas of low marker density double cross-@wents may escape detection. Although
marker density was ten times lower compared toré¢ifierence map (6.0 vs. 0.6 cM/marker), it is
unlikely that it is causative of the disparity iramlengths. Marker density was similar to thatin F
S. sitiensx S. lycopersicoide@Pertuzé and Chetelat 2002) where the genome-waje neduction
amounted to only a few percentage points. In adlditif double cross-over events were accountable
for the map size compression, larger intervals Ehbe more severely affected; a prediction not
consistent with the empirical data presented her€onversely, higher density maps may be
artificially inflated by scoring errors. Howevers dhe reference map tomato-EXPEN 2000 is
similar in length to tomato maps of lower densiti#tss possibility can also be excluded as the
principal cause for the length differences.

b) Markers tend to cluster around centromeres (3lagket al. 1992). Enhanced clustering of
markers at putative centromere positions was obsgeon two thirds of all chromosomes (chr. 2,
chr. 4, chr. 5, chr. 6, chr. 7, chr. 8, chr. 10 ahd 12). However, the effect on the over-all map
length should be marginal because centromeric megimly represent a small portion of the total
map units in the genome.

c) It is well-established that sequence divergean®ong the parents leads to reduced
recombination in wider crosses (Rick 1969; BoniexhE088; Gebhardt et al. 1991; Burke et al.
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2004). This option fodulgandifoliumis discussed below. Special attention should bectéd to
areas where recombination was eliminated complébelgause this may be diagnostic for inversion
heterozygosity, which rarely produces viable recwrmts (Livingstone and Rieseberg 2003). The
short arm of chromosome J10 was reduced to justcM8 The residual recombination may
represent a genotyping artifact or J10S may beraerged among the parental species. Similar
situations were found on J1S and J3S (87 % and #&dUction, respectively), but as chromosome
1 is subtelocentric, it is difficult to determinénether the observed shrinkage — deduced from just
three markers - goes beyond the average genomeredletion. Likewise, the size reduction on
J3S was based on only two markers.

d) Map length reduction may be a by-product of eggtion distortion, e.g. when
recombinant gametes are eliminated by selectioth,aatual crossover rates may be more normal
(Rick 1969). Hence, segregation distortion may ésponsible for the map length compressions
aroundsdl.]l sd2.2andsd5.1 and sequence divergence may not be greater ge theeas with
respect to other regions in the genome. Howeversesgience divergence itself can also be
causative of segregation distortion (Grant 1975miZaand Tadmor 1986), the causal link as
outlined above may only apply to areas that areeutite control of segregation distorter loci.

e) Map size reductions may also reflect differentegene or DNA content. Given the
conservativeness in gene content in related spe@atined in greater detail below) this
explanation does not seem very likely.

f) The suppression could be the work of genescbatrol recombination frequency, as have
been identified in petuniaPétunia hybridy anotherSolanaceagMaizonnier et al. 1984). The
petunia genetic map is ~ ten-fold smaller than tfatomato (Strommer et al. 2002) while its
haploid genome content is larger (1200 Mb vs. 930 Mumuganathan and Earle 1991).

g) Finally, recombination could be reduced in oaengte, probably the male, in the present
mapping cross. The complete lack of male recomioinatould cause 50 % map shrinkage, similar
to the observed. The phenomenon, first reportedfosophila has been detected among hybrid
progeny of tomato an8. pennelliide Vicente and Tanksley 1991) and tomato &ngeruvianum
(van Ooijen et al. 1994). Hence, this explanatioaynbe particularly attractive to explain the
present map size reduction. Other factors, howeedy, structural and sequence divergence,
segregation distortion and/or recombination modifimay also have contributed to the outcome in

S. ochranthunx S. juglandifolium
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4.1.2.4 Chromosomal restructuring

Linkage analysis provided evidence that the twocigsewithin sectJuglandifolium are
separated by a reciprocal whole-arm translocatietwéen chromosome 8 and 12. A reciprocal
translocation in one of the parents of a mappingugadion will lead to pseudolinkage between
markers close to the interchange breakpoints (BumHh991). On theS. ochranthumx S.
juglandifolium linkage map two markers (SSR15 and C2_At42740)atemt on tomato
chromosome 8 and 12, were connected by stronggekaoth markers map near the centromere in
tomato, a region prominent for chromosome breakageany species (Tanksley et al. 1992; Moore
et al. 1997). In addition, semisterility and irrégyuchromosome pairing during the feiosis, two
characteristic features of translocation heterogigdBurnham 1962), were also observed in the
present study. Future analysis may determine wdifithe species is the carrier of the translocation.
Further analyses are needed to investigate whithesevere map size reduction on the short arm of
chromosome 10 is caused by structural rearrangsmerd. an inversion among the parental
species. Likewise, the presence of whole-arm ineessin Juglandifoliumwith respect to tomato
on chromosome 3S, 6S and 8S requires substantiation
In view of the high degree of collinearity, the gares ofS. ochranthunandS. juglandifoliumcan

be considered homeologous.

4.1.2.5 Speciation within SectJuglandifolium

The data suggest that the genomesSofochranthumand S. juglandifoliumare primarily
differentiated by a reciprocal whole-arm translamatduring a relatively recent divergence (i.e.
potentially even more recent than ®BesitiensS. lycopersicoidedivergence}hat did not allow the
accumulation of many mutations, thereby presenandpigh level of homology at the DNA
sequence level (as indicated by RFLP polymorphiagtesrand sequence divergence at the GBSSI
locus). A close relationship would also be in agrert with morphological similarities between the
two species, however, other lines of evidence (rdzpation suppression, segregation distortion,
crossing barriers) suggest a more distant relatipndut these may also be caused by factors that
do not reflect phylogenetic distance.
Doganlar et al. (2002a) reported that at least d&eger evolutionary times in th8olanaceae
family the number of chromosomal rearrangements diféerentiate lineages corresponds to the
amount of change on the nucleotide sequences level.
Unless position effects, which are assumed to teimahigher plants (Burnham 1962), play a role,
as long as the gene content is preserved, reamamgse generally do not result in apparent

phenotypic changes (Lande 1979). Therefore the atafichromosomal rearrangements cannot be
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taken as a measure for morphological diversity andyersely, the amount of phenotypic evolution
is not a good predictor for the amount of genomigl@ion (Dobzhansky 1972; Carr 1977). Hence,
the strong morphological resemblance of the tiuglandifoliumspecies is not in conflict with
structural heterogeneities and, by extension tleieg crossing barriers.

Assuming sympatric or parapatric conditions atttine the two lineages commenced to diverge (as
the two species are overlapping in their presegtdiatribution; Rick 1988; Smith and Peralta
2002; http://tgrc.ucdavis.edu), there are seveossibpilities how a speciation scenario may have
played out inJuglandifolium For speciation to occur in sympatry it is a pgeisite that
reproductive barriers be erected between the divgriineages (Dobzhansky 1937) in order to
avoid subsequent merging of the incipient speciéh their progenitor. One way to achieve
reproductive isolation is via chromosomal rearrangets (White 1978). There are many accounts
in the scientific literature where chromosomal reagements have been identified as causal factors
in speciation processes of plants and animals rfgstone and Rieseberg 2004). Likewise,
rearrangements have been shown to be more commongasympatric versus allopatric species
(Noor et al. 2001), suggesting that they may beaathgeous under these conditions, possibly
owing to their isolating effect. The situation, hewer, is paradoxical because the stronger the
negative fitness effect of a chromosomal rearramygmthe greater is its potential to confer
reproductive isolation, but at the same time thalEnis its chance for fixation (i.e. the stronges
barriers have the least chance to be fixed). THEmna has been subject of much debate and
sparked the development of several models (Livorgstand Rieseberg 2003; Burke 2004).

It has often been proposed that rearrangementdedeterious in the heterozygous state, but not in
the homozygous state (Levin 2002). Some theoriessthat the underdominant fitness effect of
rearrangement heterozygotes is instrumental insjheciation process through the erection of
crossing barriers (Dobzhansky 1937). In self-incatifgle species chromosomal rearrangements
with underdominant effects may require genetictddafbe brought to fixation, making them only
likely to occur in populations with small effectipgpulation sizes (Lande 1979; Lagercrantz 1999;
Burke et al. 2004). Most know®. ochranthunandS. juglandifoliumpopulations are small in size,
and their geographic distribution is highly fragrezh (Roger Chetelat, pers. comm.;
http://tgrc.ucdavis.edu; Smith and Peralta 2008dfore it is likely that genetic drift constitatan
important evolutionary force in these species.

Alternatively, rearrangements may become estaldidhecause their carriers are spared from
competition with their progenitors, as a conseqaenfceither reproductive isolation or differential

survival, e.g. by means of special adaptationsi(L2Q00; Burke 2004).
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Other models predict that chromosomal rearrangesrieante no or just a small effect on fitness, and
that reproductive barriers are built up graduafiythe presence of gene flow (Burke et al. 2004;
Livingstone and Rieseberg 2003). One of these msopilposes that single rearrangements may
only be associated with weak underdominance, tlyeadlowing the carrier’s survival within a
population, but that a combination of several @agements will eventually cause reproductive
isolation (Burke et al. 2004). Alternatively, wegkinderdominant rearrangements may be involved
in speciation in sym-/parapatry primarily throudteit effect on recombination (Rieseberg 2001,
Noor et al. 2001). Sheltered from gene flow, isatatfactors such as Dobzhansky-Mueller
incompatibilities have the chance to accumulatehia rearranged region until eventually the
reproductive barrier is complete (Navarro and Ba&003a).

Empirical evidence that rearrangements may pensibin the original population prior to splitting
into a new lineage was provided by interspecifgquamce analyses that revealed greater divergence
in rearranged regions compared to collinear regidtesarro and Barton 2003b; Schaeffer et al.
2003). Among potato and tomato Livingstone and &besg (2003) observed increased sequence
differentiation on 10L relative to non-rearrangddamosome locations. They concluded that the
rearrangement may have facilitated the originatibthe tomato lineage in parapatry.

In summary, based on the evidence of overlappisgiblutions, translocation heterozygosity, and
postzygotic reproductive barriers, any of the abaaalels could potentially be invoked to explain
the speciation process iluglandifolium However, as the ‘recombination-model’ resolves th
“dilemma” associated with reproductive isolationgpmpatry without requiring the presence of
other conditions (e.g. genetic drift or accumulataf several rearrangements), and because it is
supported by empirical evidence, it is deemed thstrprobable. Sequence analyses within critical
genomic regions is. ochranthunandS. juglandifoliumcould elucidate the possibility of evolution

in sym~/parapatry via chromosomal rearrangementstife two species. In case of sympatric
speciation, one might hypothesize further thatsihié of S. ochranthunandsS. juglandifoliumfrom

a common ancestor occurred in an area they cohéfiith are currently parts of Ecuador.

4.1.3 Segregation distortion

Significant departures from the expected 1:2:1 Medeatio were observed in over one third
of the loci in K S. ochranthunx S. juglandifoliumaffecting nine out of twelve chromosomes.
Non-Mendelian segregation is a widespread phenoraemang a diverse range of taxa including
fungal, plant and animal systerfiBaylor and Ingvarsson 2003). Forms and mechanitmogigh
which segregation distortion is achieved can beifolahbut show common features. In general,

segregation distorter loci, (also known as ‘selfgg@netic elements’, ‘non-Mendelian element’ or
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‘outlaw genes’ control the preferential transmissiof a genotypic class, thereby disobeying
Mendel’'s laws (Dawkins 1982; Taylor and Ingvars@&@03). Segregation distorter loci can cause
speciation (Hurst and Werren 2001) and are thezefadely regarded as an evolutionary force
(Sandler and Novitski 1957; Taylor and Ingvarss663).

Distorted segregation has often been observedensipecific crosses between crop plants and their
wild relatives, including tomato (Zamir and Tadnik®86; Wendel et al. 1987; Bonierbale et al.
1988). The extent of aberrant segregation geneirathgases with the level of divergence between
parental species (Grant 1975; Zamir and Tadmor 198@eneral, segregation patterns observed in
intraspecific crosses o8 lycopersicum are in compliance with Mendelian laws (Rick 1948)
although there are also examples of genes thatoddransmit in Mendelian fashion, due to
selection in various stages of development. Inoaxbetwee. lycopersicum and its close relative

S pimpinellifolium, 8 % of loci showed skewed segregation (Grandilhal &anksley 1996),
whereas 51 % and 69 % of the loci deviated fromeetgrl Mendelian ratios in crosses betw8en
lycopersicum andS. cheesmaniae andS. lycopersicum andS. neorickii, respectively (Paterson et al.
1988, 1991). In crosses with the more distantlsteelS. pennellii andS. chilense, 60 % and 80 %

of markers showed skewed segregation (Zamir anchdad986).

The herein reported extent of non-Mendelian segi@y#32 %) was also similar to that observed
in a cross betwee8. sitiens x S lycopersicoides (24 %; Pertuzé et al. 2002). However, a direct
comparison, i.e. inferring a slightly greater diyemce for the pai®. ochranthunvS. juglandifolium
may be inappropriate because a) estimates wergedefiom different marker systems, and b)
interspecific hybrids and ;Fprogeny were relatively difficult to obtain in thgresent study,
suggesting stronger selection pressures.

A total of thirteen putative segregation distotteri were identified, similar to the fourteen detst

in the genomic background &f sitiens x S lycopersicoides (Pertuzé et al. 2002). This number is
probably a conservative estimate because effectsrair distorter loci would be hidden by those of
major distorter loci in neighboring areas of theathosome. Distorter loci may also go undetected
because they are driven to fixation before theyehavchance of being observed (Taylor and
Ingvarsson 2003). Zamir and Tadmor (1986) obseav@dsitive correlation between the decrease
of donor genome content and the decline of segmgalistortion in interspecific backcrosses,
concluding that a high level of homozygosity chéedzes loci associated with the regulation of
reproduction at the intraspecific level. Distottigei may also go unnoticed because their effeas ar
deleterious and prompt the selection for modifienes at secondary loci that suppress them, a

situation also known as ‘genetic conflict’ (Taykmd Ingvarsson 2003).
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Sterility factors causing skewed segregation wdeatified in several crop species. Pollen killers
that abort pollen carrying the non-driving allelave been reported in tobacco, wheat and rice
(Cameron and Moav 1957; Loegering and Sears 19630 $983). So-called gamete eliminators
render only those gametes dysfunctional which c¢oniae alternate allele in the heterozygous
sporophytic parent. Gamete promoters operatedrrdlierse fashion. Both have been observed in
tomato (Rick 1966; Pelham 1968). Common featurehidle incomplete penetrance (Rick 1966)
and expression variation among different genetickeounds (Loegering and Sears 1963). Sano
(1990) showed that pollen killers may become ganediminators through interaction with
modifiers, thereby causing hybrid sterility, whipbses a major problem for the introgression of
distantly related germplasm in breeding progranendd, the accumulation of sterility factors and
modifier genes plays a central role in the esthbiisnt of reproductive barriers and, by inference,
speciation.

Distorter loci may exert selection in the pre-zyg@hase during gametophyte development and the
pollination process or at the post-zygotic stagenfrseed and embryo formation, germination and
plant growth (which included embryo culture in firesent study) until the moment plant material
is harvested (Grant 1975). # ochranthum x S juglandifolium selection operated in both phases
with preference for both allelic types (i.e. thahranthum allele or thguglandifolium allele) and on

all three possible genotypes (both parental homategyor the heterozygote).

4.1.3.1 Conservation of segregation distorters among closetelated species

For several of the segregation distorter loci detém this study, counterparts with analogous
trends were also found in the genomic backgroundtisér tomato species, suggesting that they
represent true distorter loci that are of impor&afar fertility regulation and that their positioaad
functions have been conserved across tomato taxa.
Sd2.2 mapped in close proximity to a segregation distofbcus in BG S lycopersicum x S
lycopersicoides (Chetelat et al. 2000). Regions of distorted sgafien on the long arm of
chromosome 5 were also identified in both cros&éeielat et al. 2000).
Most prominent was the great amount of similarié@song genome-wide patterns of segregation
distortion in this cross and that of the closellated sister-taxa pal. sitiens x S. lycopersicoides
(Pertuzé and Chetelat 2002), especially with rdsigedeviation patterns on chromosome 4 and 7.
Several segregation distorters were identified @th bchromosomes in ;FS sitiens x S
lycopersicoides but only the most significant ones were also detkch the present study. The
segregation distorter locus at the distal end obrriosome 4904.1) appeared to be identical to the

one reported i®. sitiens x S lycopersicoides, albeit its action was attenuated3rochranthum x S,
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juglandifolium. Rick (1966) reported the presence of a gametuimitor (Ge) mapping to the
centromeric region of chromosome 4 on the tomasssital map, approximately at the same
position assd4.1. Both location and mode of action called for tHentity of the herein reported
sd7.1 and the segregation distorter locus in the cergrammegion on chromosome 7 $sitiens x

S. lycopersicoides.

On chromosome 8 the same marker (TG510) that @etecte of the two distorter loci that promote
the heterozygous classd8.2) also detected a locus of similar action $ stiens x S
lycopersicoides, pointing to the presence of a gamete promotetofaat this locus. Strong
deviations on chromosome 9 were also reportedSfagitiens x S lycpersicoides. The herein
detectedsd9.1 mapped to the same location si9.2 in S sitiens x S lycopersicoides, thus
suggesting locus identity. The mode of action, haveshowed some differences. A negative
selection against one homozygous class was moeges@S. sitiens x S, lycopersicoides. Also, in

the latter the heterozygote was the primarily fadogenotype whereas in the present study the
alternative homozygote was as abundant as theoagtgte. Therefore, present data suggest gene
action at the pre-fertilization stage, rather thathe post-fertilization stage at this locus.

The locations of the two segregation distorterseolesd hereingd9.1 andsd9.2) correspond to the
two gamete promoters at the centromeric regionthadlistal end of chromosome 9 reported by
Pelham (1968) and Fulton et al. (1997) in crossawdenS. peruvianum and cultivated tomato.
Strong segregation distortion in favor of the wéldele along the entire chromosome 9 was also
observed in a cross betwegrycopersicoides and tomato (Chetelat et al. 2000).

In conclusion,S. ochranthum and S. juglandifolium appear to be slightly less divergent than
sitiens andS. lycopersicoides according to RFLP polymorphism rate and GBSSI.datathe other
hand, the extent of recombination suppression (@agbe also of segregation distortion) may
exceed the expectations for such a close relatipnbht could be explained by alternative causes,
which are outlined above (such as lack of recontlwnain one gamete). Likewise, the closer
morphological resemblance of tlleiglandifolium species compared to that of tBesitiens/S
lycopersicoides pair is suggestive of a more recent divergencélewhe stronger crossing barriers
could indicate a more distant relationship $f ochranthum and S juglandifolium. However,
morphological differences or crossing relationshipken taken alone as indicators for species
divergence, can be misleading. For example, gendiffierentiation is not correlated with
reproductive compatibility its. chilense, where adjacent groups show stronger barriers distant
groups (Graham 2005). (Reproductive barriers im $pacies might be reinforced among adjacent
types and relaxed among allopatric types.) Sinyi&8l pennellii as well as the species $olanum

subsectLycopersicodes are less reproductively isolated from tomato tthenmore distantly related
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S peruvianum and theJuglandifolium species, respectively (Rick 1979; Pertuzé et@0222003;
Spooner et al. 2005).

4.1.4 Genome comparisons with tomato and otheBolanaceae

4.1.4.1 Genome content and recombination suppression

The herein reported map f& ochranthum and S juglandifolium (790 cM) encompassed
only 58 % and 67 % of the mapping units in tomakRPEN 2000 (1363 cM) and,fS. sitiens and
S lycopersicoides (1192 cM), respectively (http://www.sgn.corneluedPertuzé et al. 2002).
Although the over-all net reduction of the lattefative to the reference map amounted to only a
few percentage points, variation was large acrdssngcosomes, ranging from over 24 % size
reduction (chromosome 8) to almost 13 % size expan@&hromosome 11). Interestingly, most
potato genetic maps show a substantial size remudti comparison to tomato genetic maps
(Bonierbale et al. 1988; Gebhardt et al. 1991; Bhnket al. 1992), e.g. the Potato-TXB map spans
684 cM (Tanksley et al. 1992), and the one develdpe Bonierbale (1988) 606 cM. However,
Bonierbale et al. (1988) and Gebhardt (1991) aiteid the size discrepancies to sequence
divergence among the mapping parents rather thangenerally lower level of recombination in
potato. Several lines of evidence (segregationodiet, crossing barriers) suggested structural
differences between the two species. However, thdogenetic distance withiduglandifolium
does not seem larger than that of the parentaliesp@t the other crosses: divergence estimates
from RFLP polymorphism rates were three times higitaong parental accessions of the tomato
map (63 %) compared to tlaglandifolium map (21 %; Chetelat et al. 2000), and GBSSI seaquenc
data (Peralta and Spooner 2001) indicated loweeldewf sequence divergence among the
Juglandifolium species compared to the species pd&rssitiens/S. lycopersicoides and S
lycopersicun/S. pennellii. Map sizes in eggplantSglanum melongena) and pepper Gapsicum
annuum), on the other hand, are very similar to thosetarhato (1480 cM and 1246 cM,
respectively; Livingstone et al. 1999; Doganlar 280 The genome content of potato differs only
slightly from that of tomato and eggplant (C = 088 C = 1.03 and C = 0.98, respectively),
whereas the pepper genome is four times larger {®=Bennett and Leitch 2004), indicating that
map size is a poor indicator for genome size. &setkira genome content in pepper is presumed to
be primarily composed of retrotransposons (Livingstet al. 1999), and recombination is mainly
restricted to homologous genes (Thurieaux 1977)ntap size reduction iduglandifolium could
also be the result of a lower gene content. Thee gontent of the two species is unknown.
However, gene content has been quite conserved @wanlarger evolutionary distances in the

Solanaceae (Livingstone et al. 1999), making this explanatiess likely.
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Therefore, recombination suppressiouglandifolium may be caused by a combination of factors
(which were stated earlier), including reduced medeombination, recombination modifiers,
sequence divergence and/or segregation distortion.

Besides the genome-wide map size reduction, relatigombination rates (i.e. stretches delimitated
by common markers) were similar in B ochranthum x S juglandifolium and the tomato map,
reflecting the high level of synteny between thaarees. This finding was not surprising given that
Doganlar (2002a) detected a significant positiveredation of recombination frequencies even

among the far more distantly related eggplant anthto.

4.1.4.2 Collinearity with tomato

In accordance with expectations the comparativepingpexperiment revealed a high level of
synteny between the genomessett.Juglandifolium and tomato . lycopersicum), i.e. gene order
was almost perfect. Highly preserved gene ordetBinmviearranged blocks are a common finding
even in broader comparisons such as those of tomatato, eggplant and pepper (Bonierbale et al.
1988; Tanksley et al. 1992; Livingstone et al. 1996ganlar et al. 2002a). The retention of large
intact blocks is not only a feature &blanaceae genomes, but, as many reports indicate, a

widespread characteristic of plant genome evolu{iBaterson et al. 2000 and references therein).

4.1.4.3 Chromosomal restructuring

A maximum of seven chromosomal rearrangements g@srted in this study to explain the
genome differentiation between tomato aldlandifolium. One of theJuglandifolia species (i.e.
either S ochranthum or S juglandifolium®) is presumed to carry a reciprocal whole-arm
translocation among chromosome 8 and 12 relativert@to. In addition, in six cases marker order
deviated from that of tomato. Two loci mapped ttiedent chromosomes (T0308, in tomato on
chromosome 10L, was positioned at the distal end3& and TG581, in tomato on chromosome
6L, was placed on J4S luglandifolia), and one locus appeared translocated within JERGbped
positions of adjacent loci were suggestive of wkaita inversions: on J3S, J6S and J8S. These
erosions of colinearity are based on single-magk@ence only, and may hence represent artifacts,
caused by, e.g., limited mapping power (resultingmf the small population size), reduced
recombination in the F£S ochranthum x S juglandifolium population, mapping of secondary or
duplicated loci and/or genotyping errors. For sabiation additional cytological or mapping data

is required.

* Although considered less likely, the possibilityat the translocation is a unique feature of thremtal accession and
does not represent the species as a whole canuligdminted.
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A recent FISH analysis showed the inversion of 6#®rg the genomes of tomato and potato (Bai
et al. 2007). If 6S injuglandifolium is confirmed to share the potato configuratiorentrthis
inversion will represent the most recent (knowrarrangement that occurred in the tomato lineage.
Interestingly,S. peruvianum bears an inverted stretch of ~ 300 kb on 6S wisdssociated with
nematode resistance (Seah et al. 2004), indic#isigthe inversion — or parts of it — may also be
present at ‘lower’ branches inside the tomato clade

Also noteworthy is the severe recombination sugpoason J10S (96 % map size reduction) which
may be indicative of a putative whole-arm inversias mentioned above. An even stronger effect
was seen on J3S, albeit solely based on the destanong two loci.

Still, the number of the herein observed rearrareggmis likely to be an underestimate of the true
extent of chromosomal repatterning that differaetithe genomes of the two lineages. With an
average marker density of 6 cM mapping resolutiorelatively coarse, and smaller rearrangements
are unlikely to be detected. For example, an inwarsf the top of chromosome 7 among tom&to/
pennellii became evident only via fine-mapping and FISH gsisl(van der Knaap et al. 2004).

Also, as chromosomal rearrangements often posdstnuation to interfertility — albeit they do not
unavoidably cause incompatibility (Levin 2002) -essing behavior among the two and betw8en
ochranthum and tomato are well in line with structural dieces.

The number of putative rearrangements in diaglandifolium lineage is surprising in light of the
relative structural conservativeness that charaeerthe rest of the tomato clade. All genomes
within sect.Lycopersicon are essentially uniform, differentiated only byadhmearrangements and
gene substitutions, and are considered homolodRiek (1979; Tanksley et al. 1992; Paran et al.
1995; Grandillo and Tanksley 1996; Bernacchi andk§key 1997; Fulton et al. 1997; van der
Knaap et al. 2004). A total of just six paracentsicole-arm inversions separate the genomes of
potato and tomato (Tanksley et al. 1992; Bai e28D7). Four or five of these occurred in the
tomato lineage: The inversions on tomato chromos68\e9S, 10L and 11S are likely derived in
tomato because the potato configuration is shaygeepper and eggplant (9S and 10L) or eggplant
alone (11S; the state of 6S is unknown for pepdev)dence suggests that the inversion of 6S
occurred after the split dluglandifolium/Lycopersicon clades (Seah et al. 2004; the present study).
However, the configuration in subsektycopersicoides is currently unknown (Pertuzé et al. 2002).
The paracentric inversion of tomato 12S, on thesiotand, is shared by tomato and eggplant,
indicating that this represents the ancestral statkthat a rearrangement occurred in the potato
lineage. The paracentric inversion on tomato 58dver, could have occurred in either the potato
or the tomato ancestors because neither of thestates is shared by eggplant or pepper (Tanksley
et al. 1992; Livingstone et al. 1999; Doganlar 2602
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Subsect.Lycopersicoides is separated from tomato by a single paracentholevarm inversion.
S10L shares the potato configuration and is thesefassumed to represent a more recent
rearrangement in the basal ranks of the tomateqlBdrtuzé et al. 2002). Eggplast ifhel ongena)

is the most distantly relategblanum species, vis-a-vis tomato, for which a comparateaetic
map exists; it differs from tomato by a total of rrangements (23 paracentric inversion and five
translocations; Doganlar et al. 2002a). The pefipeage C. annuum) in genusCapsicum has
undergone extensive restructuring, presumably dugsthigh content of transposable elements.
Pepper differs from tomato by a total of 22 breaksnposed of eight paracentric, two pericentric
inversions, five translocations as well as varitorsns of dis~/ or associations, some of which are
multiply nested (Livingstone et al. 1999).

Hence, given the evolutionary distance, the nunabgrutative rearrangements reported herein for
Juglandifolium seems high. However, evolutionary rates may vaeatty even among lineages
within the same family, and the number of changaenot be equalized with evolutionary
divergence time, as has been shown in the graGsds 4nd Devos 1998).

Also noteworthy are the rearrangement classes widein sect.Juglandifolium. Paracentric
inversions and small translocations are commohent@émato and potato lineages (Bonierbale et al.
1988; Tanksley et al. 1992; Pertuzé et al. 2002;eéBal. 2007), and. etuberosum contains a
number of rearrangements compared to potato (Rdrak 1999). However, there are few large,
whole-arm translocations of the type reported meréranslocations do appear to have played an
important role during the evolution of oth&olanaceae species such as eggplant and pepper
(Livingstone et. al. 1999; Doganlar et al. 2002afomato it was shown that translocations induced
by irradiation are stable as homozygotes and trdrierthe next generation (Gill et al. 1980).
Frequencies with which rearrangement types occams& be largely conserved even across
remotely related taxa. The leading role of paragenhversions appears to be a widespread
phenomena in both plant and animal systems (Raral.e2001; Doganlar et al; 2002a) The
tomato/potato lineages are differentiated exclugil®y paracentric inversions (Tanksley et al.
1992; Bai et al. 2007). Of the inversions that eced during the tomato/eggplant and
tomato/pepper divergence 100 % and 83 % are pdragaespectively (Livingstone et al. 1999;
Doganlar et al. 2002a). Among structural rearrargy@s paracentric inversions are suspected to
convey the least selective disadvantageDinsophila, e.g., a mechanism during female meiosis
disposes unbalanced recombination products of eatac inversions into polar bodies (Navarro
and Barton 2003a). In contrast, pericentric in@rsiappear to be extremely rare and are associated
with a stronger selective disadvantage than otearangement types (Burnham 1962), although

they do not produce a higher degree of semistetitian reciprocal translocations (Navarro and
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Ruiz 1997). In the heterozygous state translocatimause semisterility and are more detrimental
than inversions (Burnham 1962), nonetheless th@gapat a frequency intermediate to that of
para- and pericentric inversions in the pepper/Eggfpotato/tomato divergence (Doganlar et al.
2002a). The pepper speci€&s annuum and C. chinense are differentiated by a reciprocal
translocatiorLivingstone et al. (1999).

Rearrangement break points are not randomly diget throughout genomes. Centromeric and
telomeric regions have often been reported to benprent spots for chromosomal breakage and
fusion, e.g. in dicots such as tBelanaceae andBrassicaceae (Tanksley et al. 1992; Lagercrantz
1998) as well as in monocots (Moore et al. 1997)hW the Solanaceae, however, disruption
patterns vary among lineages. Centromeric breakpane not more common than non-centromeric
breakpoints in the eggplant/potato/tomato divergemdereas all rearrangements separating potato
and tomato are centromeric (Tanksley et al. 199@gdblar et al. 2002a). The heterochromatin
surrounding centromeres has been associated wittmosome breakage (Khush and Rick 1963;
Roberts 1965; Gill et al. 1980). Inversions maytriggered by homologous recombination between
repetitive sequences within the heterochromatinpeficentromeric regions and of telomeres
(Tanksley et al. 1992), and inverted chromosomesara subsequently capped with new telomeric
repeats to reestablish their stability (Yu and Bbagn 1991). Traces of the original telomeric
repeats are maintained at proximal positions infdhe of interstitial telomeric repeats (Prestirig e
al. 1996). If homologous recombination is functibinathe creation of rearrangements, then regions
that harbor repeats should serve as hotspotsrimtgtal changes. The increased flexibility seen in
the transposable element-rich genomes of pepperDansbphila are in support of this notion
(Engels and Preston 1984; Robbins 1989; Livingsadrad. 1999).

Observations iduglandifolium are in agreement with these findings; the recigird@nslocation,
three out of four of the observed single-markengslacations, and three stretches of near zero
recombination (on J1S, J3S and J10S) involved oewelimited by centromeric positions. In a
comparison amondBrassicaceae genomes Lagercrantz (1998) observed that singlesposed,
“deviant” loci do not represent — as it may seerfirst sight — a random disturbance of collinearity
but often collocate with junction points of consmavblocks. Findings herein were in agreement
with that prediction: The two interchromosomallyarisposed loci both derive from centromeric
regions in tomato, and one of them assumed a teiopesition inJuglandifolium (TO308).

In conlusion, evolution iduglandifolium may be considered atypical for the tomato lineagénot

for the Solanaceae family as a whole, both with respect to number &pk of rearrangements.
Differences may reflect genome-specific abilitiedik rearrangements (Devos and Gale 2000) or

external conditions during speciation: The tomagiecges are assumed to have evolved primarily
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through geographic isolation and adaptation (Peeaid Spooner 2005), consistent with the overall
colinearity of species in thdycopersicon clade and the absence (among some species
combinations) of strong crossing barriers, (Somecigs do show strong reproductive barriers,
particularly in cases where geographic ranges apert.g.S peruvianum with S hirsutum, S
pennellii, and S pimpinellifolium). In contrast S. ochranthum and S. juglandifolium most likely
originated via speciation in sym~/parapatry, whigtoften associated with higher occurrences of

chromosomal rearrangements (White 1978; Noor eX0fl1).

4.1.4.4 Hotspots for rearrangements inJuglandifolium and other Solanaceae genomes

Chromosome TheS ochr. x S jugl. map is split into two linkage groups around theafiue
centromeric region, presumably due to a lack ofkerasaturation. In pepper, that same area marks
the breakage point of a translocation with chromuscB. Genome order is remarkably well
preserved in all six genomes.

Chromosome 2Marker content on chromosome 2 is well preservetray all species,

although eggplant and pepper show some areas tofloksl marker order with respect to tomato,
Juglandifolium, Lycopersicoides and potato.

Chromosome 3J3S was inverted, severely truncated and/or sappde with respect to

tomato. This may represent an artifact or may astldbe exaggerated due to marker scarcity.
However, there was also evidence for further chisonmal restructuring in this area as T0308, a
locus in proximity of the centromere on tomato 1®Ghapped to the distal point on J3S. Both
eggplant and pepper carry several small inversaoiaistranslocations with regions corresponding to
tomato chromosome 5 (eggplant) and 9 (pepper) is rgion, leading Doganlar (2002a) to

conclude that this represented an unstable regidngiSolanaceae genome evolution.

Chromosome 4A locus from tomato 6L (TG581) was translocatedJés. Eggplant and
subsectLycopersicoides both show translocated areas between correspotwhmgio chromosomes
4S and 10, while 4S in pepper is associated withato 5L, indicating that homeologous tomato 4S
is a region prone to rearrangements inSblanaceae.

Chromosome 5Chromosome 5 is conserved betweliglandifolium and tomato, while

translocation events are evident in the other sjgeci

Chromosome @&ggplant and potato 6S are inverted relative toatiow, andJuglandifolium
appears to share the former configuration. Howewverker coverage is poor on this short arm of
J6, reflecting its relative length: chromosome @ais acrocentric chromosome with the shortest
short arm of the set, except for telocentric chreome 2 (Sherman and Stack 1995). Therefore

further evidence (e.g. FISH) is required to prole state of this arm. Due to the absence of 6S
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markers on both comparative maps the configuraitiopepper and subsedtycopersicoides is
unknown.Lycopersicoides carries a locus from tomato chromosome 1 in timromeric region of
chromosome 6, indicating that this might be an afeanhanced flexibility. In the middle of J6L
two adjacent loci have assumed switched positinrisiglandifolium relative to tomato. This may
indicate a transposition event, or that the madkder in one of the maps is erroneous.

Chromosome Marker content and order are well conserved antongato,Juglandifolium,
Lycopersicoides, potato, eggplant and — albeit to a lesser degapper. The top of chromosome 7
is inverted among tomato VS. pennellii.

Chromosome &ither the entire J8S or just the distal portioaynbe inverted relative to
tomato. Again, a final judgment cannot be madehmsmosome 8 is also acrocentric and the only
markers that are present are closely spaced. liti@ddtomato chromosome 8 and 12 have
undergone a reciprocal whole-arm translocation e @f the Juglandifolium species. The
translocation breakpoint seems to correspond tomieein the translocation between chromosome 1
and 8 in pepper. Interestingly, Lycopersicoides a locus from the distal end of tomato 12L is
transposed to the distal end of 8S.

Gene order within rearranged segments has beenrkabma well preserved during the
evolution of all lineages (Doganlar et al. 2002a).

Chromosome 9Chromosome 9 is largely conserved among tomauglandifolium and

Lycopersicoides, and preservation of gene order within translatagegments is also apparent
among the other species.
Chromosome 1®@ne of theJuglandifolium species harbors a putative inversion on J10S. A

severe map length compression was also observéteisame region in pepper. Evidence for a
hotspot of restructuring was found in a region némr centromere on 10L iduglandifolium.
Interestingly, the spot on J10L that correspondstie location of T0O308 in tomato (in
Juglandifolium TO308 is positioned on J3S, in tomato on 10L) shewmme perturbation of gene
order and demarcates the end of a stretch of sewape compression on J10. This area also
colocalizes with the breakage point of the parageninversion in tomato relative to
Lycopersicoides, eggplant and pepper. Eggplant chromosome 10 ngposed of tracts that are
homeologous to three different tomato chromosonsea eesult of two independent translocation
events. Also noteworthy, three loci in that aretoimato are scattered on 4S, the centromeric region
of chromosome 7 and 9L lrycopersicoides. This region therefore appears to be an ancieispbo

for structural rearrangements in tBa#tanaceae.

Chromosome 1TTomato,Juglandifolium and Lycopersicoides are collinear with respect to

chromosome 11, while the oth@slanaceae species show interchromosomal rearrangements.
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Chromosome 12Marker order between J12 and tomato chromosomewvd® perfectly

conserved, but onduglandifolium species, as mentioned earlier, carries a recipnobale-arm

translocation with chromosome 8. Corresponding omgi of tomato chromosome 12 have
undergone multiple rearrangements in both the eggphnd the pepper lineage. Eggplant
chromosome 5 is a fusion product of homeologousonsgon tomato 5L and 12L, whereas a
portion of tomato 12S maps onto eggplant 10S. Ipppe homeologous regions of tomato
chromosome 12S form part of chromosome 9 and 120,Adeveral loci from the distal end of
tomato 12L are scattered across the genonig/éopersicoides, adding further evidence that this

region represents a rearrangement hotspot in thletexn of theSolanaceae.

4.1.4.5 Phylogenetic relationships

The configuration of J10L is the same as in tomatdike subsectlLycopersicoides which
contains the ancestral arrangement, found in al@bmentionedsolanaceae. This result clearly
places sectJuglandifolium as closest outgroup to the tomatoes (degtopersicon) and subsect.
Lycopersicoides as basal to both. The result is consistent witfiqgenies derived from GBSSI
sequence and AFLP data (Peralta and Spooner 200dong&r et al. 2005). The fact that
reproductive barriers with sedtycopersicon are more pronounced via-a-vis seliglandifolium
than subsect.ycopersicoides had supported the assumption that sub&gcopersicoides was more
closely related to the tomatoes (Rick 1979). Thtsrpretation was also consistent, with the more
tomato-like morphology of subsectycopersicoides, as well as their similar ecologgand
distribution (Rick 1988). The intriguing questiorhieh of the species in sedtycopersicon is the
closest to the twduglandifolium species unfortunately remains unanswered. A sioghabined
phylogenetic tree based on AFLP, GBSSI, cpDNA, $E§uence and morphological data supports
S habrochaites andS. pennellii as one clade that forms a basal polytomy with st accessions
of S peruvianum and S chilense (Spooner et al. 2005). Althoudh peruvianum andS. pennellii
overlap in their latitudinal distribution range twi8. ochranthum, they inhabit drier areas than the
Juglandifolium species (http://tgrc.ucdavis.ed8. habrochaites, on the other hand, is not only
largely sympatric with botl& ochranthum and S juglandifolium, it is also the species in sect.
Lycopersicon that displays the strongest similarities with sdaglandifolium morphologically and
with respect to habitat adaptations. It is unknotvowvever, whether morphological resemblances
are caused by convergent evolution or common arycésthabrochaites is represented from Peru
to tropical Ecuador where it overlaps with the piveacenter of diversity of. ochranthum andS.
juglandifolium. Furthermore, it is the only species in subsegtopersicon that has been collected

together with aluglandifolium species, namely witls. ochranthum in Leimebamba, Per(Smith
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and Peralta 2002; http://tgrc.ucdavis.edu). Ondtfrer hand, the flowers & pennellii suggest a
closer affinity to the ancestr&olanum state: lack of sterile anther tip, unfused anthargj the

presence of terminal pore (Peralta and Spooner)2005

4.1.4.6 Putative evolution scenario forJuglandifolium

Peralta and Spooner (2005) proposed an intriguiegiation scenario for the tomatoes: the
tomato ancestor might have covered vast areasritratePeru. Climatic changes, foremost the
drastic increase in aridity along the southern HAarucoast during the Holocene aided the selection
for adapted forms (Arroyo et al. 1988), therebyede@ting speciation within the tomatoes.
Interestingly, the two most basal groups in the atumclade, sectuglandifolium and subsect.
Lycopersicoides, occupy areas that flank the present-day disiobutange of the wild tomatoes
(sect.Lycopersicon) at their northernmost and southernmost edgeeotisely. As no fossil record
exists for the tomatoes, the age of the lineageardy been estimated from sequence data. The
genusSolanum presumably diverged from the most recent ancest@? -myr (Wilkstrom et al.
2001). Doganlar (2002a) suggested a chromosomaltewo rate of 0.002 rearrangements/Mb/myr
for Solanum. Assuming constant divergence rates and a genmae®t950Mb (Arumuganthan et
al. 1991), tomato may have split from a common siozewith potato ~ 1.6 myr (under assumption
of 3 rearrangements in the tomato lineage) to ~y2 (@ rearrangements), thus at the end of the
Pliocene. The increase in aridity in coastal regioh Peru and Chile began ~ 15 myr (Gregory-
Wodzicki 2000), therefore desert conditions werabpbly already well-established at the time of
the tomato divergence. According to these estimasest. Lycopersicon and subsect.
Lycopersicoides separated from a common ancestor only ~ 0.5 meyrat mid-Pleistocene, making
it likely that the cool conditions during that pmtihad an effect on speciation of present-day tomat
wild species.
The area in northern Peru which represents thsitramal region between the humid, tropical north
and the arid south is of an exceptional specidséss and it is also the center of diversity of som
Lycopersicon species such & pimpinellifolium andS. habrochaites (Rick et al. 1979). Hence, the
tomato ancestor may have originated in that regiod subsequently undergone an expansion,
primarily directed southward. Alternatively, thelisfrom the potato lineage and evolution of the
present-day tomato genome, including the last gatac inversions, may have occurred in an area
further south in Peru where species-richness iatpas greater (Hijmans and Spooner 2001). The
common ancestor @& sitiens andS. lycopersicoides may have migrated from there to drier regions
in the south while the tomato ancestor spread awthward into more tropical areas. The

widespread colonization most likely occurred with @cestral genome morphologically largely
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similar to the current tomato genome (albeit maldmking the 6S inversion), i.e. carrying five
paracentric inversions. In adaptation of the mautblocated by Peralta and Spooner (2005) the
unresolved basal polytomy of the tomato clade (8poet al. 2005), comprised &f habrochaites
(distributed from central Ecuador to central PeBupennellii (distributed across Peru and northern
Chile) and theS. peruvianum/S. chilense clade (distributed in southern Peru/northern Chile
http://tgrc.ucdavis.edu) could be explained by phesence of an ancient megapopulation, spread
across a vast area from Ecuador to northern Ghide, under adaptations to local biotic and abiotic
specificities, eventually fragmented into the vasdorms that subsequently developed into distinct
species. This scenario suggests that at one poimmgits evolution the tomato ancestor must have

encountered more favorable conditions that allofeedhe broad expansion.

4.1.5 Practical implications

Previous attempts at sexual or somatic hybridimatio make theJuglandifolium group
accessible for the transfer of economically relévgenes have been unsuccessful (Rick 1979;
Stommel 2001). Henc& ochranthum and S juglandifolium are currently the only tomato species
which are completely isolated from the remaindetarhato species. The results of the present
study may give reason to raise new hopes for gersnplintrogressions into cultivated tomataS.If
ochranthum is the carrier of the translocation between chreonoe 8 and 12, then chances for
introgressions maybe better wighjuglandifolium, a species yet relatively untested for its cragsin

behavior with most of the tomatoes, including thiigen.

4.2 Genetic diversity analysis

The present study is, so far as we are aware,itsteeikamination of the status of genetic
variability in natural populations of the two toroaelated wild speciesS lycopersicoides and S
sitiens. The two species are composed of small, fragmeedlations across a narrow distribution
range in southern Peru/northern Chile. Populatiemge suffered apparent declines over the recent
decades (Chetelat, pers. comm.), raising concesntabeir threatened or endangered status. They
occupy territory that is marginal for wild tomatdeserms of climatic conditions, i.e. charactedze
by very low temperaturesS(lycopersicoides) or extreme aridity{ sitiens), and are suspected to
harbor traits, such as abiotic and biotic streksdaces, that are of value for tomato breedingkRIi
1988).
Most of the known populations of each species wsarapled in the present study, including 14 in

S lycopersioides and seven irS sitiens, represented by 333 and 195 plants, respectivieiyn
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marker systems were implemented to measure gevetigbility, one protein-based (allozymes),
the other DNA-based (microsatellites), allowing fhrtaposition of genetic variability at the two
levels.
The aims of the project were to

1) quantify amounts of genetic diversity in the twomato related wild specieS.
lycopersicoides andS sitiens at the protein and DNA levels, and to

2) identify the underlying genetic structure of ptgtions of each species in order to cast light
on their diversity and status, hypothesize abouwtrtllemographic histories, and to provide

guidelines for conservation strategies.

4.2.1 Differential patterns of allozyme and microsatellie variation

In order to investigate the concordance betweentwe marker systems among-species
comparisons were based on a common set of maxkighén-species comparisons on a common set
of individuals.
Microsatellite variation exceeded that of allozymadrequent observation in studies that include
both marker systems (e.g. Estoup et al. 1998; Gab 2002; Dhuyvetter et a. 2004), and consistent
with the mutation rates which are several ordemnhagnitude higher for microsatellites (ca.‘3]IO
10°) than for isozymes (10to 10°) per locus and generation (Kahler et al. 1984; &Yamd Wong
1993; Vigouroux et al. 2002).
The discrepancy between the two marker systems muash smaller inS sitiens than in S
lycopersicoides. Estimates at allozyme loci were typically twottwee times lower than those at
DNA loci in S. lycopersicoides: Individual allozyme loci contained two to fiveleles ) with an
average of 2.8 per locus, SSR loci two to 12 alleldth an average of 5.7The overall number of
polymorphic sitesK) was 42 % vs. 92 %, and the mean gene diverdity\as 0.116 vs. 0.421 at
allozyme loci and SSR loci, respectively.Srsitiens estimates at the protein level were higher than
in the sister species, and at least three quastearsse at the nucleic acid level: Allele numbats
allozyme loci k) ranged from two to four with an average of 3.t Ipeus, at SSR loci from four to
eight with a mean of 4. was 68 % vs. 83 % and the md#n0.285 vs. 0.354.
Conversely, as expected, inbreeding levels werkehigt isozyme loci compared to SSRs. Again,
the gap was wider i8. lycopersicoides whereF,s = 0.037 at allozyme loci vs. -0.016 at SSRsS.In

sitiens the correspondings values were 0.030 vs. 0013.

® The values were estimated from a set of indivislega@mmon to both marker analyses.
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With the exception of the amount of inbreedifigs (@nd theF;r per locus andris per population)
measures were significantly different B lycopersicoides between the two marker systems,
whereas inS sitiens only the average number of alleldg, (the average allelic richness per
population Rs) and the inbreeding coefficient per populatié) were significantly distinct.

In populations of wild rice @Qryza rufipogon) Gao et al. (2002) observed that most polymorphic
allozyme loci showed one allele at a high frequemcyompanied by several rare alleles. The same
marker behavior was evident in the two tomato sggechlthough diversity estimates at the two
locus types diverged by an even larger factor thernone observed f@. lycopersicoides (e.g. the
population means wefe= 12.7 % vs. 73.3 % = 1.2 vs. 3.1 an#lie = 0.030 vs. 0.345 at allozyme
vs. SSR loci, respectively) patterns of diversigvels and diversity structure among rice
populations were in good agreement between allozgme SSR loci (with a greater detection
resolution at SSR loci; Gao et al. 2002), wherbaswo marker systems showed only a rather poor,
if any, congruence i lycopersicoides. Likewise, genetic variation exhibited non-corr@sging or
even opposite geographic clines $ lycopersicoides, while those inS stiens were largely
mirrored by both marker systems.

Genetic differentiation among populations was numanounced at allozyme loci than at SSR loci
in S sitiens: average pairwis€st values ¢) were 0.280 and = 0.203, respectively. The reverse
was true forS lycopersicoides where the averagésr (¢) was only 0.169 for allozymes and 0.261
for SSRs. Among populations of wild rice allozyméfedentiation was weaker than SSR
differentiation (Gao et al. 2002%imilarly, no population structure could be ideietif at allozyme
loci in S lycopersicoides (STRUCTURE analysis). The phylogeny was poorly psufed and
corresponded neither to geographic relationshipgmthe clusters reported by microsatellites. As
mutation rates are higher at microsatellite lo@stn results may indicate that populationsSof
lycopersicoides diverged more recently and/or maintain a highéemxof gene flow between them.
This hypothesis would be in line with the specditvironmental conditions that are more beneficial
to gene flow inS lycopersicoides: the environment is moister, rich in other plapeses and
presumably also pollinators and seed vectors. diitiad, a greater historic connectivity (i.e. a mor
recent divergence) is easier to imagine f8r lycopersicoides, where recent population
fragmentation has occurred as a consequence of rhati@vities (agriculture, e.g. herding of
animals, Chetelat, pers. comm.). Fragmentatio8 mitiens is probably primarily governed by the
harsh climatic conditions and may therefore havenbengoing for a longer period of time.
(According to Gregory-Wodzicki (2000) the increasearidity in coastal regions of Peru and Chile
began ~ 15 myr.). Still, divergence time # sitiens may be underestimated relative

lycopersicoides. Generation times are longer $hsitiens. Plants have the capacity to resprout from
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roots as a mechanism to survive in harsh conditimaividual plants are often ancient and almost
tree-like, while those d lycopersicoides are short-lived herbs.

In spite of these discongruences matrices of pa@Wwsr values of the two marker systems were
significantly P < 0.01) correlated in both speciesjen inS. lycopersicoides, albeit much more
weakly ¢ = 0.363) than inS. sitiens (r = 0.916). Graham (2005), who used nearly the same
allozyme systems but different microsatellites Jéocund a strong and highly significant (p < 0.001)
correlation ( = 0.984) between the respective genetic distances.

The cause for the discrepanySnlycopersicoides could not be identified. Scoring errors may have
caused the differences among the two sister spddmsever, the discordances remained evident
when only the subset of common markers (i.e. malsesl in the analyses of both species) was
considered: just threeA¢o-1, Idh-1, Pgm-2) out of the eight loci behaved similarly i
lycopersicoides and S sitiens. Loci could behave idiosyncratically among specathough Rick
(1981) reported similarities at allozyme loci amo8&gpennellii, S habrochaites (formerly S.
hirsutum) and S. pimpinellifolium. Considered ‘sister taxaS lycopersicoides and S sitiens are
thought to have diverged from a common ancestoy daitly recently (Pertuzé et al. 2002),
therefore the mere amount of species divergenamlikely to explain the differences observed
between the two species. Alternatively, purifyirglestion could be operating at several of the
allozyme loci inS lycopersicoides. Non-neutral behavior of allozymes has been regorhany
times (e.g. Rick et al. 1977; Karl and Avise 19Bhuyvetter et a. 2004). This is not surprising as
they are proteins, and many of them are involveflimlamental metabolic pathways. Three out of
13 polymorphic allozyme loci were excluded from tealysis inS. lycopersicoides because of
significant heterozygote deficiencies. In contrasie of the 15 SSRs needed to be removed from
the dataset. The fact that two of the three dewgatoci (Adh-1 and Got-3) also displayed
heterozygote deficiencies @ sitiens is in support of selection pressures at some yatezloci,
however, it does not explain the differences betwie two species. In addition, if selection was
responsible for the incongruence between the twikenasystems irS. lycopersicoides, it would
have escaped detection by Hardy-Weinberg testh @i the locus/population combinations, which
may be unlikely.

In both species marker systems failed to identdpuations as departing from Hardy-Weinberg
equilibrium or as ‘bottlenecked’, complicating geale conclusions. With respect to Hardy-
Weinberg disequilibria, the more sensitive micreis¢ assay detected larger numbers of deviating
populations but smaller numbers of deviating Ibtowever, observations were consistent with the
expectation in that bottleneck signatures at matedbte data were primarily characterized by an

excess of heterozygosity (Cornuet and Luikart 1998)ile those detected with allozyme data
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showed an underrepresentation of rare alleles.dllkede deficiency’ is dependent on a) the elapsed
time following the bottleneck, b) the mutation raad c) the sample size in terms of genes
(Maruyama and Fuerst 1985). Factor a) is equabéth datasets while b) and c) are elevated for
microsatellites. High mutation rates erase thedoot of a bottleneck faster, thus allozymes should
be able to reach further in the past than SSReport bottleneck events (Cornuet and Luikart
1996). Conversely, microsatellites may be more ulstdr detecting recent bottleneck events
(Cornuet and Luikart 199@jue to their higher sensitivity.

Hence, in the present study the two marker sysw@ithsiot only vary quantitatively, i.e. in their
level of sensitivity, but also qualitatively, witlegard to the diversity picture they presented. The
degree of congruence was primarily species-speaiiit to a lesser extent locus-dependent, and
could therefore reflect different demographic hig/life history traits.

Although a statistical proof is lacking, severalels of evidence (foremost the poor performance in
identifying genetic clusters) gave reason to qoesthe validity of the allozyme loci to correctly
report neutral genetic diversity 8 lycopersicoides. Interpretations were therefore concentrated on
microsatellite variation. Finally, it should be edtthat the allozyme dataset possessed a lower
statistical power in the present analysis: fewer o combination with lower polymorphism levels
reduced the amount of informative sites to onaltmiS. lycopersicoides and two thirds irS. sitiens
relative to that of microsatellites. This was taketo account by prioritizing microsatellite datar f

final conclusions.

4.2.2 Genetic diversity

4.2.2.1 Global levels of genetic diversity

Populations ofS lycopersicoides appeared slightly more diverse (measuredkaper
population,P, Rs andHg) than those o8. sitiens (k = 44.3 vs. 36.3P = 92 % vs. 84 %Rs = 3.21
vs. 2.53 andHe = 0.442 vs. 360, respectively) according to miatelite loci. Levels of inbreeding
were near zero in both species, howegesitiens populations were more inbred on average than
lycopersicoides populations at SSR lodr = 0.009 vsFs = -0.016) and even at allozyme IoEid
=0.121 vsFis = 0.062, respectively), which were otherwise ddst diverse if®. |ycopersicoides.
The result may stem from higher levels of biparkemtareeding within populations @& sitiens, in
line with the slightly smaller census sizes in terafi both number of populations and number of
individuals (Rough estimates for individuals pepplation were 57 and 44 f& lycopersicoides
and S. sitiens, respectively.) The extent of population fragméaota appears more severe in the
latter species, which may also be causative ofolteerved lower levels of diversita sitiens

populations tend to be isolated from other poparegiby areas totally lacking in plants, due to the
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extreme aridity of the Atacama desert. The hostieditions may hamper gene exchange. In fact,
pollinators have never been observed at collecsives (Chetelat, pers. comm.). Under those
circumstances levels of inbreeding are likely s&ripromoting further genetic loss via the effefts
inbreeding depression and genetic drift (Ellstraaml Elam 1993; Lowe et al. 2004). This
interpretation is consistent with the higher levktlivergence between populations see8. isitiens
compared t&. lycopersicoides.

There was indication (based knRs andHg, but notP), that both species harbor substantially less
genetic variability compared to the related speSiahilense (e.g.He = 0.442 inS. lycopersicoides
and 0.36@5 sitiensvs. 0.585 inS. chilense), which cohabits some sites wighlycopersicoides and
grows in proximity to somé&. sitiens populations (though never at the same site). Reldt S.
lycopersicoides and S sitiens, S chilense displays a much wider distribution in terms of both
latitude (from 15° S to 25° S) and elevation (fre®a level to > 3500 m), hence presumably
possessing adaptation to a wider range of enviratsn@opulation sizes f& chilense also tend to

be larger than those of eith@rsitiens or S lycopersicoides. This greater geographical expansion is
accompanied by a greater demographic representattbrrespect to both numbers of populations
and average population sizes (http://tgrc.ucdadig.eThe true diversity discrepancy may be
greater than reported heref@. chilense estimates are likely to be biased downwards becayuse
only one population was tested, and 2) loci wetecsed according to polymorphism content in the
two other Solanum species only. However, a recent study by Graha@®XR based on nine
allozyme and four SSR loci reported similar or Islig lower overall estimates of genetic diversity
in 33 S chilense populations. For allozymeRB = 0.5 in S chilense vs. 34 % and 67 % %
lycopersicoides andS. sitiens, respectively, anl= 1.7 vs. 1.5 and 2.0. For SSRs 0.9 vs. 92.4 %
and 83.7 %k = 2.3 vs. 6.3 and 2.6. For both marker dataset®hoeedHg = 0.142 vs. 0.122 and
0.256 (allozymes) or 0.442 and 0.360 (SSRs). Thenates for LA2773, of which the identical
DNA samples were used in the present study aseserafe, were slightly below tH& chilense
species average in Graham’s study, suggestinghbagenetic depletion &. lycopersicoides and

S ditiensrelative to the entire species ®fchilense may be greater than indicated herein. Alvarez et
al.’s (2001) observations for gene diversitySnchilense (He = 0.517) based on 17 microsatellite
loci and three populations (five plants each) wiareongruence with the preserig = 0.585).
(Gene diversity in Graham’s study was computed ftbencombined data of allozymes and SSRs
and is therefore not directly comparable with thlstineates herein.) The herein reported gene
diversity of S lycopersicoides (Hg = 0.442) was 22 and 15 % lower than Alvarez & alstimates
for S. peruvianum (He = 0.569) andb. chilense, respectively, and almost twice as high as th& of

pennellii (He = 0.240). The lower gene diversity estimate $ositiens (He = 0.360) was on the
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same level with northern accessions of the formeperuvianum (including L. peruvianum var.
humifusum, now renamed t& arcanum) in Alvarez et al.’s studyHg = 0.363), twice as high as
that of S pimpinellifolium (He = 0.197) andS habrochaites (He = 0.170), 50 % higher thag&
pennellii and 38 % lower tha&. peruvianum. (All estimates were based on 15 - 35 individual3

- 7 populations.) However, an early allozyme stiigyRick and Tanksley (1981) showedPa
estimate in northern populations &f pennellii (P = 65 %) similar to that reported herein far
sitiens (P = 67 %), and a slightly higher averagper locus K = 2.54). Thekin S stiens (k= 1.96
resembled more that of the inbr8dpennellii populations at the southern distributid=(2.08) in
their study.

Various genetic diversity analyses that utilizeffedent marker approaches such as allozymes
(Breto et al. 1993), RFLPs (Miller and Tanksley @QB9RAPDs (Egashira et al. 2000) and DNA
sequences (Baudry et al. 2001) shovegeruvianum as the most diverse species of the tomato
clade, followed bys chilense, while the self-compatible species were more geaiét depletedS.
pennellii is mostly self-incompatible, widespread and harboe genetic diversity than other
outcrossing tomato species, suchSadabrochaites and S. pimpinellifolium (Rick 1981). Thus,
surprisingly in view of the substantially lower repentation and narrow distributiors
lycopersicoides andS. sitiens appear to still be more diverse than most of tineattoes, presumably
because these have lost a significant amount odtgediversity during speciation events from a
common ancestor wit8. peruvianum as well as by loss of self-incompatibility. It shadie noted,
however, that comparisons across studies have vebed with caution: Apart from differences in
the numbers of loci analyzed, such comparability i@ obscured by intrinsic locus specificities,
differences in sampling strategies, marker systants choice of descriptive parameters for the

documentation.

4.2.2.2 Levels of genetic diversity among populations witlm species and geographic
trends

S lycopersicoides. S lycopersicoides populations are found at five major geographic

localities (from north to south): 1) Lago Aricotd), Palca, 3) Putre, 4) Camarones and 5) Camifia
(Figure 17).

Neither the combined (measured Py Rs and Hg) allozyme nor the microsatellite genetic
variability in populations ofS lycopersicoides exhibited a clear geographic cline. The most
genetically diverse populations were Aricota #2 {1986)in the north, Zapahuira (LA2772) and
Lluta (LA4320) in the center, and Moquella (LA2730)the southern part of the distribution. Less

diverse were Putre #1 (LA2781; central location dughest elevational point) and Aricota #2
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(LA2387; northern location). Allozyme data did nwiirror the picture presented at SSR loci.
Exceptions were Palca (LA1966) which was togethign @amifia (LA4123; southern distribution
end) the most diverse population, as well as PiitrLA2781; central distribution) which was
together with Esquina (LA4131; southern distribnjiamong the least diverse populations.
However, geographic clines were evident for indinadallele frequencies and — to a lesser extent —
diversity estimates, of which mainR andé were affected. These two were significantly larger
more southern latitude® Enly at SSR loci). Furthermor®, increased with western latitude and
lower altitude at allozymes, but exhibited the ogiftrend at SSRs. Genetic distan@g Was
larger towards the east and at lower elevatiorsdl@ymes. The population’s degree of geographic
‘isolation’ (i.e. the average distance to the rewdar of populations) displayed a positive
correlation withP (at allozymes) and (at SSRs), but a negative wkfat SSRs.

In the absence of selection, geographic clinesrgpithe combined effects of mutation and drift.
From the observed pattern a south/north or eastewgmnsion could hardly be invoked. However,
the high incidence of allele frequencies that eixéibtrends with latitude (one third of the SSR
alleles) and also longitude (one quarter) togettién a highly significant i = 0.680) pattern of
isolation by distance were suggestive of proces$enigration and/or progressive fragmentation
along these two geographical axes. Correlationsd®t allele frequencies and latitude have been
observed in many species (Moran et al. 1989; Damg Shaw 2001), foremost in widespread
woody species as a consequence of Quaternary elictznges. Likewise, IBD is a feature
commonly found in plant species (e.g. England e2@D2; Honnay et al. 2007). A pattern of IBD
also characterized genetic diversity in populatdrs. chilense (Graham 2005), a species that is
overlapping in distribution range with lycopersicoides. Geographic structuring expressed as IBD
was weak inS. lycopersicoides (r = 0.223), albeit significant (P < 0.05) at alloaaci and may
reflect high levels of ancient genetic variatiorireg protein level that predate population expamsio
and/or fragmentation. Populations®fpimpinellifolium were shown to contain allelic distributions
in discordance with geographic patterns, presumedllgts of a pre-colonization phase (Caicedo
and Schaal 2004%. lycopersiciodes populations typically grow along the drainagesha Andean
cordillera which are separated by mountain ridgdhough little is known about the actual pollen
or seed dispersal mechanisms it is likely thatioeintains pose a substantial if not insurmountable
barrier to gene flow among drainages. Due to a tddkssil data the age of the tomato clade is not

known with any certainty, but is estimated to sslhan 12 my, a time when the geBoleinum
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Figure 17. Three major population clusters inS. lycopersicoides set against the elevational

scale.

Altitude is presented in meters [m].

presumably diverged from the most recent ance®Wkstrom et al. 2001). The Andes in that part
of South America were half their present elevat@nl0.4 myr (Gregory-Wodzicki 2000). It is
therefore conceivable that dispersal across maumidges was less impeded in the early days of
the species, thereby leading to the signature wvbdat the allozyme level.

Given the high altitudinal range in that speciege(o2,220 m), the finding that elevation hardly
played a role in shaping genetic diversitySinycopersicoides are counterintuitive. Although a few
allele frequencies showed correlations with algtudverall correlations with pairwise genetic
distances §) were non-significant at SSR loci. Elevationaltaiges between populations within
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drainages are often large, and yet populations lmeagble to retain their connectivity through gene
flow. Alternatively, populations within the sameatrage may have diverged only recently,
resulting in a diminished genetic distance betwwgpulations that are separated by great altitudinal
distances relative to populations at equal elematibut in different drainages. Interestingly, at
allozyme loci pairwise genetic distance®)(were significantly (albeit weakly) correlated to
elevation ( = 0.381), and that in spite of the fact that tregfiency of only a single allele was
correlated with elevation. If allozyme variationfleets a species’ more remote history, then
populations may have lost connectivity over altimadl distances long enough ago so that high
mutation rates at SSR loci have had enough tineease the signature.

The central distribution area around the Nevado®ulee was the most population-rich and also
held several of the largest populations. Surpriginipe census population sibardly influenced
levels of diversity. Only estimates d&® at allozyme andd at SSR loci exhibited positive
correlations. However, population size estimatesewather imprecise and may not well reflect the
effective population size\g), which is known to have a large impact on lewlgenetic diversity
(Avise 2004). Many reports state an increase ofetjerdiversity with population size in plant
species (e.g. van Rossum et al. 2004; Prentice 20@5), yet it is not uncommon to find no such
correlation (Leimu and Mutikainen 2005; Honnay le2807).

None of the populations departed from Hardy-Weigbeguilibrium at allozyme loci, but at SSR
loci three populations (Palca - LA1966, Pachica A4130 and Lluta - LA4320) showed
heterozygote deficiencies. Deviations are usudily result of non-random mating, but may also
arise from drift (especially in small populationsjatural selection (homozygote advantage),
demographic expansions/reductions and theoretieaiéyn from mutations (Lowe et al. 2004). The
departure in Palca (LA1966) may be the result afi-assortive mating. Drift due to the small
population size (estimated 20 individuals at theetiof sampling) could be causative for the
deviation in Lluta (LA4320), whereas that in Paeh{tA4130) may represent an artifact caused by
the exceptionally low sample size (11 individuals. 23.5 on average in the remainder of
populations). In agreement with this hypothesishitaa (LA4130) was also one of the least diverse
populations, while Palca (LA1966) and Lluta (LA432Xhibited high levels of genetic diversity.
Levels of inbreeding were low it% lycopersicoides. Palca (LA1966) was the most inbred
population F;s = 0.149) at SSR loci, followed by its neighborpagpulation Chupapalca (LA1964),
at the second location from the north (Palca). Be¢éne medium-sized populations at the time of
sampling that might have undergone bottleneck evémtthe recent past as indicated by non-
significant signs. In contrast, Palca (LA1966) dited the lowest level of inbreeding at the

allozyme level Fis = -0.136) and was among the most diverse popukati both marker levels.
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At allozyme loci levels of inbreeding were highesPutre #1 (LA2781F;s = 0.242), a very large
population at the highest distribution point of talinato populations (3,800 m). The result may be
indicative of selection pressures operating orzghae loci, or may reflect an ancient founder event
(which would also be in line with the marginal Itica) that is no longer evident at SSR loci.

Only oneS. lycopersicoides population (Aricota #2 - LA2387 at the northernmlogation) showed

a clear signal (i.e. in form of both a significaxicess of heterozygosity and a mode-shift distaytio
of a recent bottleneck event, and that was basefiS#h data only. Levels of genetic diversity were
slightly below average in that population. Bottlek® may occur in form of founder events or as a
consequence of habitat fragmentation. Populatidtidnecks are relevant for genetic preservation
in that they reduce the genetic diversity, and ghgrthe capacity for evolutionary adaptations.
Conversely, the amount of inbreeding is enhanceda yottleneck event, and the fixation of
moderately deleterious alleles becomes more likelyiewed in Cornuet and Luikart 1996; Luikart
et al. 1998). Thus, bottlenecks can push a thredtspecies into extinction and should be viewed

with caution in genetic diversity analyses.

S dtiens. Five geographic locations can be identified in thgribution of S sitiens: 1) a
‘northern’ group (north of Chuquicamata), 2) Aguddadn Verde, 3) Cerro Quimal, 4) Mina San
Juan and 5) Mina La Escondida (Figure 18). It sthdnal noted that populations $hsitiens are very
fragmented and scattered, therefore often onlynglesipopulation is found at a given site (e.qg.
locations 2 - 5). Similar t&. lycopersicoides levels of genetic variability in populations 8&itiens
did not show specific geographic trends. The mdserde populations were Limén Verde
(LA4112) and Paqui (LA4116) in the central/northeart of the distribution, the least diverse was
Carbonatera (LA4114), which was also located innieh. However, the present investigation was
based on a very small number of populations (7)ciwhampered the analysis due to chance effects
and low statistical power.

Allozyme and microsatellite data showed similamtig although allozyme variation was more
strongly connected to geographic features: allijgsee parameters were affected by latitude at the
protein level, declining towards the south. All etlirends were restricted Bbandé, similar to the
observations inS. lycopersicoides, although correlations were often stronger tharthia latter
speciesP increased towards the east (at allozyme loci cauhyg) with elevation and with increasing
average geographic distance between populatiom®tatocus types). Genetic distanég ghowed
spatial patterns in both datasets, increasing tsvire south, west and with geographic isolation, i
congruence with the finding of significant isolatiby distancer(= 0.848 and = 0.785 at SSR and

allozyme loci, respectively). IBD was more pronoeahdnS. sitiensthanS. lycopersicoides,
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Figure 18. Three major clusters ofS. sitiens population and regional precipitation rates.

Precipitation is presented in millimeters [mm].

possibly because genetic drift is stronger in timalker S. sitiens populations and/or gene flow is
more severely hampered across desert stretchesdpatate individual plants and populations.
Mechanisms and extent of pollen and seed disparsalnknown. Buzz pollination by bees as in

the rest of the tomatoes seems the most likely rbotidéas not yet been confirmed due to a notable
absence of pollinating insects at the collectidassiln addition, the anther architecture is défer

in these two species (anthers are not connectedtérjocking marginal hairs) which could be the
result of coevolution with other pollinator speciés any case, it is easily conceivable that both
mobility and abundance of any animal involved iflgguseed dispersal will suffer from the hostile

environmental conditions and lack of vegetatior{sources).
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The proportion of allele frequencies correlatedhwgeographic features was only half as large at
SSR loci, but twice as large at allozyme loci corepato that inS. lycopersicoides. This finding
emphasizes that the signature of successive calbtmizevents was much more pronounce&.in
lycopersicoides than S gtiens, or, reversely, the role of genetic drift for ptagion differentiation
was larger inS. sitiens. Interestingly, it was only % sitiens that a substantial number of alleles,
namely 20 % of the allozyme alleles, showed coticia with altitude, although the altitudinal
range was less than one quarter (less than 500 tinxtoshown by&. lycopersicoides. However, not

a single SSR allele was correlated with elevatsong isolation by altitudinal distance failed to be
detected with either marker system. Census sizesdvaubstantially, from an estimated 17 to 100
individuals among populations 8 sitiens, but did not follow an apparent geographic pattésin

the sister species, census population size wasvabgicorrelated withP andé.

Population Cere (LA4113; according to allozyme yatathe north and the remote, southernmost
population Escondida (LA4105; according to SSR ddé¢xiated from Hardy-Weinberg equilibrium
with a heterozygote excess and deficiency, respaygtiBoth were amongst the populations with
the smallest number of individuals (just 20), hetimy may have been pushed into disequilibrium
via genetic drift. Both carried signatures of aemgicgenetic bottlenecks at the SSR level (although
those in LA4113 were not significant) and were iti@st inbred populations at the protein legé (
=0.121 and 0.113, respectively). In addition, Estida (LA4105) was the only population to show
substantial levels of inbreeding,§ = 0.128) at the SSR loci.

Signs of bottlenecks were observed in almost Qllsitiens populations (exceptions were
Carbonatera (LA4114) and Quimal (LA4331), in cotesise with population fragmentation (Schaal
and Leverich 1996).

4.2.3 Population genetic structure

4.2.3.1 Genetic partitioning

Typical for outcrossing species and regardlesshefrharker system, the major portion of
genetic diversity resided within populations of bba@pecies. A quarter (26.9 %) of the genetic
diversity present at SSR loci i& lycopersicoides was partitioned among populations. The
proportion was substantially lower at allozyme |¢tb.3 %), reflecting their weak power to
differentiate between populations in that spedie$ sitiens at SSR loci a fraction similar to that in
the sister species was found among populations @). but twice the amount, i.e. almost one third

(30.2 %) of the genetic variation at allozyme loci.
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4.2.3.2 Gene flow

This result also indicated that gene flow amongutations was limited in both species.
Estimated numbers of migrants per generation wel@ibone in both species with the exception of
allozyme estimates if8. lycopersicoides; somewhat smaller i sitiens (0.36 at allozyme loci, 0.64
at SSRs) than i1%. lycopersicoides (0.72 at SSR loci). If less than one migrant pemegation is
exchanged, populations are expected to diverge towerby means of drift (Allendorf 1983), and
may one day potentially develop into new specidse process will be more slowly in larger
populations because of the smaller relative impacdrift. Hence, according to these results,
populations of both species are diverging, buterafs. sitiens might do so faster.
However, as the amount of gene flow is principaligverned by geographic distance and
geographic barriers, it is expected to underlieagréocal variation. For example, i®
lycopersicoides gene flow within drainages will be far greaterrtlgeene flow among drainages.
It should be emphasized that gene flow is partityldifficult to measure directly (Avise 2004) and
caution is warranted in the interpretation of mignma estimates. Statistical models usually rest on
unrealistic assumptions (e.g. the infinite islandded, constant equilibrium states over time,
absence of mutation and selection; Whitlock and Md€y 1999) and cannot distinguish between
gene flow, random genetic drift and mutation. Aligh Barton and Slatkin’s method (1986) is
expected to be more accurate because it accountariging sample sizes, both statistic approaches
only present gross estimates of the actual amduygree flow.
Spatial restrictions in gene flow were also evidzhdy highly significant patterns of IBD.
However, both historical and current demographiengés are reflected in the outcome. Considering
the distinct temporal scales of the two marker sygmpulations ofs. lycopersicoides may have
been more connected in the remote past, possililyeiiorm of a mega-population, that started to
split up into smaller groups of populations durimgre recent times. Those 8f sitiens, on the

other hand, may even have gained some (albed)lttinnectivity in the recent past.

4.2.3.3 Population genetic clusters
S lycopersicoides. Population clusters revealed by phylogenetic amlygrincipal

component analysis (PCA) and STRUCTURE analysigwargely in agreement and corresponded
to geographic locations with the exception of thoderived from allozyme data irS
lycopersicoides. The structural pattern at allozyme loci $ lycopersicoides was weak and
‘aberrant’, i.e. populations from various geograploications mixed into the same genetic groups.
These clusters were therefore not in complianchk thié population groupings described below, and

showed an imbalanced partitioning of genetic vemmatinformativeness of the allozyme results
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were somewhat questionable as outlined earliertfiesy may be influenced by selection pressures),
and the following discussion is therefore basednoaorosatellite results only (unless indicated
otherwise).

Populations of both species segregated into threprnmgroups along a north/south axis. The
number of major and minor clusters according to S&fa was confirmed via probabilistic
derivations and supported by analysis of molecutaiance (AMOVA). SSR cluster analysis $n
lycopersicoides revealed a major split between the northern ‘Panivand the central/southern
‘Chilean’ populations and a secondary divide witthie latter group separating Putre from the two
locations further south (Camarones and Camifia)erBat branches clustered according to
drainages with only a few surprising exceptionsthia center the strong association of Perquejeque
(LA2776) with Lluta (LA4320) instead of Putre #2AR777) was unexpected given the spatial
relationships of the three populations. Howevemtdl (LA4320) may have originated from
Perquejeque (LA2776), possibly through seed tleateted down the drainage towards the Pacific.
The geographic scenario was similar at the southesh distribution point (Camifia), where a close
relationship between Nama (LA4126) and Camifia (LZ3)Irelative to the more distant Moquella
(LA2730) was evident both in the dendrogram as a®llhe STRUCTURE analysis.

The primarily latitudinal structuring was in lineittv the high incidence of allele frequencies
showing a geographic cline and suggested a disisiband/or fragmentation along a north/south
axis. The topological specificities in that areéoece an elongated distribution. The Andean crest t
the east forms a physical barrier to populationa@sjons. In the west lowering elevations toward
the Pacific are associated with environmental dooms inadequate for this species, either directly
through climatic effects or indirectly by meansstfonger competition and/or predator pressures.
Almost one fifth (17.3 %) of the microsatellite gtic variation inS. lycopersicoides was present
among the three clusters, more than among poposatiathin clusters (12.9 %). STRUCTURE
analysis clearly showed the central region exmbitithe greatest amount of differentiation.
Population groups at the northern and southern ehdhe distribution range were more
homogeneous. In line with that finding, the ovecalhtent of genetic diversity, measured as percent
polymorphic sitesR), allelic richnessRs) and Nei's gene diversityHg), was higher in that group.
The northern group was fairly inbrel,{ = 0.024), while an increasing excess of outcrossiag
evident towards the soutk§ = -0.028 in the central and -0.034 in the soutlggoup). Allozyme
results did not reflect those trends.

The central region appeared to be the most populaith per spatial unit, and populations tended
to be larger than those in the other areas (646%sn the north and 47 in the south). Populations

showed the greatest elevational diversity in tmetoey around the Nevados de Putre, representing
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both extremes of the species’ altitudinal distritt(from 1509 m to 3736 m), spanning a total of
2227 m (vs. 1437 m in the south and a mere 607 themorth). Geographic diversity may foster
unique adaptations. Indeed, features of ‘intermaleenism’ were evident among populations. The
most genetically ‘distinct’ populations were ZapahyLA2772) and Putre #1 (LA2781), the latter
of which was located at the highest distributioninpoThey appeared to have been somewhat
isolated for some time as they showed only minireigihs of shared ancestry with other
populations. A correlation between geographic agrtkegjc diversity has been proposed in a number
of studies concerning animal species (Hedrick 1988;0 and Shaw 1972; McDonald and Ayala
1974). However, higher levels of genetic diversitgy also be the result of larger population sizes
(thereby reducing the risk of genetic loss throudireeding and drift; Lowe et al. 2004), although
correlations between census population size aneldenf genetic diversity irs. lycopersicoides
were only weak. Alternatively to environmental disiéy/population size, the central location may
be the most diverse because it represented thercehbrigin of the species. Higher levels of
diversity at central vs. marginal locations of tihistribution range are evident in other tomato
species (Rick et al. 1977, 1979).

The average pairwise genetic distance within regioanfirmed the homogeneity observed in
STRUCTURE analysis among populations in the nodthabconsiderable amount of substructuring
in the south 4 = 0.192 vs. 0.127 and 0.117), indicating that tfigision among the
Camarones/Camifia locations would be the next fukizal split in theS lycopersicoides
phylogeny.

In summary,S. lycopersicoides displayed the greatest diversity in the area atdbe Nevados de
Putre. Although it remains rather speculativeoiild be imagined that this was the species’ center
of origin from where colonizations occurred towatds north and the south, presumably during a

time before the Andean uplift had reached the prtedienensions.

S sitiens. In S sitiens three major clusters (a northern, a central anoughern) were evident
both with allozyme and with microsatellite data.cAading to the dendrogram the principal divide
was between the southernmost location (Mina la Edida) and the remainder of populations. This
was confirmed by STRUCTURE analysis at allozyme, ledhereas, at SSRs, surprisingly, the
‘northern area’ was identified as separate from dtieer regions — maybe reflecting the weaker
geographic signal at the microsatellite level (reamnnectivity is unlikely as explanation).
Structuring inS sitiens occurred primarily across latitudinal scales, meliwith the finding that
most allelic trends were observed along a northfs@xis. Similar toS. lycopersicoides the

elongated distribution may have been shaped bygtapdical, climatic and biological specificities.
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To the east the species is limited by the Andeamuntain range, to the south-east by the
increasingly extreme aridity of the Atacama desehtije western territories at lower elevations no
longer fulfill the species’ aridity requirements.

Groupings were more pronounced at the protein leweé quarter (25.2 %) of the allozyme
variation was partitioned among population groupd 40.4 % among populations within groups.
One fifth (19.0 %; similar to the amount$lycopersicoides) of the microsatellite genetic variation
was present among population groups, three times than within clusters (6.5 %).

The hierarchy among populations in the north wdfemint between the allozyme and the SSR
dendrogram and confirmed by the respective STRUCH@Ralyses: the former revealed a close
relationship between Carbonatera (LA4114) and (1ekd113), the latter between Paqui (LA4116)
and Carbonatera (LA4114). However, the three wecatéd at a very short distance from each
other (LA4116 was only 9 km away from LA4113 and4144 halfway between the two), and are
likely to be connected via ongoing gene flow, whadnfounds ancestral relationships. The higher
degree of homogeneity within that group relativetiver regions was confirmed by a lower average
pairwise genetic distance. Paqui (LA4116) harbahedmost genetic diversity and may have given
rise to the other two populations, but one shoakktinto account that the present analysis only
represented a snapshot, and that demographic dbimtis may lead to transient alterations in the
genetic picture.

The southernmost population Escondida (LA4105) wkesarly the most isolated population,
exhibiting the lowest incidence of admixture. Seped by a distance of 126 km from the next
known existing population (LA4111), it has probabben barred from genetic exchange with other
S sitiens populations for quite some time. The average pa#gvgenetic distance in that population
was ca. 50 % (at SSR loci) to > 100 % (at allozyow) higher compared to the remainder of
populations. However, genetic distance at allozyoce reached only two thirds of the maximum
value found forS. chilense populations st = 0.76; Graham 2005), another tomato species edapt
to dry conditions — albeit with a much wider distriiion range. Its extremely small current
population size (consisting of an estimated 25vidials) will accelerate genetic divergence further
through the impact of drift. Although the potentimimber of mutations is lowered by small
population sizes, genetic changes (introduced vitations of gene flow) have a greater chance to
become established (Handel 1983). Escondida (LA}W3s the onlyS Stiens population that
showed substantial levels of inbreeding at SSR (Ibgi= 0.128). Given these circumstances, one
would suspect to find severely reduced levels afegie diversity in that population. Indeed,

allozyme estimates were clearly smaller than inrdst of the populations, but the trend was less
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pronounced at the DNA level where individual divigrestimates even surpassed some of those of
the populations in the north.

The small number of populations in combination wifie genetic diversity pattern made it near to
impossible to pinpoint an area as the center oérdity in S sitiens. Genetic variation, especially
that at allozyme loci, declined progressively ine ththree southern populations. Southern
establishments may therefore have originated viguesgtial founder events from the
central/northern part of the present distributiGeographic trends were weaker at microsatellites,
and the most genetic variation was displayed inddetral population Limon Verde (LA4112).
Colonizations may therefore have taken place furtfaek in the past, so that the signature at the
SSR sites has largely been eroded by mutations.eken in view of the current demographic
picture and the continuing population declinegeiémms likely that fragmentation has played a major

role in forming the species’ genetic structureréhg confounding historic events.

4.2.4 Implications for conservation strategies

Recent field observations suggest that fathycopersicoides and S sitiens are endanger of
extinction, making conservation efforts a high ptio Preservation strategies should be aimed at
capturing the highest amount of genetic diversittha lowest possible cost. By providing valuable
insights in a species’ diversity status, populatienetic studies can help to meet that goal.
When most of the genetic diversity is partitioneshoag populations rather than within, a
conservation plan should integrate a large numbgopulations (Ellstrand and Elam 1993). The
largest portion of the genetic variation is digttéd within populations i1s. lycopericoides andS.
sitiens, but the strong pattern of isolation by distancecombination with the small number of
populations would justify broadonservation efforts. Compared to other tomatoispex relatively
high amount of genetic diversity is distributed amga small number of individuals. Hence, the
loss of individuals inS. lycopersicoides and S sitiens is associated with an over-proportional
erosion of genetic diversity.
In S lycopersicoides sampling should be done for each drainage withifam the central area in
proximity to the Nevados de Putre. The more homeges genetic makeup of the populations at
the southern and especially at the northern digioh edge would allow the maintenance of fewer
accessions from that region, if necessary. The miostrse populations, Zapahuira (LA2772) and
Lluta (LA4320) can be considered particularly vélieafor the central, Palca (LA1966) for the
northern and Moquella (LA2730) for the southernrespntation. Of the severely fragmented

speciesS sitiens all populations analyzed in the present study shémim part of a conservation
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program. The sample number may be reduced at ttiieemo distribution end, where priority should
be given to the most diverse population of thatigrd®?aqui (LA4116).

In addition, conservation programs should give gpeattention to populations with idiosyncratic
features. These may be spotted as geographic rsutly a large genetic distance to other
populations or a high occurrence of private alleles that respect of great interest &
lycopersicoides Putre #1 (LA2781), located at the highest elevagwint of all known tomato
populations (ca. 3800 m) and displaying a greaeteiistance, Aricota #1 (LA4018), also of great
genetic distance, and Zapahuira (LA2772) and Pacflid4130) which contain several private
alleles.

Among the S sitiens populations the most unique is certainly Escondida4105), which is
probably completely isolated from the remaindep@pulations. It was the most genetically distant
population and also harbored the highest numberivate alleles. Due to its small population size
it is expected to diverge faahd is particularly vulnerable of going extinct.r@écally distant and
rich in private alleles was furthermore Limén Ve(té4112).

Substantialex situ conservation efforts have been undertaken ovemp#st decades. Samples of
largely all existing (and some extin&)lycopersicoides andS. sitiens populations, collected during
five collection trips in the region or obtained #gnations, are maintained at the Tomato Genetics
Resource Center (TGRC). Populations in the wilddeelining, therefore it is unlikely that tlex
situ collection can be improved by further sampling. Uratefforts should be directed io situ
conservation; the establishment of reserves andigioo of ecological buffersln situ programs
may be particularly effective f@. lycopersicoides, where populations are threatened by grazing of
mammals, but may be harder to realize ®rsitiens, where the decline seems primarily a
consequence of severe aridity.

The results of the current analysis will aid to @erve the greatest variability at the lowest pdesib
effort, bothin situ and ex situ. It will also benefit efforts of tomato germplasemhancement:
knowledge of levels and patterns of genetic divensi combination with environmental data will
make screening for beneficial traits more efficiehéchniques such as Ecotilling (Comai et al.

2004) could be employed on selected material totifyeinformative polymorphisms.
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5. Summary

The objectives of the present study were : a) terdeéne the degree of macrosynteny of the
genomes ofS ochranthum and S juglandifolium with that of tomato $ lycopersicum) in a
comparative mapping analysis, and b) to examinel¢eand structure of genetic diversity in wild
populations ofS. lycopersicoides andS. sitiens at both the protein and DNA level.

A pseudo-F population comprising 66 plants was generated faominterspecific cross db
ochranthum LA3650 andS juglandifolium LA2788. Single copy markers of intermediate tohhig
confidence (LOD> 2) were selected from tomato reference maps taiggdor genome coverage at
an average mapping distance of ca. 10 cM. A total32 markers were included in the final
analysis; 96 CAPS, 19 RFLPs and 17 microsatellites. majority of these (62 %) belonged to the
‘Conserved Ortholog Set’ | and Il, a group of selgw copy loci that are conserved between
tomato and Arabidopsis or the euasterid plant sgeand Arabidopsis, respectively. The remainder
of markers were tomato genomic clones (‘TG’; 26 ¥%)nato cDNA clones (‘CT’; 2 %) and
microsatellites (13 %). Linkage analysis and mapstmiction were conducted in MapMaker
version 2.0 for Macintosh (Lander et al. 1987) gsthe Kosambi mapping function (Kosambi
1944). Linkage groups were assigned at threshotdnpeters of LOD< 4 and a recombination
fraction> 0.3. The stringency was raised to LOD = 6 in orfgderesolve a spurious association of
two chromosomes.

Significant segregation distortion (P < 0.05) wadedted at one third (32 %) of the genome.
Strongest deviations from Mendelian ratios wereeole=d on chromosome 2, 5 and 9, extending
(chromosome 2 and 9) across the entire chromosaangle. A total of 13 putative segregation
distorter loci were identified on nine of the twehchromosomes, several of which may be
preserved among related species. All three genstysre present at any locus and segregation
across the total genome matched the expected rai@ol Linkage analysis revealed the presence of
12 linkage groups which corresponded to the 12 torolaromosomes with two exceptions: tomato
chromosome 1 was split in two linkage groups, andato chromosome 8 and 12 emerged as a
single large linkage group due to ‘pseudolinkagrised by a reciprocal translocation in one of the
parental species. The result was in line with theeoved reduced pollen viability in the 88 %)

and irregular chromosome pairing.

Total map length was only 790 cM, a 42 % reductielative to the tomato reference map. The
outcome was surprising given that the two are etegeto have diverged only recently, and may
therefore be the work of recombination modifier®ne sex. Chromosome arms J3S and J10S were
most severely stunted (nearly 100 %). Collineawiityh the tomato genome was high; apart from the

translocation in one of the species a total of ey interchromosomal and four intrachromosomal
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sinlge-marker translocations were detected. Thre¢hese, (on 3S, 6S and on 8S), may be
indicative of whole-arm paracentric inversions, ethrequire further analyses for confirmation.

S ochranthum and S juglandifolium overlap in their present-day distribution and magven
originated in sym~/parapatry through the estableshinof an interchromosomal translocation. The
two are the closest outgroup to selcgcopersicon and yet reproductive barriers to toma® (
lycopersicum) are more pronounced than in subségtopersicoides, which is basal to the two
groups. However, crossing relationships are basedybridization attempts wits ochranthum
only. Therefore, if the translocation was functibmathe crossing barrier, and if the carrier oé th
translocation was. ochranthum, then prospects for hybridizations wighjuglandifolium might be
better.

A total of 11 allozyme and 15 microsatellite masketere implemented to analyze genetic diversity
in 14 S. lycopersicoides and 7S. sitiens populations, represented by 11 - 29 plants eacith B
narrowly endemic species, their entire distribudlorange was covered by the given sample.
Descriptive diversity estimators (number of allelesnumber of private alleleByivae percent
polymorphic sitesP, allelic richnessRs and Rr, Nei's gene diversity (i.e. the expected
heterozygosityHe), observed heterozygosityo and the inbreeding coefficient per populatig)
were evaluated and tested for spatial correlatidfatrices of pairwise genetic distances were
compared to those of geographic and elevationahmties to test the hypothesis of isolation by
distance. Partitioning of genetic diversity was edetined by analysis of molecular variance
(AMOVA). Phylogenies were established via clustaralgsis and confirmed by principle
component analysis (PCA). Admixture within the tqiapulation was detected by STRUCTURE
analysis.

As expected, at the protein level levels of genedigability were lower (e.gHg per locus = 0.116
vs. 0.421 inS lycopersicoides and 0.285 vs. 0.354 iR sitiens). Congruence between the two
marker systems was low i8 lycopersicoides, which may be caused by selection pressures at
allozyme loci, scoring errors or, alternatively,ymwaflect differential historic demographic events.
According to microsatelliteS. lycopersicoides was slightly more diverse th&h sitiens (e.g.He per
population = 0.442 vs. 0.360)) line with its smaller demographic representatiBoth species
were shown to harbor less genetic variability tBaperuvianum or S. chilense, but similar amounts
as other outcrossing tomato species such pannéllii, in spite of the relatively narrow distribution
of the two species. Populations of both specieslaerging, howeverS. sitiens appeared to have a
longer history of fragmentation and may diverge &ster rate; populations are smaller on average
and scattered out as small vegetation islands enAtacama desert. The present analysis also

demonstrated the particular vulnerability of thaeades; the population decline that has been
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observed over the past decades was mirrored bgtsigrs of recent bottleneck events in nearly all
populations. A pattern of isolation by distance veasdent in both species, and, together with
spatial correlations of allele frequencies and jerkversity, was suggestive of historic populatio
expansions and/or population fragmentation alomgréh/south axis. Three population clusters (a
northern, a central and a southern) could be ifledtin each species. Putative centers of diversity
were the central region around the Nevados de RutBelycopersicoides and the northern/central
area inS sitiens. The remote, southernmost population Escondida4{l05) has probably been
barred from genetic exchange with the remaindes. aftiens populations for a longer period of
time.

To encounter further genetic erosion in the @obanum species, conservation efforts, especially
thosein situ, will need to be intensified. Results from thereuat analysis may provide valuable

guidelines towards that goal.

The four tomato-like nightshade$§, ochranthum, S juglandifolium, S lycopersicoides and S
sitiens are unique within the tomato clade with repedhtr adaptations to specific environmental
conditions — characterized by either extreme moaéstur extreme cold/drought. They are expected
to possess traits that are of great value for motienato breeding, which is reliant on the reservoi
of genetic diversity found in the related wildsgecto enrich the narrow genetic background of the
cultivar. The generation of & ochranthum x S juglandifolium comparative linkage map will
elucidate the accessability of theglandifolium genome for hybridizations with cultivated tomato.
Knowledge about the levels of genetic diversity,distribution and special features connected with
environmental data in populations &flycopersicoides and S sitiens will enable a more directed

and efficient search for specific valuable traitshese two species.
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9. Appendix

Appendix 1A. S ochranthum LA2117 at Tun Tun, Loia, Ecuador and LA0129 (flosv@nd fruits)

at Guaca, Carchi, Ecuador.

Appendix 1B. S juglandifolium LA2118 at San Luca, Loia, Ecuador and LA2788 (flesvand

fruits) at Quebrada La Buena, Antioquia, Colombia.



APPENDIX 144

Appendix 1C. S lycopersicoides LA2781 at Desvio a Putre, Tarapaca, Chile (3800 m) and/ZR&2

(fruits) at Zapahuira, Tarapaca, Chile.

Appendix 1D. S sitiens LA 4105 at Mina La Escondida, Antofagasta, Child &A 2885 (fruits)

at Caracoles, Antofagasta, Chile.
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E; Tomato-
S.ochr. xS.jugl. EXPEN 2000

Marker Marker Marker RE Chr Position (cM) Chr Position (cM) LOD Ref
name type technique

C2_At1g02560 COSII CAPS/agarose Hinfl 1 66.1 1 115.7 I 1,5
C2_At1g07080 COsll CAPS/agarose - 6 0.8 6 3.5 15
C2_Atlgl0500 COSlII CAPS/agarose Hinfl 5 50.1 5 76.0 I 1,5
C2_At1g20050 COsll CAPS/agarose Hinfl 6 69.1 6 101.0 I 15
C2_At1g35720 COSII CAPS/agarose Syl 4 27.7 4 62.2 |l 15
C2_At1g48300 COSillI CAPS/agarose Rsal 12 63.0 12 105.0 F 1,5
C2_At1g63980 COSillI CAPS/agarose BsoBI 8 49.1 8 77.0 I 1,5
C2_Atlg67700 COSII CAPS/agarose Hinfl 5 47.8 5 66.7 I 1,5
C2_Atlg71810 COSill CAPS/agarose Mspl 4 36.5 4 71.5 I 1,5
C2_Atlg74520 COSillI CAPS/agarose Banl 3 39.7 3 113.0 I 15
C2_Atlg76080 COSIlI CAPS/agarose BsoBI 4 77.5 4 137.0 I 15
C2_Atlg77470 COSIlI CAPS/agarose Mspl 6 11.2 6 39.1 I 1,5
C2_At1g78620 COSIlI CAPS/agarose Alul 7 52.1 7 57.0 I 1,5
C2_At1g80360 COSII CAPS/agarose Alul 3 51.6 3 145.5 I 15
C2_At1g80460 COsSll CAPS/agarose Hinfl 3 43.6 3 129.5 I 15
C2_At2g04700 COSillI CAPS/agarose Alul 2 44.7 2 97.0 I 1,5
C2_At2g06010 COsll CAPS/agarose Alul 12 11.9 12 32.7 | 15
C2_At2g20390 COsll CAPS/agarose Hinfl 4 12.6 4 28.0 I 15
C2_At2g26590 COSII CAPS/agarose Alul 7 12.1 7 15.0 I 1,5
C2_At2g27290 COSII CAPS/agarose Ddel 11 39.2 11 71.0 | 1,5
C2_At2g28600 COSII CAPS/agarose Mspl 11 0.0 11 10.5 |l 15
C2_At2g37240 COSilI CAPS/agarose Rsal 9 0.0 9 1.0 | 15
C2_At2g42810 COSillI CAPS/agarose Hinfl 7 41.5 7 45.0 I 1,5
C2_At2g43360 COSll CAPS/agarose Ddel 6 53.4 6 67.0 CF 15
C2_At2g45620 COSlI CAPS/agarose Haell 1 50.8 1 69.2 I 1,5
C2_At2g45730 COSillI CAPS/agarose Hhal 4 71.2 4 129.5 F 15
C2_At3g02300 COSill CAPS/agarose Ddel 2 48.6 2 110.2 I 15
C2_At3g02420 COSill CAPS/agarose Mspl 3 2.8 3 72.2 | 1,5
C2_At3g04780 COSIlI CAPS/agarose Haelll 1 55.5 1 98.5 I 1,5
C2_At3g12300 COsll CAPS/agarose - 1 54.7 1 92.0 15
C2_At3g14910 COSII CAPS/agarose Alul 7 54.6 7 61.0 I 1,5
C2_At3g15290 COsSill CAPS/agarose - 7 56.1 7 63.5 1,5
C2_At3gl17000 COSII CAPS/agarose Ddel 12 68.5 12 115.0 | 1,5
C2_At3g20390 COsll CAPS/agarose Ddel 10 0.0 10 0.0 I 15
C2_At3g24050 COsll CAPS/agarose Hhal 9 58.6 9 97.0 CF 15
C2_At3g25120 COsSll CAPS/agarose Hinfl 6 0.0 6 5.2 | 15
C2_At3g47990 COsll CAPS/agarose Msel 3 35.0 3 101.5 I 15
C2_At3g51010 COsill CAPS/agarose Haelll 4 9.5 4 19.7 | 1,5
C2_At3g57270 COSillI CAPS/agarose Hinfl 10 29.3 10 53.0 | 15
C2_At3g58470 COSII CAPS/agarose Haelll 10 43.4 10 61.0 | 1,5
C2_At4g03280 COSilI CAPS/agarose Mspl 12 0.8 12 12.5 I 15
C2_At4g20410 COSillI CAPS/agarose Rsal 2 10.0 2 36.9 I 1,5
C2_At4g21580 COSilI CAPS/agarose Alul 2 22.9 2 68.0 I 1,5
C2_At4g24830 COSiII CAPS/agarose Haelll 5 40.5 5 51.0 I 1,5
C2_At4g25650 COSillI CAPS/agarose Rsal 4 26.9 4 37.2 I 1,5
C2_At4g30930 COSII CAPS/agarose Mspl 2 21.3 2 63.1 | 15
C2_At4g33250 COSII CAPS/agarose Hinfl 7 12.1 7 29.0 I 1,5
C2_At4g37280 COSII CAPS/agarose BsoBI 2 58.0 2 135.0 I 15
C2_At5g04590 COSII CAPS/agarose Haelll 11 29.6 11 56.0 | 1,5
C2_At5g05690 COslI CAPS/agarose Ncil 6 2.3 6 24.5 | 15
C2_At5g06370 COSII CAPS/agarose Hinfl 1 15 1 18.5 | 1,5
C2_At5g06430 COSII CAPS/agarose Dral 10 0.0 10 3.2 I 15
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E; Tomato-

S.ochr. xS.jugl. EXPEN 2000
Marker Marker Marker RE Chr Position (cM) Chr Position (cM) LOD Ref
name type technique
C2_At5g11490 COSII CAPS/agarose Alul 8 12.8 8 31.5 I 1,5
C2_At5g13030 COsSII CAPS/agarose BsoBI 1 0.0 1 15.3 | 1,5
C2_At5gl16710 COSII CAPS/agarose Dral 11 12.6 11 314 | 1,5
C2_At5g19690 COSII CAPS/agarose Haelll 12 8.8 12 27.0 I 15
C2_At5g20180 COSiIll CAPS/agarose Rsal 7 12.9 7 6.0 I 1,5
C2_At5g20350 COSillI CAPS/agarose Hhal 7 9.0 7 0.0 | 1,5
C2_At5g25630 COSilI CAPS/agarose Rsal 8 151 8 41.5 F 15
C2_At5g25900 COSII CAPS/agarose Alul 4 56.9 4 108.5 I 15
C2_At5g37360 COSilI CAPS/agarose Haell 4 27.7 4 56.0 I 1,5
C2_At5g38530 COSill CAPS/agarose - 12 48.6 12 93.0 | 15
C2_At5g42740 COSII CAPS/agarose Hinfl 12 19.9 12 545 | 15
C2_At5g46630 COSII CAPS/agarose - 8 1.7 8 0.0 | 1,5
C2_At5g54310 COSill CAPS/agarose - 7 59.2 7 75.0 I 1,5
C2_At5g56130 COSII CAPS/agarose - 7 73.9 7 108.0 | 1,5
CT068 CT RFLP EcoRV 8 55.7 8 87.0 F 1,3
CT206 CT RFLP Hindlll 6 67.6 6 92.0 F 13
SSR115 SSR SSRI/LiCor - 5 19.0 5 35.0 F 1,6
SSR15 SSR SSR/LiCor - 8 8.1 8 22.7 I 1,6
SSR300 SSR SSR/agarose - 3 53.9 3 166.0 F 16
SSR318 SSR SSR/LiCor - 10 7.9 10 34.5 I 1,6
SSR325 SSR SSRI/LiCor - 5 12.5 5 18.5 | 1,6
SSR326 SSR SSR/LiCor - 6 33.6 6 39.0 | 1,6
SSR34 SSR SSR/agarose - 10 1.6 10 25.3 I 1,6
SSR345 SSR SSR/agarose - 12 28.5 12 72.5 I 1,6
SSR346 SSR SSR/LiCor - 1 65.2 1 125.0 | 1,6
SSR4 SSR SSR/LiCor - 10 0.0 10 3.0 | 1,6
SSR43 SSR SSR/agarose - 4 4.9 4 14.0 F 1,6
SSR51 SSR SSR/LiCor - 1 19.1 1 39.5 F 1,6
SSR565 SSR SSR/LiCor - 7 34.4 7 44.2 | 1,6
SSR578 SSR SSR/LiCor - 6 19.0 6 44.0 CF 16
SSR596 SSR SSR/agarose 10 0.8 10 25.7 I 1,6
SSR599 SSR SSR/LiCor - 9 63.4 9 103.0 F 1,6
SSR74 SSR SSR/agarose - 10 60.2 10 74.0 I 1,6
T0142 COS CAPS/agarose Hinfl 11 43.2 11 80.0 F 14
T0308 COSs CAPS/agarose Mspl 3 0.0 10 36.5 I 1,4
T0360 COSs CAPS/agarose Rsal 4 76.7 4 131.0 F 1,4
T0393 COoSs CAPS/agarose Rsal 9 46.9 9 70.0 F 14
T0408 COS CAPS/agarose Hhal 11 4.6 11 26.0 F 1,4
T0724 COS CAPS/agarose Rsal 10 63.5 10 86.0 CF 14
TO759 COSs CAPS/agarose BsoBI 2 32.4 2 82.0 F 14
TO800 COS CAPS/agarose Ddel 12 68.5 12 118.0 | 1,4
T1286 COS CAPS/agarose Banl 3 8.0 3 20.0 | 1,4
T1429 COS CAPS/agarose Hinfl 3 24.0 3 77.0 I 1,4
T1497 COS CAPS/agarose Hhal 7 13.7 7 35.0 I 1,4
T1584 COS CAPS/agarose Ddel 5 57.1 5 108.0 F 1,4
T1682 COS CAPS/agarose Avall 10 45.7 10 66.0 | 14
T1706 COS CAPS/agarose Rsal 2 5.3 2 18.0 F 1,4
T1782 COS CAPS/agarose Rsal 1 90.2 1 156.0 F 1,4
TG144 TG RFLP Haelll 9 39.7 9 59.2 I 1,2
TG15 TG CAPS/agarose Dral 4 0.0 4 6.5 F 1,2
TG167 TG RFLP Hindlll 2 53.3 2 118.0 I 1,2
TG176 TG RFLP EcoRV 8 0.0 8 2.0 F 1,2
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E; Tomato-
S.ochr. xS.jugl. EXPEN 2000

Marker Marker Marker RE Chr Position (cM) Chr Position (cM) LOD Ref

name type technique

TG180 TG RFLP Xbal 12 0.0 12 9.0 F 1,2
TG185 TG RFLP EcoRlI 5 60.2 5 119.0 I 1,2
TG233 TG RFLP EcoRI 10 68.3 10 86.0 F 1,2
TG27 TG RFLP Xbal 1 93.4 1 165.0 CF 12
TG291 TG CAPS/agarose Avall 9 23.9 9 50.4 I 1,2

TG294 TG CAPS/agarose Rsal 8 55.7 8 87.0 I 1,2
TG301 TG CAPS/agarose Alul 1 0.0 1 7.0 | 1,2
TG303 TG CAPS/agarose Ddel 10 0.0 10 11.0 F 1,2
TG31 TG CAPS/agarose Hinfl 2 2.3 2 4.0 | 1,2
TG33 TG RFLP Xbal 2 3.3 2 0.0 | 1,2
TG342 TG CAPS/agarose Haelll 7 0.0 7 0.0 I 1,2

TG351 TG RFLP Dral 5 54.0 5 102.0 I 1,2
TG365 TG CAPS/agarose Hinfl 6 39.1 6 50.0 F 1,2
TG393 TG CAPS/agarose Haelll 11 48.5 11 103.0 F 1,2
TG394 TG RFLP EcoRl 12 24.6 12 68.0 F 1,2
TG403 TG CAPS/agarose Ddel 10 48.0 10 71.3 | 1,2
TG460 TG CAPS/agarose Ddel 1 50.8 1 70.0 F 1,2
TG499 TG RFLP EcoRV 7 71.6 7 97.0 F 1,2
TG510 TG RFLP Haelll 8 33.9 8 57.0 F 1,2
TG551 TG CAPS/agarose Hinfl 9 37.4 9 56.7 I 1,2
TG581 TG CAPS/agarose Syl 4 7.2 6 96.0 F 1,2
TG596 TG RFLP EcoRV 10 0.8 10 22.0 I 1,2

TG608 TG CAPS/agarose Hhal 2 0.0 2 0.0 I 1,2

TG623 TG RFLP EcoRV 5 0.0 5 8.0 F 1,2
TG651 TG RFLP Xbal 11 31 11 18.0 F 1,2
TG71 TG RFLP EcoRV 1 50.8 1 67.7 I 1,2

TGY TG RFLP Dral 9 5.6 9 23.0 F 1,2
U241700 Ccosll CAPS/agarose Msel 10 6.3 10 41.5 I 1

Appendix 2. Markers genotyped ingFS. ochranthum x S juglandifolium.

Map positions of markers are from tomato-EXPEN 20@@rker types were TG = tomato genomic probe; GOS
conserved ortholog set; SSR = simple sequence trefMarker technique’ indicates the detection modRE =
restriction enzyme.

Note: Marker positions in italic are derived by extragiima from adjacent markers with known locations lwsth
tomato-EXPEN 1992 and tomato-EXPEN 2000.

References: 1: SOL Genomics Network (http://www.sgmell.edu); 2: Zamir and Tanksley 1988; Millenda
Tanksley 1990; 3: Yu et al. 1991; 4: Fulton e8l02a; 5: Wu et al. 2006; 6: Frary et al. 2005.
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Genotypic segregatio Allele frequencie:
Chr cM Distorter loci Associated J/J JIO O/O %2 (4 -2 P-value J O %2 @ -1 P-value
markers
1 508 sd1.1 C2_At2g45620 11 42 10 7.03 0.030 0.5@B492  0.00 0.987
1 508 TG460 12 43 11 6.09 0.048 0.508492 0.00 0.988
2 00 sd2.1 TG608 29 34 3 20.55 0.000 0.69B03 9.47 0.694
2 23 TG31 27 35 4 16.27 0.000 0.67326 7.33 0.727
2 33 TG33 22 35 4 11.95 0.003 0.64B352 4.74 0.768
2 53 T1706 27 35 4 16.27 0.000 0.6T™4326 7.33 0.727
2 100 C2_At4g20410 28 33 5 16.03 0.000 0.674326 7.33 0.727
2 213 sd2.2 C2_At4g30930 34 25 7 25.97 0.000 0.7@6295 10.24 0.682
2 229 C2_At4g21580 31 27 7 19.58 0.000 0.686315 8.14 0.712
2 324 T0759 27 33 6 13.36 0.001 0.650.341 6.06 0.750
2 447 C2_At2g04700 28 30 8 12.67 0.002 0.682348 5.47 0.762
2 486 C2_At3g02300 28 29 9 11.91 0.003 0.644356 4.91 0.773
2 533 TG167 26 29 11 7.79 0.020 0.61@.386 2.97 0.820
4 0.0 TG15 6 34 23 9.57 0.008 0.365635 4.06 0.787
4 49 sd4.1 SSR43 6 36 23 9.65 0.008 0.362631 3.94 0.794
4 72 TG581 8 37 21 6.09 0.048 0.4@598 2.18 0.844
4 95 C2_At3g51010 7 38 21 7.45 0.024 0.30606 2.56 0.832
5 405 C2_At4g24830 6 27 30 1957 0.000 0.310690 8.40 0.703
5 478 C2_At1g67700 6 26 34 2673 0.000 0.288712 11.05 0.671
5 501 C2_At1g10500 5 27 34 2767 0.000 0.280720 11.88 0.660
5 54.0 TG351 4 24 38 NA 0.000 0.249.758 16.50 0.606
5 571 sd5.1 T1584 4 21 40 NA 0.000 0.22®.777 18.85 0.580
5 602 TG185 4 26 36 NA 0.000 0.258.742 14.56 0.628
7 121 C2_At2g26590 25 29 11 6.78 0.034 0.608392 2.60 0.829
7 121 sd7.1 C2_At4g33250 26 29 11 7.79 0.020 0.614386 2.97 0.820
7 129 C2_At5g20180 25 29 11 6.78 0.034 0.608392 2.60 0.829
7 137 T1497 24 29 10 6.62 0.037 0.610.389 2.68 0.824
8 17 sd8.1 C2_At5g46630 14 41 6 9.33 0.009 0.5@6434 0.80 0.896
8 339 sd8.2 TG510 11 43 12 6.09 0.048 0.492.508 0.00 0.988
9 00 C2_At2g37240 8 32 25 8.91 0.012 0.36%31 3.94 0.794
9 56 TG9 7 30 27 1275 0.002 0.34656 5.64 0.755
9 239 sd9.1 TG291 5 30 30 19.62 0.000 0.308.692 8.86 0.701
9 374 TG551 4 41 21 1264 0.002 0.370.629 3.88 0.797
9 397 TG144 4 42 20 1267 0.002 0.378.621 3.41 0.808
9 469 T0393 5 39 21 1048 0.005 0.370.623 3.46 0.806
9 586 sd9.2 C2_At3g24050 5 42 18  10.75 0.005 0.4@0600 2.22 0.841
9 634 SSR599 6 39 20 8.63 0.013  0.392608 2.60 0.829
11 432 sd11.1 T0142 6 18 21 7.47 0.024 0.4568.545 0.29 0.928
12 0.8 C2_At4g03280 17 41 8 6.33 0.042 0.568132 0.97 0.892
12 88 sd12.1 C2_At5g19690 19 38 7 6.75 0.034 0.5®406 1.89 0.851
12 246 sd12.2 TG394 13 45 8 9.48 0.009 0.538.462 0.24 0.940
12 285 SSR345 15 44 7 9.27 0.010 0.561439 0.74 0.904

Appendix 3. Marker loci showing significant segregation distmtin F, S ochranthum x S

juglandifolium.
The list includes all markers with significant géymic segregation distortiony{ values with P < 0.05). Values
represent the numbers of iRdividuals in each genotypic class and computkstieafrequencies. J S juglandifolium;

O =S ochranthum; ¥* = goodness-of-fit statistic; df = degrees of fremd



Locus N k P Rt H+ He Ho Fis P-value
Allozymes
Aco-2 296 3 100 2.89 0.516 0.422 0.411 0.028 0.326
6-Pgdh-2 208 2 25.0 1.39 0.059 0.055 0.043 0.235 0.088
6-Pgdh-3 272 2 16.7 1.08 0.010 0.009 0.009 -0.010 1.000
ldh-1 279 4 33.3 1.44 0.059 0.059 0.067 -0.148 1.000
Adh-2 285 2 33.3 1.28 0.040 0.043 0.040 0.142 0.238
Fdh-1 297 3 100 2.08 0.473 0.372 0.358 0.027 0.430
Got-2 298 2 25.0 1.16 0.021 0.019 0.020 -0.028 1.000
Pgi-1 298 2 8.3 1.08 0.010 0.009 0.009 -0.036 1.000
Pgm-2 298 5 41.7 1.48 0.062 0.063 0.040 0.289 0.004

Mean 281.2 2.8 42.6 1.54 0.139 0.117 0.111 0.055

SD (29.1) (1.1) (34.0) (0.59) (0.203) (0.161) (0.157) (0.140)
Microsatellites
SSR125 315 3 64.3 2.55 0.326 0.215 0.230 -0.072 0.859
SSR15 306 12 100 7.88 0.751 0.612 0.593 0.042 0.139
SSR320 317 3 78.6 2.72 0.527 0.268 0.298 -0.118 0.981
SSR325 314 3 100 3.00 0.519 0.354 0.385 -0.080 0.939
SSR341 313 11 92.9 5.40 0.603 0.479 0.478 0.043 0.203
SSR345 311 6 100 5.20 0.752 0.609 0.588 0.026 0.269
SSR43 316 4 85.7 3.07 0.420 0.326 0.354 -0.084 0.950
SSR50 316 12 100 7.31 0.719 0.560 0.545 0.028 0.259
SSR578 317 2 71.4 2.00 0.444 0.140 0.145 0.035 0.415
SSR599 315 4 100 3.53 0.627 0.481 0.483 0.008 0.459
SSR74 315 7 100 5.22 0.691 0.561 0.585 -0.040 0.854
SSR76 316 4 78.6 3.92 0.499 0.335 0.356 -0.056 0.891
SSR80 316 7 100 5.59 0.761 0.612 0.615 -0.002 0.549
SSR85 316 7 100 5.40 0.591 0.484 0.462 0.054 0.127
SSR98 317 5 92.9 3.65 0.298 0.289 0.370 -0.177 1.000

Mean 314.7 6.0 91.0 4,43 0.569 0.422 0.432 -0.026

SD (2.9) (3.3) (12.2) (1.743) (0.153) (0.156) (0.143) (0.069)

Appendix 4A. Diversity estimates at allozyme and microsatelbtz in populations o lycopersicoides.

N = number of individualsk = number of alleles per locuB; = percentage of polymorphic sitd®; = total allelic richnessH; = Nei's total gene diversityde = expected

heterozygosity;Ho = observed heterozygositfs = inbreeding coefficient per locus; SD = standaeligtion. Shaded areas indicate significant val(les< 0.05).
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Locus N k P Rt H+ He Ho Fis P-value
Allozymes
Aco-1 150 3 66.7 2.96 0.584 0.342 0.366 -0.076 0.873
Aco-2 150 3 83.3 2.50 0.489 0.336 0.301 0.109 0.130
6-Pgdh-2 149 4 100 3.32 0.571 0.468 0.393 0.166 0.013
6-Pgdh-3 146 3 100 2.71 0.537 0.420 0.407 0.037 0.367
ldh-1 146 3 33.3 1.49 0.040 0.038 0.028 0.287 0.206
Adh-2 124 4 100 3.75 0.536 0.466 0.313 0.346 0.000
Got-2 142 3 50.0 2.25 0.229 0.105 0.108 -0.012 0.700
Pgi-1 148 2 50.0 1.93 0.154 0.141 0.175 -0.256 1.000
Pgm-1 147 4 100 3.67 0.685 0.488 0.441 0.097 0.084
Pgm-2 150 2 16.7 1.80 0.101 0.074 0.107 -0.455 1.000
Mean 145.2 3.1 70.0 2.64 0.393 0.288 0.264 0.024 0.241
SD (7.9) (0.7) (31.2) (0.79) (0.235) (0.179) (0.147) (0.241)
Microsatellites
SSR125 153 3 100 2.82 0.538 0.415 0.423 -0.027 0.672
SSR15 154 8 85.7 6.50 0.762 0.533 0.455 0.152 0.005
SSR320 152 2 100 2.00 0.502 0.411 0.394 0.060 0.300
SSR325 153 5 100 4.36 0.626 0.508 0.513 -0.013 0.628
SSR341 154 8 100 6.23 0.491 0.362 0.353 0.030 0.351
SSR345 154 4 100 3.04 0.530 0.444 0.502 -0.149 0.981
SSR43 149 4 57.1 2.89 0.261 0.210 0.212 -0.018 0.631
SSR50 155 6 85.7 4.48 0.614 0.488 0.419 0.159 0.007
SSR599 155 2 85.7 2.00 0.496 0.338 0.334 0.025 0.480
SSR74 155 3 57.1 2.34 0.117 0.109 0.102 0.067 0.455
SSR76 155 4 100 3.69 0.689 0.643 0.692 -0.082 0.936
SSR80 155 4 71.4 2.69 0.190 0.120 0.072 0.418 0.000
SSR85 153 3 28.6 1.81 0.058 0.058 0.048 0.161 0.214
SSR98 155 4 100 2.86 0.397 0.396 0.461 -0.173 0.996
Mean 153.7 4.3 83.7 3.41 0.448 0.360 0.356 0.044 0.150
SD 1.7 (1.9) (22.3) (1.49) (0.215) (0.175) (0.186) (0.150)

Appendix 4B. Diversity estimates at allozyme and microsateldtz in populations of sitiens.

N = number of individualsk = number of alleles per locuB; = percentage of polymorphic sitd; = total allelic richnessH; = Nei's total gene diversityde = expected

heterozygosityHo = observed heterozygosityis = inbreeding coefficient per locus; SD = standdediation. Shaded areas indicate significant va{Bes0.05).
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S. lycopersicoides Valid N Spearman F t(N-2) P-value
Allozymes
lat & 6 108 -0.734 -11.14 0.000
long & 0 108 0.636 8.49 0.000
long & P 108 -0.493 -5.84 0.000
elev &P 108 -0.479 -5.61 0.000
iso & P 108 0.465 5.40 0.000
elev &0 108 -0.441 -5.05 0.000
Nyig & P 92 -0.334 -3.36 0.001
SSR!
lat & 0 165 -0.600 -9.58 0.000
long & 6 165 0.564 8.71 0.000
long & P 150 0.318 4.08 0.000
iso &0 165 0.300 4.02 0.000
lat & P 150 -0.280 -3.54 0.001
Nuyiig & 6 165 -0.187 -2.43 0.016
iso & k 165 -0.158 -2.05 0.042
elev &P 150 0.165 2.04 0.043
S. sitiens
Allozymes
elev &0 60 -0.886 -14.53 0.000
lat & 6 60 -0.657 -6.64 0.000
lat & P 60 0.617 5.97 0.000
elev &P 60 0.617 5.97 0.000
iso &0 60 0.600 571 0.000
iso &P 60 -0.494 -4.32 0.000
Nyilg & 6 60 -0.493 -4.31 0.000
long & 0 60 -0.486 -4.23 0.000
Nuyiig & P 60 0.391 3.24 0.002
lat & k 60 0.306 2.45 0.017
lat & Rg 60 0.296 2.36 0.022
long & P 60 0.278 2.20 0.032
iso &k 60 -0.269 -2.13 0.037
SSR:
iso & 64 98 0.714 10.00 0.000
elev &P 98 0.711 9.91 0.000
elev &0 98 -0.536 -6.22 0.000
lat & 6 98 -0.500 -5.66 0.000
iso & P 98 -0.487 -5.46 0.000
Nyiig & P 98 0.444 4.85 0.000
Nyig & 0 98 -0.360 -3.79 0.000
long & 0 98 -0.214 -2.15 0.034

Appendix 5.Significant correlations among census populatiore sand diversity estimates,
geographic components, and among diversity estgnat8 |ycopersicoides and S
sitiens at both allozyme and SSR loci.

N = sample number, Spearman R: Spearman’s rankl@iorecoefficient; associataeest and P-value$\,iq = census

population sizek = number of allelesP = percentage of polymorphic siteR; = allelic richnessHe = expected

heterozygosityF,s = the inbreeding coefficien) = average pairwise genetic distance; lat = laéifudng = longitude;

elev = elevation; iso = isolation.
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Mean t-value df P-value Valid N SD F-ratio P-value
S. lycopersicoides variances variances
PL A M A M A M
N 269.6 280.1 1.52 22 0.143 9 1526.95 2.81 91.69 0.000
k 2.8 5.7 2.75 2/ 0.012 9 151.09 3.08 7.95 0.006
P 41.7 91.7 5.18 2 0.000 9 1534.61 11.79 8.63 0.001
Rr 1.44 442 486 2 0.000 9 15056 1.78 9.96 0.003
He 0.116 0.421 4.60 22 0.000 9 150.16 0.15 1.12 0.810
Fis 0.037 -0.016 -1.25 22 0.225 9 15 0.14 0.06 5.39 0.006
Fst 0.088 0.281 3.46 22 0.002 9 15 0.08 0.16 411 0.051
Fr 0.122 0.268 2.07 22 0.050 9 150.16 0.17 1.24 0.788
PP
N 23,5 235 0.00 22 1.000 12 12 2.02 2.02 1.00 1.000
k 13.8 459 23.32 2 0.000 12 121.22 4.62 14.46 0.000
kPP 1.528 3.061 15.79 2z 0.000 12 120.14 0.31 5.20 0.011
P 41.7 92.2 14.11 2 0.000 12 1210.73 6.25 2.95 0.087
Rs 1.35 2.97 18.39 2 0.000 12 12 0.11 0.28 7.09 0.003
He 0.116 0.421 16.69 2z 0.000 12 12 0.04 0.05 1.74 0.370
Fis 0.073 -0.006 -1.93 22 0.067 12 12 0.12 0.08 2.17 0.214
S. sitiens
PL A M A M A M
N 106.9 109.1 1.60 22 0.124 10 145.15 1.03 25.16 0.000
k 3.1 4.1 1.66 22 0.111 10 140.74 1.73 5.50 0.015
P 68.3 83.3 1.38 22 0.183 10 1429.87 23.57 1.61 0.424
Rr 2.22 2.66 1.19 22 0.247 10 14 0.71 1.00 1.99 0.303
He 0.285 0.354 094 22 0.360 10 14 0.17 0.18 1.15 0.856
Fis 0.030 0.013 -0.23 22 0.821 10 14 0.25 0.10 5.87 0.005
Fst 0.252 0.177 -1.72 22 0.099 10 14 0.13 0.09 2.34 0.160
Fr 0.283 0.186 -1.42 22 0.168 10 14 0.20 0.13 2.32 0.163
PP
N 18.3 18.3 0.00 1 1.000 6 6 5.79 5.79 1.00 1.000
k 20.3 34.8 5.33 10 0.000 6 6 344 571 2.74 0.292
kPP 2.033 2488 2.09 10 0.063 6 6 034 041 1.40 0.721
P 68.3 83.3 1.86 10 0.093 6 6 17.229.76 3.12 0.238
Rs 1.88 2.23 247 1 0.033 6 6 0.24 0.25 1.10 0.919
He 0.285 0.354 1.85 10 0.093 6 6 0.07 0.06 1.55 0.645
Fis 0.091 -0.019 -2.76 10 0.020 6 6 0.09 0.03 11.62 0.018

Appendix 6.T-test results of comparisons of diversity estimgteslocus and per population based

on allozyme and microsatellite data ®1ycopersicoides andS. sitiens.
Only individuals genotyped with both marker typesrg considered in the calculations. Significanfedénces (<
0.05) are indicated by shaded boxes. PL = per |d@Bs= per populatioyl = number of individuals; df = degrees of
freedom; SD = standard deviatioh;= allozymes; M = microsatellite = number of allelesk’® = number of alleles
per locus and populatiol? = percentage of polymorphic sitd®; = total allelic richnessRs = allelic richness per
population;Hg = expected heterozygositiis = the inbreeding coefficienEsy = fixation index;F; = the overall

inbreeding coefficient.
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S. lycopersicoides Rank sumr U Z P-value Z adjusted P-value valid N 2* exact F-value

PL A M A M
N 110.5 189.565.5 0.12 0.905 0.12 0.903 9 15 0.907
k 65.5 234.520.5 2.80 0.005 2.85 0.004 9 1t 0.003
P 67.0 233.022.0 2.71 0.007 2.82 0.005 9 1t 0.005
Rr 49.0 251.04.0 3.79 0.000 3.79 0.000 9 1t 0.000
He 59.0 241.014.0 3.19 0.001 3.19 0.001 9 1t 0.001
Fis 122.0 178.058.0 -0.57 0.571 -0.57 0.571 9 15 0.599
Fst 57.0 243.012.0 3.31 0.001 3.31 0.001 9 1t 0.000
Fir 86.0 214.041.0 1.58 0.114 1.58 0.114 9 15 0.123

PP
N 150.0 150.072.0 0.00 1.000 0.00 1.000 12 12 1.000
k 78.0 222.00.0 4.16 0.000 4.18 0.000 12 1: 0.000
kPP 78.0 222.00.0 4.16 0.000 4.18 0.000 12 1: 0.000
P 78.0 222.00.0 4.16 0.000 4.16 0.000 12 1: 0.000
Rs 78.0 222.0 0.0 4.16 0.000 4.20 0.000 12 1: 0.000
He 78.0 222.00.0 4.16 0.000 4.16 0.000 12 1: 0.000
Fis 180.0 120.042.0 -1.73 0.083 -1.73 0.083 12 12 0.089

S. sitiens

PL
N 105.5 194.550.5 1.14 0.254 1.21 0.227 10 14 0.259
k 101.0 199.046.0 1.41 0.160 1.47 0.143 10 14 0.172
P 103.0 197.048.0 1.29 0.198 1.36 0.173 10 14 0.212
Rr 107.5 192.552.5 1.02 0.306 1.03 0.305 10 14 0.312
He 111.0 189.056.0 0.82 0.412 0.82 0.412 10 14 0.437
Fis 137.0 163.058.0 -0.70 0.482 -0.70 0.482 10 14 0.508
Fst 140.0 160.055.0 -0.88 0.380 -0.88 0.380 10 14 0.403
Fir 150.0 150.045.0 -1.46 0.143 -1.46 0.143 10 14 0.154

PP
N 39.0 39.0 18.00.00 1.000 0.00 1.000 6 6 1.000
k 21.0 57.0 0.0 2.8¢ 0.004 2.89 0.004 6 6 0.002
kPP 28.0 50.0 7.0 1.76 0.078 1.76 0.078 6 6 0.093
P 27.0 51.0 6.0 1.92 0.055 1.92 0.054 6 6 0.065
Rs 26.5 51,5 55 2.0( 0.045 2.02 0.043 6 6 0.041
He 29.0 49.0 8.0 1.60 0.109 1.60 0.109 6 6 0.132
Fis 51.0 27.0 6.0 -1.92 0.055 -1.92 0.055 6 6 0.065

Appendix 7. Nonparametric Mann-Whitney U test results of thenparison of allozyme and

microsatellite diversity estimates $lycopersicoides andS sitiens.
Only individuals genotyped with both marker typesra considered in the calculations. Significanfedénces (<
0.05) are indicated by shaded boxes. PL = per jd@Bs= per population; U, Z = distribution variatdues; ‘adjusted’
= adjusted for normal approximation (for samplegéa than 20); 2*exact P-value = 2*1-sided exastRie where p is
1 minus the cumulative (one-sided) probability lné respective U statistic; A = allozymes; M = mgatellites.N =
number of individualsk = number of alleles;”R = number of alleles per locus and populatiBn; percentage of
polymorphic sitesR; = total allelic richnessRs = allelic richness per populatiokiz = expected heterozygositlyis =

the inbreeding coefficienE st = fixation index;F;r = the overall inbreeding coefficier:t.



Among Among Within F-Statistics
populations individuals individuals
Locus SSD df Va % SSD df Vb % SSD df Vc % Fis P-value Fgr P-value F; P-value
Aco-2 29.5 11 0.05019.1| 61.9 284 0.006 2.3 61.0 296 0.2068.6 0.028 0.326 0.191 0.000 0.214 0.000
6-Pgdh-2 2.2 11 0.00311.2| 9.3 286 0.006 20.8 6.0 298 0.02®8.0 0.235 0.088 0.112 0.000 0.320 0.001
6-Pgdh-3 0.1 11 0.000 0.8 1.4 286 0.000 -1.( 15 298 0.00800.3 -0.010 1.000 0.008 0.454 -0.003 1.000
Idh-1 2.2 11 0.004 12.0| 6.4 285 -0.004-13.1| 9.0 297 0.030101.1 -0.148 1.000 | 0.120 0.000 -0.011 1.000
Adh-2 0.6 11 0.001 3.2 5.7 260 0.003 13.7 4.5 272 0.0183.1 0.142 0.238 0.032 0.055 0.169 0.101
Fdh-1 225 11 0.05422.2| 37.8 196 0.005 2.1 38.0 208 0.1835.7 0.027 0.430 0.222 0.000 0.243 0.001
Got-2 0.2 11 0.000 2.0 2.7 267 0.000 -2.§ 3.0 279 0.01100.7 -0.028 1.000 0.020 0.129 -0.007 1.000
Pgi-1 0.1 11 0.000 3.4 1.3 286 0.000 -3.% 15 298 0.00800.1 -0.036 1.000 0.034 0.007 -0.001 1.000
Pgm-2 1.2 11 0.002 49| 104 273 0.009 27.p 6.0 285 0.0247.6 0.289 0.004 0.049 0.001 0.324 0.000
SSR125 33.2 13 0.0582.7| 31.5 301 -0.008 -4.8| 38.0 315 0.12172.2 -0.072 0.859 0.327 0.000 0.278 0.000
SSR15 49.7 13 0.08@1.1] 914 292 0.013 3.3 88.0 306 0.2885.5 0.042 0.139 0.211 0.000 0.245 0.000
SSR320 80.8 13 0.13%19.4| 37.0 303 -0.016 -6.0 | 49.0 317 0.15556.6 -0.118 0.981 0.494 0.000 0.434 0.000
SSR325 53.8 13 0.0883.4| 48.8 300 -0.014 -54| 60.0 314 0.19171.9 -0.080 0.939 0.334 0.000 0.281 0.000
SSR341 45.6 13 0.0723.9| 729 299 0.010 3.3 70.0 313 0.2242.9 0.043 0.203 0.239 0.000 0.271 0.000
SSR345 44.0 13 0.06918.2| 95.1 297 0.008 2.1 94,5 311 0.3049.7 0.026 0.269 0.182 0.000 0.203 0.000
SSR43 28.5 13 0.04321.2| 465 302 -0.014 -66 | 57.5 316 0.18285.3 -0.084 0.950 0.212 0.000 0.147 0.002
SSR50 52.0 13 0.0822.5| 87.9 302 0.008 2.2 87.0 316 0.2755.3 0.028 0.259 0.225 0.000 0.247 0.000
SSR578 95.9 13 0.1669.2| 225 303 0.002 1.1 22.0 317 0.0629.7 0.035 0.415 0.692 0.000 0.703 0.000
SSR599 52.5 13 0.0826.5| 71.3 301 0.002 0.6 73.5 315 0.2333.0 0.008 0.459 0.265 0.000 0.270 0.000
SSR74 43.1 13 0.06819.4| 816 301 -0.011 -3.2| 925 315 0.29483.9 -0.040 0.854 0.194 0.000 0.161 0.000
SSR76 47.9 13 0.07830.6| 50.4 302 -0.010 -39 | 59.0 316 0.18773.3 -0.056 0.891 0.306 0.000 0.267 0.000
SSR80 52.8 13 0.0821.6| 91.3 302 -0.001 -0.2| 96.0 316 0.30478.6 -0.002 0.549 0.216 0.000 0.214 0.000
SSR85 34.8 13 0.05417.9| 78.2 302 0.013 4.4 735 316 0.2337.7 0.054 0.127 0.179 0.000 0.223 0.000
SSR98 7.5 13 0.0106.9| 34.8 303 -0.025-16.5| 52.0 317 0.164109.6 -0.177 1.000 | 0.069 0.000 -0.096 1.000

Appendix 8A. Locus-by-locus AMOVA andr-statisticsat allozymes and SSRs $lycopersicoides.

SSD = sum of square deviations; df = degrees efifven; Va = variance among populations; Vb = vagssmmong individuals; Vc = variance within individsie® = percentage
of variation;Fs = the inbreeding coefficienEst = fixation index;F;; = the overall inbreeding coefficient. Shaded baregate significant values ®0.004 for allozymes, R
0.004 for SSRs).

XIaN3ddY

Va1



Among Among Within F-Statistics
populations individuals individuals
Locus SSD df Va % SSD df Vb % SSD df Vc % Fis P-value Fgr P-value F; P-value
Aco-1 35.3 5 0.13843.9| 235 144 -0.013 -42 | 285 150 0.19060.4 -0.076 0.873 0.439 0.000 0.396 0.000
Aco-2 22.7 5 0.08733.6| 275 144 0.019 7.2 23.0 150 0.1539.2 0.109 0.130 0.336 0.000 0.408 0.000
6-Pgdh-2 15.6 5 0.05719.5| 39.6 143 0.040 134 295 149 0.1987.1 0.166 0.013 0.195 0.000 0.329 0.000
6-Pgdh-3 18.3 5 0.07125.2 30.5 140 0.008 2.8 29.5 146 0.20Z22.0 0.037 0.367 0.252 0.000 0.280 0.001
Idh-1 0.4 5 0.001 6.3 3.5 140 0.006 26.9 2.0 146 0.0186.9 0.287 0.206 0.063 0.004 0.331 0.034
Adh-2 9.9 5 0.04114.8] 37.2 118 0.081 29.% 19.0 124 0.1535.7 0.346 0.000 0.148 0.000 0.443 0.000
Got-2 18.0 5 0.07559.0| 7.0 136 -0.001 -0.5 7.5 142 0.053 41.5 -0.012 0.700 0.590 0.000 0.585 0.000
Pgi-1 3.3 5 0.012155| 7.1 142 -0.017-21.7| 12,5 148 0.084106.1 -0.256 1.000 | 0.155 0.000 -0.061 1.000
Pgm-1 30.0 5 0.117323| 379 141 0.024 6.6 325 147 0.22B1.1 0.097 0.084 0.323 0.000 0.389 0.000
Pgm-2 4.3 5 0.017 31.3| 2.9 144 -0.017-31.2| 8.0 150 0.053 100.0 -0.455 1.000 0.313 0.000 0.000 1.000
SSR125 21.2 6 0.07&27.2| 289 146 -0.006 -2.0| 32.0 153 0.20974.7 -0.027 0.672 0.272 0.000 0.253 0.001
SSR15 37.7 6 0.13634.0| 44.7 147 0.040 10.0 345 154 0.225%6.0 0.152 0.005 0.340 0.000 0.440 0.000
SSR320 13.7 6 0.04818.5| 32.3 145 0.013 49 30.0 152 0.1976.6 0.060 0.300 0.185 0.000 0.234 0.006
SSR325 18.2 6 0.06419.8| 37.2 146 -0.003 -1.0| 40.0 153 0.26181.2 -0.013 0.628 0.198 0.000 0.188 0.002
SSR341 17.9 6 0.06324.9| 289 147 0.006 2.3 28.5 154 0.1852.8 0.030 0.351 0.249 0.000 0.272 0.000
SSR345 14.0 6 0.04918.0| 27.9 147 -0.033-12.3| 39.5 154 0.256 94.3 -0.149 0.981 0.180 0.000 0.057 0.342
SSR43 7.0 6 0.02518.8| 15.2 142 -0.002 -1.4| 16.5 149 0.11182.7 -0.018 0.631 0.188 0.000 0.173 0.029
SSR50 19.6 6 0.06721.2| 42.8 148 0.040 12.% 325 155 0.2166.2 0.159 0.007 0.212 0.000 0.338 0.000
SSR599 26.5 6 0.09636.7| 25.1 148 0.004 1.6 25.0 155 0.168B1.7 0.025 0.480 0.367 0.000 0.383 0.000
SSR74 2.4 6 0.00813.2| 8.2 148 0.003 5.8 7.5 155 0.0481.0 0.067 0.455 0.132 0.000 0.190 0.030
SSR76 9.6 6 0.02984 | 434 148 -0.026-7.5| 53.5 155 0.34599.0 -0.082 0.936 0.084 0.000 0.010 0.542
SSR80 9.4 6 0.03333.4| 13.9 148 0.028 27.8 6.0 155 0.0328.8 0.418 0.000 0.334 0.000 0.612 0.000
SSR85 0.7 6 0.0026.3 4.6 146 0.004 15.1 3.5 153 0.02328.6 0.161 0.214 0.063 0.001 0.214 0.063
SSR98 1.9 6 0.00419| 239 148 -0.034-17.0/ 355 155 0.229115.1 -0.173 0.996 0.019 0.159 -0.151 0.993

Appendix 8B. Locus-by-locus AMOVA andF-statisticsat allozymes and SSRs $sitiens.

SSD = sum of square deviations; df = degrees efiliven; Va = variance among populations; Vb = vagssmmong individuals; Vc = variance within individsie® = percentage
of variation;Fs = the inbreeding coefficienEsy = fixation index;F;r = the overall inbreeding coefficient. Shaded barelcate significant values (®0.005 at allozymes, P
0.07 at SSRs).
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A LA4018 LA2387 LA1964 LA1966 LA2781 LA2777 LA2776 LA2772 LA432C LA4130 LA4131 LA4126 LA4123 LA273C
LA4018 - 36 571 246 848 574 362 528 1379 216 547 268 289 1169
LA2387 7.2 - 607 282 884 610 1396 564 1343 180 511 304 253 1133
LA1964 59.6 62.1 - 325 277 3 19 43 1950 787 1118 303 860 1740
LA1966 57.7 59.8 4.0 - 602 328 263 282 1625 462 793 22 535 1415
LA2781 122.1 124.6 62.6 64.7 - 274 486 320 2227 1064 1395 580 1137 2017
LA2777 120.9 123.2 61.3 63.4 2.5 - 212 46 1953 790 1121 306 863 1743
LA2776 119.5 121.6 60.0 61.9 6.0 3.5 - 166 1741 578 909 94 651 301
LA2772 126.1 128.0 66.6 68.3 9.0 7.7 7.0 - 1907 744 1075 260 817 1697
LA4320 119.2 119.8 62.9 63.2 30.9 28.5 25.1 24.3 - 1163 832 1647 1090 210
LA4130 187.9 188.3 131.6 132.1 79.1 78.6 7.7 70.9 69.0 - 331 484 73 953
LA4131 191.9 192.4 135.0 135.6 80.8 80.4 79.8 72.9 72.7 6.0 - 815 258 622
LA4126 235.2 235.7 178.2 178.9 121.9 121.9 121.7 114.7 116.1 47.5 43.3 - 557 1437
LA4123 236.2 236.5 179.4 180.0 123.7 123.6 123.3 116.4 1171 48.3 44.4 3.3 - 880
LA2730 240.2 239.9 185.5 185.7 134.1 133.6 132.8 126.0 122.7 55.1 53.4 25.0 21.8 -
B LA4116 LA4114 LA4113 LA4112 LA4331 LA4111 LA4105

LA4116 - 199.0 283.0 155.0 139.0 217.0 317.0

LA4114 4.3 - 84.0 44.0 338.0 18.0 118.0

LA4113 8.6 4.9 - 128.0 422.0 66.0 34.0

LA4112 53.7 51.4 46.6 - 294.0 62.0 162.0

LA4331 90.2 86.9 81.9 41.3 - 356.0 456.0

LA4111 107.5 104.8 99.9 54.2 26.0 - 100.0

LA4105 232.9 230.0 225.1 179.7 144.5 125.5 -

Appendix 9. Half-matrices ofS. lycopsersicoides (A) andS sitiens (B): geographic distances are depicted below dialgand elevational distanes

above diagonal.
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A LA4018 LA2387 LA1964 LA1966 LA2781 LA2777 LA2776 LA2772 LA4131 LA4126 LA4123 LA273C
LA4018 - NS NS * * * NS * * * * *
LA2387 0.039 - NS * NS NS NS NS * * * *
LA1964 0.119 0.023 - NS * NS NS * * * * NS
LA1966 0.164 0.079 0.036 - * * NS * * * * *
LA2781 0.174 0.116 0.243 0.212 - * NS NS * * * *
LA2777 0.179 0.042 0.056 0.055 0.175 - NS * * * NS *
LA2776 0.077 0.007 0.009 0.025 0.188 0.026 - * NS NS NS NS
LA2772 0.143 0.064 0.165 0.150 -0.001 0.103 0.116 - * * * *
LA4131 0.509 0.372 0.287 0.156 0.532 0.222 0.262 0.441 - * * *
LA4126 0.308 0.153 0.067 0.132 0.417 0.110 0.101 0.325 960.2 - NS NS
LA4123 0.133 0.045 0.031 0.077 0.258 0.050 0.030 0.204 680.2 0.061 *

LA2730 0.282 0.173 0.082 0.192 0.481 0.199 0.131 0.390 5204 0.064 0.073 -

LA2772 0.395 0.306 0.291 0.300 0.188 0.215 0.139 - *
LA4320 0.350 0.262 0.251 0.250 0.201 0.134 0.089 0.164 -
LA4130 0.456 0.380 0.339 0.343 0.305 0.267 0.175 0.231 490.2 -
LA4131 0.464 0.400 0.379 0.370 0.345 0.318 0.210 0.220 780.2 0.104 -
LA4126 0.429 0.364 0.310 0.347 0.333 0.257 0.197 0.236  510.2 0.200 0.192 -
LA4123 0.370 0.323 0.291 0.318 0.286 0.184 0.164 0.197 010.2 0.198 0.190 0.060 -
LA2730 0.350 0.304 0.289 0.318 0.359 0.281 0.228 0.236 470.2 0.238 0.220 0.109 0.104

M LA2387 LA1964 LA1966 LA2781 LA2777 LA2776 LA2772 LA432C LA4130 LA4131 LA4126 LA4123 LA2730
LA4018 - * * * . > * * * . . - i :
LA2387 | 0.122 - * . « « * x . . . .
LA1964 0.221 0.188 - * * * * * * * %
LA1966 0.141 0.148 0.115 - * * * * * * *
LA2781 0.438 0.395 0.298 0.303 - * * * * * *
LA2777 0.353 0.306 0.302 0.300 0.209 - * * * * *
LA2776 0.356 0.280 0.239 0.260 0.159 0.092 - * * * *

w kKR Xk g ok %
*x_x-*x-**x-x.*x-

x_x-*x—**x-*x-
* ¥

Appendix 10A. S. lycopersicoides half-matrices of allozyme (A) and SSR (M): pairwigenetic distances (Weir and Cockerhafiysare shown

below diagonal and pairwise significance above atiad

* 5 % nominal level after Bonferroni correctionsSN: non-significant. Populations are listed acaaydd their geographic location (from north to $9ut

X1IaN3ddVY

LST



A LA4116 LA4114 LA4113 LA4112 LA4111 LAA4105
LA4116 - * * * * *
LA4114 | 0.070 - * * * *
LA4113 0.144 0.080 - * * *
LA4112 0.174 0.177 0.165 - * *

LA4111 0.243 0.286 0.318 0.166 -
LA4105 0.512 0.535 0.527 0.444 0.362 -

M LA4116 LA4114 LA4113 LA4112 LA4331 LA4111 LA4105
LA4116 _ * * * * * *
LA4114 0.048 - * * * * *
LA4113 0.073 0.098 - * * * *
LA4112 0.158 0.203 0.146 - * * *
LA4331 0.221 0.243 0.233 0.116 - * *

LA4111 0.247 0.281 0.228 0.080 0.072 -
LA4105 0.336 0.370 0.339 0.245 0.257 0.278 -

Appendix 10B. S dtiens half-matrices of allozyme (A) and SSR (M): pairwigenetic distances (Weir and Cockerha#)'sare shown below

diagonal and pairwise significance above diagonal.

* 5 % nominal level after Bonferroni correctionsSN: non-significant. Populations are listed acawydbd their geographic location (from north to $gut
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Valid N Spearman F t(N-2) P-value
Allozymes
elev & Aco-2.18 12 0.832 473 0.001
long & Pgm-2.10 12 0.640 2.63 0.025
long & Pgm-2.22 12 0.640 2.63 0.025
lat & Fdh-1.10 12 0.615 2.47 0.033
lat & Fdh-1.85 12 -0.608 -2.42 0.036
SSRs
lat & SSR345.12 14 0.890 6.77 0.000
lat & SSR345.15 14 0.829 5.13 0.000
lat & SSR85.11 14 -0.806 -4.72 0.000
lat & SSR50.18 14 0.777 4.28 0.001
lat & SSR50.18 14 0.777 4.28 0.001
long & SSR578.11 14 -0.733 -3.74 0.003
long & SSR578.11 14 -0.733 -3.74 0.003
long & SSR578.12 14 0.733 3.74 0.003
long & SSR578.12 14 0.733 3.74 0.003
lat & SSR50.14 14 -0.731 -3.71 0.003
lat & SSR50.14 14 -0.731 -3.71 0.003
long & SSR50.18 14 -0.724 -3.63 0.003
long & SSR50.18 14 -0.724 -3.63 0.003
long & SSR341.11 14 -0.713 -3.52 0.004
lat & SSR43.14 14 0.690 3.30 0.006
lat & SSR43.14 14 0.690 3.30 0.006
lat & SSR341.11 14 0.682 3.23 0.007
long & SSR345.15 14 -0.678 -3.19 0.008
long & SSR320.11 14 -0.674 -3.16 0.008
long & SSR15.13 14 -0.669 -3.12 0.009
long & SSR320.12 14 0.664 3.08 0.010
lat & SSR599.11 14 -0.649 -2.95 0.012
lat & SSR599.11 14 -0.649 -2.95 0.012
lat & SSR578.11 14 0.641 2.89 0.014
lat & SSR578.11 14 0.641 2.89 0.014
lat & SSR578.12 14 -0.641 -2.89 0.014
lat & SSR578.12 14 -0.641 -2.89 0.014
lat & SSR341.22 14 -0.630 -2.81 0.016
lat & SSR345.11 14 -0.627 -2.79 0.016
lat & SSR341.80 14 0.613 2.69 0.020
long & SSR50.21 14 -0.609 -2.66 0.021
long & SSR50.21 14 -0.609 -2.66 0.021
lat & SSR50.21 14 0.602 2.61 0.023
lat & SSR50.21 14 0.602 2.61 0.023
lat & SSR43.13 14 -0.601 -2.61 0.023
lat & SSR43.13 14 -0.601 -2.61 0.023
long & SSR345.12 14 -0.596 -2.57 0.025
long & SSR50.14 14 0.594 2.56 0.025
long & SSR50.14 14 0.594 2.56 0.025
long & SSR50.15 14 -0.590 -2.53 0.026
long & SSR50.15 14 -0.590 -2.53 0.026
long & SSR125.12 14 -0.584 -2.49 0.028
lat & SSR43.11 14 -0.563 -2.36 0.036
lat & SSR43.11 14 -0.563 -2.36 0.036
long & SSR85.11 14 0.562 2.35 0.037
lat & SSR325.14 14 0.545 2.25 0.044
long & SSR325.14 14 -0.545 -2.25 0.044
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Valid N Spearman F t(N-2) P-value
SSRs
long & SSR599.11 14 0.544 2.25 0.044
long & SSR599.11 14 0.544 2.25 0.044

Appendix 11A. Significant correlations between allele frequenerd geographic components at

both allozyme and SSR loci 8 lycopersicoides.
N = sample number, Spearman R = Spearman’s ranklaton coefficient; associatedtest and P-values; lat =

latitude; long = longitude; elev = elevation.

Valid N Spearman F t(N-2) P-value
Allozymes
long & Aco-1.15 6 0.986 11.66 0.000
long & Aco-1.22 6 -0.986 -11.66 0.000
elev & 6-Pgdh-3.10 6 -0.943 -5.66 0.005
lat & 6-Pgdh-2.14 6 -0.943 -5.66 0.005
lat & Pgm-1.10 6 0.943 5.66 0.005
lat & 6-Pgdh-2.10 6 0.941 5.57 0.005
lat & 6-Pgdh-2.16 6 0.899 4.10 0.015
elev & 6-Pgdh-3.98 6 0.845 3.16 0.034
elev & Got-2.25 6 -0.845 -3.16 0.034
elev & 6-Pgdh-3.96 6 0.829 2.96 0.042
lat & Pgm-1.12 6 -0.829 -2.96 0.042
elev & Pgi-1.10 6 -0.820 -2.86 0.046
elev & Pgi-1.18 6 0.820 2.86 0.046
long & Aco-2.10 6 0.820 2.86 0.046
lat & Aco-1.15 6 0.812 2.78 0.050
lat & Aco-1.22 6 -0.812 -2.78 0.050
SSRs

lat & p:15.18 7 0.964 8.06 0.000
long & p:80.14 7 -0.964 -8.06 0.000
lat & p:50.15 7 -0.927 -5.51 0.003

lat & p:80.14 7 -0.927 -5.51 0.003
long & p:50.11 7 0.893 4.43 0.007
lat & p:345.15 7 -0.867 -3.89 0.012
lat & p:50.11 7 0.857 3.72 0.014
long & p:599.11 7 -0.857 -3.72 0.014
long & p:599.13 7 0.857 3.72 0.014
long & p:50.15 7 -0.852 -3.65 0.015
lat & p:599.11 7 -0.821 -3.22 0.023
lat & p:599.13 7 0.821 3.22 0.023
long & p:325.14 7 0.821 3.22 0.023
lat & p:74.16 7 0.802 3.00 0.030
long & p:15.18 7 0.778 2.77 0.039

Appendix 11B. Significant correlations between allele frequen@rd geographic components at
both allozyme and SSR loci & sitiens.

N = sample number, Spearman R = Spearman’s ranklaton coefficient; associatedtest and P-values; lat =

latitude; long = longitude; elev = elevation.
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Source of variation df SSD VC % Inbreeding coefficients P-value
variation
Among 3 clusters
Allozymes
T Among groups 2 15.3 0.021 4.2 Fer 0.042 0.060
Among populations within groups 9 31.0 0.061 12.1 Fsc 0.127 0.000
Among individuals within populations  286116.5 -0.015 -3.0 Fis -0.036 0.812
Within individuals 298 130.5 0.438 86.7 Fir 0.133 0.000
Total 595 293.2 0.505
N Among populations 3 8.3 0.052 9.2 Fst 0.092 0.000
Among individuals within populations 85 38.8 -0.058 -10.3 Fis -0.114 0.956
Within populations 89 51.0 0573 1011 Fir -0.011 0.695
Total 177 98.1 0.567
C Among populations 3 6.7 0.034 7.2 Fsr 0.072 0.000
Among individuals within populations  10345.3 0.003 0.6 Fis 0.006 0.432
Within populations 107 46.5 0.435 92.2 Fir 0.078 0.143
Total 213 98.6 0.471
S Among populations 3 15,9 0.098 23.0 Fst 0.230 0.000
Among individuals within populations 98 32.4 0.003 0.8 Fis 0.010 0.370
Within populations 102 33.0 0.324 76.2 Fir 0.238 0.000
Total 203 81.3 0.425
Microsatellites
T Among groups 2 393.0 0794 176 FCT 0.176 0.000
Among populations within groups 11 3209 0.581 12.9 FSC 0.157 0.000
Among individuals within populations  303926.7 -0.068 -1.5 Fis -0.022 0.920
Within individuals 317 1012.5 3.194 71.0 Fir 0.290 0.000
Total 633 2653.2 4.500
N Among populations 3 813 0544 155 Fst 0.155 0.000
Among individuals within populations 85 256.9 0.056 1.6 Fis 0.019 0.022
Within populations 89 259.0 2.910 829 Fir 0.171 0.000
Total 177 597.2 3.510
C Among populations 4 127.0 0.603 15.9 Fsr 0.159 0.000
Among individuals within populations  114350.5 -0.106 -2.8 Fis -0.033 0.916
Within populations 119 391.0 3.286 86.9 Fir 0.131 0.000
Total 237 868.4 3.783
S Among populations 4 1127 0585 155 Fsr 0.155 0.000
Among individuals within populations  104319.4 -0.127 -34 Fis -0.040 0.924
Within populations 109 362.5 3.326 87.9 Fir 0.121 0.000
Total 217 7946 3.783
Source of variation df SSD VC % Inbreeding coefficients P-value
variation
Among 5 clusters
Allozymes
T Among groups 4 33.3 0.058 11.3 Fer 0.113 0.002
Among populations within groups 7 13.0 0.029 5.7 Fsc 0.064 0.000
Among individuals within populations  286116.5 -0.015 -3.0 Fis -0.036 0.819
Within individuals 298 130.5 0.438 86.0 Fir 0.140 0.000
Total 595 293.2 0.509
Microsatellites
T Among groups 4 4932 0828 187 Fer 0.187 0.000
Among populations within groups 9 220.7 0475 10.7 Fsc 0.132 0.000
Among individuals within populations  303926.7 -0.068 -1.5 Fis -0.022 0.921
Within individuals 317 1012.5 3.194 72.1 Fir 0.279 0.000

Total

633 2653.2 4.429




APPENDIX 162

Appendix 12A. Analysis of molecular variance (AMOVA) within ananang 3 and 5 population
clusters inS. lycopersicoides.
T = total population; N,C,S = northern, central @odithern cluster, respectively; df = degrees eédom; SSD = sum

of square deviations; VC = variance componentsyeieting coefficients =Fcr (among groups)Fsc (among
populations within groupskst (among populations);s (within populatios)F+ (within individuals).
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Source of variation df SSD VC % Inbreeding P-value
variation coefficients

Among 3 clusters

Allozymes

Among groups 2 116.7 0524 25.2 Fer 0.252 0.000

Among populations within groups 3 36.1 0.209 10.0 Fsc 0.134 0.000

Among individuals within populations  144203.3 0.066 3.2 Fis 0.049 0.064

Within individuals 150 192.0 1.280 61.6 Fir 0.384 0.000
Total 299 548.1 2.078

Among populations 2 221 0.178 104 Fst 0.104 0.000

Among individuals within populations 77 122.3 0.059 35 Fis 0.039 0.174

Within populations 80 1175 1.469 86.1 Fir 0.139 0.003
Total 159 261.9 1.706

Among populations 1 13.9 0.272 16.7 Fsr 0.167 0.000

Among individuals within populations 44 63.8 0.094 538 Fis 0.070 0.095

Within populations 46 58.0 1.261 775 Fir 0.225 0.001
Total 91 135.7 1.627

Among populations NA NA NA NA Fst NA

Among individuals within populations 23 17.3 0.033 45 Fis 0.045 0.267

Within populations 24 16,5 0.688 955 Fir NA
Total 47 33.8 0.720

Microsatellites

Among groups 2 1484 0.639 19.0 Fer 0.190 0.000

Among populations within groups 4 48.0 0.219 65 Fsc 0.081 0.000

Among individuals within populations  148373.3 0.021 0.6 Fis 0.008 0.355

Within individuals 155 3845 2.481 73.8 Fir 0.262 0.000
Total 309 954.2 3.359

Among populations 2 186 0.171 7.1 Fst 0.071 0.000

Among individuals within populations 59 130.8 -0102 -0.9 Fis -0.009 0.567

Within populations 62 140.0 2.258 93.7 Fir 0.063 0.125
Total 123 289.4 2.409

Among populations 2 295 0.267 90 Fsr 0.090 0.000

Among individuals within populations 65 1729 -B05 -1.8 Fis -0.019 0.696

Within populations 68 188.0 2.765 92.8 Fir 0.072 0.081
Total 135 390.3 2.979

Among populations NA NA NA NA Fst NA

Among individuals within populations 24 69.6 0.320 12.4 Fis 0.124 0.019

Within populations 25 56,5 2260 87.6 Fir NA

Total

49 126.1 2.580

Appendix 12B. Analysis of molecular variance (AMOVA) within andhang 3 population clusters
in S sitiens.
T = total population; N,C,S = northern, central @odithern cluster, respectively; df = degrees @dom; SSD = sum

of square deviations; VC = variance componentsyeietling coefficients =Fcr (among groups)Fsc (among

populations within groupskst (among populations);s (within populatios)F (within individuals).
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10. Abbreviations

AB-QTL Advanced backcrosss quatitative trait locus sty
AFLP Amplified fragment length polymorphis

agar Agaros:

AMOVA Analysis of molecular varian

AVRDC Asian Vegetable Research and Development C
BC i-th backcros

bp Base pair

CAPS Cleaved amplified polymorphic sequer

cDNA Complementsy DNA

chr. Chromosom

cM Cent-Morgar

COos Conserved ortholog ¢

CV. Cultivar variety

DNA Desoxyribonucleic ac

dNTP: Deoxyribonucloetide triphosphi

EBN Endosperm balance num

EST Expressed sequence

F i-th filial generatio

FISH Fluotescent i-situ hybridisatiol

IBD Isolation by distanc

J Solanum SectionJjuglandifolium

kb Kilobase pair

(#)L Long chromosome ali

myr Million years ag:

°N Northern latitud

NA Not available/appcable

Ne Effective population si:

Nm Gene fliw

PCA Polymerase chain react/Principal component analy
pers. comm. Personally communicat

PGRU Plant Genetic Resource U

QTL Quantitative ttrait locL

RAPD Randomly amplified polymorphic DN

RE Resctriction enzyn

ref. Referenc

RF Recmbination fractio

RFLP: Restriction fragment length polymorphi

(#)E Short chromosome al

° 8 Southern latituc

SCAR Sequence characterized amplified re

S Segregation distorter loc

sect Section (taxonom

SSCF Single-strand conformatical polymorphism
SNF Single nucleotide polymorphis

SSF Simple sequence rep

subsec Subection (taxonom

Ta, Tk Translocated chromosome pairsJuglandifolium
TGRC Tomato Genetics Resource Ce

USDA-ARS United States Department of Agriculture, AgricudtiuResearch

Statior
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