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ABSTRACT

INVESTIGATION OF MULTIPLE INTERSPECIFIC REPRODUCTIVE BARRIERS ISBDLANUM

SECTIONLYCOPERS CON

Interspecific reproductive barriers (IRBs) act to prevent hybridization betelese relatives and
provide insight on how species maintain their integrity in nature. Wild tomatgespgaanum Section.
Lycopersicon) are useful for studying IRBs. The monophyletic tomato clade includes 13 closedyl relat
species that possess a variety of mating systems and complex IRBs. IRBs can be classified &oeior
operation during reproduction in plants; IRBs occurring before mating (prematinggptiezbarriers),
those operating after mating but before fertilization (postmating preeyzgotiers), and those acting after
fertilization (postzygotic barriers). In the tomato clade, postmating prezyatiiers regulating pollen
tube growth in pistils are known to be important for preventing hybridizadthterspecific pollen rejection
frequently displays the S| x SC rule, in which crosses between self-incompatibfpégids and self-
compatible species (SC) are successful in one direction but the reciprooas ¢adlssesulting in unilateral
incompatibility (Ul). This implies that mechanisms involved in SI and IRB systems overlap.

| tested multiple aspects of IRBs in the tomato clade at different pointpliaduction. First, |
assessed pollen grain size and style length among nine species in the tomatotektdbddypothesis
that larger pollen is required to traverse longer styles. | found no camdteiween pollen grain size and
style length, and thus it is unlikely that either of these factors act asoauefive isolating mechanism
among the wild tomato species. Second, | assessed pollen-pistil interactions iedifierspsses among

13 species of tomato species in order to test the Sl x SC rule in the tomatqSolztem sect.



Lycopersicon). | found that the SI x SC rule was generally followed at the speciesberalxceptions to
the Sl x SC rule were observed with more recently evolved SC populationgsMisrfurther revealed
differences in strength of both pistil and pollen IRBs in the tomato clade. Thimkdsasl a series of IRBs
between geographicallyo-occurring species of the tomato clade from 12 sympatric sites. My previous
study assessed the relationship between interspecific populations that do not shaveerdageso this
study was performed to understand IRBs in an ecologically relevant contéid. nbt find consistent
reductions in stigma exsertion (which would contribute to lower outorgssites) of the SC species
Solanum pimpinellifolium from sympatric sites, suggesting that this floral trait is unlikelyact as a
reproductive barrier in this species. In six instances, | detected stronggiosg- prezygotic IRBs, in
which pollen tubes of SG pimpindlifolium were consistently rejected by pistils of their SI sympatric
partner. | also identified a possible case of conspecific pollen preference (relativedy siterspecific
pollen tube growth) in one sympatric species pair. In cases where prezygotic IRBtvelbeanved, |
mostly found strong post-zygotic IRBs in the form of abnormal seed developmelmicin embryos only
progressed to the globular stage. Although | identified multiple IRBs betwegrasyepairs, hormal seed
was formed in three crosses resulting in F1 hybrid plants. These studiest $hggesost sympatric
populations in the tomato clade exhibit a combination of prezygotic and po#tziRBs that prevent
hybridization between species, although there may be exceptions. Finally, | investigatedrva low
activity S-RNase protein (Sl pistil factor) is involved in IRBs in thHE\V8C speciesolanum neorickii.
Populations ofs. neorickii located at northern and southern margins of the distribution rejerspeatgic
pollen and express a low activity S-RNase protein, whereas those in the center etit®rsmge do not
reject interspecific pollen and lack expression of the S-RNase. To detevhmtiger this low activity S-
RNase is sufficient for the observed IRB (or if another factor is invglMed)ssed individuals from
populations which show difference in S-RNase expression and interspecific pollerejedimn and
generated F1 hybrids and F2 lines. In the F2, | observed individuals that express S-RNa&gecand
interspecific pollen tubes, and those that lack S-RNase and are not capable of rejectipgdific pollen

tubes, as expected. However, | also observed individuals that express S-RNasmbugjdot interspecific



pollen tubes. These findings suggest that a low activity S-RNase is ngdassaot sufficient to reject
interspecific pollen tubes if. neorickii. The findings presented in my dissertation research are major
advances that aid in our understanding of reproductive barriers in wild popul&iotier, studies of
reproductive barriers in tomato, a major food crop, have important implicationsagimnomic
improvement. Many QTL conferring disease resistance, fruit quality and othertant traits have been
introgressed into cultivated tomato from wild species, but the success of introgreséien ishibited by

reproductive barriers.
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CHAPTER 1

INTRODUCTION

The Biological Species Concept (BSC) defines a species as “a group of populations that are
potentially able to interbreed in nature” (Mayr 1942). Interspecific Reproductive Barriers (IRBs) preserve
species integrity by preventing interspecific gene flow for hybridizationj@at aspect of the biological
species concept. Understanding and identifying which reproductive isolating mechaoismbetween
closely related taxa will demonstrate how species maintain their intednéty thiey co-occur sympatrically
(co-occur) in the wild. Numerous reproductive isolating barriers have been idettidiegreclude or
reduce gene flow, preventing hybridization between species (Dobzhansky 1937; MayRd942y et al.,
2003; Coyne and Orr 2004; Rieseberg and Willis 2007; Lowry et al., 2008; Baack et al., ZH&ge
reproductive barriers have been classified depending on the timing of their occdugngeeproduction
(Levin 1971; Grant 1981).

In plants, premating prezygotic barriers act before pollination and repasémitial barrier to
gene flow between species. This type of barrier can involve geographic isolation, chariigeal i
morphology, or differences in floral traits that lead to pollinatottsifollinator preference). Geographic
isolation between different taxa in plants greatly reduces or preventstcohtam lineages and thus
reduces the opportunity for gene flow (Mayr, 1963; Schemske, 2000; Sweigart et al.,E2@0vvhen
different lineages are in contact, different species/taxa may effectivedplaged from each other due to
local adaptation to defined environments or microhabitats that exhibit tisbils, temperatures, or
herbivores (Stebbins, 1950; Anderson et al., 2014; Anacker and Strauss, 2014; Calkl@p#4; Baack
et al., 2015). Despite overlapping of ranges between different taxa, plants caenotr at fine spatial
scale because they are restridtedpecific environmental niches.

Ecological divergence of species that occur in sympatry is also often relatedeadrg timing,

i.e. phenology. For example, the flowering timeGbdrkia parviflora, which produces flowers during the



dry season, shows very little overlap with the flowering tim&€okantiana, a species which produces
flowers much later in the season (Briscoe Runquist et al., 2014). Fishmg2@14).identified two major
QTLs (LG7 and LG8) responsible for photoperiod of flowering using an introgressiotbdimezen
summer-floweringM. guttatus and spring-flowerindv. nasututs. The different phenologies . guttatus
andM. nasututs can be fully explained by these two QTLs (Fishman et al., 2014).

Morphological traits can also reduce the probability of mating even whendimeagpccur (Grant,
1981, Levin, 1971). Flower morphologies including floral size (i.e., style len@pes or location of floral
organs can prevent hybridization between species. For example, in some cases polmorfratyled
species cannot traverse long-styled species, leading to a failure of speeryd&larwin, 1884; Williams
and Rouse, 1990; Lee et al. 2008). Evolutionarily, reduction in flower size and énseted stigma are
often closely associated with the transition from outcrossing to self-coitipa(®C). Changes to both of
these traits make plants more likely to be self-pollinated (autogamy) tharpoitisated (allogamy), since
smaller flowers attract fewer pollinators and inserted stigmas receive albpolen (Rick et al., 1978;
Peralta and Spooner, 2005; Georgiady, 2002; Chen et al., 2007; Goodwillie et al., 2010; Sicard add Lenha
2011). It was found in the tomato clade that stigma exsertion is controllegmgaries. Chen et al. (2004)
identified a single QTL on chromosomesfigma exsertion 2.1, and found that one locus controlling style
length &yle 2.1) had the greatest impact on stigma exsertias. likely that mutations at this locus have
contributed to the evolutionary trend from allogamy to autogamy in the callitamato and closely
related SC red-fruited species

In plants, premating barriers can involve complex interactions between traits diolatis and
pollinators, since many flowering plants rely on external insect pollinatdiferé&ices in floral traits like
floral color or scent have been found to influence pollinator preference (GraBtamdl965; Grant 1994;
Bradshaw et al., 1995; Bradshaw and Ramsey 2003; Ramsey et al., 2003; Hoballah et algd@2@@&t C
al., 2008; Whitehead & Peakall, 2009; Hopkins and Rausher, 2012; Xu et al., 2012hidis,dncreased
nectar rewards are generally found in larger flowers that are more visiiplghteir smaller counterparts

(Blarer et al., 2002).



Floral color is one of the best-studied premating barriers in plants. For mddifferences in gene
expression and/or loci for pigment synthesis pathways are known to be directly rdsdon$itawver color
differences leading to changes in preference by pollinators sustRYYELLOW UPPER - yellow
pigment concentration locu®YN2 (ANTHOCYANINZ, transcription factor involved in purple pigmentation
synthesis) (Bradshaw and Schemske, 2003; Hoballah et al., 2007). Pink flovrdeniskii and red
flowers ofM. cardinalis have different pollinators, bumblebees and hummingbirds, respectiveliYUme
allele in M. lewiskii prevents the deposition of carotenoid resulting in pink color flowers, whiteas
cardinalis contains theyup allele that allow the deposition. Near isogenic lines (NILs) were produced by
repeated backcrossing to the two species to obtain substituban gfecies’ YUP allele for the other and
show that pollinator shifts among NIL plants depend on allel&&J&f (Bradshaw et al., 1995; Bradshaw
and Schemske, 2003). In another examp&tunia integrifolia and P. axillaris are also reproductively
isolated due to pollinator specificity which has been linked to differendlsahcolor. P. intagrifolia has
bee-pollinated purple flowers whik axillaris has mothhawk-pollinated white flowers. An alteration on a
single locusAN2, was sufficient to lead to a shift in pollinator preference (Hoballah et al., 200@kirt$
and Rausher (2012) have also shown that the concentration of anthocyanin pigmentationfiooatrols
color intensity and reduces shared pollinators betwabbox drummondii andP. cuspidata.

Although premating prezygotic barriers play an important role in preventing pairaoh
between species, pollination between species does still occur. Once pollen graims faadstigmatic
region of pistils in pollination, postmating prezygotic barriers can act t@préwybridization for gametic
isolation. In compatible crosses, pollen grains first land on the stigma follovaethbgion of pollen grains,
“foot” (pollen coat-stigma) formation, hydration and germination of pollen grains. Next,igated pollen
tubes grow through the style and into the ovary (Cheung, 1996; Dresselhaus and -FiankliB013).
However, postmating prezygotic barriers can prevent interspecific pollen eliberg of sperm cells to
ovules (egg cells) any time during pollen-pistil interactions, thus leading to fafltegilization.

Postmating prezygotic barriers can occur in plants that have dry stigreagwallen grain adhesion

or hydration is prevented. This barrier is controlled by interactions betWeextracellular pollen coat
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and stigmatic papillae. IBrassicas, two major determinants of this stigmatic pollen rejection are theatigm
specific S receptor Kinases (SRK) and small pollen coat proteinsus cysteine rich dg-locus protein

11 (SCR/SP11). Genes encoding these proteins are tightly linked and polymonitaghlthe interaction
between stigma and pollen coat is important in self-incompatibility, it carpedsent interspecific gene
flow between species. For example, much lower adhesion of pollen from non- Brasssgeoesgedonors
was observed on the stigmasBrfssica oleracea andA. thaliana (Hiscock and Diskinson, 1993; Luu et
al., 1999; Zinkl et al., 19997 he failure of pollen grain adhesion shows unilateral incompatibility (Ut) tha
often follows the Sl x SC rule, in which crosses between pistils of S| species and pollen of Sfajhecie
but the reciprocal crosses are successful. For instance, pollen tube penetratiomf&il&l oleraceae
pistils when pollinated with different Brassiceae species pollen, while pgiéns from wide range of
species were able to grow in pistils of 8Cthaliana (Hiscock and Dickinson, 1993 his suggests that
the pollen-stigma mechanisms involved in the self-incompatibility response are telateerspecific
interactions.

Other families of plants that have wet stigma surfaces will allow almoskiadyof pollen to
germinate but can inhibit pollen tube growth in styles. In Solanaceae, pollerejetigon occurs in the
self-incompatibility response to prevent self-fertilization, but pollen tulpectien also occurs after
pollination in interspecific crosses and has a critical role in prevehtibgdization. Self-incompatible
pollen tube rejection is controlled Blocus factors, with pistil-side determinant S-RNase, and pollen side
determinantSlocus F-box proteins. No§-locus factors such as pistil HT proteins and pollen ubiquitin
ligase complex components Cullinl and Skipl have also been implicated in pollen tube rgfectiar
Tsukamoto, 2004; McClure, 2004; McClure and Franklin-Tong, 2006; Kubo et al., 2010; Li and Chetelat,
2014). Interspecific pollen tube rejection often displays Ul according t&ithkeSC rule, as described
above. For example, pistils of SIpennéllii reject pollen from domesticated tomato, STycopersicum,
while pistils ofS. lycopersicum do not reject S8 pennellii pollen tubes (Murfett et al., 1996). While there
is overlap of mechanisms between Sl and IRB systems in pollen tube rejection iratrec8aé, S| system-

independent interspecific reproductive barriers also exist. In the tomato$@8ehabrochaites that does
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not express S-RNase and is unable to reject self-pollen can reject polles fyoopersicum (Covey et
al., 2010) Further details and complexities of Ul in the tomato clade will be discussed more detail below.

Another postmating prezygotic barrier is conspecific pollen preference. Coispaalien
preference refers to slow relative growth of interspecific pollen tubes comparkstén-growing
conspecific pollen tubes, which leads to lower rate of delivery of interspspditn to egg cells. In these
cases, mixed-pollen (inter- and conspecific pollen) is loaded on the stigmaedfinggollen dominates
in fertilizing ovules and producing progeny (Ramsey et al., 2003; Fishman et al., 2008).

Upon pollen tube arrival in the ovary, a positive interaction is required between pabes and
ovules by species-specific chemical attraction for successful fertiliz&iw® pollen tubes enter the ovary,
pollen tubes can be directionally guided to target ovules by female derived chaotaattr(Marton et al.,
2005; Higashiyama et al., 2006; Escobar-Restrapo et al., 2007; Takeuchi and Higashiyamd,h2012).
mechanistic basis of female chemoattraction has been well-studi€orenia and Arabidopsis, and
involves cysteine rich polypeptides (CRP) called LURE proteins which are expressadrigicygells of
ovules (Higashiyama et al., 2006; Okuda et al., 2009; Takeuchi and Higashiyama, I180di&)0
experiments to test species-specific pollen-ovule interactions have been done ifoteoia and
Arabidopsis systems. For example, higher attraction rates were found in intraspecific veessigaaific
pollen-ovule signaling inT. fournieri and T. concolor (Kanaoka et al., 2011). In addition, there was
significantly less attraction &. thaliana pollen tubes té\. arenosa ovules, suggesting ovule targeting acts
as an important barrier to interspecific hybridization in some species (Takeuchi astiiyagna, 2012).

Although prezygotic barriers contribute largely to reproductive isolation, posteyugtiiers are
also significant in some plant species (Lowry et al., 2008; Baack et al., A0kE5jange of postzygotic
barriers is very wide and includes seed development, hybrid seed germination, hglogisndybrid
sterility, and hybrid breakdown. These interspecific hybrid incompatilegityresult from genetic conflicts
between parents or epigenetic incompatibility.

Although pollen tubes can successfully deliver sperm to egg cells in ovuleisl, $std formation

can still fail due to abnormal embryo development. Hybrid seeds generated bdiplaerA. thaliana and
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A. arenosa display abnormalities of seed development such as arrest of embryo and delayed development
(Josefsson et al., 2006; Burkart-Waco et al., 2012), resulting in seed death. ylie associated with
genome dosage of parents, since hybrid seeds between tetfaglalana and diploidA. arenosa were
alle to produce almost normal seeds whereas crosses between equal ploidy parentéegsotharel0%
viable seeds (Josefsson et al., 2006). A recent transcriptome study comparing deveboisirg lsgbrid
and compatible crosses found that genes involved in seed coat regulation and end@spemis-
expressed in hybrids. In addition, several genes involved in immune response were hygedaictiv
hybrid seeds, and could possibly be responsible for the observed seed death (Burkartal\yaaiatand
2013).

In cases where hybrid seeds undergo full development and germinlay®rifl plants can display
hybrid necrosis or lethality (Sawant, 1956; Ramsey et al., 2003; Bomblies20G4; Yamamoto et al.,
2010). For example, hybrid necrosis occurs when a disease resistance alleledrepecies interacts
incorrectly with another allele from the other species, resulting aussimmune response and damage to
hybrids (Bomblies, 2010)Cladosporium fulvum resistance locug¢Cf-2) in tomato, nucleotide-binding
leucine-rich-repeat (NB-LRR) iArabidopsis, and defense-related gene RINRPM1 interacting proteind)
in lettuce (Langford, 1948; Kruger et al., 2002; Bomblies et al., 2007; Jeuken et al., 2009).

F1 hybrids are often sterile due to genetic incompatibility, and this type of positzywybrid
incompatibility is common in plants (Moyle and Graham, 2005; Kubo et al., 2008; Bomblies, 2010
Yamamoto et al., 2010). Sterility in hybrid plants is often related to chromosomalngements such as
inversions (modification of the order of genes within a chromosome) or translocatéorssef of genes
onto a different chromosome). However, other factors can also influence this pherfetypestance,
cytoplasmic male sterility can occur due to variations in mitochongeiaés that are tightly coupled to
nuclear genes. In the rice hybrid betwendica andjaponica, three linked loci are involved in female
hybrid sterility, in which abortion of ovules results from two lacikiller phenotypes and loss of protector
allele at a third locus (Li et al., 1997; Ouyang and Zhang, 2013).

Even when hybrids are fertile, other defects are often detected. Some fertitks leppress an



intermediate phenotype that results in low fitness in parental environmentsypehid hybrid breakdown,
due to low fitness, can be observed in both the F1 and in following generations (StebbinBjcko&8al.,
1976; Rundle and Whitelock, 2001; Rhode and Cruzan, 2005; Baack et al., 2015).

The tomato clade

The wild tomato speciesSglanum sec.Lycopersicum) provide an excellent model system for
studies of Interspecific Reproductive Barriers (IRBs) (Bedinger et al.,) 20hé& tomato clade comprises
12 wild species related to the single domesticated tomato according to recent taxsindias (Fig. 1,1
Peralta et al., 2008; Rodriguez et al., 2009). The distribution range of these wikkspdoom central
Ecuador through Peru to northern Chile on the western Andean Slopes, and itvetusiescies endemic
to the Galapagos Islands (Rick, 1979; Darwin et al., 2003; Peralta et al., 2008; Moyle, @00guex et
al., 2009). Diverse mating systems, morphological characteristics and habitat preferenevident
among different wild tomato species (Moyle, 2008; Peralta et al., 2008).

There are three major types of mating systems exhibited in the tomato cladmnaats self-
compatibility (SC), facultative SC, and self-incompatibility (S3).lycopersicum, S. galapagense, S
cheesmaniae, S pimpinellifolium, andS. neorickii are autogamous SC species, and, as such, they accept
their own pollen tubes and make fruits without a requirement for pollinators té&aaukelf-compatible
species such & chmielewskii are self-fertile but possess floral morphology traits that promote osittgos
and genetic diversity. Allogamous self-incompatible species reject self-patéch forces outcrossing
and maintains genetic diversity. Additionally, there are species that are 1Bbsily contain some SC
populations such & arcanum, S. habrochaites, andS. penndllii (Rick et al., 1978; Peralta and Spooner,
2005; Moyle, 2008; Bedinger, 2010).

Within the tomato clade, thkycopersicon group is comprised of four species that are self-
compatible (SC; autogamous) with red to orange fruitasnigbreafter referred to as “red-fruited” species.
These includé&. lycopersicum (the domesticated specieS)pimpinellifolium, and the two species endemic
to the Galapagos IslandS, galapagense andS. cheesmaniae. The Arcanum group consists of 3 species,

two of which are SG S chmielewskii andS neorickii — and one Sl species with one SC populati®n,
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arcanum. The Eriopersicon group contains five Sl specie€S habrochaites, S peruvianum, S
corneliomulleri, S chilense, andS. huaylasense. Neolycopersicon has a single SI membes, pennellii,
which is considered to be the most distantly related member of the toadéderalta and Spooner, 2001;
Peralta et al., 2008).

All tomato species are diploid (2n = 24) with a high degree of syntemgtélah and Ji, 2007).
Many tomato genetic resources are available including complete domesticated genome seguéncing
genomic resources for wild species, extensive collections of wild species, ion#ieof expressed
sequenced tags, and mutants (Moyle, 2008; Bedinger et al., 2011; Tomato Genome Consortium, 2012

2013; Lin et al., 2014).

AW s. lycopersicum )

f. £ 8 s. pimpineliifolium

S. galapagense
| " — SC
5. cheesmaniae
b

—— S. neorickii
S. chmielewskii
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S. chilense
S. habrochaites
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S. lycopersicoides } S|

& A S e e

[]

Figure 1.1a) Phylogenetic tree of the tomato clade. SC= self-compatible, Sl=self-incompatible, SI/SC=
S| populations and SC populations wihtin a species. Red colored species: species produceded-fruit
species, green colored species: species produce green-fruited species. (ModifiedditanetRar, 2008
Bedinger et al. 2010).

Pollen-pistil interactions: pollen tube rejection

SAlf-Incompatibility in the tomato clade
Self-incompatibility (SI) is a widely distributed prezygotic intraspeaiéproductive barrier in

angiosperms. The Sl system is controlled by the highly polymofglicus containing female and male



determinants. In the Sl system, female tissue recognizes and inhibits self-polletotpbegent self-
fertilization, which enforces outcrossing with genetically differentvididials of the same species (de
Nettancourt, 1997). The Sl system is well understood at the molecular level. T aystems of Sl,
sporophytic and gametophytic, which evolved independently. Both types of Sl are controllatkanch
female recognition proteins that are encoded at the confdi@ous. The sporophytic S| system (SSI) is
found in at least 7 plant families including Brassicaceae (lgic et al., 2008)SI the interaction between
pollen coat proteins from the tapetum and receptors in the stigmatic peptbamines self-pollen rejection
(Takayama and Isogai, 2005; Chapman and Goring, 2010). Gametophytic Sl systems (@Bhdaie f
more than 36 plant families including Solanaceae, and represents one of the best unddssioegeption
mechanisms (McClure, 1989; Kao and Tsukamoto, 2004; McClure, 2004; McClure and Franklin-Tong,
2006; lgic et al., 2008; Kubo et al., 2010; Li and Chetelat, 2014). In GSI polleriaejecturs when the
singleS haplotype of the haploid pollen matches with either of theSiwaplotypes in the diploid style.

In the most common form of GSI, the S-locus-encoded stylar secreted ribonuclBhéases-is
the known female determinant of self-incompatibility (SI) (Anderson et al., 1986luMcé€r al., 1989).
Gain-of-function and loss-of-function experiments in transgenic systems have deredrtbiaS-RNase
is required for the recognition and rejection of self-pollen tubes. For example, sixgra@sS-RNase gene
from SI Nicotiana alata in SC Nicotiana allowed for the recognition and rejection of pollen tubes
expressindN. alata genotypes (Murfett et al., 1994). In addition, transformation o&t#iNase gene from
Sl Petuniainflatainto plants with thes, S, genotype allowed rejection & pollen tubes (Lee et al., 1994).
WhenPetunia inflata S;-RNase was suppressed by introducing an antisei¥ase gene constructs
pollen tubes were not rejected (Lee et al., 1994), demonstrating that S-RNaseés! feqtie recognition
of the corresponding pollen S genotype.

Known S-RNases have been characterized as containing five conserved regions (Ghtbt@s)
hyper-variable regions (loerger et al., 1991). The C2 and C3 conserved regions contain aresiiliee
associated with enzymatic catalysis (Kawata et al., 1988; loerger et al., 1991). Ribenaciréy of S-

RNase is required to reject self-pollen tubes (Huang et al., 1994). Pistils 8f &tnum (LA2157)
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express S-RNase protein, however, this S-RNase has low enzymatic activityldse of the histidine
residue at the active site of the enzyme (Kowyama et al., 1994; Royo et al., 1994). The two hgpler-vari
regions are responsible for haplotype recognition. For example, substitution optredniable regions
between two S-RNases of different allel€s dnd ) led to loss of specificity for the rejection of self-
pollen in transgeniPetunia inflata (Kao and McCubbin, 1996). In addition, alteration of four amino acids
in the hypervariable region led to loss of self-incompatibility in transd@émum chacoense (Matton et

al., 1997).

In pollen, the determinants of male specificity encoded by the S-locus are F-barspiBid-s),
which are part of a ubiquitin ligase E-3 complex (known as the SCF complex, SHlxi, ESbox) that is
involved in ubiquitin-mediated protein degradation (Lai et al, 2002; Qiao et al., 2004; Hua arD8&o
Kubo et al., 2010). Sijacic et al. (2004) performed transformation experimePd¢tima to confirm SLF
as a candidate gene in the Sl system, in whiclPiieF2 gene was transformed into S5, plants. In the
normal response, pistils &S plants reject pollen carrying th& haplotype and do not reject pollen
carrying theS haplotype Only those pollen expressiijSLF2 were able to grow through the styles of
transformeds,S plants (Sijacic et al., 2004).

Other nonS-locus pistil factors are also required for the Sl system. Mc@tule(1991) identified
the first pistilspecific ‘modifier genes’ of the SI response in Nicotiana species. The identified HT proteins
are small, around 100 amino acids, and asparagine rich. HT proteins are secretedrasthitting tract
of the style and are expressed late in style development (Mc&uwk, 1999). Suppressing HB-
expression in the pistils of hybrids between SI and\Bftiana using an antisense construct attenuated
the ability for Sspecific pollen rejection (McClure et al., 1999). Two paralogous genes agcHdi
proteins HT-A andHT-B, were subsequently discoveredsianum chacoense (O’Brien, 2002). HT-A and
HT-B are tandemly repeated and tightly linked on chromosome 12, located 1.57 kb Sdgoopersicum
and 4.5 kb apart i habrochaites (Covey et al., 2010). Kondo et al. (2002) examined bbEfgenes in
cultivated tomatdS. lycopersicum and other wild tomato species. They detected point mutations in the

coding regions ofT-A andHT-B, as well as reducedT-B transcript expression in styles of all SC species.
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However, Covey et al. (2010) found thdT-B genes in all SI and S& habrochaites contain premature
stop codons, resulting in truncated HT-B proteins. This suggests that the Sl dgegenot require both
HT-A andHT-B genes, at least in Sl habrochaites.

Pistil factors other than HT proteins are involved in the Sl system includRN&aSe binding
(Cruz-Garcia et al., 2003, 2005). For exampl&itotiana, a style-specific 120-kD arabinogalactan protein
(120K) formed complexes with S-RNase and is involvedSigpecific pollen tube rejection, since
suppressing 120K in transgenic plants resulted in a failure to 8gpecific pollen tubes (Hancock et al.,
2005).

Although the GSI system in the Solanaceae is one of the best characteriz&td| itrislear how
exactly S-RNase inhibits pollen tube growth. Two different pollen tube mectiodels have been
suggested, a degradation model and a compartmentalization model (Kao and Tsukamoto, 2@0etGoldr
al., 2006; Hua et al., 2008; Zhang et al., 2009; Kubo et al.,, R0d@lure et al., 2011). Both models suggest
that incompatible and compatible pollen tube growth is determined by the iimeraetween S-RNase
(pistil determinant) and SLF (pollen determinant), and that pollen tubeiogjeesults from degradation
of pollen RNA. The degradation model proposes that S-RNases act aseSiadlelic cytotoxins that
degrade RNA from self-pollen tubes after being taken up into the pollen ttdsoicyAccording to this
model, non-self SLFs provide resistance to the cytotoxic effects of S-RNase by recognizing andglegradi
non-self S-RNases through ubiquitin-mediated protein degradation (Kao and Tsukamoto, 2004].Hua et
2008; Zhang et al., 2009; Kubo et al., 2010). The compartmentalization model was proposed based on
immunolocalization experiments showing that both compatible and incompatible pollenatkeemp tS-
RNases (self or non-self) and sequester them in membrane-bound organellesiocdesy. In the case of
incompatible pollen tubes, vacuoles containing S-RNases are disrupted and the S-RNaseseat éntelea
pollen tube cytoplasm, resulting in pollen tube rejection. In compatible interac®-RNase proteins are
unable to exit the vacuole and cannot exert their cytotoxic activity in ggopallen tubes. Since it was
observed in the immunolocalization experiment that HT-B is stable in incompatible pdiles but

degraded in compatible pollen tubes, HT-B might be involved in the breakdown of comaitiration
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leading to cytotoxic effects in incompatible pollen tubes (Goldraijlet2006; McClure et al., 2011);

although this has not yet been proven.
Interspecific pollen tube rejection

While the SI system prevents inbreeding and helps to maintain genetic divtisitya species,
interspecific reproductive barriers (IRBs) prevgdne flow between species so that a species’ genetic
integrity can be maintained. These IRBs often show unidirectional pollendjgation, called unilateral

interspecific incompatibility (Ul).

The Ul system often follows the Sl by SC rule (Lewis and Crowe, 1958; Martin, i®§énboom,
1973), in which pistils of Sl species reject pollen tubes of SC species, while fodienof Sl species are
not rejected by pistils of SC species in the reciprocal cross (Lewis and Crowe, 1&88:tlal., 1996;
Covey et al., 2010; Tovar-Mendez et al., 2013). The S| x SC rule suggests tlatstlaerelationship
between the Sl system, which dictates the ability to reject self-pollen armkaterspecific pollen tube
rejection (i.e. Ul). Previous studies strongly support an overlap of S| and dblanmiems. For example,
one Ul QTL maps to th&locus inS. habrochaites while another Ul QTL maps to a region on chromosome
12 encoding HT proteins (Bernacchi and Tanksley, 1997; Covey et al., 2010). Direct eWdeI81 factors
are involved in rejection of other species’ pollen tubes has been provided more recently. On the pistil side,
Tovar-Mendez et al. (2014) showed that transgenic introduction of two SI fagteiNgse andHT-A/B,
into the SC cultivated tomat&.(lycopersicum), which lacks both Sl factors, recapitulated the rejection of

pollen tubes from red-fruited SC species.

A pollen side Ul factoui6.1 was identified by QTL mapping and encodes the Cullin 1 protein, an
essential component of the SCF complex. The pollen Ul fatddr is only functional in conjunction with
uil.l, another pollen Ul QTL located at tBdocus (Li et al., 2010; Li and Chetelat, 2010). A recent study
found thatuil.1 encodes aB-locus F-box protein (SLF-23) in pollen 86lanum (Li and Chetelat, 2015).
Suppressing the pollen Ul fact@Qullin 1 in Solanum arcanum caused self-pollen tube rejection, which
suggests tha€ullinl is also involved in Sl (Li and Chetelat, 2014). It is thought that other comgoofent
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the SCF complex such as Skpl may also be involved in interspecific pollen rejection (Hua and Kao, 2006;

Li and Chetelat, 2010).

Although there is significant mechanistic overlap between S| and Ul systemgs) bibiwetheless
occur in anS-RNase-dependent or -independent fashion. For exampleS $enndllii (LA0716; note that
S pennellii is mostly SI, but there are SC populations) is able to reject pollen &d+huited species,
despite the fact that S& pennellii LA0716 does not express S-RNase (Covey et al., 2010; Chalivendra et
al., 2013). This suggests that pollen tube rejection of red-fruited species is due to an S-RNase independent
system in this population. Nicactiana, the class Ill pistil-specific extensin-like protein, PELPIII, has also
been shown to be involved in (S-RNase independent) species-specific pollen tbimmbAntisense
experiments demonstrated that suppression of PELPIII in pistils df &Bacum led to loss of the ability

to inhibit pollen tubes oficotiana obtusifolia andN. repanda (Eberle et al., 2013).

Overview of experiments

My thesis includes four chapters that demonstrate how interspecific reprochartiiezs in wild

tomato species prevent hybridization.

Chapter 2: Testing for a correlation between pollen grain size and style length thatotentially
contributes to reproductive isolation

In chapter 2 | examined the correlation of pollen grain size and style length in raevhliee
tomato clade to see whether the combination of these factors could agpesdactive barrier. In previous
studies, a correlation between pollen grain size and style length led toyplothesis of pollen grain
provisioning, in which pollen grains contain only enough nutrients to grow thedylgis of certain lengths
(Delpino, 1867; Torres, 2000; Aguilar et al., 2002). However, in other ptaage traits were not correlated
as single sized pollen grains were able to traverse variable style lengthsn(0#84). The failure of
sufficient pollen provisioning could act as premating reproductive bénpielten from short-styled species

failed to traverse to the ovaries of long-styled species.
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Chapter 3: Testing the Sl x SC rule: pollen-pistil interactions in interspecific crosses betgn
members of the tomato clad¢SolanumSectionLycopersiconSolanaceae)

In Chapter 3 | examined post-mating prezygotic barriers in wild tomatoes by aggbgtien tube
growth in interspecific crosses. Most studies of prezygotic Ul barriemsrgpecific barriers) use the
cultivated tomato. However, this species is not found in natural populations and theke\viliece of these
experiments to the presence of IRBs in the wild is unknown. For this reason, hedgullen tube growth
using crosses of all members of the tomato clade in both directions to findB&salcting in wild tomato
species. Results of this chapter supported the mechanistic relationship between I[Srahddditionally
revealed some Sl-independent Ul cases, indicating additional genetic factors aredinmothe Ul

response.

Chapter 4: Interspecific reproductive barriers between sympatric populations of wild tanato species

In Chapter 4 | examined interspecific barriers between wild tomato species from twelvergympat
sites to investigate how IRBs function in the wild to maintain species integrity. Four types of reproductive
barriers were examined: 1) stigma exsertion (premating barrier), 2) intéicspedien tube rejection
(postmating prezygotic barrier), 3) conspecific pollen preference (ptiatiprezygotic barrier), and 4)
fruit and seed set (postzygotic barrier). | compared stigma exsertion betvegartrial and sympatric SC
S pimpinelifoliumpopulations to test a pattern of less exserted stigma in sympatry aschuodipe barrier.
Also, | examined whether Ul barriers act between sympatric pairs by assessingtydmiegrowth in
interspecific crosses. In cases where pollen tube rejection was absedgvelifpment and seed set were
assessed to see whether postzygotic barriers act to prevent hybridization.
Chapter 5: Testing whether a low-activity S-RNase is involved in interspeaif pollen tube rejection

in the wild tomato speciesSolanum neorickii

In Chapter 5 | tested the hypothesis that differences in expression of aity-8cRNase protein

correlate with the observed variability in rejection of pollen tubes ofregkd SC species in pistils of
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different groups of SG. neorickii. Using four distinct geographic groupsSfeorickii, | carried out
cross-pollinations to examine pollen-pistil interactions with red-fruited spexssessed allelic variation

in S-RNase in expression and examined expression of S-RNase proteins. Inter-group hybrids were created
to further examine the correlation betweéRRNase variability and interspecific pollen tube rejection.
Results from these experiments will clarify the relationship betweeSthstor GRNase) and IRBs inS.

neorickii. Additional experiments are being performed by our collaborators.
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CHAPTER 2

TESTING FOR A CORRELATION BETWEEN POLLEN GRAIN SIZE AND STYLE LENGTH THAT

POTENTIALLY CONTRIBUTES TO REPRODUCTIVE ISOLATION

Pollen size, style length, and stigma architecture

It has been proposed that pollen size (or more directly, ‘‘pollen provisioning’’) can limit growth
in pistils (Torres 2000; Aguilar et al. 2002). Indeed, in some plant species a positive coroélptiben
grain size and style length has been demonstrated, supporting the idea that larger pollesrearry m
provisions and can therefore traverse longer styles to reach the ovary (Delphino 1867; Cruden and Lyon
1985; Aguilar et al. 2002). Some dramatic examples of this include heterostyled species whereethe short
styled morphotype has larger pollen grains than the longer styled morphotype (Delphino 1867; Cruden
and Lyon 1985; Williams and Rouse 1990). However, as Darwin concluded (1884), there are many
exceptions to this tenet, both within heterostyled species where pollen grain size candsd ideht
two morphotypes, and between species wherein pollen grains are similarly sized but must ghpw grea
varying distances in styles. While style length does not vary as much in the tomato clade as ihesome ot
taxa (Lee et al. 2008), there is more than twofold variation in style length, from 5.35 to 11.76 mm, and
threefold variation in pollen size (volume), from 4,419 to 13,388 (fg. 2.1). It should be noted that
pollen size variation within the tomato clade shown here is in general agreement with thati feyport
Garcia (2007) and Chetelat et al. (2009).The results shown in Fig. 2.1 indic&ehtimbchaites pollen
grains are among the smallest in the tomato elamtdy S. arcanum has smaller pollen. Howeves,

habrochaites styles are the longest found in this cla8éabrochaites style length is very similar to that

1 BEDINGER, P.A., R.T. CHETELAT, B. MCCLURE, L. C. MOYLE, J.K. ROSE S.M. STACK, E. VAN DER
KNAAP, et al. 2011. Interspecific reproductive barriers in the tomato clade: opportunities to
decipher mechanisms of reproductive isolatfaxual Plant Reproduction 24: 171-187.
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of S penndlii, the species with the largest pollen grains. Therefore, style length and pollen grain size do

not correlate within the tomato clade.
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Figure. 2.1 Pollen grain size and style length for selected accessions and species in the tomato clade.
Species abbreviations are the same as those in Figure 1.1a. Pollen was hydrated on a microscope slide
with pollen germination medium and imaged with a Leica DM5500 B microscope using IPLab software.
At least 15 hydrated pollen grains from each accession were measured using Image J 1.33u
(http://rsb.info.nih.gov/ij/). Style lengths of emasculated flowers were measured on the day afdiud br
using images taken with a dissecting microscope. Measurements are from the top of the stigma to the top
of the ovary. Fifteen styles were measured for each accession.
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CHAPTER 3

TESTING THE SI X SC RULE: POLLEN-PISTIL INTERACTIONS IN INTERSPECIFIC OBSES
BETWEEN MEMBERS OF THE TOMATO CLADESOLANUM SECTIONLYCOPERSI CON,
SOLANACEAEY

Summary
Premise of study Interspecific reproductive barriers (IRBs) act to ensure species integrity Bnpngy
hybridization. Previous studies on interspecific crosses in the tomato clade have focused onghe succe
of fruit and seed set. The SI x SC rule (Sl species x SC species crosses are incompatible, but the
reciprocal crosses are compatible) often applies to interspecific crosses. Becasten®l sythe
Solanaceae affect pollen tube growth, we focused on this process in a comprehensive study of
interspecific crosses in the tomato clade to test whether the SI x SC rule was always followed.
Methods:. Pollen tube growth was assessed in reciprocal crosses between all 13 species of the tomato
clade using fluorescence microscopy.
Key results: In crosses between SC and Sl species, pollen tube growth follows the SI x SC rule:
interspecific pollen tube rejection occurs when Sl species are pollinated by SC species, but in the
reciprocal crosses (SC x Sl), pollen tubes reach ovaries. However, pollen tube rejection oceamed in
crosses between pairs of SC species. This demonstrates that a fully functional Sl system is apt necess
for pollen tube rejection in interspecific crosses. Further, gradations in the strength dastilctingb
pollen IRBs were revealed in interspecific crosses using SC populations of generally Sl species.
Conclusion The S| x SC rule explains many of the compatibility relations in the torlade, but
exceptions occur with more recently evolved SC species and accessions, gadiffaliences in strength

of both pistil and pollen IRBs.

2BAEK, Y. S, P.A. COVEY, J.J.PETERSEN R.T. CHETELAT, B. MCCLURE, AND P.A. BEDINGER
2015. Testing the SI x SC rule: Polistil interactions in interspecific crosses between members of the
tomato clade$olanum sectionLycopersicon, Solanaceaefmerican Journal of Botany 102: 302-311
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Introduction

One premise of the biological species concept (BSC) is that reproductiveshactiéo prevent
interbreeding between species. While the BSC is not universally applicable, iciferspproductive
barriers (IRBs) between species can be detected in many cases. For examplefiattheladeSolanum
sect.Lycopersicon) prezygotic IRBs can prevent hybridization between certain species (Rick, 8996, 1
Martin, 1961a, b, 1964; Hardon, 1967; Rick et al., 1976; Liedl et al., 1996; Bedingey 2011). In
compatible crosses, a pollen grain on a stigma germinates, forming a pollehaiugeotws through the
style and into the ovary to fertilize the ovum (Cheung, 1996; Dresselhaus andri-Tamd, 2013).
However, in incompatible crosses, pollen tubes can be prevented from reaching thg activelejection
processes. In a number of wild tomato species, there are two types ofstieimcompatibility systems
involving rejection of pollen tubes in pistils. First, self-incompatipi51) can prevent inbreeding through
the rejection of self-pollen tubes. In the Solanaceae, Sl depends on the inter&&tausfpistil-expressed
S-RNases and pollen-expressed F-box proteins, as well &8loons factors, such as pistil HT proteins
and pollen SCF ubiquitin ligase components including Cullinl (CUL1) (Kao and Tsukamoto, 2004;
McClure, 2004; McClure and Franklin-Tong, 2006; Kubo et al., 2010; Li and @he2él14). Second, in
some crosses between species, unilateral incompatibility (Ul) occurs, suchlihatipnk are compatible
in one direction and incompatible in the other direction (Levin, 1971; Grant, 1981; Hogenb@g4mn
McClure et al., 2000, 2011; Hancock et al., 2003). Ul barriers, thus, contributeéptbductive isolation
of species. The directionality of Ul often follows the Sl x SC rule (Lewis and&r1958; Martin, 1967;
Hogenboom, 1973): Sl species reject pollen tubes from SC species, while thecet@® x Sl species
cross is compatible. The generality of the Sl x SC rule suggests that Ul angl i8lated, and genetic
studies provide further support for this relationship. For example, both @witepistil Ul QTL map to
known Sl loci in wild tomato species (Chetelat and Deverna, 1991; Bernacchi anceyahRSI7; Covey
et al., 2010). Recent experiments provide direct evidence that Sl and Ul usethtéeadifferent common
factors. Expression of two pistil Sl factors, S-RNase and HT, introduced a fi#drbarS. lycopersicum

(Tovar-Méndez et al., 2014). Further, when the pdléfactor CUL1 was downregulated & arcanum,
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Sl was suppressed (Li and Chetelat, 2014). It is important to note, howwetethere are redundant Ul
pollen rejection mechanisms, some of which are independent of S-RNase (Murfettl80@j Tovar-
Méndez et al., 2014).

The tomato cladesolanum sectionLycopersicon, comprises 13 closely related species possessing
diverse mating systems, making it an excellent system in which to inveshigatdationship of IRBs to
mating systems (Rick, 1979; Mutschler and Liedl, 1994; Peralta et al., 2008; Rodrigalez2€09;
Bedinger et al., 2011). Four species are self-compatible (SC; autogamous) and produeaged,oor
greenishyellow fruits and are hereafter referred to as “red-fruited” species: S lycopersicum (the
domesticated speciesh pimpinglifolium, and two species endemic to the Galapagos Islals,
galapagense and S. cheesmaniae. The remaining nine species, with green to purple fruits, include two
entirely SC taxaS. chmielewskii andS. neorickii, and seven mostly S| speci&sarcanum, S. huaylasense,

S peruvianum, S. corneliomulleri, S. chilense, S. habrochaites, andS. pennellii. Previous studies of cross
compatibility between species in the tomato clade have measured the success sat fand seed
production (Mutschler and Liedl, 1994). Since the S| x SC rule is robust in this gndupl systems act
during pollen tube growth, it is of interest to examine pollen tube growite directly in interspecific
crosses. The relatively few studies that have analyzed pollen tube growtrspéaific crosses are limited
in scope because generally only the domesticated sp8digsgpersicum, was used in reciprocal crosses
with wild species (Martin, 1961a; Hardon, 1967; Liedl et al., 1996; Covey et al., 20163e Pprevious
studies reveal a Ul relationship: pistils of cultivated tomato accepnpolbes from the wild species, but
in the reciprocal crosses, pollen tubes of cultivated tomato were rejecpestitsyof wild species. Lewis
and Crowe (1958) found a similar result in interspecific crosses wit8 Si@pinellifolium as male with
two Sl species. Covey et al. (2010) discovered two modes of pollen tube rejedtlborosses withs
lycopersicum; in most cases, rapid rejection was manifested af2nim of pollen tube growth, but pistils
of S. chmidlewskii and an SC population (LA0407) 8fhabrochaites showed slower rejection, manifested
after 6-7 mm ofpollen tube growth.

In this paper, we assess whether the SI x SC rule applies consistently in the dzdatby
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examining pollen tube growth in reciprocal crosses between all of the species in this group. Weafound
in general the Sl x SC rule is followed in crosses between pairs of Sl and S€ spleevever, we found
that some SC species, and SC populations of otherwise Sl species, exhibited an potn-gistil
behaviors in interspecific crosses, suggesting that incomplete loss of SI dR&BHactors can modulate

interspecific compatibility.

Materials and Methods

Plant material

Seeds o8 lycopersicum cultivars VF36, M82, and VFNTherry (LA1221), and accessions of the
wild tomato species (Appendix S3.1) were obtained from the Charles M. Rick Tomatic&&esource
Center at the University of California Davis (http://tgrc.ucdavis.ednd) grown in greenhouses in Pro-
Mix-BX soil with 16 h of light at 26°C and 8 h dark at 18°C, orieids at Colorado State University or
UC Davis.
Pollinations and pollen tube analysis

Flower buds were emasculated before anthesis (Brukhin et al., 2003) and pollinated. At least
three different female plants of each species were tested in each interspessfiSetf-pollinations were
performed to confirm mating system in each species. Pollinated pistils were colitetedl8 h, unless
otherwise noted, fixed, cleared, and stained with aniline blue fluorochrome as psesteraibed (Covey
et al., 2010). Images were composited in either Adobe Photoshop (http://www.photoshopr dorade
Composite Editor (ICE; http://research.microsoft.com/en-us/ um/redmond/groupséfjrafter capture at
5x magnification using a DAPI emission filter. For all figures, flsos:ce images of pistils were inverted,
contrast adjusted to optimize appearance of pollen tubes, and placed on a Wgjteupat Lengths of
pollen tubes and styles (from top of stigmas to the bottom of styles) wesain@@aising the program
ImageJ 1.33u (National Institutes of Health, Bethesda, Maryland, USA/rstiprifo.nih.gov/ij/). Images
from crosses with at least seven pollen tubes in pistils were used to measengthef the majority of

pollen tubes (the point at which no more than three pollen tubes passed) and the longesihaollen
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Averages and standard deviations were calculated using Microsoft Excel software 201bnd@edm
Washington, USA).
Results

To assess the presence and strength of IRBs acting during-pddtérinteractions, we performed
reciprocal crosses between the 13 species of the tomato &aldeu(n sectionLycopersicon). We
examined pollen tube growth in each crosstayning pollen tube cell walls in pistils, as shown in Fid. 3.
In crosses in which interspecific pollen tube rejection occurred, the pointspdileretubes ceased growth
were measured from the stigma surface to the point where the majority of pollen tslesréipbserved
(Fig. 3.1 insert, dashed line). Usually, onh8Ipollen tubes could be observed beyond this point, and these
rarely grew more than 1 mm past the majority of pollen tubes (Fig. 3.1, isskditline, Appendix S3.2).
Table 3.1 summarizes the results of reciprocal interspecific crosess éte entire clade. Shown are Sl
and SC status in self-crosses and, where appropriate, seed set results, or the points wher@yhed maj
pollen tubes were observed (i.e., ovary or the distance from the stigma surface).
SCx SC crosses among the SC red-fruited species

Crossesamong the four SC red-fruited tomato species (the domesticated spdg@persicum
and three wild specie§ pimpinellifolium, S. galapagense, andS. cheesmaniae) did not resulin pollen
tube rejection, and fruit and seeds were produced, consistent with previously reportedRéesyl1956,
1967, 1979; Rick et al., 1976). Pollen tube growth to ovaries in reciprocal crodsesembé&.
pimpinellifolium and the other SC red-fruited species is shown in Appendix S3@) [@s representative
of these types of crosses.
SCx SC crosses between SC green-fruited species

Two green-fruited SC specie§, chmielewskii and S. neorickii, are reported to be interfertile.
Appendix S3.3 (D and E) shows that no pcHeistil prezygotic IRBs exist between these species; pollen
tubes grew to the ovaries in reciprocal crosses. However, a postzygaéc fegtucing the fertility of these
crosses has been reported. Hybrid breakdown resultsgenferation seeds that germinate poorly relative

to seeds from self-pollination of the two parent species (Rick et al., 1976).
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SCx SC crosses between SC red- and green-fruited species

Crosses between red- and green-fruited SC specietisgday Ul and, therefore, deviate from the
S| x SC rule in the strictest sense. Pistils of all four of the SC red-fruited Specipt pollen tubes of the
two SC green-fruited species (Rick et al., 1976; Rick, 1979). Appendix S3.3 (F asto®} S
pimpinellifolium x S, neorickii andS. pimpinellifolium x S chmielewskii as representative examples. In the
reciprocal crosses, wheahe two SC green-fruited speci@schmielewskii and S. neorickii are used as
females in crosses with SC red-fruited species, interspecific pollen tubkesl tameach the ovaries (Figs.

3.2, 3.3).

Figure. 3.1. Visualization and measurement of pollen tube growth in interspecific crossepolifiated
pistils were fixed and stained as described in Materials and Methods, pollen tubes vgeredieam the

top of the stigma to the point at which the majority (arrowheadgeddste in insert) and the longest pollen
tubes (arrow, solid line in insert) stopped growing. The image shown is from detagen SBolanum
corneliomulleri (female) and SG. neorickii (male), and demonstrates rejection of pollen tubes in the upper
third of thestyle. vb = vascular bundles.

WhenS. chmielewskii is used as female in crosses with red-fruited species, pollen tubes grew to

7.3 mm in styles in 48 h; whether interspecific pollen tubes reached thesonay depend on the style
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length (Fig. 3.2). For example, pollen tubes from the four red-fruited species gré86rm but did not
reach the ovaries even after 72 h in accessions with long styesi(8), such aS. chmielewskii accessions
LA1316 or LA1317. In contrast, pollen tubes from the red-fruited species reachedaties in 24 h in

crosses with accessions &fchmielewskii with shorter (i.e., 67 mm) styles, such as LA132BA3656,

and LA3653.
A
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%
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S. chmiel Kii
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Figure. 3.2. Growth of pollen tubes of red-fruited SC species in pdtiésfferent accessions of SC
Solanum chmielewskii. (A) Representative images of crosses withSS€hmieewskii LA1316 (left) and
SC S chmidlewskii LA1325 (right) as female, pollinated with SC red-fruitgédgalapagense LA1408.
Arrowhead indicates where the majority of pollen tubes stop; arrow indicates the end of the lothegest pol
tube. Bars = 1 mm. (B) Lengths of pollen tubes from red-fruited speciegaftegrowth in pistils of SC
S chmielewskii LA1316 with long styles (upper shaded rectangle) and after 24 h in LA1325 witkrshor
styles (lower shaded rectangle). Pollen tube lengths are shown in millimeter¢hevidkerages of the
majority of pollen tube lengths (symbols) and standard deviations (bars).

Solanum neorickii is an SC species with a large geographigadje that extends from near Paute in
central Ecuador to the Cusco area in southern Peru. ®/heorickii accession LA4023 from the northern

limit of the species range in Paute, Ecuador was used as the female in crtssed-Wuited species as
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the male, pollen tubes of all four red-fruited species were rejectedbfter 2.5 mm of growth into styles

(at about the midpoint of the style). However, pollen tubes of the red-fruited spesmiesito the ovaries

of some accessions 8f neorickii, including LA2403 and LA0247, which were collected nhear Huanuco,
Peru in the center of the species range. This parallels the results of Chmiel@8&kignd Rick et al.
(1976), who reported compatibility & lycopersicum with another accession & neorickii (LA0735)

from the Huanuco region. Thus, it is likely that genetic variabilitg. imeorickii influences the strength or
timing of interspecific pollen tube rejection on the female side. Figure 3.3 ghewsriation in pollen

tube growth in crosses with neorickii as the female and red-fruited species as the male, with pollen tube
rejection at 2.02.6 mm in styles of the Paute accession and pollen tubes reaching the oyaigtis iof

the Huanuco accession.

A
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Paute, Huanuco,
Ecuador \ Peru
LA4023 | LA2403
| \
i |
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'ky‘.
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Paute, -8- red-fruited species
Ecuador = o -
LA4023 - @ S. lycopersicum
B S. pimpinellifolium
Huanuco, P> S. galapagense
Peru 2
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Figure. 3.3. Growth of pollen tubes of red-fruited SC species in pistiffefent accessions of S¥lanum
neorickii. (A) Representative images of crosses witfS3@orickii accession LA4023 from Paute, Ecuador
(left) and SCS. neorickii accession LA2403 from Huanuco, Peru (right) as female, pollinsitidred-
fruited SCS. cheesmaniae LA0522. Arrowhead indicates where the majority of pollen tubes stop; arrow
indicates the end of the longest pollen tube. Bars = 1 mm. (B) Lengfi@leh tubes from red-fruited
species in pistils of SG neorickii LA4023 from Paute, Ecuador (upper shaded rectangle) and LA2403
from Huanuco, Peru (lower shaded rectangle). Pollen tube lengths are shown in md)iméterthe
averages of the majority of pollen tube lengths (symbols) and standard deviations (bars).
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Sl x Sl crosses among Sl species

The seven Sl species in the tomato claBeafcanum, S huaylasense, S. corneliomulleri, S
peruvianum, S. chilense, S. habrochaites, andS. penndllii) were intercrossed, and pollen tube growth was
assessedsolanum corneliomulleri andS. peruvianum are not well resolved taxonomically, and since no
differences were observed in crosses (data not shown), data was combined for these twé gpecds.
S3.4 (see online Supplemental Data) shows images of pollen tubes in representativeci®lsgeS| In
general, pollen tubes of all SI species reach the ovaries of other Sl spédieg@h. However, Fig. 3.4.
shows that when pollen from either SI and S@rcanum is used in crosses with habrochaites andS.

penndllii, S arcanum pollen tubes grow more slowly than conspecific pollen tubes.
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Figure. 3.4. Time course @& arcanum pollen tube growth in pistils of (A) Skolanum habrochaites
LA1777 and (B) SK. pennellii LA1340. Pollen tubeand styles were measured at 24, 48, and 72 h after
pollination. The majority of pollen tubes reach ovaries within 24 h in intc#gpsibling crosses (circles),
but the majority of pollen tubes of both Sl (squares) and SC (triar®lspnumdo not consistently reach
ovaries until 72 h postpollination. Pollen tubpewth is shown as a percentage of style length, with the
averages of the majority of pollen tube growth (symbols) and standard deviations (bars).

The majority ofS. habrochaites or S pennellii pollen tubes reach the ovaries in 24 h in sibling
crosses (as do sibling pollen tubesSimrcanum pistils). In contrast, at 24 h post-pollinati&h arcanum

pollen tubes rarely reach ovaries in pistilsSohabrochaites andS pennellii; in most crosses the majority



of S arcanum pollen tubes are about mid-way between the stigma and the ovary. /8 48danum pollen
tubes reach the ovary in approximately a third of crosses, but in most crossesotitg ofgpollen tubes
have only traversed about 80% of the style. The majorif afcanum pollen tubes reach the ovaries in
crosses with botB. habrochaites andS. pennellii by 72 h post-pollination.
Sl x SC and SC x Sl interspecific crosses

Reciprocal crosses were performed using the six SC and seven Sl species in the tomato clade
described above. Consistently, rejection of pollen tubes from all SC species is observed wof pist|
species, while in the reciprocal crosses SI species’ pollen tubes reach the ovaries (Table 3.1). Therefore,
the Sl x SC rule holds across this set of interspecific crosses. Sl species reject pollen tutegs from
fruited SC species after 0.8 - 1.9 mm of growth into the styles, while pollen tubespffguited SC
species are rejected somewhat later, after 1.5- 2.8 mm of growth (Table 3.1, Fig. 3.5 white rectangles,
Appendix S3.5). An exception is seen in pistils o83ennellii, wherein pollen tubes of all SC species,
including green-fruited ones, are very rapidly rejected, after 0.9-1.3 mm of growth. Iresll regsction
of interspecific pollen tubes of SC species occurs in the upper third of the st8lespeficies.
SCx SC and SIx SC crosses involving SC populations of Sl species

In the tomato clade, there are several exampie3C populations of predominantly Sl species,
including populations ofS pennellii, S arcanum, and S habrochaites. Because some Sl system
components may persist in more recently evolved SC populations that could funattensipgcific pollen
tube rejection, we tested pollen tube growth in interspecific crosses seiegal SC populations of
normally S| species. Pistil-side differences between the SC populations and SlipopwEs. pennellii,
S arcanum, andS. habrochaites in interspecific crosses are shown in Fig. 3.5. Styles of SC populations
were shorter on average than those from Sl populations as ekplectselfing syndrome” found in selfing
populations of numerous plant species includes smaller flowers compared with thogeraissmg
populations (Ornduff, 1969; Goodwillie et al., 2010; Sicard and Lenhard, 2011). lioadgistils of all
SC populations exhibited weakened IRBs compared with Sl populations of the same spdeesade of

S penndllii LA0716, a well-known SC accession from southern Peru, pollen tubes of all S&spere
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rejected, but they generally grew longer than is.9lennellii accessions-on average, 2.1 mm longer for

SC red-fruited species and 4.0 mm longer for SC green-fruited species. A moatiddifference was

seen when SG habrochaites accession LA0407 was used as the male in crosses; pollen tubes reash ovarie
of LAQ716, but they penetrated only an average of 2 mm into styles of Sl access®penoillii (Fig.

3.5).

There are distinct SC populations $fhabrochaites at the northern and southern margins of the
species range (Rick et al., 1979). In this study, the northern SC accession LA@@anbchaites was
used in interspecific crosses. A numbedifferences in interspecific pollen tube rejection were observed
in pistils of SIS. habrochaites accessions compared with LA0407 (Fig. 3.5). Pistils d& &kbrochaites
rejected pollen tubes of the all of red-fruited species rapidly, aftemfin3of growth, while pistils of
LA0407 rejected. lycopersicum pollen tubes at 6.7 mm on average, a finding consistent with that of Covey
et al. (2010), and rejected pollen tubeS&gdimpinglifolium at 4.4 mm on average. Pollen tubes of the two
Galapagos Island species grew even longer. Pollen tuliegalapagense reached the ovary in 6 of 15
crosses, and those &f cheesmaniae consistently reached the ovaries of SC accession LAO4® of
habrochaites within 48 h. Pollen tubes of the green-fruited SC spe®ielsmielewskii andS. neorickii also
always reached the ovaries of LA0407, twate rejected in the pistils of SI accessionS.dfabrochaites.
Therefore, our results showed that pistil IRBs in S@abrochaites LA0407 were significantly weaker
than those in SB habrochaites. It should be noted that other, more northerly, &Cessions of.
habrochaites have been reported to produce fruit in crosses with SC red-fruited species asdntles
have even weaker pistil IRBs (Chmielewski, 1966).

Solanum arcanum LA2157 is the only known SC accession of this species. As in the other SlI
species, we find that IRBs in pistils of LA2157 were substantially wethleer those in pistils of Sk
arcanum. Pollen tubes frord. lycopersicum were rejected after 3.9 mm of growth in the styles of LA2157,
compared with only 1 mm in styles of Sl accessiorfS afcanum. Pollen tubes from the other red-fruited
species grew even longer (on average 5.4 m) in styles of LA2157; pollen tubgsngbinellifolium and

pollen tubes of the two Galdpagos Islamecies reached the ovaries in about half of the crosses. Pollen
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tubes of green-fruited SC spec@seorickii andS. chmielewskii, which were rejected on S arcanum

(Table 1.1, Fig. 3.5)onsistently reached ovaries of LA2157. Finally, when SC accession LAO&®7 of
habrochaites was used as male in crosses V@tlarcanum LA2157, pollen tubes reached the ovaries but
were rejected at 2.5 mm in styles of S| accessiois aficanumin some crosses (pollen-side variation in

LAO407 is discussed below).
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Figure. 3.5. Comparison of pollen tube growth in pistils of SI and SC accesstmemwidlii, S arcanum
andS. habrochaites. Pollen tube lengths in pistils pollinated with pollen from SC red-fri{ieedi symbols)
and SC green-fruited (green symbols) species an&. &@brochaites accession LA0407 (black circles).
Pistils of SI accessions are shown with light gray rectangles and pistils afce€sions are shown with
darker gray rectangles. Pollen tube lengths are shown in millimeters, with the averége majority of
pollen tube lengths (symbols) and the standard deviations (bars).

We also tested the pollen side behavior of SC accessions of otherwise S| specsspadific
crosses. No pollen-side differences were observed for two of the three SQipopuwampared with Si
populations. For example, when pollen from the SC accession LAO715 mEnnellii was used in

interspecific crosses, no differences in pollen tube growth were detected compared witlushogseslen

of Sl accessions @ pennellii (LA0751, LA1340, or LA2560); pistils of all SI speciestire tomato clade

29



accepted pollen tubes of both SI and S@ennellii (Table 3.1; online Appendix S3.6). Similarly, pollen
tubesof SC accession LA2157 & arcanum reached the ovaries in pistils of Sl species, although they
grew more slowly in pistils of S5 habrochaites andS. penndlii (Fig. 3.4, Appendix S3.6).

Since Martin (1961a, 1964) previously showed that pollen from northern SC popsilafis.
habrochaites was rejected by central S| populationsSohabrochaites, we hypothesized that pollen from
SC accession LA0407 &f habrochaites also may not behave like Slhabrochaites pollen in interspecific
crosses. We found that pollen tubes of S®abrochaites LA0407 reached ovaries in pistils of all SC
species and SC populations of Sl species (Fig. 3.5). However, pistilsofdbheliomulleri/peruvianum,

S habrochaites, andS. pennellii rejected pollen tubes from LA0407, while pollen tubes of Sl accessions of
S habrochaites always reached the ovaries of the same species in 48 h (Fig. 3.6). There is someyvariabili
in the behavior of pollen tubes of SC accession LA04® ludbrochaites; pollen tubes of 9 of 14 LA0407
individuals tested weneejected in pistils of S&. arcanum, and pollen tubes of 10 of 14 individuals tested
were rejected in pistils of &S chilense. These results show that Sthabrochaites LA0407 is polymorphic

in this regard and suggest that pollen-side factors are segregating in this accession.

Discussion

It has long been thought that Sl and Ul may be related, because the suauesspafdific crosses
often follows the Sl x SC rule across many plant families, including Solan@taaison and Darby, 1955;
Lewis and Crowe, 1958; Mutschler and Liedl, 1994; Lied| et al., 1996; Murfett et986; Onus and
Pickersgill, 2004), Brassicaceae (Hiscock and Dickinson, 1993), Liliaceae (Harder), E9@B
Plantaginaceae (Harrison and Darby, 1955). Studies in the tomato clade provide dirattfeuppdst
Ul relationship because some quantitative trait loci (QTLSs) for pollen andpistiap to theSlocus inS.
habrochaites andS. pennellii (Chetelat and Deverna, 1998ernacchi and Tanksley, 1997). An additional
QTL for pistil Ul maps to the location of the gene encoding the pistia@bf HT (Covey et al., 2010).
Moreover, specific SI and Ul genes have recently been directly tested for fuimctioth SI and Ul.
Expression of two known pistil Sl factors (S-RNase and HT) in transgenic cultivated tomats iR8ste

leading to the Ul rejection of pollen tubes ethfruited tomato species (Tovar-Méndez et al., 2014). On
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the pollen side, the pollen Ul factor CUL1 has been shown to be required for pdikemrowth in

intraspecific pistils expressing a functional S-RNase (Li and Chetelat, 2010, Z8&4g results clearly
show that SI and Ul use common pollen- and pistil-side factors, and, thus, mechaeidtip ®/also

expected.

While SI and Ul mechanisms overlap, there are also significant differences behesertwo
incompatibility systems. In Sl, the recognition and destruction of self-palibestby S-RNases is
exquisitely allele-specific: a single S-RNase causes rejection of only ooiicspellen S-haplotype.
However, Ul does not show this level of specificity. For example, we find thids gisall individuals
tested in all Sl species, which presumably express a wide array of S-RNasegppoilgedubes from all
SC species. This result, as well as the finding tha&tBeRNase frons. arcanum LA2163 can recapitulate
an IRB in transgenic cultivated tomato (Tovar-Méndez et al., 2014), is considtierthe lack of allele
specificity in Ul. There can be some degree of specificity in pistilddiddnowever, since occasional S-
RNases show different behavior. For example, unlike all other S-RNasek$ast S-RNase fails to cause
rejection of pollen ofNicotiana plumbaginifolia in interspecific crosses (Beecher et al., 2001). Ul is
similarly allele-nonspecific on the pollen side, since pollen tubes of all indigidd&8IC species are rejected
in crosses with all SI species. The allele specificity of pollen-sides&les in combinations of pollé&h
locus F-Box proteins (Kubo et al., 2010), which are also components of SCF ubiquitin ligaksexase
of red-fruited SC species, our results make sense because these species exhibit a loss-of-fuatation mut
in theCUL1 gene (Li and Chetelat, 2010), an essential component of SCF ubiquitin ligases (Hua and Kao,
2006; Sims et al., 2010). Therefore, all SCF ubiquitin ligase complexes without CULA bergndered
nonfunctional, eliminating the possibility &fallele-specific pollen rejection.

Redundancy is another major difference between Sl and Ul. Table 3.2 provides cleareadenc
redundant Ul mechanisms in crosses involving SC populations of S| species. For eitasriptlewn that
pollen from the SC red-fruited species can be rejected by an S-RNase-dependentsmefhawer-
Méndez et al., 2014), yet SCpennellii LA0716,S. habrochaites LA0407 andS. arcanum LA2157, which

all lack functional S-RNase (Kowyama et al., 1994; Royo et al., 1994; Coaty 2010; Chalivendra et
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al., 2013), consistently reject pollen from these species. Transgenic pthes stiso provide clear evidence
for S-RNase-independent IRBs (Murfett et al., 1996; Tovar-Méndez et al., 2014).

These results clarify the conditions under which the SI x SC rule applies anchwtidions allow
exceptions to the rule. In our study, reciprocal crosses between pairs of SCsprdi&s follow the S| x
SC rule (Table 3.1). However, interspecific crosses with SC populations oiisthesl species show
revealing deviations from the Sl x SC rule. Lewis and Crowe (1958) made a distinctiegeine
interspecific crossing behavior of longstanding and recently evolved SC specipspatations. Our
finding that pollen tubes of SC accessionS.gfennellii andS. arcanum behave like those of functional S
accessions in interspecific crosses (Appendix S3.6), along with previous fitlsdtgmllen of these SC
biotypes is fully compatible on pistils of SI accessions of the correspondingsgideirdon, 1967; Rick,
1986), is consistent with the notion that functional pollen SI/IRB factors have haeredein these SC
populations even after the loss of Sl due to pistil-side mutations. We also observed extepticorollary
of the Sl x SC rule that posits that SC x SC crosses should be compatible becawsdisS0qild lack
the capacity to reject SC pollen. Our results do not always meetihéstation, at either the species or
population level. For example, pistils of SCneorickii and SC populations @& penndllii, S. arcanum,
andS. habrochaites can actively reject pollen tubes of the SC red-fruited species. These dbseragtee
with prior reports of pollen rejection or lack of seed set in some SC x S€esr¢Martin, 1961a, 1967,
Hardon, 1967; Rick, 1986). These results are best understood as reflecting reshtedsgoecific pollen
rejection systems or persistence of partial interspecific pollen rejection syst@nsafter the loss of Sl
(Murfett et al., 1996; Tovar-Méndez et al., 2014). We propose that the variatidrether pollen tubes
reach ovaries in interspecific crosses is due to different constellafippfien and pistil IRB components.

Pistil IRB rejection systems range from very strong in the Sl species (dispiect pennellii) to
virtually absent in the SC red-fruited species (Tables 3.1, 3.2). Pistils ge&ies and populations, which
lack functional S-RNase, display a range of weaker pollen tube rejection IstréhgtSC populations of
Sl species (Fig. 3.5) range from rejecting pollen tubes of all SC sp&eS. pennellii LA0716) to

consistently rejecting only pollen tubes®flycopersicum (SC S arcanum LA2157). Active rejection of
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pollen tubes from red-fruited species occurs only in some accessionSaiedickii, indicating that there
is genetic variation in pistil IRBs in this species (Fig. 3.3). Pollen tulibe oéd-fruited species grow quite
long in styles of SC green-fruiteédl chmielewskii, reaching ovaries in some cases; a possible mechanical
reproductive barrier (style length) may impede pollen tubes from reaching thesd¥agie3.2). It should
be noted, however, that self-pollen tubes can reach ovaries in accession$ qfirg@nellifolium with
styles that are longer than 8 mm (Bedingeal., 2011); thus, there may be additional systems that limit
interspecific pollen tube growth & chmielewskii. Pistils of the red-fruited species, which express neither
S-RNase nor HT protein (Kondo et al., 2002b; Covey et al., 2010), do not rejenttpbles of any tomato
clade species.

There is a gradation in strength of pollen resistance systems in intécspexstes as well (Table
3.3). Pollen tubes of all Sl species possess IRB resistance systems tharahthvto the ovaries in all
the other species (Table 1; Appendix S3.4), with the caveat that pollen tiBascahum grow somewhat
more slowly in pistils of some Sl species (Fig. 3.4). Two SC populations afadjgriéd speciesS. penndllii
LAO716 andS. arcanumLA2157, retain robust pollen-side IRB resistance as wedin after the loss of Si
(Appendix S3.6), explaining their deviation from the Sl x SC rule. In the case & B&brochaites
LA0407, pollen IRB resistance is attenuated, as its pollen tubes are rejectedbpfaditiS| species (Fig.
3.6). Resistance has not been completely lost, howeve8 B&brochaites LA0407 pollen tubes reach
ovaries in pistils of all SC species and S@enndllii and SCS. arcanumaccessions (Fig. 3.5). Pollen tubes
of the SC green-fruited speciSschmielewskii andS. neorickii are rejected in pistils of Sl species and in
pistils of SCS penndllii, yet grow longer than pollen tubes of the SC red-frusfeeties in most SI pistils
(Table 3.1, Fig. 3.5; Appendix S3.5) and reach ovaries in pistils of SC accesskras aihum andS
habrochaites. Pollen tubes of the red-fruited SC species are rejected by all SI speciesSahd pgnnellii
but vary in their ability to reach ovaries in SC population§. @frcanum andS. habrochaites (Fig. 3.5).
The weakest degree of pollen IRB resistance is se&nlyopersicum, since pollen tubes reach ovaries
only in crosses with other SC red-fruited species. The red-fruited specmissirg at least one important

pollen factor: CUL1, a component of SCF ubiquitin ligase that is requiregdmtance to S-RNases in
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both Sl and Ul (Li and Chetelat, 2010, 2014).

The IRBs observed in this study are relevant to natural populations of widat@mecies, given
the numerous sites in South America with two or more sympatric wild tomato species
(http:/itgrc.ucdavis.edu). For example, sympatric populations Sofpimpinellifolium have been
independently documented growing in association with six of the seven wild tomspec#s. Active
rejection of interspecific pollen tubes would be expected to prevent hybindizgtthese sites if pollen
from S pimpinellifolium was transferred by pollinators to stigmas obkfécies. There is also at least one
example of sympatric Sb. arcanum and SIS. habrochaites (http://tgrc.ucdavis.edu, accessions LA1351
and LA1352, respectively) in northern Peru, and comparatively slow grov@taafanum pollen tubes in
pistils of S habrochaites could contribute to reproductive isolation at this site. Our results are kEgane
to understanding early stages of speciation in natural populations: siner pdies of SC accession
LA0407 of S. habrochaites are rejected by ancestral Sl populationsSofiabrochaites (Martin, 1961a,
1964), the partial loss of pollen IRBs in LA0407 could represent a sthp astablishment of reproductive
isolation, as a population differentiates into a separate lineage.

The spectrum of pistil and pollen IRB phenotypes revealed in this study repraséit genetic
resource that illustrates the value of preserving and utilizing theahayenetic diversity in wild crop
relatives. Our results will inform the design of further studiesediat uncovering mechanisms controlling
pollen- pistil interactions in interspecific crosses. For example, comparative traosgdpnalysis of
genotypes that vary in pistil rejection or pollen resistance behairiazenjunction with newly available
genomic sequences (Tomato Genome Consortium, 2012, 2014; Lin et al., 2014), should identify candidate
IRB genes. The function of candidate genes can then be verified by generatingniapkmts for use in
test crosses with the species and populations of varying IRB strengtiethave characterized. In addition
to aiding in mechanistic studies, the results of this study advance our understangoitgrepistil
interactions in crosses between species, such that we are better positioaesféo valuable agronomic
traits from wild germplasm into crop species, either directly or thrdugldevelopment of bridging lines

for wide crosses.
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Table 3.1. Pollen tube growth in interspecific crosses in the tomato clade.

Male
SC Sl
. Scor / .

S lyc S pim S gal S. che Schm S neo S arc S hua Schi S hab S pen
Female S per
S lyc SC Seed Seed Seed Seed Seed Ovary Ovary Ovary Ovary Seed Seed
S pim Seed SC Seed Seed Seed Seed Ovary Ovary Ovary Ovary Seed Seed
S gal Seed Seed SC Seed Seed Seed Ovary Ovary Ovary Ovary Seed Seed

C

S che Seed Seed Seed SC Seed Seed Ovary Ovary Ovary Ovary Seed Seed

Schm 7.3+0.12 70+0597.0+0.8 6.5+1.22 SC Seed Ovary Ovary Ovary Ovary Ovary Ovary

Sneo 23+0.26 2.6+0.2°2.3+0.15°2.0+0.31® Seed SC Ovary Ovary Ovary Ovary Seed Seed
Sac 10+013 14+0.1 1.3+£0.12 1.5+0.12.2+£0.1¢2.4+0.5] Sl Ovary Ovary Ovary Ovary Ovary
Shua 08x024 1.1+£0.051.2+0.1609+0.131.9+£0.31.5+0.6 Ovary SI Ovary Ovary Ovary Ovary
2 ;g/ 1.7+0.18 1.6 +0.07 1.5+0.15 1.3+£0.042.0 £0.22 25+0.3 Ovary Ovary S|  Ovary Ovary Ovary

Sl

S chi 15+037 1.7+0.111.9+0.32 1.6 +0.322.8 + 0.3¢2.2 +£ 0.5¢ Ovary Ovary  Ovary Sl Ovary  Ovary

Shab 13+047 1.1+£0.1315+0.02 1.2+£0.1 25+0.9:125+£0.1¢ Ovary® Ovary Ovary Ovary Sl Ovary

Spen 09+0.07 1.3+0.131.0+£0.231.2+0.721.1+£0.121.0+0.1¢  Ovary® Ovary Ovary Ovary Ovary SI

Notes: SC and Sl refer to self-compatible and selfmpatible mating systems respectively. “Seed” means that seed was produced in interspecific crosses as
previously reported (Rick et al., 1978ick, 1979 1986). “Ovary” means that pollen tubes reached ovaries in pistils within 48h unless otherwise noted;

fertilization (fruit/seed set) tests were not attempted in this study. Nsméfer to the lengths in mm of the majority of pollen tubes + stdrdfaiation in cases
of pollen tube rejectiors. lyc= S. lycopersicum, S. pim= S. pimpinéllifolium, S. gal= S. galapagense, S. che= S. cheesmaniae, S. chm= S, chmielewskii, S. neo=S.
neorickii, S. arc= S. arcanum, S. hua= S. huaylasense, S. cor= S. corneliomulleri, S. per= S. peruvianum, S. chi=S. chilense, S. hab= S habrochaites, S. pen=S.
pennellii.2Pollen tubes do not reach ovaries in some, accessi@stufielewskii.” Pollen tubes rejection occurs in some, accessioBsrebrickii. cThe
majority of pollen tubes reach ovaries in 72h.
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Table 3.2. Relative strength of pistil rejection systems in interspecific crossestimiato clade.

Rejection

Pistils of :

pollen tubes from:

S-RNase

Strongest

Weakest

SIS penndllii

reject

all SC species and S& habrochaites LA0407

Functional

other Sl species

reject

all SC species but reject those of SC green-fruited species more
slowly than pistils of S&. penndllii

Functional® ®

SCS penndlii
LAO716

reject

all SC species but more slowly than pistils of SI species

Absent?

SCS habrochaites

LAO407

SCS lycopersicum andS. pimpinellifolium and variably those @&.
galapagense

Absentt

SCS arcanum

SCS lycopersicum and variably those @&. pimpinelifolium, S,

Present but

LA2157 galapagense andS. cheesmaniae non-functionaf
SCS neorickii . . . Varies; absent
(some accessions) Feject ) SC red-fruited species or low activity®
SCS chmielewskii : e : : . ab
(some accessions) impede SC red-fruited species from reaching ovaries in long styles Absent
SC red-fruited species do_ ol any species Absent?

reject

aCovey et al. (2010)
b Kondo et al. (2002a; 2002b)
¢ Kowyama et al. (1994) and Royo et al. (1994)




Table 3.3 Relative strength of pollen resistance systems in interspecific crossesiimatioeclade.

Resistance Pollen tubes of :

ovaries of pistils in:

Strongest

Weakest

Sl species (other than

S arcanum) and
SCS penndlii LAO716

all species

SIS arcanum
SCS arcanum LA2157

all species but more slowly than those of other S| species in pistilsSof SI
habrochaites and SIS. pennellii

SCS. habrochaites
LA0407

all SC species and populations;
grow longer than those of red-fruited species in styles of S| species

SCS neorickii
SCS chmidewskii

reach all SC species and S& habrochaites LA0407 and SGS arcanum LA2157;
grow longer than those of red-fruited species in styles of Sl species

SCS cheesmaniae

SC red-fruited species and SChabrochaites LA0407;
variably reach ovaries in S& arcanum LA2157

SCS galapagense

SC red-fruited species;
variably reach ovaries in S& habrochaites LA0407 and SCGS arcanum LA2157

reach

SCS pimpinellifolium

reach SC red-fruited species; variably in SCarcanum LA2157

SCS lycopersicum

reach only SC red-fruited species
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CHAPTER 4

INTERSPECIFIC REPRODUCTIVE BARRIERS BETWEEN SYMAPTRIC POPULATIONS

OF WILD TOMATO SPECIES

Summary

Premise of study:Interspecific Reproductive Barriers (IRBs) act to prevent hybridizationeastwiosely
related species when they co-occur at sympatric sites. In the tomato wtatsgecific crosses can be
successful under greenhouse conditions, but interspecific interactions betweesl sBgtopatric
populations have not been evaluated. In this study, we assessed IRBs between co-flosvehiars rof

the tomato clade at 12 sympatric sites in Ecuador and Pera.

Methods: Using accessions collected from sympatric sites, we first measured stigrteoaxa a frequent
sympatric partner specieSplanum pimpinellifolium. We then conducted 26 interspecific crosses and

assessed pollen tube growth and examined seed development using microscopy.

Key results: We found that reduced stigma exsertion, a trait associated with reduced shugcioghe
self-compatible (SC) wild tomato speci&lanum pimpinglifolium, is not consistently found in
populations at sympatric sites. However, pollen tubes of this SC species were consigpeted by pistils

of the species partner at sympatric sites, comprising a strong post-mating peei#gBotiVe found a
possible case of conspecific pollen preference at one sympatric site. In most iifiespases that lacked
prezygotic IRBs, we found strong post-zygotic IRBs that prevented normal seed developmeallygene
resulting in seed-like structures (SLS) containing globular embryos and aborted emddspé&ur

interspecific crosses, normal seed was formed that resulted in F1 hybrid plants.

% From a thesis submitted to the Academic Faculty of Colorado State University in partial fulfillment of
the requirements for the degree of Roof Philosophy.”
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Conclusions: Our findings indicate that in most cases a combination of prezygotic and post2RiBs
would prevent hybridization between species in naturally occurring sympatric popsilat the tomato

clade.

Introduction

In order to maintain boundaries between closely related species growing inrsyrgeae flow
between species is prevented by Interspecific Reproductive Barriers (IRBsjttteablock hybridization.
Since a variety of mechanisms contribute to species isolation, understanding diffsgerf reproductive
barriers is fundamental to understanding how the genetic integrity of speciesitaimeal (Dobzhansky
1937; Mayr 1942; Ramsey et al., 2003; Coyne and Orr 2004; Rieseberg and Willis 200y ek @l

2008; Baack et al., 2015).

Reproductive barriers involved in the isolation of species can be classifiediagdorthe order
of their action in reproduction (Mayr 1963; Levin 1971; Grant 1981). In plants, prenpaigzygotic IRBs
act prior to pollination, through geographical isolation (Mayr 1963; Sche2B88; Sweigart et al., 2007),
differences in flowering phenology (Kaing and Hamrick, 1978; Martin and VRild7; Fishman et al.,
2014; Briscoe Runquist et al., 2014s), or floral morphology (Darwin, 1884 ;reiaet., 2002; Hodges et
al., 2002; Fenster et al., 2004; Silva-Pereira et al., 2007; Schiestl and Schluter, 2008dY¢asy, 2009;
Grossenbacher and Whittall, 2011). Pollination between species can be also preveuitest fipral
characters such as floral color/pigmentation or scent related to pollinator aatipitgference (Grant and
Grant 1965; Grant 1994; Bradshaw et al., 1995; Bradshaw and Ramsey 2003; Ramsey etldbpb2088;

etal., 2 007; Cooley et al., 2008; Whitehead & Peakall, 2009; Hopkins andeR&2&I2; Xu et al., 20)2

Post-pollination prezygotic barriers can disrupt pollen adhesion and germination roasstig
(Rougier et al., 1988; Zinkl et al., 1999; Fiebig et al., 2004; Dickinson et &R) 20 inhibit pollen tube
growth through styles to ovaries (Martin, 1961; Hardon, 1967; Murfett et al., K8§62006; Covey et

al., 2010; Takeuchi and Higashiyama, 2012; Eberle et al., 2013; Tovar-Mendez et al., 2014; Mioyle et
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2014; Baek et al., 2015). Post-mating prezygotic barriers that act during peliéimgEractions have been
shown to play a major role in restricting gene flow between Sl and SC species, when areSlispsed
as female and SC species is used as male. This general pattern is called the SI xw&Ehyesits that
Sl species x SC species crosses fail, but the reciprocal cross can be gugaassf and Crowe, 1958;
Murfett et al., 1996; Onus and Pickergill, 2004; Baek et al., 2015). Pollen competitiolscattaas a
post-mating prezygotic reproductive barrier when interspecific pollen tubethgiis slow relative to
conspecific pollen tube growth (Darwin 1898; Arnold et al., 1993; Reisadieah, 1995; Carney et al.,
1996; Howard 1999). Within the ovary, species-specific factors produced by the emlrgn bacequired
for pollen tube targeting to ovules for fertilization (Marton et al., 260&ashiyama et al., 2006; Escobar-

Restrapo et al., 2007; Takeuchi and Higashiyama 2012).

Postzygotic barriers can also restrict hybridization in plants (Baack et al., Zb&Sg barriers can
interfere with seed development or seed germination (Cooper and Brink 1945; Scopece(£8al
Burkart-Waco et al., 2012; Ng et al., 2012; Lafon-Placette and Kohler, 20b§prlfl seeds germinate,
hybrid lethality or necrosis is sometimes observed pidnts (Sawant 1956; Ramsey et al., 2003; Bomblies
and Weigel, 2007; Yamamoto et al., 2010) or F1 plants can be sterile due to polletiityniddmderson
et al., 1958; Grant, 1971; Reiseberg et al., 1999; Fishman and Willis, 2001; Moyle and Graham, 2005
Sweigart et al, 2006; Kubo et al., 2008; Bomblies 2010). Even if F1 plants aee theil may have reduced
fitness in specific environments, and subsequent generations can experience hybrid breakdmlemvdue t
fitness (Stebbins, 1958; Rick et al., 1976; Rundle and Whitelock, 2001; Rhode and @o@BaBaack et

al., 2015).

The wild tomato species provide an excellent system for the study of IRBs in ggrspaties.
The monophyletic tomato clade consists of one domesticated s tyesyersicum) and 12 wild species
found in Ecuador, Peru and Chile (Rick, 1979; Peralta et al., 2008; Moyle, 2008; Rodrigbe2@29),
all of which are n=12 (diploid) with a high degree of synteny (Peralta and Sp@60é&r Chetelat and Ji,

2007). The wild species of the tomato clade exhibit a variety of mating systemsadtogamous self-
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compatibility (SC) to facultative SC to self-incompatible (Sl) species (RigK9; Mutschler and Liedl,
1994; Peralta et al., 2008; Bedinger et al., 2011). The Sl x SC rule is followes spidcies level in the
tomato clade in that pollen tubes of SC species are rejected by pistilspécs (Rick, 1979; Martin,
1961a, b, 1964; Hardon, 1967; Rick et al., 1976; Liedl et al., 1996; Bedinger et al., 2014t 8ae2015).

In reciprocal crosses, prezygotic pollen-pistil barriers are generally setvanl; however, significant
postzygotic barriers such as failure of fruit and/or seed formatiom been reported in some cases (Rick
1979; Mutschler and Liedl, 1994). It should be noted that hybrids can form wétés qi cultivatedS.
lycopersicum (which lack IRBs) are pollinated by wild species, and this has allowed tratyafomic
importance to be introduced into the crop species (McGuire and Rick 195# 161 and 1964; Hardon

1967; Hogenboom, 1973, Rick et al., 1976; Rick 1979 and 1986).

Although wild tomato species can have significant range overlap (Moyle 2008; Pera|taGa&),
previous studies on IRBs in the tomato clade have focused on crosses between epadiEss of
geographic location (Muschtler and Liedl, 1996; Covey et al., 2010). There are nunepats of two or
more tomato clade species in sympatry, and interestingly, hybrids have notidieeted in natural
populations. Therefore there is an opportunity to test for interspecies barri¢@haclevance for natural

populations.

In this study, we assessed IRBs at different stages of reproduction betwedéonveitd species
found in sympatry in natural populations at 12 different sites in Ecuador and Peru. Weeexfanal
morphology, pollen-pistil interactions, and hybrid fruit and seed formation. We farordy grezygotic
pollen-pistil IRBs in six cases where pollen tubes of an SC sp&igisnpinellifolium, were rejected in
styles of the sympatric partner. We also found strong postzygotic seed developnewhidRBorezygoti
barriers were not detected. Both of these types of barriers would likely pietvent hybrid formation in
the natural populations under study. We recovered healthy hybrid plants in four2gutndérspecific
sympatric crosses, which suggests that, in some cases, hybridization between synightdritato species

could occur.
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Materials and Methods

Sympatric sites
Sympatry has previously been documented for collections of wild tomato specieshtiineug

Tomato Genetics Resource Center (TGRC) at the University of California, Déyig/{grc.ucdavis.edu/

Appendix S1). Several of these previously reported sites were visited in 28G8eatontinued presence
of sympatric species was verified at five sites (Table 4.1).
Some crosses between sympatric species were performed on site in Per, bwsimoe fossible

to export seed from PerU, most crosses for this study were performed in greenhouses and research fields at
Colorado State University and University of California, Davis, usiatenal available through the TGRC.
In one case (site 1 in Ecuador), an exporting permit was obtained and seetifeffietd site were used in
experiments. Accessions not known to be sympatric with other wild tomato speeigeferred to as
“allopatric” here, but it is acknowledged that information on other species at these sites could be incomplete.
Plant material

Seeds oficcessions of the wild tomato species were obtained from the Charles M. RiatoTom
Genetics Resource Center at the University of California Davis (http:lftglavis.edu) and grown in
greenhouses in ProMix-BX soil with 16 h of light at 26 °C and 8 h dark aE18r°in fields at Colorado
State University or University of California Davis.
Stigma exsertion measurements

Stigma exsertion was measured using at least three flowers per plant aisantmesthree
individuals of each accession. In the field and at University of Calif@aids, stigma exsertion was
measured using a digital caliper. At Colorado State University, mature floweesonllected and sepals
and petals were removed. To measure stigma exsertion, flowers were either imaged at@#@ddp

EPSON Perfection V700 photo scanner or using a Nikon SMZ1508/(www.nikon.con dissecting

microscope with Image ProPlus softwaré://www.mediacy.com/index/aspx/aspx?page¥¢dhnected

with a Nikon DMX1200 digital camerah{tp://www.microscopyu.corjy ~ Stigma exsertion was

subsequently measured for each floral image using Image hit881sb.info.nih.gov/i). Measurements
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of three or more flowers were averaged for each individual plant, and then those wate averaged to

determine the stigma exsertion value for each accession.
Crosses

Floral buds of the female parent were emasculated one day before bud break and@hoatact
an additional 24 hours before the application of pollen. Pollen was obtained frone rif@vers of male
parents by vibrating anther cones into gelatin capsules using tooth polishenssStigre dipped in pollen,
and pistils were collected after 48 hours unless otherwise noted. In crosgedaroned in greenhouses,
inflorescences were covered with fine-mesh nylon net bags after emasculatiemetot grollination by

insects.

For crosses performed in Peru, branches of tomato species containing inflorescenaasieoted at
sympatric sites, and stems were submerged immediately in water. Flower buds ascelaied and

pollinated within 6 hours, and pollinated pistils were harvested after 24 hours.
Pollen tube growth analysis

Pollinated pistils were collected and placed in fixative (1:3 aegiid:ethanol) for at least 24h.
Pollen tubes were stained and imaged as previously described (Covey et al., 2010;aBa2H3). In
cases where pollen tube rejection occurred in the crosses, pollen tube lengths weraatktfermihere
the majority of pollen tubes were arrested (the point at which no morepthitere tubes passed) and where
the longest pollen tube stopped. All measurements and analysis of pollen tubes weregerfaascribed

in Baek et al. (2015).
Fruit analysis

Pollinated flowers were left on the plants for at least 50 days, until fruits were soft and ripe. After
collection, fruits were weighed, and fruit height (longitudinal section)dacheter (longest transverse
section) were measured using an electronic caliper. Comparisons of frghitvagid height between
interspecific hybrid fruits and control fruit (self or sibling crosses) were convertbd petcent of hybrid

compared with control.
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Seed measurements

All seeds and seed-like structures (SLS) were removed from each fruit anddcdoaluded in
the counts were all SLS showing appreciable enlargement relative to unpollinatedfatubestrol fruits,
mature seeds and any significantly smaller SLS were counted separatelyhbuttgoincluded in the total
number of seeds per fruit. Prior to embedding for microscopy, all seeds and SLS frofrukacére
imaged by scanning at 2400 dpi with an Epson Perfection V700 Photo scanner. The gelatieate plac
tissue was dissected away from a representative sample of the seeds/SLS before samveialgdetails
of their external appearance. Seed/SLS measurements were obtained using MicroMeasare softw
(www.biology.colostate.edu/MicroMeasure). Total length and maximum widtdssathe seed body were
measured from scanned images. Seed thickness was measured from micrographs of seeds seghibned at

angles to their long axis at the thickest part of the seed.

Seed Fixation and Microscopy

Halved fruits or seed-containing pulp were fixed with 2.5% glutaraldehyde arfd 3.
formaldehyde in 0.1 M sodium cacodylate buffer (pH7.3) and storé€aMdter fixation for at least 24 h,
seeds/SLS were extracted from the pulp. The seed coats of mature seeds ¢ambisdeveloped SLS)
were opened on one or both lateral surfaces. Where possible, part of the seed coat anusrtokperm
were removed to permit penetration of fixative and other reagents. Fixed seeds/Skh&stere with 0.1
M sodium cacodylate buffer, dehydrated through a graded ethanol series, transferred em@raxivle,
and infiltrated with medium-hard Eponate 12 resin (Ted Pella, Inc.). During both fixatibimfiltration,
exposure to a mild vacuum was used to facilitate penetration. Following patgiiariof the embedding
resin, seeds and SLS were sectioned using a diamond knife and Reichert-Jung Ultracut E Ultramicrotome.
Sagittal or cross sections 1 to 5 micrometers in thickness were mounted on glass mistmE®ained
with toluidine blue, and coverslipped using Cytoseal 60 mountant (Electron Micrdscigmges). Sections
were photographed using a Leica DM5500 B microscope, Leica DFC450 color camera, and Leica

Application Suite Version 4.1 image capture software. Figures were prepared using Adobe Photoshop.
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Table 4.1. Sympatric sites in this study, north to south

# | Site Mating system, Species| TGRC accessions | Latitude/Longitude Co-flowering

1 | Manchagrandi, Manabi SC,S pimpindlifolium | Not available S010417/W801106 | Yes
Ecuador SC, S habrochaites Not available

2 | Timbaruca, Cajamarca, SC, S pimpinelifolium LA2176 S 05 08 30/W79 0 30| Yes
Pert SC, S habrochaites LA2175

3 | Puente Muyuna SC,S pimpindlifolium | LA2149 S 07 13/W 078 47 13 Yes*
Rio Jequetepeque, Cajamarca, Per{ Sl, S. arcanum LA2150

4 | Chilete-Rupe SI, S arcanum LA1351 S 07 17 14/W 078 49 15| Yes*
Cajamarca, Peru Sl, S habrochaites LA1352

5 | Rio Pativilca SC,S pimpindlifolium | LA3798 S 1039 17/W 77 26 34 | Yes'
Ancash, Perl Sl, S huaylasense LA3799

6 | Above Yaso SC,S pimpindlifolium | Not available| S 11 34 18/W 076 43 38| Yes*
Rio Chillén, Lima, Peru Sl, S corneliomulleri LA1646

Sl, S habrochaites LA1648

7 | Surco SI, S corneliomulleri LA1294 S 11 52 32/W 076 25 42| Yes”
Rio Rimac, Lima, Peru SC, S habrochaites LA1295

8 | Sisacaya SI, S corndiomulleri LAO752, LA1281| S 1201 16/W 076 38 05| Yes”
Rio Lurin, Lima, Peru S|, S penndlii LAO751, LA1282

9 | Cacra SC,S pimpindlifolium | Not available| S 12 49 07 /W 075 51 4Q Yes*
Rio Cairiete, Lima, Pert SI, S corneliomulleri LA1694

S|, S penndlii LA1340

10 | Asia-El Pifion SC,S pimpindlifolium | LA1610 S 12 46 56/W 076 33 27| Yes”
Lima, Peru SI, S corneliomulleri LA1609

11 | Ticrapo SI, S corneliomulleri LA1722 S 1322 56/W 075255 | Yes*
Rio Pisco, Huancavelica, Peru SC, S habrochaites LA1721

12 | Rio Apurimac, Puente Cunyac, SC,S chmielewskii LA2639B S133330/W 723530 | Yes
Apurimac, Peru SCS. neorickii LA2639A

*New site in 2014, UC Dauvis collections 8121 and 8122

*Confirmed in 2009

*TGRC field notes; photos and/or flowering noted, fruits collected on same date
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Molecular marker tests for hybridization

To confirm hybridization between species collected from sympatric sites PSysawere
performed. Genomic DNA wasepared using the ‘shorty prep’ method: briefly, a small piece of leaf was
placed in a 1.5 mL tube tube containing 500 uL of 0.2 M Tris, pH 9, 0.4 M LiCI,MEDTA and 1%
SDS, and ground with a disposable pestle. Insoluble plant material was spun to the bottom of the tube and
300uL of supernatant was mixed with 400uL isopropanol to precipitate DNA. Aftarfogation, the
supernatant was removed, and the DNA pellet was washed in 1 mL of 70% EtOH aedwspsnded in

50 uL of 10 mM Tris, pH 8.

For sympatric site 2 habrochaites andS. pimpinellifolium), primers were designed to detect a

25 bp deletion in the 17intron of theCULLIN 1 gene (GenBank sequence KP210075.1) that is specific to
S habrochaites (Gao et al. 2015). Primer sequences were as followWs;1 F: 5°- TGATCATTTTGA
GTTCAACTCCCA -3° and CUL1R: 5’- TCAACACACTCCAAAATTAGCTGT -3°, and amplified a product

of 277bp fromS. habrochaites and 302 bp frons. pimpinellifolium. For sympatric site 125(neorickii and

S chmielewskii), we used previously identified species-specBiBNase alleles inS. neorickii and S
chmidewskii (Kondo et al., 2002) as genetic markers to test for hybridizafsimers were designed to
amplify the S neorickii SRNase Lpfsn-1 (Genbank sequence ABO072475)’neosrn-1-FP7: 5°-

ATGGTTAAACCACAACTCACAGCA-3’ and 3’neosrn-1-RP7: 5°-TGTTGTTCAGCGAAAAAATATTTTI
CCGG-3’, and the S. chmielewskii S-RNase (Genbank sequence AB072477) 5’chmsrn-FP: 5°- CAAGTC
CGTAATACTGAATAACTGC-3’ and 3’chmsrn-2-RP-1: 5°- GGAAATGTGGAACTTAATGAGATTGG -3°.

For all primer sets, PCR was performed using Econotaq Plus Green Mastermixef.ucig
http://www.lucigen.con/), 0.5 pM of each primer and approximately 80ng of genomic DNA per 20 pL
reaction (98 C 90sec; 35 cycles of 9 30s, 58 C 30s, 72 C 30s; 72 C for 3min). For site 2, PCR
products were electrophoresed in a 2% agarose gel and for sites 12, PCR products were electrophoresed i

a 1% agarose gel. All PCR products were visualized by ethidium bromide staining.



Results
Incidence of sympatric populations
Sympatric sites with two or more wild tomato species have been documentétbqyast several

decades at 42 sitelst{p://tgrc.ucdavis.eduDarwin et al., 2003, Appendix S1; see Supplemental Data with

the online version of this article), but natural hybrids are rafelyar observed in natural populations. At
the 12 sites represented in this study (Table 4.1, Fig. 4.1), eight different speciéswvdrin different

pairings in sympatry.

91, Manchagrandi
Ecuador

¢ 2. Timbaruca

3. Puente Muyuna
Cajamarca

4. Chilete-Rupe

Peru

05‘ Rio Pativilca

6. Yaso
Lima! 697. Surco
8. Sisataya
’ 9. Cacra
10. Asia-El Pigon
J B Ticrapo
® *Cusco
® 1SC sp. +1SC pop. * pazea 12. Rio Apurimac

@ 151 +1SCsp.

O 2SI sp.
®2S1+1SCsp.

@ 1Sl sp. +18C pop.
® 25C sp.

| | | | |
0 125 250 375 500 Kilometers

Figure 4.1. Sites of sympatry used in this study (circles). White indicates an SC species, ldatdsiadi
Sl species and hatched indicates an SC population of a generally Sl species. Sites are humbered 1-12 from
north to south.
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Species with varied mating systems were found in sympatry (Fig. 4.1). For exdmgaealifferent
pairs of self-incompatible (SI) speci&s &rcanum andS. habrochaites; S pennellii andS. corneliomulleri;
S corneliomulleri andS. habrochaites) were found at three different sites (Sites 4, 8 and 9). SC populations
of S habrochaites, a generally Sl speciesere found in sympatry with 8 corneliomulleri at two sites
(Sites 7 and 11)S pimpinellifolium, a red-fruited SC species, was found in sympatry with five different
Sl species % arcanum, S corneliomulleri, S. huaylasense, S. habrochaites andS. pennellii) at five sites
(Sites 3, 5, 6, 9 and 18hd with SC populations & habrochaites at two sites (Sites 1 and 2). Finally, two
SC speciesS. chmielewskii andS. neorickii, were found in sympatry at Puente Cunyac in Peru (Rick et al.,

1976).
Pre-mating prezygotic barriers

At all 12 sympatric sites, co-flowering of species (Table 4.1) was either roexfiby direct or

recorded observation or inferred from concurrent seed colledtibm/({tgrc.ucdavis.edy/ Members of

the tomato clade require bees that collect pollen using buzz pollinationténossing success. At some
sympatric sites we were able to capture and identify the same bee species ondmihgpsties of wild
tomato (data not shown). However, since a pollinator activity study was not conducted, we are not able to

evaluate the importance of pollinator visitation as an IRB at these sites.

Since stigma exsertion is known to affect the degree of outcrossBgimpinellifolium (Rick
1977), we measurestigma exsertion in known sympat&c pimpinellifolium populations, and compared
the measurements to those from populations not known to be sympatric with other sprecezsdllopatric
here). When possible, we also noted whether these were classified as autogamousofsilfintyative
(outcrossing) SC accessions (Rick et al., 1977). As shown in Table 4.2, on averagerntioeeestigma
exsertion in allopatric populations (1.05 mm) than in sympatric populations (0.46 ohn%.
pimpinellifolium. However, the range of stigma exsertion was wide for both allopatric and sympatric

populations studied. For example, we observed lower than average stigma exsertionainicallop
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populations at Chanchape and VirGalunga, Pert and greater than average stigma exsertion at sympatric

sites Tembladera, Perd and Manchagrandi, Ecuador.

Table 4.2. Stigma exsertion (mm)$npimpinelifolium at sympatric and allopatric sites

. Accession #
Location (field site #) mm exserted
E of  Arenillas, LA1719 0.50°
Ecuador
Chachapoyas  —1 ;355 0.99°
Balsas, Peru
1.93
Miramar, Peru LA1683 (1.5
outcrossing)
D
Allopatric Chanchape, Peru LA1380 0.03
Malpaso, Peru LA2538 1.06°
Patapo-La Cria, Per| LA2536 1.51P
Patapo, Peru LA2535 2.21P
. 0.1
Vird — Galunga, Perd LA1589 (0.3 selfing)
Average 1.05range 0.03-2.21)
1. Manchagrandi| (8121) 1.04¢
Ecuador 1.59F
2. Timbaruca, Peru | LA2176 0.39°¢
3. Puente Muyung LA2149 0.59¢
Peru
5. Rio-Pativilca, Perl LA3798 0¢
Sympatric | 6. Yaso, Peru (8030) 0.05
9. Cacra, Peru (8035) oF
10. Asia-El Pifion 0.20¢
Peru LAL610 (0.3 selfing}
LA2389 1.40¢
Tembladera, Peru (8041) 146
Average 0.46(range 0-1.40%

AMeasurements by Riddt al. 1977

© Measurements performed at Colorado State University

P Measurements performed at University of California, Davis

F Measurements performed at field site

S When measurements were obtained from both the field and common gardens, those from eodenen g
were used to calculate average and range
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Post-mating prezygotic barriers (pollen-pistil interactions)

In order to assess post-mating prezygotic barriers, reciprocal crosses wenmgubibetween
sympatric species and pollen tube growth was evaluated. In total, pollen omdb gras examined in 26
different crosses between sympatric species pairs.

We found that pollen tubes of SCpimpinellifoliumwere always rejected in pistils of their partner
sympatric species at six different sympatric sites;SSlabrochaites (Sites 1 and 2)SI S, arcanum (Site
3), SIS huaylasense (Site 5), and S&. corneliomulleri (Sites 6 and 10), as shown in Fig. 4.2A.

Pollen tube rejection of S& pimpinellifolium occurs on average 1.4 mm from the stigma in the
styles of Sl species, while styles of SChabrochaites populationsat Sites 1 and 2 inhibit pollen tubes at
5 mm and 2.6 mm on average, respectively (Fig 4.2B; black circles). Whé&nf@pinellifolium was
used as female in crosses with sympatric spegpadien tubes of the partner species consistently reached
ovaries (data not shown). Therefore, a strong post-mating prezygotic IRB acts wBeapir§gnellifolium
is used as pollen donor, but not in reciprocal crosses.

To determine whether sympatric pollen tubes are rejected more rdgzidigitopatric pollen tubes,
pollen tube growth of an allopatri® pimpindlifolium (SC) population (LA1589) was measured in pistils
of S arcanum (Sl), S. huaylasense (Sl), S. corneliomulleri (Sl), andS. habrochaites (two SC populations)
that haveS. pimpindlifolium as a sympatric partner (Fig. 4.2B, gray squarBsgre was no significant
difference between sympatric and allopatric pollen tube growsh mifnpinellifolium (p>0.05) except at
site 1 (p=0.0002). In this case, pollen tubes from sympatri§. §i@pinellifoliumwere rejected at 4.8 mm
on average in the styles of S& habrochaites whereas pollen tubes of allopatri& pimpinelifolium
accession (LA1589) were rejected at 6.8 mm on average (Fig 4.2b, Site 1), sewkrial cases (8/20
crosses) pollen tubes even reached the ovaries.

Pollen tube growth was also assessed in crosses between Sl species pairs found inagyoyratry
sites (Sites 4, 6, 8 and 9), betweerSStorneliomulleri and SC populations of & habrochaites at two
sites (Sites 7 and 11), and betweenSS@eorickii and SCS. chmielewskii (Site 12). Pollen tube rejection

was not observed in these crosses between sympatric pairs in either direction.
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Interestingly, slower relative pollen tube growth of one sympatric partneolsasved in crosses
of the sympatric pair at the Chilete-Rupe site (Site 4, Fig. 4.3.d&tanum pollen tubes grew only 79%
of the way from the stigma to the ovary in styles of sympatrimea$|S. habrochaites in 48 h, while
sibling pollen tubes of SB habrochaites reached the ovaries by 48Fhis pollenpistil interaction does
not complete prezygotic barriers such as those described above, because by 72 &r@margim pollen

tubes had reached ovaries in Sdabrochaites partner.

A Site 1 Site 2 Site 3 Site 5 Site 6 Site 10
SC S. habrochaites | SC S. habrochaites | SI S. arcanum | S) S. SIS, g i SI 8.

s

[ 7

Pollen of S. pimpinelifolium

® Sympatric
@ Allopatric (LA1589)

Stigma Style length (mm)

Figure 4.2. Pollen tube rejection of S(pimpinellifoliumby pistils of sympatric species. A. Representative
images of SCS pimpinellifolium pollen tube growthn pistils of sympatric species: (left to right) SC
habrochaites at Sites 1 and 2, | arcanum at Site 3, SB. huaylasense at Site 5, an&| S. corneliomulleri

at Sites 6 and 10. Arrows indicate the growth of the longest pollen tube and arronbEads where the
majority of pollen tubes stop. B. Lengths of pollen tubes of sympatric (black)cinetl allopatric (grey
square) accessions of SCpimpinellifolium after 48h in the pistils (shaded rectangles) of sympatric species
as (A). Pollen tube lengths are shown in millimeters with standard deviation (bars).

Pistils of
S 5. hab - .
(48 h) —— Pollen of
Sl 5. hab "
e ,_: 4 @ sibling (SI 5. hab)
W sl s arc
I I I [ I
0 2 4 ] ] 10 12
Stigma Style length (mm)

Figure 4.3. Pollen tube growth of intraspecific sibling crosses (squares) &droénum (circles) 48 h
and 72 h after pollination in styles of Slhabrochaites (rectangles) at Site 4, Chilete-Rupe, Peru.
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Postzygotic barriers
a. Fruit devel opment

From the studies described abpwe detected seven cases of post-mating prezygotic IRBg actin
between sympatric species. Fruit and seed formation was assessed in 19 intecspsséic (those for
which seed from sympatric sites was available through the TGRC) in which piiedygoiers were not
detected.

In two crosses, S corneliomulleri x SCS. habrochaites from Site 11 and SG neorickii and SC
S chmidewskii from Site 12, fruit production failed after multiple attempts (>35 and 26 ptsem
respectively). Interestingly, even though pollen tubes reached ovaries in thesses cim most cases they

did not appear to target ovules within ovaries (Appendix S4.3).

120.0
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% weight of hybrid compared with control
N
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o
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S.arcx S. had ]

S. pimx S. arc
S. habx S.

S. pimx S. hua
S.corx S. hab
S. hab x S. cor
S. corx S. hab
S. hab x S. cor
S.corx S. pen
S.penx S. cor
S. corx S. pen
S.penxS. cor
S. pimx S. cor
S. hab x S. cor

P e = S

1) S. pim x S. hab
2) S. pim x S. hab
12) S. neo x S. chm

3,
4
4)
5
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7
7
8
8
9
9
10
1"

Figure 4.4. Fraction weight of hybrid fruit compared with control sib offiséf Grey rectangles represents
% of average weight of hybrid fruit compared with controls with error barwial standard deviation.
(Note: only a single fruit from Site 4 was obtained for each reciprocal cross).
b. Seed devel opment

In the majority of crosses (17/19), hybrid fruits were produced from crossesenesympatric

species pairs, and fruits contained seeds or seed-like structures (SLS)h&8gkisand diameter) and

weights of hybrid fruits were compared to those of control fruits from congpemtses (Appendix S4.2).
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The majority of hybrid fruits showed a substantial reduction in weight compared tols@kig. 4.4). For
example, the weight of hybrid fruits from Sites 4, 5, 6 and 9 were reduced to ~2&8ntadl fruits Other
sites showed less extreme reductions in hybrid fruit weight, with a ~50% wmdactBites 3, 7 and 10
compared to control fruits. In four cases (Sites 1, 2, 8 and 12), hybrid fruits evgrsimilar in size and
weight to their conspecific controls.

Fruits formed from interspecific crosses contained seeds or SLSyifigyaizes and degrees of
maturity. In order to analyze the anatomy of the interspecific seeds and&egamined developing seeds
of self-pollinated S. pimpinglifolium at several developmental stages, Normal structure Sof
pimpinellifolium seeds at 10 days after self-pollination (the stage most relevant to understanding the
development of SLS in the majority of interspecific crosses) and at maturity is illustrated 4nsk-ig

At 10 days post-pollination (Fig. 4.5A), the embryo sac is surrounded by a single inte@guhent
consisting of one layer of endothelial cells (et), numerous parenchymal layers, and enigg&®.The
embryo (em) has reached the globular stage and is attached to the embrgb lsa¢he suspensor (s) at
the micropylar (mp) end. At the opposite end of the embryo sac, a vascular bundipprdaches the
chalazal pocket (cp) through the funiculus (f). The cellularized endospersutesynds the embryo and
fills most of the embryo sac. In the mature seed (Fig. 4.5B), the fully devetopleyo has assumed a
spiral form, with the two cotyledons (cot) curled within the hypocotyl (hyp) and radide The embryo
and the endosperm (es) surrounding it are contained within a seed coat (schgamistee pigmented
inner cell layer of the integument, the endothelium (et) and a tough outer layer of collagsthtédrm
the seed coat (testae) with surface hairs (h). A small amount of non-edliapgsgumentary parenchyma
is present in the remnant of the funiculus.

For each interspecific cross, we examined the structure of normal mature contribiseedsrom
self or sibling crosses in the maternal species (Figs. 4.6, 4.7, Appendix S4.6 and S4.7). Thatsex#d
control seeds in different species ranged in color from yellow through browreaslof pigment in the
endothelium. Hairs derived from the cell walls of the outer layer odkd coat covered the surface to a

greater & pimpinellifolium) or lesser $ pennellii) extent. Longer hairs sometimes formed a tuft at the
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distal end of the seed body pennellii) or completely surrounded the margisgimpinelifolium). Seeds

varied in size from approximately 0.9 mm x 1.7 mm (width x lengt®) pennellii to around 1.7 mm x 2.9

mm in S. pimpinellifolium, with sizes for the other species studied ranging between those extremes. There
was also some variation in average seed size among accessions within species. Tiskedssranged

from approximately 0.5 mm to 1.0 mm in controls. The internal seed structoomtodl seeds was very

similar to that ofS. pimpinélifolium, with a spiral mature embryo, as shown in Fig. 4.5B.

Figure 5. Normal seed development in self-pollinaggimpinelifolium. A. 10 days post-pollination.B.
Mature seed. Abbreviations: cot, cotyledon; cp, chalazal pocket; em, embmuciesperm; ep, epidermis;
et, endothelium; f , funiculus; h, hairs; hyp, hypocotyl; int, integument; mp, miero@d, radicle; s,

suspensor; sc, seed coat, vb, vascular bundle. Scale bars, 200 pm.

When interspecific fruit developed, seed development was abnormal in the majoritysescros
(13/17). In these cases, interspecific hybrid SLS were much smaller than cosdio(aeerage size 0.5-
0.75 mm width x 1.0-1.5 mm length, or ~40-70% of the control seed size), and wetg palealnd
translucent. In many SLS, the outline of the embryos sac was visible thheuigitetgument, with a darker
dot in the center indicating the position of the embryo (e.g., Fig. 4.6). Figust6ales the three different
abnormal hybrid seed phenotypes that we observed. Type 1, the least developed interspecifii 8eeds (
crosses, Fig. 4.6A), contained a globular embryo and a small amount of endosperm, sutrguhded
integument. The cells of the endosperm, which have thicker cell walls than those of embryonic cells, most

often appeared to be collapsed. Seed coats were absent or rudimentary, consistingfapatdsts of

compressed integument cells, sometimes with elaboration of the outer layer mté Isgicond phenotype,
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Type 2 (5/13 crosses), was observed whéabrochaites or S, penndllii was used as female in interspecific
crosses. Type 2 SLS generally resembled those of Type 1 in having a globular eaniapée mmounts
of collapsed endosperm, integument, and a patchy or absent seed coat. However, a congpigitiously
layered endothelium, rather than the single cell layer of endothelium found in neeadd, was a
distinguishing feature of this phenotype (e.g., Fig. 4.6B). The presumption that thiagats of tissue are
derived from the endothelium is based on previous studies in wild tomatoes and p@atyeesr @nd
Brink, 1945; Lee and Cooper, 1958). Wh8nhabrochaites was the female parent, the overgrown
endothelium appeared densely stained in sections, completely surrounded the embamd saften
occupied a large part of the seed interior. In cases v@eemnellii was the female parent, the thickened
endothelial layer tended to stain more lightly and may be discontinuous, with somgezndaeells

occasionally appearing to lie outside it (data not shown).

Figure 4.6. Three phenotypes of hybrid SLS, illustrated by examples from interspexses between
sympatric species at Sites 6, 11 and 1. Type 1, Type 2 and Type 3 SLS are shown in Ab(55 an
respectively. A. Site & corneliomulleri x S habrochaites; B. Site 11 5. corneliomulleri x S. habrochaites;

C. Site 1,S pimpindllifolium x S habrochaites. A1-C1, control seeds of the pistil parent for each cross;
A2-C2, sagittal sections of control seeds; A3-C3, seeds and SLS in fruiingé$rdin the interspecific
crosses; A4-C4, sagittal sections of seeds resulting from the intersjpecsises. A5-C5, enlargements of
sections of interspecific seeds. Abbreviations: em, embryo; es, endospemdpétgelium; int, integument;

S, suspensor. Arrowheads in A4-C4 indicate embryos.
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A third abnormal phenotype (Type 3) was seefs.ipimpinellifolium x S habrochaites crosses
made using accessions from sympatric site 1 (Fig. 4.6C). In this case mos¢ieLsmilar to Type 1, but
there were a small number of SLS (<5%) that are slightly larger, dpp@tety 1.7 mm in length by 1.1
mm in width, with pigment around the embryo sac. Upon sectioning, theseflamms were seen to contain
embryos at a “pre-heart” stage of development i.e., epidermal, ground and vascular tissue are apparent, but
no cotyledon buds are seen. These embryos are surrounded by collapsed endosperm tissue and have only a

rudimentary seed coat.

Formation of normal or nearly normal hybrid seeds and hybrid plants

In hybrid fruits resulting from interspecific crosses, 4/17 crosses usirggsacns from three
sympatric sites (Fig. 4.7) produced normal or nearly normal seeds, which were gjtiigr sthaller or the
same size as control seeds. These seeds outwardly resembled control seeds ahddazloped seeds
coats with normal pigmentation. Elaboration of seed coat hairs generallybtedeseeds of the female
parent. Upon sectioning, these seeds were found to contain embryos that weatevielbped (or nearly
s0), with normal endosperm, a single endothelial layer and a distinct seed evastiimgly, the embryos
resulting fromS. pennellii x Scorneliomulleri crosses were often erupting from the seed coat (Fig. 4.7, C4),
probably because of the maternally-regulated s&aknndllii seed size (Fig. 4.7, C1). It should be noted
that fruits of these interspecific crosses generally also contained SL8eteatess developed, from to
those containing globular embryos to those with post-globular embryos of torpedogvetik, or early
spiral stages. The ratio of normal seed to abnormal SLS within these fruits wasigfiy variable,
ranging from no normal seeds to over 90% normal. Even in fruits resiutiimgntraspecific pollinations
there is often a significant number of ovules that fail to develop normallyhesnadumber is sometimes as

high as 25-50%.

Seed from these four crosses germinated and produced F1 plants. Both leaves and flowers of thes
putatively hybrid plants were intermediate in phenotype (Appendix S4.8). Matenarkers for species

at sites 2 and 12 were used to confirm hybrid production (Appendix S4.9).



Site 2 - S pim x S hab
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Figure 4.7. Normal or nearly normal hybrid seeds produced by four interspecdfses at three sympatric
sites. A. Site 28 pimpinglifolium x S, habrochaites; B. Site 8,S. corneliomulleri x S. pennéllii; C. Site 8,
S pennellii x S. corneliomulleri; D. Site 12,S. chmielewskii x S. neorickii. A1-D1, control seeds of the
pistil parent for each cross; A2-D2, seeds and SLS in fruit resulting from the interspesi§iecrA3-D3,
sagittal sections of seeds from intraspecific crosses. A4-D4, sagitiaihseaf seeds resulting from the
interspecific crosses.
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Discussion

There have been a number of attempts to evaluate the relative strerditferent kinds of
reproductive barriers between species (Ramsey et al., 2003; Rieseberg and WillispR@@¢ét al., 2008
Schemske, 2010Baack et al., 2015). While it has been argued that prezygotic barriers contribute more to
reproductive isolation than postzygotic ones, numerous post-zygotic barriersngdhythrid lethality,
sterility and F2 hybrid breakdown are also common (Baack et al., 2015).

We have evaluated both prezygotic and postzygotic reproductive barrie2§ idifferent
interspecific crosses, using accessions from 12 known sympatric natural iooswigtere co-flowering
occurs (Table 4.1). We did not conduct pollinator preference studies, which could te@ssignificant
pre-mating reproductive barrier. Stigma exsertion, a morphological featurteathéeen associated with
outcrossing frequency in wild tomat® pimpinelifolium (Rick et al., 1977, 1978), was examined to
determine whether reduced exsertion (reflecting reproductive trait displacemsentjed in sympatry.
While our results showed a trend towards reduced stigma exsertion in sympatry comzdiaohtcy
(Table 4.2), this trait varied widely between populations and there were notable exceptionetwthe t

We identified a number of post-mating prezygotic IRBs that could act torpraybridization
(Table 4.3). We find strong prezygotic interspecific barriers in sympatric crasitesed-fruited SCS
pimpinellifolium, a species that is widespread in Peru and Ecuador, including at seven of the 12csympatr
sites in this study, as well as at least 10 other sympatric sites notadéh this study (Tables 4.1, Appendix
S4.1). Whers pimpinellifoliumwas used as male in interspecific crosses, pollen tube rejection consistently
occurred in styles of sympatric partner species (Fig. 4.2). Molecular mechanismsingdai$ybarrier,
termed unilateral incompatibility (Ul), involve pollen and pistil SI componemas have been lost to
mutation in red-fruited species includiSgoimpinellifolium (Covey et al., 2010; Tovar Mendez et al., 2014;

Li and Chetelat 2014). It should be noted that although Ul is essentially 100%vefféas by definition
highly asymmetric. Another example of a post-mating, prezygotic IRB was obsertdedlavi relative

growth of interspecificS. arcanum pollen tubes compared to conspecific oneS.ihabrochaites pistils



(Fig. 4.3). While this behavior is not specific to sympatric accessions (Bakk 2015), in sympatry the
slow relative growth of interspecific pollen tubes could constitute conspecific pollen poeferen

In crosses with no clear prezygotic barriers, we detected strong postzygoécstiarniybridization
in 14 cases (Table 4.3). In two cases pollen tubes were able to reach ovariesithéituitythid not develop,
perhaps due to the lack of pollen tube targeting to ovules (Appendix S4.3). Frequently, wigkifrinybr
formed, a reduction in hybrid fruit weight (Fig. 4.4) was correlated with preseradmofmal SLS within
the fruits. Anatomic examination of SLS revealed that endosperm tissue maasial) and appeared to
have collapsed (Figs. 4.6, Appendix S4.6, and S4.7). Although the distinctive walls of the endosperm cells
were frequently visible, the cells generally appeared to be empty or to have clumpesllutér contents.
Developmental arrest at the globular embryo stage is a common consequence endosperm failure in mutant
or hybrid crosses (Cooper and Brink, 1945; Nowack et al., 2010). The molecular mecharisrhgng
defects in hybrid seed development, including both genic incompatibilities and epigdieett, are being
actively investigated (Josefsson et al., 2006; Fishman and Willis, 2006; &tafil 2006; Bomblies et al.,
2007; Michalak, 2009; Shivaprasad et al., 2012; Ng et al., 2012; Lafon-Placette and Kohler, 2015).

In several cases of interspecific crosses where éghiebrochaites or S. pennellii was the pistil
parent, we observed aborted seeds in which there was overgrowth of the endotheliumerthesit layer
of the integument that is normally only one cell layer thick. Such proliferatiotheofendothelium,
accompanied by subnormal growth of the endosperm and embryo, has previously been observed in various
incompatible crosses between members of the Solanaceae (Cooper and Brink, 1945; Sachet,dr#l8; Lee
Cooper, 1958; Wann and Johnson, 1963; Masuelli and Camadro, 1997). Among the possible explanations
for this developmental pattern is lack of the normal pathway for transfer afmatfrom the maternal
sporophyte to the embryo sac through specialized conducting cells between the pbeketand vascular
strands in the funiculus. Future studies of seed development in crosses between methbeianaito
clade will focus on the formation of this connection, particularly in intepecrosses withS

habrochaites or S. pennellii as female.
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Functional hybrid seed formed in four of the 26 interspecific crosses that wenpeaif(Table 4.3,
Fig. 4.7). In these cases the F1 plants displayed an intermediate leaf and flower phermpuigpdixsS4.8)
and molecular markers, when available, demonstrated hybrid formation (Appendix S4.9). AltHmidh hy
plants in the wild have not been reported, in light of our results, a more thaeagih for hybrids is
justified, an effort that will become more straight-forward as species-spewfecular markers become
available. Of course, it is also possible that hybrid plants may not surviatural environments due to
reduced fitness.

One of our most interesting observations is that the strength of IRBs béheessime species pairs

can vary significantly at different sympatric sites. For example, recipraxsdes between accessionSof

corneliomulleri andS. pennellii from sympatric Site 8 (Siscaya, Peru, Fig. 4.7) produced viable seed, but

the same interspecies crosses using accessions from Site 9 (Cacra, Per(, Appéhdixand G) produced
defective inviable seeds. Interspecific crosses using accessi8ngimpinellifolium andS. habrochaites
from sympatric Site 2 also produced viable seed (Fig. 4.7), but in crosses betwsgméhgpecies pair
from Site 1 there were potential prezygotic and strong postzygotic IRBs (Appendix. Sy.WHilé it is
possible that reproductive character displacement could play a role in theembkahof IRBs at different
sympatric sites, further experimentation will be necessary to establish this.

Finally, it should be noted that reproductive barriers to gene flow are natranigl for preserving
species integrity; they are also essential for the completion of the procggsscadtion after the initial
divergence of new lineages. With their fundamental role in the generation aridmaaice of biodiversity,
it will be of great interest to investigate the mechanisms underlyirsg tharriers, and how they evolve

during speciation.



Table 4.3. Summary of IRBs between tomato clade members in sympatric populations

Sympatric interspecific crosses Prezygotic barriers Postzygotic barriers Hybridization

Site | Species cross Mating system PT Slow relative| Fruit set] Seed developmeft F1 Hybrid plants
rejection | PT growth? fails Type ¥ | Type 2 Type 3 | formed

1 S habx S pim SCpop x SC X

2 S habx S pim SCpop x SC X

3 Sarc XS pim SIx SC X

5 S huax S pim SIx SC X

6 S cor X S pim SIx SC X

10 S cor XS pim SIx SC X

4 S habx S arc S| xSl X X

11 S cor x S hab Sl x SC-pop X

12 S neo x S chm SCx SC X

3 S pimx S arc SCx Sl X

4 S arcx S hab SIx Sl X

5 S pimx S hua SCx Sl X

6 S cor x S hab Sl x SI X

7 S cor x S hab Sl x SC-pop X

9 S cor X S pen SIx Sl X

10 S pimx S cor SCx Sl X

6 S hab x S cor Sl x SI X

7 S hab x S cor SCpop x S X

9 S pen x S cor SI x SI X

11 S hab x S cor SCpop x Sl X

1 S pimx S hab SC x SC-pop X

1 S pimx S hab SC x SC-pop X

8 S pen x Scor Sl x Sl X

8 S cor X S pen Sl x Sl X

12 S chmx S neo SC x SC X

2Interspecific pollen tube growth was slower than conspecific pollen tube growth (pollen tubes readbsaeeatually)® Most advanced stage
of embryo development observé®eed development blocked at globular embryo st&geed development blocked at the globular embryo stage
with overgrowth of endotheliuni;Seed development blocked at pre-heart embryo stage



CHAPTER 5

TESTING WHETHER A LOW ACTIVITY S-RNASE IS INVOLVED IN INTERSPECIFIC POLLEN

TUBE REJECTION IN THE WILD TOMATO SPECIESOLANUM NEORICKI|I

Introduction

In my previous work (Chapter 3; Baek et al., 2015) | demonstrated thatonbsises between Sl
and SC tomato species followed the Sl x SC rule in the tomato clade, unilatergbatibdity (Ul) was
also observed when pistils of SC species are pollinated using red-fruitgue8i€s. Pollen tube rejection
was nhot expected between two SC species since it was assumed that th8llegsitaf also cause the loss
of the ability to reject interspecific pollen tubes. One populatidh gorickii, a greerfruited SC species,
rejected pollen tubes from the four SC red-fruited species, while no pollen fettgorewas observed in
the reciprocal crosses, i.e. Ul was exhibited. However, another populaoneofickii did not show U,
as pollen tubes were not rejected in either direction. Specifically, ewopis studies showed that the
accession LA4023 @& neorickii from Azuay, Ecuador, shows rejection of pollen tubes from the red-fruited
SC species while the accession LA0247 from Huanuco, Peru, does not. Another accession, LA0735, from
Huéanuco, Peru, had previously been reported as accepting pollen tubé&s lfiyompersicum (Rick et al.,

1976).

Stylar secretedSlocus ribonuclease, S-RNase, is the known female determinant of self-
incompatibility (Sl). Five conserved regions and two hyper-variable regions (@d/atvallele-specific
recognition) have been characterized in S-RNases (loerger et al., 1991). Self-incompatible spesis expr
S-RNases with high enzymatic activity (Huang et al., 1994; Kondo et al., 280&ajions in the&s-RNase
gene can cause the loss of SI. For example, the replacement of hypervariable i8¢grivase irs allele
with the corresponding region in another all&gled to loss of specificity for the rejection of pollen hwit
the & allele (self-pollen) in transgenkeetunia inflata (Kao and McCubbin, 1996). Kondo et al. (2002a)
tested S-RNase protein expression and enzymatic activity in styles of&tBmato species including SC
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species/populations of wild tomatoes, and showed that lack S-RNase expressioadtivigndue to gene
deletion, insertion of transposable elements in regulatory regions, or missens@nswi&iRNase
expression irg. neorickii was also tested using accessions from two different groups: LA1322 located in
Cusco, Peru and LA0247 located Huanuco, Peru. Kondo et al. (2002a) showed that LA1322 (Cusco, Peru)
expresses a low activity S-RNase while LA0247 (Huanuco, Peru) lacks S-RNasssexpr LA0247
(Huanuco, Peru) has a single nucleotide insertion in the coding region of theegettag in a frameshift

that would produce a truncated protein. The S-RNase expressed in thektyd322 (Cusco, Peru)
contains an intact coding region including the five conserved regions and actiamisiteacid residues

(His and Cys) found in functional S-RNases from Sl plants, so there is reairaeegplanation for the low
enzymatic activity of the LA1322 S-RNase. It is possible that other proteihs n@gnvolved in regulating
S-RNase activity (Kondo et al., 2002a). My results suggest that the low actiki§aSe fronts. neorickii
(LA1322) may be insufficient for Sl but could be involved in interspecific pollen tejeetion of red-

fruited species in the styles 8fneorickii.

In this chapter | examine the hypothesis that there is a correlation béntexspecific pollen tube
rejection and different genetic backgrounds of four geographically digtiogps ofS. neorickii, especially
with regard to S-RNase expressiétirst, | assessed interspecific pollen-pistil interactions with pollen of
red-fruited SC species includir®ylycopersicum, S. pimpinellifolium, S. galapagense, andS. cheesmaniae
on S neorickii pistils to test whether geographically distinct groupsSofieorickii show variability in
rejection of pollen tubes from red-fruited SC species. | then tested tledatiorr between interspecific
pollen tube rejection and the presence of S-RNase prot8iméorickii geographic groups and in plants
of inter-group hybrids of. neorickii. Based on my hypothesis it is expected that groufsrabrickii with
S-RNase will reject pollen tubes of red-fruited species, while groups nassikpy S-RNase will fail to

reject interspecific pollen tubes.

Material and Methods

a. Plant material



Protocols for seed acquisition and plant growth were followed as described in tbepohapter.
Note: S neorickii has previously been known Bsminutum or L. parviflorum (Chmielewski et al., 1964,
Rick et al., 1976; Kondo et al., 2002a) and here is referred to with tlentturaccepted species nafe
neorickii.

1) Grouping populations &. neorickii
The current information on the range ®fneorickii by the Tomato Genetics Resource Center

(TGRC,; http://tgrc.ucdavis.edyshows four geographically distinct groups: 1) Azuay and Loja, Ecuador;

2) Amazonas, Peru; 3) Huanuco, Peru; and 4) Cusco and Apurimac, Peru. These groupsted bgpa
about 800-1000 km while the range within a group is 200-300 km (Fig. 5.1). In these studees, thre
accessions from each group were selected as representatives of the grougsi()Table
2) Obtaining inter-group hybrids and pants

Prior to producing inter-group hybrids, pollen tube growth was assessed in diffeveps ofS
neorickii to confirm the presence or absence of reproductive barriers \W@ithaorickii according to the
procedures described in ChapteR&ciprocal crosses between four groupS. oorickii were performed
to obtain inter-group hybrid seeds, with crosses between LA1322 (group D) as the dewchdlA0247
(group C) as the pollen donor (I assumed that directions of maternal and paaeends in these crosses
are equivalent). Hybrid fruits were left on plants for at least two monthkw falit and seed maturation.
Four seeds from a single fruit of the hybrid cross between groups D and C were planted to produce four F
lines (DxC-1, -2, -3 and -4). 20 Beeds from each; fine were planted (total 80 plants). Thepkants for
segregation studies were labeled using the hybrid line name and gpleimtFfwas given an individual
number (601- 620; e.g., DxC-1-612).
b. Inter specific pollen-pistil interactions

Interspecific crosses between representative accessions in the four gréupseaickii with
pollen of red-fruited specie§ lycopersicum, S. pimpindlifolium, S. galapagense, and S. cheesmaniae,
were performed according to the protocols in Chapter 3. | attempted tonpéhiwe replicated crosses

from each of the three accessions in éacieorickii group as females in interspecific crosses with each of
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the red-fruited species as males. Crosses with pollen &gimpinellifolium and S. lycopersicum were

tested with pistils of ever$ neorickii accession. However, not all accessions were tested with pol&en of

galapagense andS. cheesmaniae due to pollen limitation. Since there is no noticeable difference in pollen

tube growth among the four different red-fruited species in pisti® mdorickii, pollen-pistil interactions

were tested in inter-group hybrids (F1 and F2 generations) 8siyeppersicum andS. pimipinellifolium

as representative of the red-fruited species.

Table 5.1. Accessions &lanum neorickii used in this study

Group | Accessiong Site Lat/Long
paczs | B | 209959
o v I e
s |, 3000000 | (B
- LA2190,6 o197
poiso | perons| SO |0 g
o |y | Ameronas 10778 -
ezoo|preeoresi ez |
c |vews | [ dotemer| | %N i
sz | S0 [ B30T |15
. - . Gites
> | | Bpumes | 15553559
assto | ppurmae | 13 e

Figure 5.1. Groups A-D ofolanum

neorickii used in this studyAccessions are listed and grouped

according to geographical location (north to south) and the range of distributions.

¢. SRNase detection

Stylar protein was extracted from at least 20 mature, post-anthesis stybst for tS-RNase

expression. Weighed styles were homogenized in 2x SDS buffer (0.125 M Tris-HCI pH &8,31920%

glycerol, 50 mM dithiothreitol, and 0.01% Bromophenol blue) at 10 uL perasb fveight. After grinding
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styles in the buffer, samples were heated for 5 min in a 90 °C water bath and centrifuged atf@4 1@ 0g

min. The supernatant was collected and frozen until use.

Proteins were separated, blotted, and immunostained by my collaborator @ndidejTovar-

Mendez at University of Missouri- Columbia.

d. PCR amplification and sequencing of SRNase alleles

Qiagen DNeasy plant kitsiitps://www.giagen.com/uswere used to purify genomic DNA.
Lpfsrn-1 andLpfsrn-2 in groups ofS. neorickii were amplified using Pfx polymerase from ThermoFisher

(https://www.thermofisher.conFor examination of thepfsn-1 allele, the following primers were used

to amplify a 730bp product from the coding region: 5’neosrn-1-FP7 (5’-ATGGTTAAACCACAACTC
ACAGCA-3’) and 3’neosrn-1-RP7 (5’-TGTTGTTCAGCGAAAAAATATTTTTCCGG3’) using
sequence registered in NCBI gene-bank accession number AB072475. Thermocycling conditions
consisted of 32 cycles of 94 °C for 15 sec, 55 °C for 33 sec, and 68 °C for 1 min. For examination of the
Lpfsrn-2 allele, the following primers were used to amplify a b#@roduct: 5’ neosrn-1-FP-1 (5°-
GCGATGTAACCCCTTGAGG3?’), which lies where a base pair insertion results in a premature stop
codon, and 3’neosrn-2-RP-1 (5’-CCAATCTCATTAAGTTCCACATTTCCS3’) using sequence registered
in NCBI gene-bank accession number. Thermocycling conditions were the samepisifdr The
positions of the primers are show in Fig. 5.5. PCR products were separated on a 1% agarose gel and
cloned into pJET for sequencing. To confirm quality of DNA, PCR primers designed to amplify a
conserved positive control ger@AC (Clathrin Adaptor Complexes medium subunit; SGN-U314153),
were used: 5’CACFP (5’CCTCCGTTGTGATGTAACTGG-3’) and 3’CACRP (5’-TTGGTGGAAA
GTAACATCATCG-3’). This CAC primer set amplifies a 173-bp product from cDNA and a 610-bp
product from gDNA (Exposito-Rodriguez et al., 2008).

For RT-PCR, total RNA was purified from mature pistils and leaves using a Qiagen RNeasy Plant
Mini Kit and treated with a Qiagen RNase-Free DNase Kit. First strand cDNA tempkxtesynthesized

using a Bio-RadScript cDNA Synthesis Kithttp://www.bio-rad.comusing cycling conditions of 25C
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for 5 min, 40 °C for 30 min, and 85 °C for 5 miconotaq plus Green Mastermix (Lucigen) were used to
amplify cDNA with the same primer sets and thermocycling conditions of the gb&tAods. For cDNA
samples, styles were pooled from multiple individuals in the same accqgs2dis8, LA2639A, LA2403,

and LA1319) or at least two different plants per accession were tested (LA4023, LA2862, LA0247, and
LA1322). Sample preparations of populations were performed in only 16 plants. The quality of cDNA
was also tested usii@AC primers (described above). RT-PCR products were run on a 1.2% agarose gel to

show size differences between cDNA and genomic DNA (control) due to the absence of an 80-bp intron
Results

Assessment of pollen-pistil interactions between pollen of red-fruited species and pistils of different groups

of Solanum neorickii

| performed cross-pollinations using pollen from red-fruited species onto pistileefaccessions
from each group o8 neorickii to test whether interspecific prezygotic barriers differ in the gyoups.
As shown in Fig. 5.2 the peripheral group A (North, Ecuador) and group D (South, Cuscagefeetu)
pollen tubes from the SC red-fruited species, while group C (Huanuco, Perujatloegect pollen tubes
from the SC red-fruited species. Group B (Amazonas, Peru) shows variable pollexjectien depending

on the individuals tested (Fig. 5.2).

Pollen tube growth of red-fruited species in pistils of each accession is shoign5tB8FIn pistils
of group A accessions (LA4023, LA2862, and LA2113), consistent rejection of pollen tubesllfredt
fruited species occurred, with an average range of pollen tube growth of 2.1 tm2near the middle

part of style.

Pistils of the three accessionsSheorickii used as representatives of group B (LA2190, LA2197,
and LA2200), showed variability between individuals in pollen tube rejectioedefruited species. Two
out of six crosses between styles of LA2190 and pollen with red-fruited species gisp&y tube

rejection, while pollen tube rejection was found in five out of sixagewith styles of LA2197. Half of



the crosses (three out of six) with styles of LA2200 show pollen tube rejectioeraBy, individual plants
showed consistent pollen-pistil interactions with the four red-fruited speEm example, pistils of
LA2190-400 never rejected pollen tubes of red-fruited species while those of LA21%Hways rejected
pollen tubes. However, there was variability in pollen tube rejection in fiveithdils; LA2190-521,
LA2197-540, -522, LA2200-400 and -621 pistils mostly rejected pollen tubes of red-fruite@sspeci
although occasionally pollen tubes were observed at the bottom of the styleswnofthese crosses
(Appendix 1). In individuals where pollen tube rejection was observed, pollen tubd grored-fruited

species was inhibited at ~3 mm on average in the styles of three accessions in §roegrgkii.

Group A (Loja, Ecuador) . '.'."” I Pollen of SC red-fruited species
[Group B (Amazonas, Peru) T~ .. E ® S /ycopersicum
= W S. pimpinellifolium
Group C (Huanuco, Peru) g . y
o S. galaagense
Group D (Cusco, Peru) > = - I @ S. cheesmaniae
0 1 2 3 4 5

Stigma

style length (mm)

Figure 5.2. Length of pollen tubes from red-fruited species in pistils of fouramtdg groups ofS.
neorickii (group A-D, north to south). Pollen tube lengths are shown in millimeters and ittobuaeerage
of the majority of pollen tubes (symbols) and standard deviation (bars). Grey syshioal growth of
pollen tubes to ovaries in some individuals of group B.

In group C, no pollen tube rejection was observed in pistils from any of the three @tz essd,
LAO247, LA2403, and LAQO735 for pollen tubes of all four red-fruited species. This i®solisistent with
previous publications using LA0735 and LA0247 (Rick et al., 1967; Baek et al., 20Hs)dition, the
successful crosses between pistils of group C and pollen Srdyeopersicum and S pimpinellifolium

produced viable seeds andfants.

Pistils of the representative accessions of group D (LA1322, LA2639A, and LA1322) consistently

rejected interspecific pollen tubes of red-fruited species at 2.3 mm on average.

In summary, the rejection of pollen tubes from red-fruited species differemliingEéographic
groups ofS. neorickii. The peripheral groups (group A and group D) reject pollen tubes frofnuitstt

species while group C does not reject pollen tubes from red-fruited spEoggs is variability of pollen



tube rejection in individuals in group B. In all cases, pollen tube growth cease®.4ftbem on average to

the middle of

the style.
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Figure 5.3. Pollen tube growth in crosses of pollen from red-fruited SC spe@qssiité of four different
geographic groups @& neorickii (A-D). Top panel of each box shows representative images of crosses for
each group o8. neorickii with pollen of red-fruited species; LA2862 is group A (top left), LA2197 is group

B (top right), LA0247 is group C (bottom left), and LA1322 is group D (bottgmtyi Arrow indicates
where majority of pollen tubes stop. Bar = 1mm. Bottom panel of eacshioows the length of pollen tubes
from red-fruited species in the pistils of three accessions from each gr8upeofickii. Shaded rectangle

represents style length 8fneorickii and the average of majority pollen tube growth (mm) is indicated by
symbols with standard deviation (bar).



Expression of pistil 9 factor, S-RNase, in four groups of Solanum neorickii

Testing for S-RNase expression in stylesSafieorickii was performed in collaboration with Dr.
Alejandro Tovar-Mendez, with immunoblots using an antibody raised to the cons@dedn@in of all S-
RNases (Fig. 5.455-RNase was detected in accessions of group A (Ecuador, Peru) and group D (Cusco,
Peru) but not group C (LA0247; Huanuco, Peru). Expression of S-RNase protein ilBgapppars to be
segregating since S-RNase expression was observed in only some individuals otessiom S-RNase
expression correlated with pollen tube rejection in crosses with pollen frofruredt species in group A,
B and D. In contrast, pollen tubes of red-fruited species reached the ovaries in styles of group C and in the

group B individuals lacking S-RNase expression.

A
A
A
B
B
B
(@
C
C
D,

LA4023

B [La2s62

z 1A2113

B (La2190
LA2197

T [La2200

. |la02a7
LA0247
LA2639A (D) *
LA1319 (D)

i ! tTTS-R ab 1:5000

Py et wasw  T-SRNC2 ab

Figure 5.4. S-RNase in representative individual of accessions in four geographic groupsf @\-D)
neorickii. Immunostaining of stylar proteins by anti S-RNase C2 domain antibody. tTTS-R (Cheung et
al., 1993) of blotted protein extracts acts as a loading control. * = accessions/individuals in \Waith po
tubes from red-fruited species are rejected. The expression of S-RNase in LA2197 was confirmed in a
separate blot using a greater volume of extract (Fig. 5.14, bottom left panel).
S-RNase genes in Solanum neorickii

PCR amplification and sequence analysis were used to detect the preseRidast genes irS
neorickii. In a previous study, Kondo et al. (2002a) found two diffegdRiNase alleles from two different
accessions ob. neorickii. TheLpfsrn-1 allele was identified in accession LA1322 (group Dhile the
sequence of thiepfsrn-1 allele indicates that it could encode an intact S-RNase protein, stykactextom
LA1322 showed very low level of RNase activilyhe Lpfsrn-2 allele was found in accession LA0247
(group C), and the sequence of this allele shows a single base péisrineat introduces a premature stop

codon.To determine the distribution of the two alleles in the four grou idorickii, specific primers

for each allele were designed (Fig. 5.5) based on the sequences reported by Kondo et al. (2002a).
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Consistent with the results of Kondo et al. (2002), all accessions in groopt&in theLpfsrn-1
allele and thelLpfsrn-2 allele is present in all accessions in group C. Surprisinglyl, pfeen-1 allele was
detected in all 12 accessions Sfneorickii used in this study, including accessions that lack S-RNase
expression (Fig. 5.5). Sequencing of cloned PCR products demonstrated that genonsiegDiidces of
all theLpfsrn-1 PCR products are very similar, with only few base pair differetteigs 5.6). All coding
sequences from the full lendtipfsrn-1 PCR products could encode an intact S-RNase with five conserved
regions and essential active site amino acids (His and Cys) found imhah&-RNases. Two base pair
differences in coding sequences were found in one group A accession (LA2862) and tlesierscioe
group B (LA2190, LA2197, and LA2200) which result in nonsynonymous, but conservative ifb ttoel
signal peptide and L to V in the C4 region) amino acid substitutions. All @fethemic DNA sequences

show one intron with conserved splice site sequences as is typical of all chara&&iNase genes (Fig.

5.6 and 5.7).
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Figure 5.5. PCR amplification &jpfsrn-1 andLpfsrn-2in genomic DNA of four geographic groups (A-D)
of S neorickii. Specific PCR primers were designed to anneal to the coding regibpfspi-1 (top
schematic diagram). Specific primers designed fol_thisrn-2 allele included a single base pair insertion
for Lpfsrn-2 (bottom schematic diagram). Amplification of pfsrn-1 product is shown in the top panel of
gel figure; and_pfsrn-2in the middle panel. The bottom panel shown amplification of a control G (
Clathrin Adaptor Complexes medium subunit). * = accessions in which pollen tumesdd-fruited
species are rejected.

ThelLfsrn-2 allele previously identified in accession LA0247 (group C) by Kondo et al. (2082) w

detected in all group C accessions. SurprisinglyLfifern-2 allele was also detected in all accessions of
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group A (LA4023, LA2862, and LA2113), in two accessions of group B (LA2190 and LA2200), and in
one accession of group D (LA2639A) (Fig. 5.5). All sequencing results dfpfisen-2 allele from PCR
products of each accession revealed the predicted single base pair insertion that resahseishifttand

premature stop codon, as previously reported (Fig. 5.8, Kondo et al., 2002).

Transcript expression of Lpfsrn-1 and Lpfsrn-2

The presence of tHepfsrn-1 allele in the genomes of &l neorickii accessions was unexpected,
because S-RNase protein expression was not detected in group C and in some indigougisBnSince
known S-RNases are expressed specifically in pistil (McClure et al., 1989; Kds@kamoto, 2004), RT-
PCR was performed to test for transcriptionLpfsrn-1 in two different tissues (styles and leaves) in
representative accessions for the A, C and D group. The expreskjafarofl was only observed in styles
and not leaves in representative accessions from each group. Intriglisfgin-1 transcript expression
was greatly reduced in styles of LA0247 (group C) while styles of LA2862 (group A) and LA1322 (group
D) exhibited high expression afpfsrn-1 (Fig. 5.9). Therefore, although LA0247 has the fipfsrn-1
coding region sequence, LA0247 has lbpisrn-1 transcript expression and low or no S-RNase protein
expression in style tissue.

To confirm the correlation dfpfsrn-1 expression and S-RNase protein expression, RT-PCR was
performed in three groups (A, C and D) Sfneorickii (group B shows variability of S-RNase protein
expression between individual plants, so it was not tested in RT-PCR due tdfithdtydin getting
sufficient RNA from a single individual). All accessions of groups A and Bhich S-RNase protein was
detected showed expressionLgfsrn-1 while the three accessions of group C lacked or showed greatly
reduced expression of botipfsrn-1 and S-RNase protein. These results correlated with pollen tube
rejection in crosses with red-fruited species, in which pistils of groups A anj@ddectpollen tubes from
red-fruited species and group C did not.

The expression dfpfsrn-2 at the transcription level was also tested, laofdrn-2 does not appear

to be transcribed in either styles or leaves from any gro&prebrickii (Fig. 5.9)
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L-ATEETTAAACCACAACTCACAGCAGCCCTCTTICATTGTGCT T T ATGGAGATTTCGATTCCCTGCAACTGETATTAACATGGC-100
A | I ATEETTAAACCAC AL CTCACA G CAG LT TTCAT T TR CT T T TECT T T Te e OGO TTATGGAGATTTCEATTCCC TR CAACT GG TATTAACATEGC>100

I=ATEETTAAACCACAACTCACAGCAGCCCTCTTCAT TG TECT T TTTGCTCTT TCCCCOGC TTATGGAGATTTOGATTCCCTGCAACTGGTATTAACATGG C-100

=ATEETTAAACCACAACTCACAGCAGCCCTCTTCATTGTECT T TTTGCTR TTTOCCCOGCT AGATTTCGATTCC CTGGTATTAACA

IATEETTAAACCACAACTCACAGCAGCCCTCTTCATTGTECT TTTTECTCTT TCCCCOGCTTATGGAGATTTCGATTCCCTGCAACTGGTATTAACATGGC>100

C | I=ATGGTTAAACCACAACTCACAGCAGCCCTCTTCATTGTGCT TTT TGECTCTT e O TTATGGAGATT TCEATTCCC TECAACTG GTATTAACATGG 100
1-ATEETTAAMCCACAACTCACAGCAGCCCTCTTCAT TGTECT TTTTGECTCTT TCCCCCECTTATGGAGATTTCGATTCCCTECAACTGETATTAACATGGC>100
LATEETTAAACCACAACTCACAGCAGCCCTCTTCAT TG TECT TTTTECTCTT TCCCC G L TTATGGAGATTTCGATTCCCTGCAACTGGTATTAACATGG C>100

D | 1-ATGGTTAAACCACAACTCACAGCAGCCCTCTTCATTGTGCT T TTTGCTCTTTCCCCOGCTTATGGAGATTTCGATTCCCTGCAACTGGTATTAACATGGC-100
LATEETTAAACCACAACTCACAGCAGCCCTCTTCAT TG TECT TTTTECTCTT TCCCC G L TTATGGAGATTTCGATTCCCTECAACTGGTATTAACATGG C>100

C2

- —
101=-CAGCATCA BCCATATGAATEATTG TG TECGAATAGCTCCAAAAAACTTCACGATICACGGCCTT TG COG GATAAAG AAGCAACTGTGCTGCAGAA200
A | 101CAGCATCA ECCATATEAATGATTG TETECGEAATAGCTCCAMAAAACTTCACGATTCACGGCCTT TGGCOGGATAAAG AAGGANCTGTECTGCAGAA>200
101-CAGCATCA ECCATATEAATGATTG TETECGAATAGCTCCAMAAAACTTCACGATTCACGGCCTT TGGCOGGATAAAG AAGGAACTGTECTGCAGAA>200

101-CAGCATCA B CATATEAATGATTG TG TGO GAATAGCTCCAMAAAACTTCACGATTCADG GOCTT TG COGGATAAAG AAGEAACTGTECTGCAGAA-200
C | 11-caGoaTea BCCATATGAATGATTG TG TGO GAATAGCTCCAMAAAACTTCACGATTCACGGCCTT TG LG GATAAAGANMG GAACTGTGCTGCAGAA-200
1A CAT AT T TGO CATAT G AAT G ATT G TE TEC G AATAGC TCCAAARAACTT CACGATT CACG GCCTT TG G COGEATAAAG AAGCAACTCTGCTGCAGAA-200

1A CATCAT T TG CATATGAA TG ATTG TG TECGAATAGC TCCAAARAACTTCACGATTCACG GOCTTTGGLOGGATAAAG AAGGAACTGTECTGCAGAA>200

EEEEEEEEEESEENEEEEEEEED
201-CTGCAAG CLAARACCTAATTATTCTAATTTCAAGHTAAGCAATA Wﬁﬂﬂﬂmﬁm TTCAATTTACTTAAAAGATICTTIT:
A | 201-CTGCAAG CCAARACCTANTT ATTCTAAT TTCAAGRTAAGCAATAGCAICTCTTT) CCGCTTTTCGGTTCAGTTCAATT TACTTAAAAGATICTTIT:
201-CTGCAAG CLAARACCTAATTATTCTAATTTCAAGHTAAGCAATA W&Gﬂﬁm CGETTCAGTTCAATTTACTTAAAMGATTCTTITS
201-CTGCAAG CCAARACCT AATT AT TCTAAT TTCAAGETAAGC AATAGCACCTCTTTAGAGACCGCTT T GETTCAGTTCAATTTACTT AMAAGATTCTTTT:
B | 200 cTecaAGCrAA A CCTAATT ATTC TAATTTCAAGHTAAGCAAT AGCACCTCTTTAG AG ACCECTTTTY GETTCAGTTCAATTTACTTASAAG ATTCTTTT:
20T e CAAG T AR A T AATT ATTC TAAT T TCAAGHTAAGC AATAGCACCTCTTTAGAGACCECTT T GETTCAGTTCAATITACTT AAALG ATTCTTTT:
20T CAAG C AR A T A TTATTCTAAT T TCAA G TAAG CAAT AGCACCTCTTTAGAGACCE CTT T TCGETTCAG TTCAATTTACT TAAAAGATTCTTTT
C | 200 CTGCAMG CLAARACCTANTT ATTCTAATTTCAAGHTAAGCAATA ACAGACCGCTTTTCGETTCAGTTCAATTTACTTAAAAGATTCTTTT
201-CTGCAAG CLAAAACCTAATTATTCTAATTTCAAGETAAGCAATA ACAGACCGCTTT TCGETTCAGTTCAATTTACTTAAAAGATTCTTIT.
201-CTECAAG CLAARACCTAATTATTCTAATTTCAAGHTAAGCAAT) ACAGACCGCTTTTCGETTCAGTTCAATTTACTTAAAAGATTCTTTT
D | 200-CTGECAAG CLAAAACCTANTTATTCTAAT TTCAAGHTAAGCAATAGCACCTCTTTAGAG ACCECTTTTCGGTTCAGTTCAATTTACT TAAAAGATTCTTTT:
201-CTECAAG CLAARACCTAATTATTCTAAT TTCAAGRTAAGCAAT) AGAGACCECTTTTCGETTCAGTTCAATTTACTTAAAAGATTCTTTT

EESEEEZEEEEES

L]
30ATGAAATGCTTACAGY

F01ATEAAATGCTTACAGE ALAGATG T TCAACGATCT TGACAAACACTGGATTCAGT TG AAGTATGATGAAGAT TATGGTGAAAAGGAACAACCTTTATGGTT 400
C F01ATEAAATGCTTACAGE ALA R GATG T TCAACGATCT TGACAAACACTGGATTCAGT TG AAGTATGATGAAGAT TATGGTGAAAAGGAACAACCTTTATGGTT 400
F0ATGAAATGCTTACAGG A AR GATG T TCARCGATCT TGACARACACTGGATTCAGT TG AAGTATGATGAAGAT TATGGTGAAAAGGAACAACCTTTATGGTT =400

3 ca

———————————————

A0 TATCAATATT TGAAGCATGGATCT TG TTG TCAGAAAATGT ACAACCAAAACACGTATT T TAGT TTAGCCT TEGOGCT TAAARAGA CARG 'ITmTHI'I'CTG}SEIJ

A [ A0 T TCAATATT TG AAGCATG GATCTTET TG TCAGAAAATETACAACCAAAACACGTATT T TAGTITAGCCTTGCGCTTAAAAGACAAGT TCGATCTTCTE-500
AT AT AT AT T GAAGCAT G AT T TE TT G TCAG AR AN TG T ACAACCAAAACA COTATTTT AGT TTAGCCT TGUGC TTAAAAGA CAAGTTCGATCTTCTE500
AT ATCAATATT TGAAGCATGGATCTTGT TG TCAGAAAA TET ACAACC ANAACACGTATT T TAGTITAGCCTTGCGCTTAAAAGACANCTTCGATETTCTG500

B | 40T AT AT ATT TG AAGCATGGATCTTET TG TCAGAAAATGTACAACCAAAACACGTATTTTAGTTTAGCCTTGLGC TTAAAAGACAAGTTCGAT = TTCTG500
AT ATCAATATT TGAAGCATGGATCTTGT TG TCAGAAAA TET ACAACC ANAACACGTATT T TAGTITAGCCTTGCGCTTAAAAGACANCTTCGATETTCTGS00

A CTATCAATATT TGAAGCATGGATCT TG TTG TCAGAAAA TET ACAACCAAAACACETATT T TAGTTTAGCCT TGOS CTTAAAAGACAAGTTCGATCTTCTG=500

C [ 40 T AT CAATATT TG AAGCATG GATCTTETTG TCAGAAAATETACAACCAAAACACGTATTTTAGTTTAGCCTTGCGCTTAAAAGACANGTTOGATCTTCTE=500
AT ATCAATATT TG AAGCATGGATCTTGT TG TCAGAAAA TETACAACCAAAACA COTATT T TAGTITAGCCTTGCGCTTAAAAG ACAACTTCGATCTTCTG-500
A TATCAATATT TGAAGCATGGATCTTGT TG TCAGAAAATET ACAACCANAACACGTATT TTAGTITAGCCTTGCGCTTAAAAGACANGTTCGATCTTCTE500

D || 4015 CTATCAATATITE AAGCATEGATCTTETTETCACAAAATETACAACCAAAACACETATTTTAGTITAGCCTTECECTTAAAAC ACAACTTCGATCTTCTE:500
A TATCAATATT TGAAGCATGGATCTTGT TG TCAGAAAATGT ACAACCAMASCACGTATT T TAGTITAGCCTTGCGCT TAAAAGACAAGTTCGATCTTCTG=500

S04, >.A? A T T A A A A T A A TTT T T TG AT CAA G TATACATTT A G G AN TCTTTEATGCCE TCAAGACAGCTACTCAAATG GATCC TG ACCTTA-E00
A | 5015468 CTCTOCAAACACATAAAATTTTTCCTEGATCAAGCT ATACATTTAAGGAANTCTTTEATGOOG TCAAGACAGCTACTCAA TG GATOC TG ACCTTA600
SO A A T T A AN A A TA A A TTT T T TG AT CAA GO T ATACATTTAAG G AAATCTTTEATGC O TCAAGACAGCTACTCAAATG GATOLTG ACCTTA-E00
S01=AGAACTCTOCAAACACATAAMATTTTTICCTGGEATCAAGCTATACATTTAAGGAAATCTT TGATGCOGTCAAGACAGCTACTCAAATGGATOCTGACCTTA-600

SO AGAACTC IO AAA CA CA TAAAATTT T TCC TG ATCAAGCTAT ACATTTAAGG AN TCTTTGATGCCG TCAAGACAGCTACTCAAATGEATOCTGACCTTASE00

5

B0 AGTETACTAANGEAGCACCGG AN CTATA TGAAATAGG CATATGTT TCACCCCAAANG CAGATGCTCTGATTCCT TG TG TCAAAGTAATACATGLECTAG = 700
A | 60AGTE TACTAAAGGAGCACCGGAACT ATATGAAATAGG CATATG TT TCACCOCAAANG CAGATGCTCTGATTOC T TG TCGTCAAAG TAATACATGCGCTAG 00
B0 AGTETACTAANGEAGCACCGG A CT ATATGAAATAGGCATATGTT ICACCCCAAANG CAGATGCTCTGATTCCT TG TCGTCAAA CTAATACATGLGCTAG 700
CATATGTTTCACCCCAARAGCAGATGCTCTGATTCCT TGTCGTCAAAGTAATACATGCGCTAG 0D
B deI'GTACT nmemm ATATGAASTAGGCATATGTT ICACCCCAAAAGCAGATECTCTGATTCCTTGTCETCAAAGTAATACATGCGLTAG 700
[ CTAA e A CATATE TT TCA OO A A CAGATGCTCTGATTCC T TG TCE TCAAAC TAATACATGCECTAG 00
B01-AGTETACTAANGEAGCACCEEAMCTATATGAAATAGGCATATGTT ICACCCCAAANMGCAGATGCTCTEATTCCT TG TCETCAAMGTAATACATGCECTAG 70D
C | 501-AGTETACTAAMGGAGCACCGEAACTATATG AR AT AGG CATATE TTTCACCCCAAAAG CAGATGCTCTGATTCCTTE TCETCAAAGTAATACATGCECTAG>T00
B01-AGTETACTAANGEAGCACCEEAMCT ATATGAAATAGGCATATGTT ICACCCCAAANMGCAGATGCTCTEATTCCT TG TCETCAAAGTAATACATGCECTAG 70D
B0 AGTETACTAAAGEAGCACCEG AN CT ATATGAAATAGG CATATG TT TCACCCCAAAAG CAGATGCTCTEGATTCCT TG TG TCAAAGTAATACATGCGCTAG: 70D
D | so2= CTAA, EE A CATATGTT TCACCCCAARAGCAGATGCTCTGATTCCT TGTCGTCAAAGTAATACATGCGCTAG>T00
B0 AGTETACTAANGEAGCACCGG A CT ATATGAAATAGG CATATG TT TCACCCCAAANG CAGATGCTCTGATTCCT TG TG TCAAAGTAATACATGCGCTAG = 700

TG ACCEGAMAAATATTTTT TCGCTGAACAAC-730

TOL>GACCGGAMARATATTTTTTCGCTGAACAACST29

TG ACCEGAMAAATATTTTT TCGCTGAACAAC- 729
B | 700-GACCEEAMARATATTTTTTCGCTGAACANCSTI0

T01>GACCGGAAAAATATTTTTTCGCTGAACAAC=730

TOL-GACCGGAAARATATTTTTTCGCTGAACAAC-730
g

TO=GACCEGAMARATATTTTT TCGCTGAACAKC:7I0
A

Figure 5.6. Alignment ofpfsrn-1 DNA sequences in 12 accessionsafieorickii. Sequences are listed in the order of Table 5.1 (LA2862,

LA4023, LA2113, LA2190, LA2197, LA2200, LA0247, LA2403, LA0735, LA1322, LA2639A, and LA1319). The black shaded regions show

different base pairs among 12 accessiorfs ngorickii. Sequences of group B and D atleded in gray for visual convenience. The five
conserved regions are indicated as C1 through C5 with a solid line above the sequences and the tw@blgergians are labeled as Hpv-1
and 2 with dotted lines above the sequences. The intron region is boxed. A, B, C, and D on the left sidguaintessepresent tBeneorickii

geographigroups.
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Cl C2 IIIIIIII:IE:II]-IIIIIII IIIII:‘PI\,IZIIIIIII &
2862 MVKPQLTAALFTVLEAJSPAYGDFDSLOLVLTWPASFCHMNDCVRIAPKNFT THGLWPDK ECTVLONCKPKPNY SNFKEKMFNDLDKHWIQLKY DEDYGEKEQPLWFYQY LKHGSCCOKM
Al s023 MVKPQLTAALFIVLFALSPAYGDFDSLOLVLTWPASFCHMNDCVRIAPKNFTIHGLWPDK EOGTVLQNCKPKPNTSNFKEKMENDLDKAWIQLKYDEDYGEREQPLWEYQY LRKAGSCCORM
2113 MVKPQLTAALFTVIFALSPAYGDFDSTQLVLTHPAS FCHMNDCVRTAPKNFTTHGLWPDK EGLVLONCKPKENY SNFKEKMENDLDKHWIQLKYDEDYGEKEQPLWEYQY LKHGSCCOKM
2190 MVKPQLTAALFIVLFARS PAYGDFDSLOLVLTWPASFCHMNDCVRIAPKNETTHGLWPDK LG 1VLONCKPRKPNYSNFKEKMENDLDKHW LQLKY DEDYGEKEQPLWEYQY LKHGSCCQRM
B | 2197 MVKPQLTAALFIVLFAMS PAYCDFDSLOLVLTWPASFCHMNDCVRIAPKNFTTHCLWPDE LG 1 VLONCKPKPNYSNFRERMENDLDKHWIQLKYDEDYGEKEQPLWEYQYLKHGSCCQRM
2200 MVKPQLTAALFIVLEASPAYGDFDSLQLVLTWPASFCHMNDCVRIAPKNETIHGLWPDK LGTVLQNCKPKPNYSNEKEKMENDLDKHWIQLKY DEDYGEREQPLWEYQYLEHGSCCQRM
247 MVKPQLTAALFIVLFALSPAYGDFDSLQLVLTHPASFCHMNDCVRTAPKNFTTHGLWPDK LOLVLONCKPRPNYSNFREKMENDLDKHWIOLKYDEDY GEKEQPLWEYOY LKAGSCCOKM
c | 2203 MVKPQLTAALFTVLFALSPAYGDFDSLOLVLTWPASFCHMNDCVRTAPKNFTTHGLWEDK C1 v DONCKPRPNY SNEKERMENDLDKHW IQLKY DEDYCEREQPLWEYQY LEHGSCCOKI
735 MVKPQLTAALFIVLFALSPAYGDFDSLQLVLTWPASFCHMNDCVRIAPKNFTTHGLWPDK [ECTYLQNCKPRENYSNFRKEKMENDLDKHWIQLKYDEDYGEREQP LWEYQY LKHGSCCQKM
1322 MVKPQLTAALFIVLFALSPAYGDFDSLQLVLTWPASFCHMNDCVRIAPKNFTIHGLWEDK ECGTVYLQNCKPKPNYSNFREKMENDLDKHWIQLKYDEDYGEKEQPLWEYQYLKHGSCCQRM
D | 26392 MVKPOLTAALFTVLFALSPAYGDFDSLOLVLTHPASFCHMNDCYRTAPKNFTTHGLWPDK L CGTVLONCKPKPNYSNFKEKMFNDLDKAWLIQLKYDEDYGEKEQPLWEYQY LKHGSCCORM
1319 MVKPQLTAALFIVLFALSPAYCDFDSLOLVLTWPASFCHMNDCVRIAPKNFTIHCLWPDE LC1vLONCKPKPNY SNFRERMENDLDKHWIOLKYDEDYGEKEQPLWEYQYLKHGSCCORM
ot e e Sl el e o el BBl oo A s e e e e e - He e ol e skl e e el B R S L i i T i i O T O o I
C4 C5
—
2862 ¥NQONTYFSLALRLKDKFDJLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAR ELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
A lo23 YNONTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
2113 YNONTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCROSNTCARTGKIFFR-
2190 YNQNTYFSLALRLKDKFDfLRTLOTHKIFPGSSYTFKEI FDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
B §2197 YNQNTYFSLALRLKDKFDLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP BELYEIGICETPKADALIPCRQSNTCARTGKIFFR-
2200 YNQNTYFSLALRLKDKFDWYLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
247 YNONTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALTPCRQSNTCARTGKIFFR-
C §z2403 YNQNTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP BELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
735 YNONTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-
1322 YNQNTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCROSNTCARTGKIFFR-
D 26392 YNQNTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP ELYEIGICFTPKADALIPCRQSNTCARTGKIFER-
1319 YNQNTYFSLALRLKDKFDLLRTLQTHKIFPGSSYTFKEIFDAVKTATQMDPDLKCTKGAP BELYEIGICFTPKADALIPCRQSNTCARTGKIFFR-

dkkkkkkkhk bbbk kdhbd - hbhdhk bk bbb hrbhbdbbhkbbbbhbbhbbhbbbbddkhbbdhkts

Kk hkkdkkkkkokhkkhkkkokkkkkkhhkktkkkkkr

Figure 5.7. Deduced amino acid alignmenkpérn-1in S neorickii. Accessions are labeled at the front of the sequences. The black shaded
regions show different base pairs with the : symbol below the sequences among 12 acceSsieasasii. Sequences of group B and D are
shaded in gray for visual convenience. The five conserved regions are indicated as C1 througla €8lidilime above the sequences and the
two hyper-variable regions are labeled as Hpv-1 and 2 with dotted lines above the sequences. A, B, C, and Dsidetbétled sequense
represent th& neorickii geographic groups. *Indicates consensus sequences below the sequences. Arrow indicates the gnediisegdide
cleavage site.
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S6 I 1-ATGTTTICTT GCTCTTTCTCCTATTTATGGGGA TGAGTTATTGGAACTCGTTTCAACCTGGCCAGCAACTTTTTGCTACGCGTATGGTTGCTCGA>100

1> 100
A >100
1> 100
1> >100
C v 100
1> >100
D = >100

Sé6 I101>G ACGACCAATTCCAAAGAATTTTACGATTCACGGG( GGCCGGATAACAGGTCCACAATTCTGCATGACTGCGATGTA-CCCCCTGAGGTAGATTACG>199

101> GCGATGTARCCCC GTAGATTACG>200
A I101> GCGATGTARYCCCC GTAGATTACG>200
101> GCGATGTARYCCCC GTAGATTACG>200
C 101> GCGATGTARCCCC GTAGATTACG>200
101> GCGATGTARCCCC GTAGATTACG>200
101> GCGATGTARYCCCC GTAGATTACG>200
D I101> GCGATGTARYCCCC GTAGATTACG>200

S 6. 200>TTCAAATCGAGGATCACAAGATATTAAATGCGCTAGACAAACGCTGGCCTCAACTCAGATACGATTATTIGGTATGGCATAGATAAACAATATCAGTGGAA>299

201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGAC CTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAA>300
A [1201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGAC CTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAG>300
201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGAC CTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAA=300

201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGACAAACGCTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAA>300
201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGACAAACGCTGGCCTCAACTCAGATACGATTATIGGTATGGCATAGATAAACAATATCAGTGGAA>300
D I 201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGACAAACGCTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAA>300

I 201>TTC TCGAGGATCACAAGATATTAAATGCGCTAGACAAACGCTGGCCTCAACTCAGATACGATTATTGGTATGGCATAGATAAACAATATCAGTGGAA>300

S6 I300>AAATGAATI'CCTAAAACATG GAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATTTATTG>399
301>AAATGAATTCC ACATGGAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATTTATTG>400

A H301>AAATGAATTCC ACATGGAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATITATTG>400
301>AAATGAATTCC ACATGGAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATTTATTG>400
301>AAATG. C AACATGGAACCTGTGGTATAAATCGCT, ACAAACAACCAGCATA'I'I'I'I’GA'I'ITAGCCATGAAGATEAAAG ACAAGTTTGATTTATTG>400

C [ 301>AAATG C AACATGGAACCTGTGGTATAAATCGCT, ACAAACAACCAGCATAWGA‘I'ITAGCCATGAAGETAAAAG ACAAGTTTGATTTATTG>400
301>AAATG. C AACATGGAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATTTATTG>400

D I301>AAATG C AACATGGAACCTGTGGTATAAATCGCTACAAACAACCAGCATATTTTGATTTAGCCATGAAGATAAAAGACAAGTTTGATTTATTG>400

S6 I4UU>GGAACT CTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTCA>499
01>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTCA=>500

A 401>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTCA>500
01>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTCA>500
401>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTTA>500
401>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTTA>500
401>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTTA>500

D I4U 1>GGAACTCTGAGAAAACATGGAATTAATCCTGGTTCAACTTATGAACTCAATGACATAGAACGTGCTATAAAGACAGTTTCTATAGAGGTTCCTAGCCTTA>500

S6 I5 00>AGTGCATACGAAAACCACCTGGAAATGTGGAACTTAATGAGATTGGTATATGTTTAGACCCAGAAGCGAAATATACGGTTCCTTGTCCACGAATTGGGTC=599

501>AGTGCATACGAAAACCACCTGGAAATGTGGAACTTAATGAGATTGG >546
A 501>AGTGCATA(ﬂAAAACCACCT GGAAATGTGGAACTTAATGAGATTGG >546
501>AGTGCATACGAAAACCACCTGGAAATGTGGAACTTAATGAGATTGG 546
501>AGTGCATACGAAAACCACCTGGAAATGTGGAACTTAATGAGATTGG >546
C 501>AGTGCATA(ﬂAAAACCACCT GGAAATGTGGAACTTAATGAGATTGG 546
501>AGTGCATACGAAAACCACCTGGAAATGTGGAACTTAATGAGATTGG >546
D I501>AGTGCATACHAAAACCACCT GGAAATGTGGAACTTAATGAGATTGG >546

Figure 5.8. Sequenceslqgbfsrn-2 from genomic PCR after removing intron sequences in 7 accessions of
S neorickii aligned to the allele of SIS arcanum. Sequences are listed in the following order:

LA2163, LA2862, LA4023, LA2113, LA0247, LA2403, LA0735, and LA2639A. The black shaded
regions show different base paif$e triangle represents the single base pair inserti8mgorickii and

the red-box represents the premature stop codon. A, B, C, and D on the left side of the sequences
represent th& neorickii geographigroups.
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Figure 5.9. RT-PCR to test for the transcriptional levelai$rn-1 in style and leaves & neorickii (left),
Lpfsrn-1in three groups db. neorickii (right). * = accessions in which pollen tubes from red-fruited species
are rejected.

Table 5.3. Summary of pollen tube rejection and S-RNase allele presence and expression in four
geographic groups @. neorickii.

. . Pollen tubes of S-RNase Transcriptional | Expression
Accessions Site . . .
red-fruited specieg allele present| level of Lpfsrn-1 | of protein
LA4023 | AZuay, Rejected Lpfsrn-1 High Present
Ecuador -2
Al LA2gs2 | AZuaY, Rejected Lpfsrn-1 High Present
Ecuador -2
LA2113 Loja, Rejected Lpfsrn-1 High Present
Ecuador -2
LA2190 | AMAzonas, |, aple Lpfsrn-1 NT Variable
Peru -2
B| LA2197 ég‘rizonas’ Variable Lpfsrn-1 NT Variable
LA2200 AMazonas, |/, iaple Lpfsrn-1 NT Variable
Peru -2
LA0247 Eg;'tnuco, Not rejected Lpfsrn_—zl Low/absent Absent
C| LA2403 Eg;'tnuco, Not rejected Lpfsrn_—zl Low/absent Absent
LAO735 Egrahnuco, Not rejected Lpfsrn_-zl Low/absent Absent
LA1322 ggrsuco, Rejected Lpfsrn-1 High Present
D| LA2639A | APUMMAC, | oo ted Lpfsrn-1 High Present
Peru -2
LA1319 é\gﬁ:lmac, Rejected Lpfsrn-1 High Present

NT= not tested.




Segregation of S RNase and inter specific pollen tube rejection in inter-group F2 plants

Because Rick et al. (1976) reported some variability in the success ofjriotgr-crosses %
neorickii, pollen-pistil interactions in crosses between accessions from the four geogpapips ofS
neorickii were assessed to test for the inter-group pollen tube growth using aireastcessions from
each group. In reciprocal crosses, pollen tube rejection was not observesall(BigSuccessful crosses
between groups o8 neorickii generated inter-group hybrids between two different parents, group C
(LA0247) and group D (LA1322). The presence of S-RNase and the rejection of tpbksnfrom red-
fruited species were evaluated in thefinter-group hybrids to test for dominance and in thgdheration
to test for the correlation between S-RNase and interspecific pollen jabeoreof red-fruited species. |
also obtained fhybrids between LA4023 group A and LA0247 group C, as well as between LA2862 group

A and LA1322 group D for future studies.

Group A
/ Azuay, Ecuador \ fm

( Group B Group D
Amazonas, Peru Cusco, Peru

\ [ Group C y/
Hudnuco, Peru

LA0247 (C) x LA1322 (D) LA1322 (D) x LA0247 (C)

Figure 5.10. Pollen-pistil interactions between four grouds ogorickii. Arrows indicate the compatible
pollen tube growth (left). Representative images of pollen tube growth between graunus [T of S
neorickii (right).

Four individuals of the Fgeneration expressed S-RNase and rejected pollen tubes from red-fruited
species in greenhouse conditions (Fig. 5.11 and Appendix S5.2.). However, it shauitetethat
variability of interspecific pollen tube rejection was observed in crosses ddhe field. For example,
pistils of DxC-2 F line reject pollen tubes of red-fruited species in the greenhouse boft baedses done
in the field (three out of six crosses) showed pollen tubes of red-fruited spetiewiraties of DxC-2

line, which may reflect environmental influences on interspecific pollen tube rejection.
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To assess the segregation of interspecific pollen tube rejection, 6G-tgiaints were used in
crosses as the female with pollen fr8nhycopersicumandS. pimpinellifolium representing the red-fruited
species. In 22 out of 60 plants, pollen tubes from both species of red-fruited speeiesjased, and
pollen tube rejection was not observed in 38 plants (Fig. 5.11 and Table 5.3). In some crossfthenost
pollen tubes were inhibited at about 80% the length of the styles, but a fewtpbksn(less than three)
reached the ovaries. These crosses were @enot‘long tubes” (LT) in Table 5.4. In cases where a
significant number of pollen tubes reached ovaries, pollen tubes were whsdlyed targeting the ovules
(the second and the fourth images in Fig. 5.11). However, in a few individuals (DxC-2t81626, and
DxC-3-612) pollen tubes were observed at the bottom of the styles but minguthe ovules (e.g., the
last image on Fig. 5.11). If pollen tube rejection is controlled by a domifiel& af a single gene, we
expected that 75% of the progeny should reject pollen of red-fruited species. However, the segregation
of interspecific pollen tube rejection was 22 (reject) to 38 (pollen tubes &®uaeluding LT; 63%) and
the chi-square value is 7.019 x¥#0thus not supporting a simple Mendelian segregation ratio. If we
classified the LT crosses as rejection, the ratio is 24 (reject) to 3énjhabes at ovaries; 60%) with 3.825

x101%0f the chi-square value.

el

1 mm

1 mm

LA1322 (group D) | LA0247 (group C) | DxC-1(F1) DxC-1-601 (F2) | DxC-1-602 (F2) DxC-4-620 (F2)
Figure 5.11. Interspecific pollen tube growth with pollen from red-fruited specstgl@s ofS. neorickii.
Representative images of crosses in thgldnts with pollen from red-fruited species lycopersicum or
S pimpinellifolium). Plants used as the female are listed in the figures. Arrow indicates thatpemth
sthe majority of pollen tubes stop growing and arrowhead indicates pollen tubes in the ovaries
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69 R, individuals were tested for the presence ofiLipfarn-1 andLpfsrn-2 alleles. As expected, all
individuals have thd pfsrn-1 allele since both parents possess the allele. Interestingly, 63 out of 69
individuals (91%) also contain the other alldlpfsrn-2, which is not the predicted in a Mendelian ratio of
75% (Fig. 5.12), suggesting that segregation distortion has occurredali-pollinations. The presence of
theLpfsrn-2 allele does not correlate with pollen tube rejection; individuals that do not posskpfsthe
2 allele can still reject pollen tubes of red-fruited species, consistdmtolviervations of interspedifi

pollen tube rejection in LA1322 (group D) that lack tipsrn-2 allele (Fig 5.12 and Table 5.3).
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Figure 5.12. PCR amplification afpfrsrn-1 (left) andLpfsrn-2 (right) in genomic DNA of Fplants. * =
individuals in which pollen tubes from red-fruited species are rejectedndividuals were not tested for
interspecific pollen tube rejection. LT= pollen tubes of red-fruited species Wwseeved in the ovaries of
these individuals.

SincelLpfsrn-1 transcript expression was not observed in the parent LA0247 (groupe§ted for
the expression dfpfsrn-1 in a few individuals of the Fpopulation using RT-PCR. As predictégbfsrn-1
transcript expression was detected in the individuals that rejeenpalbes of red-fruited species and low
expression (or absence of expression) was observed in the individuals that é&plagt idterspecific
pollen tube rejection (Fig. 5.13).

Stylar extracts of 56 Fndividuals were used to assess S-RNase protein expression in order to

examine whether S-RNase expression segregates with the ability to rejenttpbks from red-fruited
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species in pistils ofs. neorickii. Individuals that rejected pollen tubes from red-fruited species also
expressed S-RNase (Fig 5.14). However, only 15 of 29 individuals expressing S-RNaee ppien
tubes from red-fruited species (Fig 5.14). In addition, S-RNase expression waketstiled in two
individuals with long pollen tube growth. [Note total 35 individuals expgeBiNase and six of those plants
were not tested for pollen tube rejection.] Interestingly, those 14 planexfirass but do not reject pollen

tubes from red-fruited species were grown from field condition.

DxC-1-602 *

DxC-1-603
DXC-1-604
DxC-1-606 *
DxC-1-607
DXC-2-606 (LT)
DxC-2-608 *

DxC-2-609
DxC-4-600
DxC-4-607 *

LA0247
LA1322 gDNA

DxC-1-601
DxC-2-601 *
DxC-2-604
DXC-2-605 *
DxC-4-602 *
DxC-4-603 *
LA1322 *
LA0247 gDNA
No DNA

Lpfsrn-1)

500bp

we 8 ..
=
.

CAC o
(control) O -----——

Figure 5.13. RT-PCR to test expressiopfisrn-1 in stylar cDNA of the Egeneration and genomic
DNA as a control. * = accessions/individuals in which pollen tubes of red-fruited speciefeated:.

LT= pollen tubes of red-fruited species were observed at the bottom of styles not in the ovhess of
individuals.

As described earlier, the testlgifsrn-1 transcript expression showed the correlation between the
express and pollen tube rejection in 16 greenhouse-growslahts. Lpfsrn-1 transcript expression
correlated with S-RNase protein expression and interspecific pollen tubeorejgdt. 5.13). However,
given the field-grown 13 plants that expressed S-RNase but did not rejenttpbes of red-fruited species
(Fig. 5.14), it appears that either S-RNase expression may be required but nensdffidhis rejectin,

or that environmental effects can influence S-RNase function in pistils, as discussed belevé @)abl

The S-RNase expression segregation ratio in flp@pulation was about 1:1, not the expected 3:1
Mendelian segregation ratio, again suggesting that segregation distortion has otaigeadgly, the
observed segregation distortion is more apparent in two out of the fooes(Fig. 5.14). In theJdplants

that are from DxC-1 and -3, knes, 40% of DxC-1 Fplants and 43% of DxC-3;Blants express S-RNase



protein, while E plants from the DxC-2 and DxC-4; fines express S-RNase at close to predicted

Mendelian 3:1 ratio, 78% and 67 %, respectively.
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Figure 5.14. Immunostained S-RNase proteins in pistil extracts from tienEration (provided by

Alejandro TovarMendez). Blots on the top two panels were performed with 3 ul of stylar extract, while

10 wl of stylar extract was loaded on the bottom panel. (A) represents pollen tubes of red-fruited species
were accepted in pistils of these individuals; (R) represents interspecific pokerefettion; LT

represents pollen tubes of red-fruited species were observed in the ovaries of theselmdividua



Table 5.4. Summary of results from F2 populations.

PT Lpfsrn
-1 -2 RNA Protein

DxC-1 608 Accept
616 Accept
617 Accept
618 Accept
620 Accept
601 Accept
603 Accept
604 Accept
607 Accept
623 Accept
615 Accept
619 Accept

+
+

621 Reject
602 Reject
606 Reject

+ 4+ |+ o+
+ H|F A+ A+ + o+
1
1

+ + 4|+ + +

PT Lpfsrn
-1 -2 RNA protein

DxC-2 602 Accept
624 Accept
604 Accept
609 Accept
611 Accept?
619 Accept?
625 Accept?
606 LT

+ low

+ + 4+ +

626 Reject
622 Reject
612 Reject
613 Reject
623 Reject
601 Reject
605 Reject
608 Reject

+ 4+ + A+ |+ o+
+

+ + 4+ + + +

++ A+ A+ A+ 4

1
+




DxC-3 624
600
601
602
603
604
616
628
621
612
615
627

PT

|—

=3
Q
=

N
Py
pd
>

protein

Accept
Accept
Accept
Accept
Accept
Accept
Accept
Accept
Accept
Accept?
Accept
Accept

619
625

Reject
Reject

e i i i S o N

+ o+ o+

+ 4+ + + +

DxC-4 608
613
622
612
600
620

PT

protein

Accept
Accept
Accept
Accept
Accept
LT

+ o+ +

601
605
606
621
624
625
603
602
607

Reject
Reject
Reject
Reject
Reject?
Reject
Reject®
Reject
Reject

+ 4+ + A+ [+ o+

+ [+ ++ o+

A

+

+

+
+
+

+ + + +

PT column summarizes results of pollen tube rejectipfgrn column summaries presence of PCR
products in genomic DNA; RNA column summarizes presence dffffisen-1 transcript expression from
RT-PCR with stylar cDNA,; protein column summarizes presence of S-RNase protein expression.

+ represents the presence of the gene or its expression, - indicates the absence; in RNA t@umn, ei
absence or low expression of transcript was indicated with -.

Blank cells represent those not tested.

a|n these individuals, pollen tubes reach the ovaries but are never observed within ovaries thegeting

ovules.

b Most of the crosses display interspecific pollen tube rejection, but one cross shows pollen tube

acceptance.




Discussion
Therole of S factorsin interspecific pollen tube rejection

Interspecific pollen tube rejection frequently follows the Sl x SC inlgshich crosses between
self-incompatible (SI) species and self-compatible species (SC) are succdssfuthe SC species is
female in a cross but nit the reciprocal cross, a phenomenon called unilateral incompatibility (Ul). This
suggests overlapping mechanisms between Ul and Sl (Lewis and Crowe, 1958; Mutschiedlah@94;
Liedl et al., 1996; Murfett et al.,, 1996; Covey et al., 2010; Baek et al., 2Bghanisms of the
gametophytic Sl system in the Solanaceae have been well studied (McClure, 200#eMo@ Franklin-
Tong, 2006; Kubo et al., 2010; Li and Chetelat, 2014), while interspecific pollemejglotion is far les
understood. In the tomato clade, the Sl system$kesis-encoded stylar S-RNase to recognize and reject
self-pollen tubes. The relationship between Sl and Ul has been supported in severanstoeigsmato
clade. Pollen and pistil Ul QTL have been mapped t&tloeus (Chetelat and Deverna, 1991; Bernacchi
and Tanksley, 1997). In additiodT genes (another pistil Sl factor) map to major Ul QTL on chromosome
12 (Covey et al., 2010). A more recent study directly tested the function ggrek in Ul, with the
introduction of botls-RNase andHT into cultivated tomatoes creating an IRB leading to rejection of pollen
tubes from red-fruited species (Tovar Mendez et al., 2014).

Low activity S’ RNase alleles

Low enzymatic activity S-RNases are a feature of several SC taxa in Salan&tuang et al.,
1994; Golz et al., 1998; Kondo et al., 2002; Covey et al., 2010). For example, an expressed i§-&Nase
SC population ofS. arcanum (LA2157) has low enzymatic activity (Royo et al., 1994). In this SC
arcanum, low S-RNase enzymatic activity was attributed to the loss of histidéwue known to be at the
active site of the enzyme (Huang et al., 1994; Royo et al., 1994). Tt8sabc&num with low activity S-
RNase exhibits a weak Ul in crosses with pollen of red-fruited species éBakk2015). In addition, an
SC population of. habrochaites (LA1927) was found to express a low activity S-RNase and still display
Ul when pollinated with red-fruitecs. lycopersicum (Covey et al., 2011). Therefore, although low

enzymatic activity S-RNases might be insufficient for S, they may becwurfifor rejecting interspecific
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pollen tubes from red-fruited speci&ondo et al. (2002a) reported that S-RNase in LA1322 (gro8p D
neorikcii) has low enzymatic activity. Since the sequence of a putafiease allele from this line had no
obvious defects, it was proposed that the S-RNase in LA1322 maybe not functional due to giosirmal
translational modification. It is also possible that another factor may bevé&avimi activity of S-RNase, in
which as absence of an activator gene or the presence of an inhibitor genaftoende activity of S-
RNase. Another alternative is that in interspecific pollen tubes areewjbgta redundant, non-S-RNase
based Ul mechanism (Murfett et al., 1996; Covey et al., 2010; Eberle et al. B2@k3*t al., 2015).

Differential pollen tube regjection and S-RNase expression in four geographic groups of Solanum neorickii

DespiteS. neorickii showing very low genetic diversity in the allozyme study performed by Rick
et al. (1976), | have identified different groups $fneorickii displaying variability in both S-RNase
expression and interspecific pollen tube rejection with red-fruited speciéisisistudy, differences in
interspecific pollen tube rejection were observed in four different geographic groBpseofickii. Pistils
of group A (Azuay, Ecuador) and group D (Cusco/Apurimac, Peru) accessions regttydodls from red-
fruited species, while group C (Huanuco, Peru) does not. This pattpollei tube rejection correlated
with the expression of S-RNase protein; protein expression was deteatedps 4 and D but not in group
C. Accessions in group B showed segregation of interspecific pollen tubeorejati protein expression;
individuals expressing the protein also reject pollen tubes from red-fruitecspEdi protein, which is
also required for interspecific pollen rejection, was detected by immunoblottiadj i® neorickii
accessions regardless of geographic group (data not shown). The correlatiom ietv&E&Nase protein
expression and interspecific pollen tube rejection, in which accessions in groupb Axgmess the protein
while accessions in group C do not, led me to hypothesize that the lowya8tRNase may be involved

in interspecific pollen tube rejection.
Distribution of two S-RNase alleles, Lpfsrn-1 and Lpfsnr-2, and transcriptional expression

Kondo et al. (2002a) identified two putati®RNase alleles inS. neorickii. The Lpfsrn-2 allele

from group C has a single base pair insertion in the coding region leadinguoesshift that would result



in a truncated protein. Theofsrn-1 allele in LA1322 (group D) could encode a functional protein with the
five conserved regions and essential active site amino acid residues(Hys) found in all S-RNase
proteins. | tested for the presence of each allele by performing R@gamomic DNA from accessions in
the four geographic groups 8fneorickii to see if there was a relationship of either allele with interspecific
pollen tube rejection. Surprisingly, the loss-of-functigufisrn-2 allele was found in not only accessions of
group C but also in group A, some accessions of group B, and one accession in group D (Fig. 5.5 and 5.8).
Thus, theLpfsrn-2 allele is not correlated with either S-RNase expression or interspecific patlen
rejection. At this time, we do not know whethéipfsrn-2 is pseudogene at thglocus or is located
elsewhere in the genome.

Also surprisingly, the_pfsrn-1 allele was detected in all. eorickii accessions regardless of S-
RNase protein expression. Since group C does not show protein expression even tHopfginthellele
is present in the genomes, | hypothesized that S-RNase protein was regulzdd\a! tof transcription.
Indeed, transcripts dfpfsrn-1 were detected in the A and D groups, while transcript abundance wig grea
decreased in accessions of the C group (Fig. 5.9, Table 5.3). At this time we do natintvanscription
is decreased in the C group, but it is possible that it may be dumutation in a regulatory region. An
example of such a mutation is the insertion of a transposable element in the pregioteofran S-RNase
gene in northern accession of S@abrochaites thathas been associated with the absence of transcription
and protein expression (Kondo et al., 2002; Covey et al., 2010). Alternatively, gheu@ may lack
factor(s) required fosRNase transcription. Further experiments need to be performed to confirm that the
Lpfsrn-1 allele maps to the S-locus and encodes the low activity S-RNase proteitediebgc
immunoblotting.
Segregation of interspecific pollen tube rejection and S RNase protein in an F2 generation.

The four different geographic groups®heorickii that differ in interspecific pollen tube rejection
are fully inter-fertile (Fig5.10), so | was able to make inter-grouphlybrids between group D and C, and
| selfed these to generate Pplants. | expected that interspecific pollen tube rejection and S-RNase

expression were a dominant trait in thg&neration and this did seem to be the case in greenhouse crosses.



In some pollinations performed in the field, however, interspecific pollen tebebked ovaries in plants
expressing S-RNase, suggesting that the Ul system may be labile in some envirocomglitiahs (as

discussed below).

Because Fparents were heterozygous, | expected a 3:1 ratio dipgfsen-2 allele, of S-RNase
protein expression and of interspecific pollen tube rejection pidats. Instead | found unexpected ratios
of all three in the Fgeneration. Since thHepfsrn-2 allele should have been heterozygous in F1 plants, it
was expected that 75% of the ffants would contain this allele. However, 63 out of 69 plants (91%) had
theLpfsrn-2 allele, far different from the expected Mendelian 3:1 ratio. The segregationidistbat we
observed for th&pfsrn-2 allele and S-RNase expression might be due to the selection agaigébehe
from LA1322 (group D) on pollen side in selfs afffants An example of this kind of selection was seen
in a previous study (Rick and Chetelat, 1991) in the distorted segregationSabthes in F2 plants from
crosses between northern and southern SC populatioBshabrochaites. Unexpectedly, there was a
complete absence of plants homozygous for the southern popdfidase allele, implying that pollen
containing this allele either did not survive to maturation or was excloylé¢lde pistil of the F1 hybrid.
Our finding that a higher fraction of; fplants contain thé&pfsrn-2 allele and the fraction ofFplants
expressing S-RNase (60%) is lower than expected the 75%, is suggestitresthkarid of selection is
occurring in our studies as well. It should be noted, however, that in my study, et} aft50-60 E
plants were analyzed, and therefore the sample size may be too small to observe thd Bigatelian

ratios.

| hypothesized that interspecific pollen tube rejection would strictly lederavith S-RNase protein
expression irs. neorickii. However, although S-RNase protein expression was detected in all F2 plants that
reject pollen tubes of red-fruited species, some plants that express S-Ridtse did not reject
interspecific pollen tubes. One possible explanation for this is that independentlgadiemy factors in
addition to S-RNase may be required for interspecific pollen tube rejecti@maorickii. It has been

observed in the tomato clade that more recently evolved SC populations of S| sfikeidsibit Ul even



though they lack S-RNase expression (Murfett et al., 1996; Covey et al. Ri#lCet al., 2015), suggesting

factors other than S-RNase are involved in Ul in some cases.

Another possible explanation is that environmental factors could influenceatiispollen tube
rejection. All of my crosses using greenhouse-grown plants were consistent whtypothesis - that a
low-activity S-RNase would be both necessary and sufficient for intergpgafien tube rejection.
However, my crosses conducted in summer fields in Colorado were not consistentywiypothesis,
since in these crosses | observed pollen tube rejection in only about halplairitse(11/22) expressing S-
RNase. Temperature is one possible environmental factor that is known to impactybalgrotvth. For
example, pistils oNicotiana tabacum normally inhibit the growth dN. obtusifolia pollen tubesHowever,
pollen tubes ofN. obtusifolia were not inhibited by pistils oN. tabacum when crosses were done at
temperatures at or exceeding ®5(Eberle et al., 2013). Martin (1964) also observed variability in pollen
pistil interactions irS. habrochaites and noted that “pseudo-compatibility” and apparent segregation ratios
could be due to high temperatures. It is possible that since the enzymatig at8vRNase is already low
in S. neorickii, environmental factors could further reduce activity to non-functional levelg tietie
conditions, allowing interspecific pollen tubes to continue growth in stil@sare expressing protein.
Further tests such as testing interspecific pollen tubes iplahats under controlled hot temperature

condition would be required to validate this hypothesis.
Further implications

The differential genotypes and phenotypes in faureorickii gearaphic groups that | observed
may be the result of differing selection pressures. The three gro®saofickii (A, B, and D) that can
express S-RNase and reject interspecific pollen tubes overlap with tifeutist ranges of other tomato
clade species, including the red-fruited spe8gsmpindlifolium, and the green-fruite8. habrochaites
andS chmielewskii. In these situations, there could be continuous selection for interspecific reproductive
barriers to prevent hybridization. Howeve&rneorickii group C from the Huanuco, Peru area, which does

not express S-RNase protein and accepts interspecific pollen tubes from textl dpgcies (and indeed



makes fruits with viable seeds), shows no range overlap with othetolade species. In fact, the closest
other wild species (S. arcanumand SIS. peruvianum) to theS. neorickii C group is at least 100 km away
based on the information from TGRC.

In some cases, stronger interspecific reproductive barriers can be selected thmmegisscalled
reinforcement (Dobzhansky 1940; Howard, 1993; Servedio and Noor, 2003; Kay and Schemske, 2009;
Hopkins and Rausher, 2012) or reproductive character displacement (Levin and ¥3§8techluter and
McPhail, 1992; Fishman and Wyatt, 1999). Reinforcement results from selection fatierstigengthening
of reproductive barriers to reduce the frequency of mating between species or hybaiibfor The term
of reinforcement is restricted to cases where gene flow is still ocdagtmgeen closely related taxa. On the
other hand, reproductive character displacement is a selected pattern enti#fien in reproductive traits
(i.e. floral morphology) between populations occurring in sympatry comparekdose toccurring in
allopatry, when speciation between two taxa is complete, i.e. there is no geriButin 1987; Hopkins
et al. 2012). | propose that since the group iGolated from other wild tomato species, the selection for
interspecific reproductive barriers may have been reduced, leading to the weakening of IRBs.

In summary, results from this study support the idea that difference®isgetific pollen tube
rejection in four geographic groups &fneorickii may be related to a low activity S-RNase. A candidate
SRNase gene,Lpfsrn-1, is present in all groups & neorickii, but expression dipfsrn-1 was detected
only in accessions that express S-RNase protein and reject pollen tubefuifeddspecies. Although the
test of segregation in S-RNase expression and IRBs inipydtilation suggests that other either factor(s)
or environmental effects may also be involved in regulating interspecific repragictiviers, a low
activity S-RNase may still be required to reject interspecific pallbes inS. neorickii. The finding ars
RNase allele that cannot function in the Sl system still may be able to patidin interspecific pollen tube

rejection is novel. Further experimentations will be required to prove this hypothesis.
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APPENDICES

Appendix S3.1. Accessions used in this study

Species Mating Accession Country Collection site Latitude Longitude
system (Province/Department)
VF36
S lycopersicum SC mM82
LA1221
LA1383 Peru (Amazonas) Chachapoyas to Bagua N/A N/A
LA2149  Peru (Cajamarca) Puente Muyuna -7.21806 -78.7878
S sC LA1590 Peru (La Libertad) Virt to Tomaval -8.37 -78.73
pimpinellifolium LA1589  Per0 (La Libertad) Vird - Galunga -8.39 —78.74
LA3798  Peru (Ancash) Rio Pativilca -10.65472 -77.4428
LA1610 Pera (Lima) Asia - El Pifion -12.76667 -76.5167
LA1408 Ecuador (Galapagos Islands Isa?(ella. SW volcano, Cape -0.04611
S galapagense sc ] Berkeley ] 91.55861
LA0O317 Ecuador (Galapagos Islands Bartolomé -0.28333 -90.55
LA0438  Ecuador (Galapagos Islands Isabela: coast at Villamil -0.9775 -91.0211
LA0426  Ecuador (Galdpagos Islands Bartolomé: E of landing -0.283333 -90.55
LA0522  Ecuador (Galapagos Islands Fernandina: Outer slopes -0.36667 -91.55
S cheesmaniae  SC LA0166  Ecuador (Galdpagos Islands i;‘/‘g:: Cruz: Barranco, N of Puertt g, 7¢ -90.3167
LA0421  Ecuador (Galapagos Islands San Cristobal: cliff E of Wreck Ba: —0.89778 -89.6094
LA4023  Ecuador (Azuay) Paute -2.78333  -78.7667
S neorickii SC LA0247  Pera (Huanuco) Chavinillo -9.78333 -76.5833
LA2403  Pera (Huanuco) Wandobamba -10.16667 -76.175
S chmidewskii Facultative LA1316  Peru (Ayacucho) Ocros -13.3925 -73.915
SC LA1325  Peru (Apurimac) Puente Cunyac -13.56667 —72.5833
SC LA2157  Pera (Cajamarca) Tunel Chotano —6.50583 —78.8089
LA2163  Peru (Cajamarca) Cochabamba to Yamaluc -6.49444  -78.8983
S arcanum S| LA2150 Peru (Cajamarca) Puente Muyuna —7.21806 —78.7878
LA1351 Peru (Cajamarca) Rupe -7.28333 -78.8167
LA2327  Pera (Cajamarca) Aguas Calientes —7.45833 —78.1083
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http://maps.google.com/maps?f=q&hl=en&geocode=&q=-7.21806,-78.78778&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-8.37000,-78.73000&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-10.65472,-77.44278&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-12.76667,-76.51667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-0.28333,-90.55000&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-0.97750,-91.02111&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-0.36667,-91.55000&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-0.75000,-90.31667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-0.89778,-89.60944&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-2.78333,-78.76667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-9.78333,-76.58333&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-10.16667,-76.17500&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-13.39250,-73.91500&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-13.56667,-72.58333&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-6.50583,-78.80889&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-6.49444,-78.89833&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-7.21806,-78.78778&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-7.28333,-78.81667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-7.45833,-78.10833&z=15

S huaylasense S LA3799  Peru (Ancash) Rio Pativilca -10.65472 -77.4428

LA1646  Peru (Lima) Yaso -11.56361 -76.7236

LA1294  Perua (Lima) Surco -11.86667 -76.4417

: : LA1609  Pera (Lima) Asia - El Pifion -12.76667 -76.5167

S corneliomulleri S| LA1373  Perd (Lima) Asia _12.78694 -76.5786

LA1694  Pera (Lima) Cacra -12.8125 -75.7836

LA1722  Pera (Huancavelica) Ticrapo Viejo -13.43528 —75.4653

LA3153  Peru (Moquegua) Desvio Omate -17.07167 -70.8494

LA1962  Peru (Tacna) Huaico Tacna -17.95 -70.3167

S chilense Sl LA2773  Chile (Arica and Parinacota) Zapahuira -18.36667 —69.6333

LA2755  Chile (Tarapacd) Bafios de Chusmisa -19.68417 -69.1811

LA2884  Chile (Antofagasta) Ayaviri -22.24778 -68.3608

LA4330 Chile (Antofagasta) Caspana -22.35083 -68.3197

SC LA0407  Ecuador (Guayas) El Mirador, Guayaquil -2.983333 -79.7667

: LA1352  Peru (Cajamarca) Rupe -7.333611 -78.7969

S habrochaites LA1986  Perd (La Libertad) Casmiche ~7.977778 —78.6472
SI LA1777  Perd (Ancash) Rio Casma -9.55 —77.59
LA1778  Pera (Ancash) Rio Casma -9.56 —77.62

LA1648  Pera (Lima) Above Yaso -11.55056 -76.715

SC LAO716  Pera (Arequipa) Atico -16.20944 -73.6222

S penndli LA2560  Peru (Ancash) Santa to Huaraz -8.66667 —-78.3078

Si LAO751  Pert (Lima) Sisacaya -12.025 -76.6417

LA1340 Perud (Lima) Capillucas -12.83472 —75.9292

Notes: SC and Sl refer to self-compatible and self-incompatible mating systems respectivelyoAseess provided by the Charles M. Rick

Tomato Genetics Resource Centat://tgrc.ucdavis.edy/
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http://maps.google.com/maps?f=q&hl=en&geocode=&q=-10.65472,-77.44278&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-11.56361,-76.72361&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-11.86667,-76.44167&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-12.76667,-76.51667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-12.78694,-76.57861&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-12.81250,-75.78361&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-13.43528,-75.46528&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-17.07167,-70.84944&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-17.95000,-70.31667&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-18.36667,-69.63333&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-19.68417,-69.18111&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-22.24778,-68.36083&z=15
http://maps.google.com/maps?f=q&hl=en&geocode=&q=-22.35083,-68.31972&z=15
http://tgrc.ucdavis.edu/

Appendix S3.2. Differences between lengths of the majority and the longest pollen tubes during Ul
rejection in interspecific crosses in the tomato clade.

Male

Female Slyc(SC) Spim(SC) Sga () Sche(SC) Schm(SC) S neo (SO)

Schm(C) 0.5 0.6 0.8° 0.9% sc Seed
Sneo(X) 05° 0.6° 1.0° 0.7° Seed sC
Sarc(3) 02 0.4 0.1 0.2 0.8 0.3
Shua(3) 0.2 0.2 05 0.4 0.4 0.5
SS‘;Z: ((Ss))/ 0.2 0.3 0.3 0.1 0.4 0.3
Schi(3) 0.3 0.9 0.3 0.4 16 0.8
Shab(3) 0.2 0.1 0.4 0.4 0.9 0.6
Spen(s) 0.2 0.6 0.3 0.3 0.3 0.4

Notes: SC and Sl refer to self-compatible and iselmpatible mating systems respectively. “Seed”

means that seed was produced in interspecific crosses as previously reported (Rick e).aNutthess
refer to the difference in lengths in mm between the majority of pollen tubes and the longest pedlen tu
in cases of pollen tube rejectidh.lyc= S. lycopersicum, S. pim= S pimpinellifolium, S. gal=S.

galapagense, S. che= S cheesmaniae, S. chm= S, chmielewskii, S. neo= S. neorickii, S. arc= S. arcanum,

S hua= S huaylasense, S. cor=S corneliomulleri, S per= S peruvianum, S. chi=S. chilense, S. hab= S
habrochaites, S. pen= S. penndllii

aPollen tubes did not reach ovaries in some accessidsluhie ewskii.
®Pollen tubes rejection occurred in some accessioisnebrickii.

107



S. pimpineliifolium 8. pimpinellifolium  S. pimpinelfifolium S. neorickii S. chmielewskii S. pimpinellifolium S. pimpinellifolium
x S. lycopersicum  x S. galapagense X S. cheesmaniae X S. chmielewskii X S. neorickii X S. neorickii X S. chmielewskii

Appendix. S3.3. Representative images of pollen tube growth to ovaries in interspecific crogses B€l species. In all crosses the female

parent is listed first. (ABCS. pimpinéllifolium X SCS lycopersicum (B) SCS. pimpinellifolium X SCS. galapagense (C) SCS. pimpingllifolium

X SCS cheesmaniae (D) SCS. neorickii X SCS. chmielewskii (E) SCS. chmielewskii X SCS. neorickii (F) SCS. pimpindlifolium X SCS.

neorickii (G) SCS pimpinellifolium X SCS chmielewskii. Pollen tubes are not rejected in any of these interspecific crosses. Arrowheads mark the
end of the majority of pollen tubes and arrows mark the end of the longest pollen tubes in ¢éaBhargistie 1mm.
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S. pennellii 8. pennelliii S. penneilii S. pennellii 8. pennellii S. arcanum S. huaylasense 8. corneliomulleri  S. chilense 8. habrochaites
X S. arcanum x S. huaylasense  x S. comneliomulleri x 8. chilense X 8. habrochaites x 8. penneilii x 8. pennellii x S. pennellii x 8. pennellii  x S. pennellii

Appendix S3.4. Representative images of pollen tube growth to ovaries in interspecific loedsses pairs of Sl specids.all crosses the
female parent is listed firgfA) SI S. pennellii X SI S. arcanum (B) SIS pennellii X SIS huaylasense (C) SIS pennellii X SIS corneliomulleri
(D) SIS pennellii X SIS chilense (E) SIS pennellii X SIS habrochaites (F) SIS arcanum X SI S. penndlii (G) SIS huaylasense X SI S.
pennellii (H) SIS corneliomulleri X SI S. penndllii (1) SIS chilense X SI S pennellii (J) SIS. habrochaites X SI S. penndllii. Pollen tubes are not

rejected in any of these interspecific crosses. Arrowheads mark the end of the majority of pedlemtuarrows mark the end of the longest
pollen tubes in each pistil. Bars are Imm.
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Appendix S3.5. Growth of pollen tubes from SC species in styles®fhBaylasense, S

corneliomulleri/S. peruvianumandsS. chilense. All pollen tubes of all SC species are rejected in the upper
third of styles (shaded rectangles), although pollen tubes of SC red-fruited specigstae neore

rapidly than those of SC green-fruited species or an SC accesSdmbfochaites (differences in pollen
tube lengths between SC red and green-fruited species are statistically tested in Mz afoftware

2011 (office.microsoft.com/en-us/excel).; in the styles of S&. huaylasense, df = 1 and P = 0.003; in the
styles of Sl Scorndliomulleri, df = 1 and P = 0.0005; in the styles ofSthilense; df = 1 and P=

0.0001). Pollen tube lengths are shown in mm, with the averages of the majority of pollen tube lengths
(symbols) and the standard deviations (bars).
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Appendix S3.6. Growth of pollen tubes of SGircanum LA2157 and SGS pennellii LAO716 in styles

of Sl species and SC populations of Sl species in the tomato clade. Pollen tube&s pdrbdlii

LAQ716 (squares) reach ovaries within 48 h, except pollen tubes 8fé&€anum LA2157 (circles),

which require 72 to consistently reach ovaries in pistils & 8abrochaites, or S| or SCS. pennellii, as

shown in Fig. 3.4. Style lengths are represented by shaded rectangles, light gray for Sl species and darker
gray for SC populations of S| species. Pollen tube lengths are shown in mm, with the averages of the
majority of pollen tube lengths (symbols) and the standard deviations (bars).
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Appendix S4.1. Documented sympatric sites, wild tomato species

Fernandina and Isabela

S. cheesmaniae

See Darwin et al. (2003

Islands, Galapagos, Ecuador| S. galapagense
Hacienda Carrizal, Cajamarc{ S. pimpinglifolium LA0398 S 06 34 53/W 79 14 10
Peru S arcanum Not available
S habrochaites Not available
Rio Jequetepeque, Magdalen S. pimpindlifolium LA0391 S 07 14 39/W 78 40 5
Cajamarca, Peru S arcanum LAO390
Rio Jequetepeque, S arcanum LA2066 S 07 15/W 79 08
Tembladera, Cajamarca, Per| S. pimpinellifolium LA2389
Aricapampa, La Libertad, Pen S habrochaites LA2329 S 07 49 13/W 77 42 46
S arcanum LA1032
Mouth of Rio Rupac, Ancash, S arcanum LA1626 S 08 30 30/W77 220
Peru S neorickii LA1626A
Culebras #1, Ancash, Peru | S peruvianum LAO372 S09 56 24/W 78 13 48
S. pimpinéllifolium LA0373
Huarmey, Anchash, Peru S pimpinélifolium LA1599 S100330/W 7811
S huaylasense Not available?
Rio Huara, Navan, Lima, Per{ S corneliomulleri LA1377 S 10 54/W 76 59
S habrochaites LA1378
Rio Huara, Quintay, Lima, S pimpinglifolium LA1520 S 11 00 30/W 77 07
Peru S penndllii LA1522
Irrigacion Santa Rosa, Lima, | S. peruvianum LA1518 S 1122/W 77 19 30
Peru S pennellii LA1523
Rio Chillon, Trapiche, Lima, | S penndllii LA1277 S 11 38 30/W 76 57 30
Peru S peruvianum LA1278
Rio Chillon, Santa Rosa de | S penndllii LA1299 S 11 39/W 76 42 30
Quives. Lima, Peru S. corneliomulleri LA1300
Rio Lurin, Palma, Lima, Peru] S penndlii New site S 12 02 47/W 076 34 21
S corneliomulleri Seeds no
S. pimpinéllifolium available
Rio Lurin, Pichicato, Lima, S pimpinéllifolium LA1992 S 12 04/W 76 45
Peru S penndllii Not available
Marca to Chincha, Ica, Peru | S penndllii LA1656 S 13 21/W 75 43
S peruvianum Not available
Tambo de Mora, Ica, Peru S pimpinélifolium LA1606 S 13 28/W 74 12
S. peruvianum Not available
Rio Pisco, Pampano, S pennéllii LA1303 S 13 34/W 75 32
Huancavelica, Peru S corneliomulleri LA1304
Quita Sol, Ica, Peru S penndllii LA1302 S 13 38/W 75 43
S. corneliomulleri Not available
Rio Pisco, La Quinga, Ica, S penndlii LA1724 S 13 39/W 75 43
Peru S. corneliomulleri LA1723
Rio Pachachaca, Sorocata, | S chmielewskii LA1327 S 13 44/W 72 56
Apurimac, Peru S neorickii LA1326
Rio Aja, Ica, Peru S peruvianum LA2835 S14 45/W 74 48
S pimpindlifolium LA2836
Nazca grade, Ica, Peru S corneliomulleri LA3664 S 14 50/W 74 43
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S chilense

S. penndllii Not available

Alta Chaparra, Arequipa, Per{ S chilense LA3786 S 15 34 25/W 73 44 30
S peruvianum LA3787

Rio Chaparra, Areqgipa, Peru | S corneliomulleri LA3783 S 1543 52/W 73 51 02
S chilense LA3784

Caraveli , Arequipa, Peru S. peruvianum LA3790 S 1547 16/W 73 23 38
S penndllii LA3791

Quebrada Huarangillo, Atico,| S. peruvianum LA3779 S 1615 05/W 7331 34

Arequipa, Peru S chilense LA3780

Pachica (Rio Camarones), | S peruvianum LA4128 S 18 54 29/W 69 36 15

Arica and Parinacota, Chile | S chilense LA4129

Esquina, Arica and Parinacot| S chilense LA4132 S 18 55 33/W 69 33 2

Chile S peruvianum

Camina, Taracapa, Chile S peruvianum LA4125 S19 18 22/W69251

*Confirmed in 2009

113




Appendix S4.2. Summary of fruit and seed/SLS data for intra- and interspecific crosses.

Average Average Average
. Avgrage % of fruit ’ % of numbgr of seed/gLS
Site | Cross frw_t control diameter C(_)ntrol seeds/SLS| width
weight (g) | weight (mm) diameter per fruit (mm)?
1 SCS pimself 0.7 10.7 22 1.69
. 0.78, 1.09

SCS pimx SCS hab | 0.8 105.5 | 10.0 104.3 45 2

2 SCS pimself 1.2 11.7 42 1.60
SCS pimx SCS. hab | 0.8 78.0 10.3 95.9 35 1.42

3 SCS pimself 0.8 10.4 23 1.70
SCS pimx SIS arc | 0.4 45.5 8.1 80.7 21 0.73

4 SIS arcsib 0.8 10.0 28 1.41
SIS arcxSIShab | 0.1 51.7 5.9 59.0 25 0.65
SIS hab sib 1.7 14.4 36 1.59
SIShabx SIS arc |0.4 58.6 8.4 58.6 17 0.96

5 SCS pimself 0.9 10.9 17 1.76
SCS pimx SIS hua | 0.2 20.3 6.3 69.0 6 0.82

6 SIS cor sib 0.8 11.8 28 1.04
SIS corxSIShab |0.1 17.1 6.2 48.1 12 0.39
SIS hab sib 1.6 14.5 39 1.53
SIS habx SIS cor | 0.4 24.4 8.5 57.6 29 0.76

7 SIS cor sib 0.5 8.7 36 1.39
SIS corx SCS hab | 0.2 43.8 6.9 79.6 55 0.49
SCS hab self 1.7 13.2 38 1.52
SCS habx SIS cor | 0.8 49.5 10.5 79.6 37 1.05

8 SIS cor sib 0.6 8.9 22 1.53
SIS corxSISpen |04 66.7 8.9 99.4 32 1.08
SIS pensib 0.9 10.0 67 0.89
SIS penx SIS cor | 0.7 81.0 9.9 104.1 64 0.74%

9 SIS cor sib 1.6 13.8 75 1.16
SIS corxSIS pen | 0.6 34.7 9.4 72.5 32 0.69
SIS pensib 0.8 9.4 81 0.86
SIS penx SIS cor 0.2 28.4 6.7 83.1 35 0.46

10 | SCS pimself 0.9 10.9 28 1.67
SCS pimx SIS cor | 0.5 53.9 8.9 84.8 25 0.84

11 | SCS hab self 1.5 12.9 38 1.50
SCS habx SIS cor | 1.0 69.5 10.9 90.8 29 0.94

12 SCS chmself 0.5 9.3 31 1.50
SCS chmx SCS neo | 0.4 81.0 10.6 133.5 21 1.70

! For fruit in whichthere were two distinct size classes of SLS, only the larger grouplisiédcin
calculation of average seed/SLS width.
2 Fruits from this interspecific cross contained <5% larger Type 3 SLS.
3 When embryos protruded from the seed coat, only the width of the seed coat itself was measured
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Appendix S4.3. Pollen tube growth in crosses adSbrneliomulleri x SCS. habrochaites at site 11 (a)
and SCS neorickii and SCS. chmielewskii (b) at site 12. Arrows indicate where the majority of pollen tube
growth ended.

Site 1 Site 2 Site 3 Site 5
S. pimpinellifolium S. pimpinellifolium S. pimpinellifolium S. pimpineliifolium S. pimpinellifolium S. pimpineliifolium S. pimpinellifolium S. pimpinellifolium
x self X S. habrochaites x self x S. habrochaites x self x S. arcanum if x S.huaylasense

LR

Site 10 Site 11 Site 12

S. pimpinellifolium S. pimpinellifolium S. habrochaites S. habrochaites S. neorickii S. neorickii
x self x S.corneliomulleri x self x S.corneliomulleri x self x S.chmielewskii

Appendix S4.4. Fruits resulting from control and interspecific crosses using S€sspepopulations as
female, for which reciprocal crosses failed.
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S. arcanum
x sib

S. arcanum x

S. habrochaites x sib

S. habrochaites
x S. arcanum

S. habrochaites
x sib

S. habrochaites
x sib

Site 8
S. corneliomulleri

x sib x S. pennellii

S. pennellii
x sib

S. pennellii x

S. corneliomulleri

S. corneliomulleri

S. corneliomulleri

Site 6

S. corneliomulleri
X S. habrochaites

S. corneliomulleri
x sib

*

S. habrochaites
x sib

S. habrochaites x
S. corneliomulieri

L

Site 9

S. corneliomulleri
x sib

S. corneliomulleri
x S. pennellii

S. pennellii x
S. corneliomulleri

S. pennellii
x sib

Site 7

S. corneliomulleri
x S. habrochaites

S. habrochaites x
S. corneliomulleri

Appendix S4.5.

11

Fruits resulting from control and reciprocal interspecies crosses.
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Appendix S4.6. Seeds from interspecific crosses using.Smpinellifolium as female. A. Site 3.
pimpindlifolium x S arcanum; B. Site 5, S pimpinélifolium x S huaylasense; C. Site 10,S
pimpinellifolium x S corneliomulleri; A1-C1, control seeds of the pistil parent for each cross; A2-C2,
sagittal sections of control seeds; A3-C3, seeds and SLS in fruit redubtmghe interspecific crosses;
A4-C4, sagittal sections of seeds resulting from the interspecific cro&s€5 Aenlargements of sections

of interspecific seeds. Abbreviations: em, embryro; es, endosperm; s, susperseheAds in A4-C4
indicate embryos.
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Appendix S4.7. Seed structure in control and reciprocal interspecies crosses.4A SSiiecanum X S
habrochaites, B. Site 4,S habrochaites x S arcanum; C. Site 6,S corneliomulleri x S, habrochaites; D.
Site 7,S corneliomulleri x S habrochaites; E. Site 7,S. habrochaites x S. corneliomulleri; F. Site 9,.S
corneliomulleri x S, pennellii; G. Site 9S pennellii x S. corneliomulleri. A1-G1, control seeds of the pistil
parent for each cross; A2-G2, sagittal sections of control seeds; ASe€&®s and SLS in fruit resulting
from the interspecific crosses; A4-G4, sagittal sections of seeds redudtinghe interspecific crosses.
A5-G5, enlargements of sections of interspecific seeds. Abbeviations: em, embryodaespeen, et,
endothelium; s, suspensor. Arrowheads in A4-C4 indicate embryos.

11



Appendix S4.8. Flowers and leaves of hybrids between accessions collected fromisygiteat2, 8 and
12. Leaves are the first fully expanded leaves below the inflorescence. Ordéftrtmight in all cases
is: female of cross, male of cross, and hybrid.

IA)Site 2 (CULLIN 1) B)Site 12 (Lcwsrn-1) C)Site 12 (Lpfsrn-1)
s ° °
g g S
£s 51 53
2 £ S¢ e E >s| ¢ E ==
& 3 £3 | ¢ § Es5| ¢ § £3
“ “ ) “ (%) ) (%) “ <)
- - -
- e

Appendix S4.9. Confirmation of hybridization between sympatric pairs at sites 2 and site 12 using
molecular markers.A. Site2, CULLINL alleles— a 25 bp deletion is found in ti&ehabrochaites allele
compared to that & pimpinellifolium. B. Site 12, detection afcwsrn-1 S RNase allele inS,
chmielewskii and aS. chmielewskii x S. neorickii hybrid. C. Site 12, detection pfsrn-1 SRNase allele
in S neorickii and aS. chmielewskii x S. neorickii hybrid.
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Appendix 5.1. The summary of pollen tube rejection and protein expression in each individual in group B

S neorickii.
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RNase C2 domain antibody. * = accessions/individuals in which pollen tubes from red-fruited species are

Appendix 5.2. S-RNase in four groups (A-D)Sheorickii. Immunostaining of stylar proteins by anti S-
rejected. nt= individuals were not tested for pollen tube rejection.
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