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Summary 

 Mating system transitions from self-incompatibility (SI) to self-compatibility (SC) are com-

mon in plants. In the absence of high levels of inbreeding depression, SC alleles are predicted 

to spread due to transmission advantage and reproductive assurance. 
 We characterized mating system and pistil-expressed SI factors in 20 populations of the wild 

tomato species Solanum habrochaites from the southern half of the species range. 
 We found that a single SI to SC transition is fixed in populations south of the Rio Chillon val-

ley in central Peru. In these populations, SC correlated with the presence of the hab-6 S-hap-

lotype that encodes a low activity S-RNase protein. We identified a single population 

segregating for SI/SC and hab-6. Intrapopulation crosses showed that hab-6 typically acts in 

the expected codominant fashion to confer SC. However, we found one specific S-haplotype 

(hab-10) that consistently rejects pollen of the hab-6 haplotype, and results in SI hab-6/hab-

10 heterozygotes. 
 We suggest that the hab-10 haplotype could act as a genetic mechanism to stabilize mixed 

mating in this population by presenting a disadvantage for the hab-6 haplotype. This barrier 

may represent a mechanism allowing for the persistence of SI when an SC haplotype appears 

in or invades a population. 

Introduction 

The transition from outcrossing to self-fertilization is one of the 
most common evolutionary changes in flowering plants (Darwin, 
1876; Stebbins, 1974; Igic et al., 2008). Outcrossing can be 
favored by selection (Goldberg et al., 2010) and is retained 
throughout plant lineages. In many plant species, outcrossing is 
enforced by genetic systems of self-incompatibility (SI) (de Net-
tancourt, 1977; Takayama & Isogai, 2005; Fujii et al., 2016). 
Phylogenetic studies suggest that a small number of SI systems 
arose very early in the history of angiosperms (Steinbachs & 
Holsinger, 2002; Allen & Hiscock, 2008; Ramanauskas & Igic, 
2017). Thus, in outcrossing plant families, SI is presumed to be 
the ancestral state and the transition from SI to self-compatibility 
(SC) due to mutational loss of SI factors is generally thought to 
be irreversible (Goldberg & Igic, 2012; Igic & Busch, 2013). 

In the absence of other selective forces, a selfing allele is pre-
dicted to spread to fixation within a population due simply to the 
3 : 2 transmission advantage over an outcrossing allele (Fisher, 
1941). Modeling suggests that factors such as inbreeding depres-
sion or pollen and seed discounting (loss of outcross siring and 
seed production in selfing individuals) must be extremely high to 

counteract the spread of selfing via SC (Charlesworth & 
Charlesworth, 1979; Porcher & Lande, 2005; Busch & Delph, 
2012). In addition, SC individuals have a fitness advantage over 
SI individuals when mates or pollinators are limiting, resulting in 
selection for SC (Baker, 1955; Busch & Schoen, 2008; Pannell 
et al., 2015). In an extreme example, a single SC individual could 
establish a new population, whereas at least two cross-compatible 
SI individuals would be required. 

The degree of outcrossing versus selfing is critical to popula-
tion genetic structure and can influence the ability of a popula-
tion to adapt to a changing environment (Charlesworth & 
Wright, 2001; Barrett et al., 2014). Because SI enforces outcross-
ing, it maintains heterozygosity within a population and presum-
ably contributes to long-term genetic resiliency and persistence. 
However, in populations with selfing individuals, deleterious 
recessive alleles that result in inbreeding depression are more 
likely to be exposed and purged over time (Lande & Schemske, 
1985). Thus, the advantages of reproduction via self-pollination 
are balanced against the potential costs of reduced genetic diver-
sity and inbreeding depression, which may lead to more rapid 
extinction in SC vs SI lineages (Lande & Schemske, 1985; 
Charlesworth, 2003; Busch & Delph, 2012; Igic & Busch, 2013; 
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Wright et al., 2013). In natural populations, numerous selective 
pressures influence mating system dynamics, which can promote 
or limit the spread of SC, often resulting in the maintenance of 
mixed SI/SC populations (Goodwillie et al., 2005). 

A number of evolutionary and ecological studies of mating sys-
tem transitions have focused on species within the Solanaceae 
(Igic et al., 2006; Goldberg et al., 2010; Stone et al., 2014; 
Vallejo-Marın et al., 2014; Broz et al., 2017b). In this plant fam-
ily, SI is gametophytic, wherein the haploid genotype of the pol-
len (male gametophyte) determines compatibility with the 
diploid genotype of the female as the pollen tube grows through 
the style towards the ovaries. This type of SI is the most common 
system of incompatibility in flowering plants (Silva & Goring, 
2001) and is controlled largely by genes that are physically clus-
tered in a region known as the S-locus (McClure et al., 2011; 
Fujii et al., 2016; Bedinger et al., 2017). At the S-locus, male-
and female-expressed genes are tightly linked and inherited 
together; thus, the S-identity of a diploid individual is most 
appropriately regarded as a combination of two S-haplotypes. 

The female S-determinant in this system is a hypervariable 
cytotoxic S-RNase (McClure et al., 1989) that is highly expressed 
and secreted in pistils, and is taken up by pollen tubes as they 
grow through the transmitting tract within the pistil. The male 
S-determinant consists of multiple S-locus F-box genes (SLFs) 
that are highly expressed in pollen (Sijacic et al., 2004). Current 
models suggest that multiple SLFs act cooperatively to recognize 
and detoxify all S-RNases excepting the one encoded at their own 
S-locus (Kubo et al., 2010). Therefore, at least in the Solanaceae, 
an S-haplotype is comprised of allelic variants encoding a single 
S-RNase and numerous (c. 16–23) SLFs (Williams et al., 2014; 
Kubo et al., 2015; Li & Chetelat, 2015; Wu et al., 2020). More-
over, the Solanaceae S-RNase-based SI system also requires addi-
tional factors that do not contribute to S-specificity and are not 
encoded at the S-locus. These include female-side factors such as 
the small asparagine-rich HT proteins, the 120 kDa glycoprotein 
and others (McClure et al., 1999; Hancock et al., 2005; Goldraij 
et al., 2006; Jimenez-Duran et al., 2013). Pollen-side non-S-locus 
factors include components of the E3 ubiquitin ligase complex 
that interact with SLFs; the S-phase kinase associated protein-like 
1 (SKP1) and Cullin 1 (CUL1) (Zhao et al., 2010; Li & Chete-
lat, 2014). 

The collaborative non-self-recognition model explains the 
specificity of S-RNase-based SI in Solanaceae, wherein a pistil 
barrier is circumvented by a suite of pollen resistance factors 
(Kubo et al., 2010; Bedinger et al., 2017). In this model, non-self 
S-RNases are taken up by growing pollen tubes and are recog-
nized and detoxified by one or more SLFs. However, self-S-
RNases are not recognized, which results in pollen RNA degrada-
tion and ultimately pollen tube rejection. As a result of these 
interactions, S-specific pollen rejection occurs between individu-
als that contain the same S-haplotype. Multiple S-haplotypes are 
maintained within populations and species by negative 
frequency-dependent selection, as rare haplotypes have a mating 
advantage. 

The tomato clade (Solanum Section Lycopersicon) is well 
suited for studies of mating system transitions, since the switch 

from SI to SC has occurred multiple times (Igic et al., 2008; Broz 
et al., 2017b). These transitions often occur at species margins, 
consistent with selection for reproductive assurance, as predicted 
by Baker’s Law (Baker, 1955; Baker, 1967). In the wild tomato 
species Solanum habrochaites, SI to SC transitions have occurred 
at both the northern and southern species margins (Martin, 
1963; Rick et al., 1979; Rick & Chetelat, 1991; Covey et al., 
2010; Markova et al., 2016; Broz et al., 2017b). At least two tran-
sitions have occurred at the northern species margin, with differ-
ent S-RNase alleles having low or no expression of S-RNase (Broz 
et al., 2017b; Miller, 2018). In the southernmost population of 
S. habrochaites, an S-RNase (hab-6) is expressed in styles, but it 
exhibits very low levels of activity compared to S-RNases found 
in SI populations (Covey et al., 2010). The hab-6 allele is thus 
hypothesized to result in SC, as S-RNase activity is required for 
RNA degradation, resulting in rejection of self-pollen tubes. 

We investigated the SI ? SC transition in southern 
S. habrochaites populations and traced the distribution of the 
hab-6 S-RNase allele. Our results are consistent with a single 
mating system transition associated with hab-6 that is fixed in 
southern populations. We identified a single population segregat-
ing for SI/SC and for hab-6. In this population we characterized 
an S-haplotype encoding an active S-RNase that was co-
dominant with hab-6, producing SC plants, as expected in game-
tophytic S-RNase-based SI. Surprisingly, we also identified a dif-
ferent S-haplotype in this population encoding an active S-RNase 
(hab-10) that, when paired with any other haplotype tested, 
rejects pollen of the hab-6 haplotype. We propose that the pres-
ence of the hab-10 S-haplotype limits the spread of the SC 
haplotype, allowing SI and SC haplotypes to coexist within this 
population. 

Materials and Methods 

Solanum habrochaites plant material and growth 

The range of Solanum habrochaites (S. Knapp & D. M. Spooner) 
extends from central Ecuador to south-central Peru, where it 
often occupies river valleys in the Andean highlands (Peralta 
et al., 2008). The S. habrochaites accessions (hereafter referred to 
as populations) used in this study cover the southern part of the 
range, from near Cajamarca, Peru to near Nazca, Peru (Table 1; 
Fig. 1). Seeds from all populations were acquired from the C. M. 
Rick Tomato Genetic Resource Center (TGRC) at University of 
California, Davis (www.tgrc.ucdavis.edu). 

Seeds were sterilized according to recommendations from 
TGRC, planted into 4-inch (101.6 mm) pots containing 
ProMix-BX, and grown under glasshouse conditions (16 h : 8 h, 
light : dark photoperiod, at 26°C and 18°C, respectively) until 
they were 6–12 inches (150 to 300 mm) tall. For mating system 
experiments plants were transplanted to outdoor agricultural 
fields at Colorado State University in late May. When seed set 
was required, plants were transferred to 1-gallon (4.55 l) pots and 
maintained under glasshouse conditions or placed in growth 
chambers (10 h : 14 h, light : dark photoperiod) to induce flower-
ing. 
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Mating system assessment and controlled pollinations 

Mating system was assessed and verified for at least three plants 
from each population. Initially plants were screened for self-fruit 
production in agricultural fields by self-pollinating flowers on at 
least two inflorescences per plant and monitoring self-fruit set. 
Inflorescences were covered with nylon mesh bags to prevent pol-
len deposition from other sources. Because field plants flowered 
in late summer, self-fruits often did not reach maturity before 
frost; thus, the presence of highly swollen ovaries (> 0.5 cm in 
diameter) was regarded as successful fruit set. When an individual 
did not set self-fruit, self-pollen tube growth through styles was 
utilized to assess mating system as described in Broz et al. 
(2017b). Briefly, self-pollinations were performed, and styles 
were collected 48 h after pollination, stained with Aniline Blue 
Fluorochrome and imaged at 95 magnification. Pollinations 
were considered compatible if three or more pollen tubes reached 
the base of the style. 

Polymerase chain reaction (PCR) amplification and 
sequence comparison of hab-6 S-RNase allele and 
homologs 

We hypothesized that the hab-6 allele, which had previously been 
identified in a single southern population (LA1927) (Covey 
et al., 2010) was responsible for SC at the southern species range 
margin. We screened a minimum of three individuals per popu-
lation for the presence of the hab-6 S-RNase allele using gene 
specific primers (1927F/1927R). Genomic DNA was extracted 
from leaf tissue using the Qiagen DNeasy Plant Mini-Kit. All 
primers are listed in Supporting Information Table S1. 

We amplified and sequenced the 50 UTR and full-length cod-
ing region of hab-6 from populations originating within each of 

the major river valleys in the southern S. habrochaites range, as 
well as an individual of Solanum chilense known to harbor the S2 
S-RNase allele (S. chilense seed generously provided by Boris Igic). 
The 50UTR primer (AB5F) was based on the genomic sequence 
of the Solanum peruvianum SP11 S-RNase (GenBank U28795), 
which is 98.4% identical to hab-6. Polymerase chain reaction was 
performed using Econotaq Plus Green Mastermix (Lucigen, 
Madison, WI, USA). Genomic DNA and deduced amino acid 
sequences were aligned using MUSCLE (http://www.ebi.ac.uk/ 
Tools/msa/muscle/ (Madeira et al., 2019)), signal peptide analy-
sis was performed using TARGETP (http://www.cbs.dtu.dk/service 
s/TargetP/ (Almagro Armenteros et al., 2019)), and protein 
structures were modeled using SWISS-MODEL (https://swissmode 
l.expasy.org/ (Waterhouse et al., 2018)). 

Genotyping individuals for analysis of hab-6 at the S-locus 

We assessed whether hab-6 segregated as would be predicted for a 
gene at the S-locus by genotyping progeny of specific crosses in 
which S-RNase alleles of the females are well-characterized. 
Females in the crosses were either Solanum lycopersicum (cultivars 
VF36 or Pearson), which contain the loss-of-function ‘Lyco’ S-
RNase allele with a 94 bp insert (Li & Chetelat, 2015), or S. 
habrochaites SC accession LA0407, which contains the nonex-
pressed LhgSRN-1 S-RNase allele (Covey et al., 2010). Buds of 
glasshouse grown plants were emasculated the day before opening 
and pollinated after 24 h using pollen from an individual that 
was heterozygous for the hab-6 and hab-10 S-RNase alleles. Seeds 
from these crosses were planted and genomic DNA was extracted 
from young seedlings in 200 mM Tris-HCl pH 9.0, 250 mM 
NaCl, 25 mM EDTA, and 1% SDS, followed by precipitation in 
isopropanol. Polymerase chain reaction to detect known S-RNase 
alleles in progeny was performed as described in the previous 

Table 1 Solanum habrochaites accessions used in this study. 

Population Collection site Province/department Latitude (°N) Longitude (°W) Elevation (m asl) 

LA1353 Contumaza Cajamarca 7.367 78.800 2650 
LA1777 Rio Casma Ancash 9.550 77.667 3216 
LA1978 Colca Ancash 10.108 77.484 2450 
LA1557 Huaral to Cerro de Pasco Lima 11.220 76.630 3173 
LA1772 Rio Chillon Lima 11.483 76.650 2500 
LA0094 Yangas to Canta Lima 11.517 76.683 1600–2100 
LA1648 Above Yaso Lima 11.551 76.715 1800 
LA0361 Canta Lima 11.567 76.730 1600 
LA1298 East of Yaso, Rio Chillon Lima 11.583 76.750 1600 
LA1560 Matucana Lima 11.850 76.383 2400 
LA1295 Surco Lima 11.883 76.442 2100 
LA1753 Surco Lima 11.885 76.440 2300 
LA1691 Yauyos Lima 12.460 75.918 2900 
LA2722 Puente Auco Lima 12.589 75.958 1890 
LA1681 Mushka Lima 12.750 75.833 2450 
LA1731 Rio San Juan Huancavelica 13.202 75.575 2000 
LA1721 Ticrapo Viejo Huancavelica 13.435 75.465 2100 
LA1918 Llauta Ayacucho 14.250 74.917 2600 
LA1928 Ocana Ayacucho 14.399 74.823 2660 
LA1927 Ocobamba Ayacucho 14.450 74.817 2540 

All accessions were originally collected in Peru and seeds were acquired from the C. M. Rick Tomato Genetic Resource Center (TGRC, University of 
California, Davis, www.tgrc.ucdavis.edu). m asl, meters above sea level. 
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section. Genotyping results were analyzed using the Freeman– 
Halton extension of Fisher’s exact test (n = 128; no plants con-
tained both alleles, 51 hab-6 only, 77 hab-10 only): if hab-6 is at 
the S-locus expected (0, 64, 64) vs observed (0, 77, 51), P = 0.13; 
if hab-6 is unlinked to the S-locus expected (32, 48, 48) vs 
observed (0, 77, 51), P = 4 9 1011. 

Transcriptome sequencing and analysis of stylar RNA 

We performed transcriptome analysis on individuals from one 
population at the center of the SC distribution (LA2722) to 
determine if the hab-6 haplotype was fixed. Unpollinated styles 
from three individuals were separately collected into RNAlater 
(Qiagen), and total RNA was extracted and pooled in an equimo-
lar ratio as described in Broz et al. (2017a). RNA quality control, 
library preparation and bioinformatics were performed by the 
Indiana University Center for Genomics and Bioinformatics. 

Sequencing of the unfragmented whole transcriptome libraries 
was performed on an Illumina MiSeq (San Diego, CA, USA) to 
generate 250 bp paired end reads. The raw transcriptome data are 
available on the NCBI SRA database (BioProject 
PRJNA310635). Data processing, analysis and identification of 
S-RNase sequences are described in Methods S1. 

Detection of stylar S-RNase and HT-proteins 

Expression of S-RNases, the specific hab-6 S-RNase and HT-
proteins was assessed by immunostaining protein gel blots of sty-
lar extracts from at least three individuals from most populations 
(as described in Broz et al., 2017b). For each individual tested, 
protein equivalent to 0.2 mg (S-RNase) or 1.5 mg (HT-protein) 
fresh weight was separated by electrophoresis, blotted, and 
immunostained as previously described (Covey et al., 2010). 
Antibodies for the S-RNase conserved C-2 domain, tSRNC2 

Fig. 1 Mating system distribution in southern 
Solanum habrochaites populations. Mating 
system was assessed in this study by fruit set 
and pollen tube growth through styles after 
self-pollination for 17 populations of 
S. habrochaites; designations for three 
populations (LA1772, LA1298 and LA1731) 
are those of the Tomato Genetic Resource 
Center (TGRC). River valley names are 
designated in blue. SC, self-compatible; SI, 
self-incompatible; SI/SC, mixed population. 
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(Chalivendra et al., 2013) and HT-protein (Broz et al., 2017b) 
have been described previously. An antibody specific for hab-6 S-
RNase was prepared to the peptide VPRSSHTVDKIKKTIRSV-
amide (21st Century Biochemicals, Marlborough, MA, USA), 
and used at a dilution of 1 : 5000 for immunoblotting. 

Deglycosylation of hab-6 S-RNase 

To determine whether the hab-6 S-RNase is glycosylated, which 
could influence activity, deglycosylation followed by sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
analyses were performed. Briefly, hab-6 S-RNase was partially 
purified by adsorption of extracts (extraction buffer, 0.05 M Tris, 
1% 2-mercaptoethanol, pH 7) from 15 mg of pistils from 
LA1927 to S-Sepharose (25 µl). After washing five times, pro-
teins were eluted with the same buffer plus 0.2 M NaCl. Eluted 
proteins were treated with 8 U peptide-N-glycanase F for 1, 10 
or 90 min according to the manufacturer’s instructions (cat. no. 
P0704S; New England Biolabs) before immunoblotting analysis. 

Identification of additional S-RNase alleles in a population 
segregating for hab-6 

We identified a single S. habrochaites population (LA0094) that 
was segregating for SI/SC and hab-6, and screened individuals 
from this population for additional S-RNase alleles. Styles were 
harvested from open flowers, RNA was extracted using the 
RNeasy Plant Mini-kit (Qiagen) and reverse transcription was 
performed using the iScript cDNA synthesis kit (Bio-Rad). 
Degenerate PCR primers were used to amplify S-RNase alleles 
hab-9 and hab-10 from cDNA of individual plants (as in Covey 
et al., 2010). Polymerase chain reaction products were separated 
in a 1% agarose gel, purified using the Qia-Quick Gel Extraction 
Kit (Qiagen) and cloned into the pJET vector (Thermo Scien-
tific, Waltham, MA, USA). At least three clones were selected for 
sequencing. An additional S-RNase allele (hab-11) was amplified 
using primers previously designed to a putative/pseudogene S-
RNase sequence (hab-8) (Miller, 2018), and the PCR amplicon 
was sequenced. To understand the genetic interaction between S-
haplotypes found in population LA0094, we performed 
intrapopulation crosses. Buds were emasculated the day before 
opening and pollinated after 24 h. Pistils were either harvested 
after 48 h to examine pollen tube growth through styles or left on 
the plant until fruits/seeds had matured. All pollinations were 
conducted in a growth chamber. 

Results 

A single self-incompatibility to self-compatibility mating 
system transition occurred in Solanum habrochaites in cen-
tral Peru 

All individuals from all S. habrochaites populations collected 
within and south of the Rio Rimac river valley (near the Surco 
district in Peru; latitude 76.383°S) were capable of SC fruit set. 
Mating system assessment of southern S. habrochaites populations 

(Fig. 1; Table 2) was mostly congruent with TGRC reports. 
However, our analyses found that all individuals tested from 
accessions LA1560, LA1295, LA1753 (all located in the Rio 
Rimac valley) and LA2722 set fruit after self-pollinations, incon-
sistent with their previous designation as SI. Interestingly, an 
older collection from the Rio Rimac valley (LA0120, Surco) was 
reported as SC (Martin, 1963). We found both SI and SC indi-
viduals in population LA0094 from the Rio Chillon valley, which 
was previously designated SC by TGRC, but reported as SI by 
Martin (1963). In all populations capable of setting self-fruit, 
fruit set from self-pollinations was low (< 50% of attempts were 
successful), consistent with previous studies of southern popula-
tions (Martin, 1963; Rick et al., 1979). 

Controlled self-crosses were performed for populations that 
did not set self-fruit (i.e. presumably SI), and self-pollen tube 
growth through styles was examined. Overall, self-pollen tubes 
were actively rejected in individuals from these populations. 
However, a limited number of pollen tubes (3–10) were occa-
sionally observed in the ovaries of individuals from two popula-
tions (LA1353 and LA0316). In these cases, pollen tube rejection 
varied both between individuals within a population and between 
different flowers from the same individual. Although these indi-
viduals were classified as variable (noted in Table 2), the popula-
tions were still considered SI (Fig. 1) because no fruits were 
formed. 

The low-activity hab-6 S-RNase correlates with a self-
compatibility mating system 

We screened a minimum of three individuals per population 
from 20 populations for the hab-6 allele, which had previously 
been identified in population LA1927 (Covey et al., 2010). We 
found that hab-6 was present in every individual of the 11 
southern-most populations tested, including LA1927, all of 
which were SC. We also identified SC individuals in segregat-
ing population LA0094 that contained the hab-6 allele (Fig. 2; 
Tables 2, S2). We chose one SC population (LA2722) from the 
center of the SC range to generate a stylar transcriptomic 
library and found that hab-6 was expressed at a high level in 
styles (FPKM values c. 11 000) as is typical for S-RNases. Fur-
ther, it was the only S-RNase expressed in a pool of three indi-
viduals, suggesting that the allele is homozygous in this 
population. 

Immunostaining of protein gel blots of stylar extracts using a 
general S-RNase antibody (tSRNC2) confirmed that all individu-
als tested, whether SI or SC, expressed S-RNase proteins (repre-
sentative samples shown in Fig. 3). Further, an antibody designed 
to specifically identify hab-6 revealed a characteristic double 
banding pattern in individuals from SC populations that con-
tained the hab-6 allele (Table 2; Fig. 3). Two individuals of SI 
population LA1777 also expressed proteins that were recognized 
by the hab-6 antibody (Table 2; Fig. 3), but transcriptome analy-
ses showed that these individuals expressed an S-RNase only 
83.6% identical to hab-6 (Fig. S1). In summary, the presence 
and expression of the hab-6 allele was strictly correlated with SC 
in southern S. habrochaites populations. 
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In silico and biochemical analyses of hab-6 S-RNase 

The entire hab-6 sequence from 50 of the start codon to the stop 
codon was amplified and sequenced from selected individuals in 
populations collected from each river valley throughout the 

southern distribution (Fig. S2) All gDNA sequences contained 
the single intron characteristic of Solanaceous S-RNases 
(Ramanauskas & Igic, 2017). Comparison of hab-6 sequences 
between accessions revealed a single nonsynonymous SNP in the 
two southern-most populations analyzed (LA1721 and LA1927) 
that would lead to an L/F polymorphism in the signal peptide 
region (Figs 4, S2). 

We compared the hab-6 deduced amino acid sequence with 
two closely related functional alleles. The deduced amino acid 
sequence of hab-6 contains the S-RNase conserved domains C1– 
C5 (including the two catalytic histidine residues), and is over 
97% identical to S-RNases: S11 from SI S. peruvianum (Miller 
& Kostyun, 2011) and S2 from SI S. chilense (Igic et al., 2007) 
(Fig. 4). In the predicted mature protein sequences, there are only 
three nonconservative amino acid differences between hab-6 and 
the known functional S-RNases. The first, N to I, is located near 
C1 and is adjacent to a cysteine residue involved in disulfide 
bridge formation (Ida et al., 2001). The second, S to N, is near 
the C2 region and the third, I to T, is located near the C4 region. 
None of these amino acid substitutions impact the predicted sec-
ondary structure of the protein when modeled to the crystal 
structure of the Nicotiana alata S-RNase SF11 (Ida et al., 2001). 
However, it is still possible that they could impact activity 
through influencing local amino acid environments. 

One striking difference between the deduced amino acids 
sequences is a putative 26 amino acid N-terminal extension 
which is present in hab-6 but lacking in S11 and S2. An in silico 
analysis suggests that this extension would disrupt the signal pep-
tide required for secretion, and based on molecular weight (MW) 
calculations, a partially processed protein could explain the char-
acteristic doublet seen in hab-6 immunoblots (Fig. 3). The puta-
tive extension is the result of a single base deletion placing an 
upstream ATG in-frame with the hab-6 open reading frame 
(ORF) (Fig. S2). However, we found that this upstream ATG 
(unlike the second ATG) does not conform with the Kozak con-
sensus sequence, as it lacks a purine at the universally conserved -
3 position (Hernandez et al., 2019). Further, peptide mass finger-
printing and immunoblot analyses using an antibody directed to 
the potential 26 aa N-terminal peptide failed to detect this alter-
native N-terminal peptide (data not shown). 

Because sequence differences did not reveal an apparent expla-
nation for the low activity associated with hab-6, we also 

Table 2 Presence of hab-6 S-RNase allele and hab-6 protein in Solanum 
habrochaites populations based on polymerase chain reaction (PCR) and 
immunoblotting. 

Accession 
(N to S) 

Mating 
system 

Positive PCR 
amplification of hab-6 
allele 

Positive Western blot 
with hab-6 antibody 

LA1353 SIa 0/8 0/3 
LA1777 SI 0/11 2/10d 

LA1978 SI 0/15 NT 
LA1557 SI 0/7 0/3 
LA1772 SIb 0/6 NT 
LA0094 SI/SC 16/22 6/12 
LA1648 SI 0/10 0/3 
LA0361 SIa 0/15 NT 
LA1298 SIb 0/3 NT 
LA1560 SC 6/6 NT 
LA1295 SCc 11/11 3/3 
LA1753 SC 11/11 7/7 
LA1691 SC 7/7 10/10 
LA2722 SC 14/14 11/11 
LA1681 SC 3/3 3/3 
LA1731 SCb 3/3 NT 
LA1721 SC 9/9 5/5 
LA1918 SC 6/6 3/3 
LA1928 SC 9/9 4/4 
LA1927 SC 10/10 3/3 

Mating system was determined using a combination of self-fruit set and 
pollen-tube growth assays. Allele-specific primers were used to test for 
amplification of the hab-6 allele from genomic DNA, and stylar extract 
protein blots were probed with the hab-6 S-RNase antibody (no. of indi-
viduals testing positive / total no. of individuals tested). NT, not tested; SC, 
self-compatible; SI, self-incompatible. 
aIndividuals within the population showed variability in pollen tube 
growth. 
bMating system was not assessed in this study and Tomato Genetic 
Resource Center (TGRC) designation is shown. 
cOnly images of pollen tube growth were obtained for SC mating system 
designation. 
dBanding pattern of reactive protein differed from southern SC accessions. 

Fig. 2 Presence of the hab-6S-RNase allele in southern Solanumhabrochaites populations. Polymerase chain reaction (PCR) analysis of genomic DNA for 
the hab-6 allele. Arrows in the schematic show primer locations. The asterisk (*) indicates that in population LA0094 the hab-6 allele was only amplified in 
some individuals. 
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examined glycosylation which can impact S-RNase stability (Wil-
liams et al., 2015) and could result in the doublet banding pat-
tern. The hab-6 sequence contains two putative N-glycosylation 
sites (Fig. 4, denoted by the ‘^’ symbol) that are conserved in S. 
chilense S2 and S. peruvianum S11 proteins. We performed a deg-
lycosylation experiment with partially purified hab-6 S-RNase 
(Fig. 5a) and found that treatment with peptide-N-glycanase F 
collapses the doublet to a single band, suggesting the doublet is 
due to protein glycosylation and not to utilization of the 
upstream start codon. Further, we probed stylar extracts of an S. 
chilense plant known to contain the functional S2 S-RNase, side 
by side with stylar extracts from LA1927 and found that the S2 
S-RNase also shows the characteristic doublet, suggesting a simi-
lar glycosylation status (Fig. 5b). Although not definitive, these 
results suggest that differential glycosylation is not the cause of 
low activity in hab-6. Together, these results do not provide a sat-
isfactory explanation for the low activity of hab-6, which will 
require further study. 

Stylar self-incompatibility factor HT-protein is lost to 
mutation in at least one population of southern self-
compatible Solanum habrochaites 

HT-protein is not encoded at the S-locus but is required for self-
pollen tube rejection (Tovar-Mendez et al., 2014). Therefore, we 
surveyed selected southern populations for this protein using 
immunoblotting. All populations showed a reactive band of the 
expected size for HT-protein, except for LA1691 (Fig. S3). These 
results suggest that the loss of HT-protein is not the reason for 
the SI to SC transition in southern S. habrochaites populations. 
Cloning and sequencing of the HT-gene showed a single base 
pair deletion leading to the formation of an early stop codon in 
LA1691 (Fig. S4). Since HT protein has roles in both SI and in 
interspecific reproductive barriers (Tovar-Mendez et al., 2014, 
2017) we tested whether styles of southern SC populations could 
reject pollen tubes of S. lycopersicum. We found that interspecific 
pollen tube rejection was robust in southern SC populations, 
including LA1691 (data not shown), indicating that hab-6 or 

another stylar factor is sufficient for interspecific pollen tube 
rejection in LA1691. 

Mixed-mating population LA0094 segregates for the hab-6 
allele 

Solanum habrochaites population LA0094 was of special interest 
because it is the northernmost population containing SC individ-
uals. We found that the hab-6 allele segregates in LA0094 
(Table 2), making this population ideal for examining the rela-
tionship between hab-6 and SC. To better understand the distri-
bution of S-haplotypes in LA0094, we recovered sequences of 
three presumably functional S-RNase alleles in addition to hab-6. 
The first allele (hab-9) encodes an S-RNase that is over 97% 
identical to two previously identified S. habrochaites S-RNases: 
hab-4 from SI LA1353 and LhgSRN-1 from SC LA0407 (Covey 
et al., 2010) (Fig. S5a). The second allele (hab-10) encodes an S-
RNase that is 94% identical to the S-16 S-RNase from SI S. 
chilense (Fig. S5b). The third allele (hab-11) encodes an S-RNase 
that is 97% identical to the S3 S-RNase from SI S. peruvianum 
(Royo et al., 1994) and the S15 S-RNase from SI S. chilense S15 
(Igic et al., 2007) (Fig. S5c). 

We genotyped 21 LA0094 individuals using allele-specific 
primers for hab-6, hab-9, hab-10 and hab-11 and evaluated mat-
ing system of 11 of those individuals (Table S2). We found that 
all of the SC plants (n = 7) and none of the SI plants (n = 4) con-
tained hab-6 (Fig. 6 shows results from six individuals). Genotyp-
ing of 21 individuals showed that 62% (13/21) contained at least 
one copy of hab-6, and hab-6 was detected both alone and in 
combination with all three of the functional S-RNase alleles 
(Table S2). 

Our results with this small sample suggest that hab-6 resides at 
the S-locus. To confirm this, we expanded our study by genotyp-
ing progeny of crosses using hab-6/hab-10 heterozygous plants as 
pollen donors onto females with known S-RNase alleles. If hab-6 
is located at the S-locus, we would expect that half of the progeny 
from these crosses would harbor hab-6 while the other half would 
contain the hab-10 allele, and that none of the progeny would 

Fig. 3 Immunoblot of Solanumhabrochaites stylar extracts. Representative samples showing immunoblotting of stylar extracts from southern populations. 
Northern population LA0407 was used as a negative control, as it does not express S-RNase. hab-6, anti-peptide antibody designed to hab-6 S-RNase; 
MWM, molecular weight marker (lower band 26 kDa, upper band 35 kDa); tSRNC2, antibody to conserved domain 2 of S-RNase. The asterisks (**) 
indicate that the LA1777-402 cross reacts with the hab-6 antibody. 
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contain both alleles. We analyzed 128 progeny plants and found 
that 77 contained the hab-10 allele, 51 contained the hab-6 allele, 
and none contained both alleles. The observed result (0, 77, 51) 
does not differ from the expected result (0, 64, 64) (Freeman– 
Halton extension of Fisher’s exact test P = 0.13), consistent with 
a location of hab-6 at the S-locus. 

Pairing of the hab-6 haplotype with different S-haplotypes 
can change mating systems and create an intrapopulation 
barrier 

The hab-6 S-haplotype is expected to contain a fully functional 
male component with a complete suite of SLF genes. In this case, we 
would predict that pollen of the hab-6 haplotype is compatible on 
pistils of all other S-haplotypes in the population. Consistent 
with this prediction, two phenotyped individuals in the LA0094 
population with a hab-6/hab-9 genotype were SC (Fig. 6; 
Table S2). In addition, we would predict that plants heterozygous 
for hab-6 would show SI/SC codominance in self-crosses wherein 
both S-RNases are expressed but only pollen of the hab-6 haplo-
type will successfully fertilize ovules, while pollen of the other 
haplotype is rejected. 

To test these predictions, we crossed an SC individual 
homozygous for hab-6 (LA0094-503) with a heterozygous hab-9/ 
hab-10 SI individual (LA0094-502). As predicted, when the SC 
hab-6 homozygote was used as female, crosses were successful, 
and genotyping of the progeny showed that all progeny contained 

hab-6, half contained hab-9 and half contained hab-10 (Fig. 7a). 
However, when the SI individual was used as a female, crosses 
were not successful, and an analysis of pollen tube growth showed 
rejection of SC (hab-6 homozygote) pollen tubes in SI pistils 
(Fig. 7b). These results demonstrate the presence of a unilateral 
crossing barrier that is due to pollen tube rejection. 

To investigate this barrier further, we grew six F1 plants from 
the successful cross (three of each genotype) to maturity to deter-
mine mating system type. All three hab-6/hab-9 F1 individuals 
were SC (Fig. 7c). A close analysis of pollen tube growth through 
self-pollinated styles showed that approximately half of the pollen 
tubes were rejected, suggesting that hab-9 is functioning in SI 
pollen rejection (Fig. 7c inset). Genotype analysis of F2 progeny 
(n = 60) produced from self-pollinations of the SC F1 (hab-6/ 
hab-9) plants showed that 50% of individuals were heterozygous 
for hab-6/hab-9 and 50% of individuals were homozygous for 
hab-6, and no plants were homozygous hab-9, which would be 
expected if hab-9 S-RNase is functional in SI and is only trans-
mitted through female gametes (Fig. 7d shows genotypes of a 
subset of F2 plants). Thus, the results for the F1 hab6/hab-9 
plants mirror our predicted scenario of codominance and clearly 
indicate that hab-6 pollen is fully competent in this cross. We 
also found that pollen from hab-6 homozygotes was accepted by 
pistils of SI S. habrochaites LA1777 (data not shown) suggesting 
hab-6 pollen is functional against multiple S-haplotypes. 

By contrast, when we analyzed the hab-6/hab-10 F1 plants we 
found that all individuals were SI and exhibited rejection of self-

Fig. 4 Alignment of hab-6 S-RNase and 
related functional S-RNase amino acid 
sequences. Sequence conservation between 
hab-6 S-RNases from Solanumhabrochaites 

(Shab) and functional S-RNases from 
Solanumperuvianum (Speru S11) and 
Solanumchilense (Schil S2) are indicated by 
stars. The five conserved (C1–C5) and two 
hypervariable (HVA, HVB) regions of S-
RNases are boxed. The amino acid sequence 
used to generate a specific anti-hab-6 
antibody is highlighted in bold. GenBank 
numbers are as follows: Speru_S11, U28795; 
Schil_S2 (full length) MW183815; 
Shab_LA1927 (full length) MW183811; 
Shab_LA2722, MW183810; Shab_LA1753, 
MW183813; Shab_LA1721, MW183814; 
Shab_LA0094 MW183812. ^, potential N-
linked glycosylation site; SP, putative signal 
peptide cleavage site. 
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pollen tubes (Fig. 7e). Pollen tube growth assays showed that the 
SC parent (hab-6/hab-6) accepted pollen tubes from all F1 
progeny, whereas the SI parent (hab-9/hab-10) rejected all pollen 
tubes from all F1 progeny (data not shown). These results are 
consistent with the unidirectional intrapopulation barrier discov-
ered in the parental cross and show that pistils expressing the 
hab-10 haplotype reject pollen of the hab-6 haplotype as well as 
pollen expressing the self (hab-10) haplotype. 

Discussion 

A single self-incompatibility to self-compatibility mating 
system transition at the southern species margin is 
associated with the hab-6 haplotype 

The molecular basis for the breakdown of SI is often elusive, even 
in well-studied systems like Solanum. Our previous work identi-
fied two distinct SI ? SC transitions associated with different S-
RNase mutations at the northern S. habrochaites species margin 
(Broz et al., 2017b). By contrast, the present study shows that all 

southern SC S. habrochaites populations tested contained the 
hab-6 haplotype, suggesting that a single SI ? SC transition 
occurred at the southern species margin (Fig. 1). 

The hab-6 protein was previously found to exhibit very low S-
RNase activity using two different assays, and this low activity 
was hypothesized to result in the loss of SI (Covey et al., 2010). 
In this study, we confirmed that hab-6 segregates as expected for 
an allele of the S-locus and found that the sequence conforms to 
that of a functional S-RNase. We identified only three amino 
acid differences between mature hab-6 and closely related func-
tional S-RNases (Fig. 4). One nonconservative change places a 
hydrophobic residue adjacent to a cysteine reside, and it is possi-
ble that it could interfere with disulfide bond formation, which is 
important in S-RNase secondary structure. However, further 
studies are required to test this hypothesis. Currently, the basis 
for the low activity of hab-6 remains enigmatic. 

Previous work suggests that S-RNases can vary widely in speci-
fic activity and still function in SI (Zurek et al., 1997). Thus, it is 
possible that factors other than hab-6 are responsible for the SC 
phenotype, although we eliminated loss of stylar SI factor HT as 

Fig. 5 Glycosylation in hab-6 S-RNase. (a) Deglycosylation of partially purified hab-6 S-RNase from Solanum habrochaites population LA1927. Over time, 
deglycosylase peptide-N-Glycanase (PNGase) collapses the characteristic protein doublet into a single band, consistent with variable glycosylation. (b) 
Immunoblotting shows that Solanumchilense plants containing the S2 S-RNase cross-react with the peptide antibody made to the Solanumhabrochaites 

hab-6 S-RNase and show a similar double banding pattern. tSRNC2 is an antibody made to the C2 conserved domain present in all S-RNase sequences. 

Fig. 6 Presence of the hab-6 allele and hab-6 
protein correlates with the self-compatibility 
(SC) phenotype in individuals of Solanum 
habrochaites population LA0094. (a) Self-
pollen tube growth through styles, black 
arrowheads indicate the longest pollen tube; 
(b) amplification of the hab-6, hab-9, hab-10 
and hab-11 alleles; (c) Western blot for S-
RNase proteins using general (tSRNC2, top 
panel) and hab-6 specific (hab-6, bottom 
panel) S-RNase antibodies. 
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a cause. The correlation we observed between hab-6 and SC 
could point to other causative factors located at the S-locus (i.e. 
linked to hab-6). For example, a gain-of-function mutation in an 
SLF gene can result in recognition and detoxification of a self S-
RNase, and this has been previously cited as the molecular basis 
for SC in Petunia (Sijacic et al., 2004; Kubo et al., 2015) and in 
Solanum neorickii (Markova et al., 2017). It is not clear whether 
this type of mutation exists in the hab-6 haplotype, since the 
complete suite of SLFs has not been fully documented in S. 
habrochaites, and specific interactions between SLF and S-RNase 
proteins are only beginning to be characterized. 

Origin and spread of self-compatibility at the southern 
Solanum habrochaites species range margin 

Theoretical and empirical studies suggest that when SC arises, it 
will rapidly spread due to the evolutionary forces of transmission 
advantage and reproductive assurance, unless inbreeding depres-
sion or pollen discounting are substantial (Fisher, 1941; 
Charlesworth & Charlesworth, 1979; Kalisz et al., 2004; Porcher 
& Lande, 2005; Busch & Delph, 2012; Layman et al., 2017). 
We have shown that a single SI to SC mating system transition 
took place in the southern species range of S. habrochaites and 
that SC has spread to fixation in populations that occupy nearly 
one quarter of the species range. The simplest interpretation of 
our population survey is that the SC-associated hab-6 haplotype, 
with the hab-6 S-RNase allele and its linked SLF genes, arose in 

the Rio Chillon valley in Peru and spread southward to addi-
tional river valleys. However, other scenarios cannot be ruled out, 
as changing environmental and ecological factors are expected to 
influence the evolution and distribution of SC over time. For 
example, the SC haplotype may have arisen further south in Peru 
and established or invaded populations to the north, resulting in 
the current distribution. 

Population genetic studies place all southern SC populations 
and the geographically close SI populations into a single genetic 
group, and estimated levels of heterozygosity are consistently low 
in the SC populations (Rick et al., 1979; Sifres et al., 2011; Lan-
dis et al., 2021). Population bottlenecks are expected to occur as 
a species migrates, and this, combined with the appearance of 
SC, may have led to the observed declines in heterozygosity of 
southern SC populations. A reduction in population size during 
migrations of SI species is expected to result in mate limitation 
because only a small number of S-alleles will be present in 
founder individuals. In this scenario, natural selection should 
favor mutations that confer SC because SI individuals will have 
fewer outcross partners available due to the low diversity of S-al-
leles. Similarly, ecological factors create variable pollination envi-
ronments that could favor increased rates of selfing. Future 
studies measuring selfing rates, inbreeding depression, and pollen 
discounting will be essential to understanding the extent to which 
different processes drive SC in S. habrochaites. 

Population contraction during migration and reproductive 
assurance associated with selection for SC may have influenced 

Fig. 7 Genotype and mating system analysis from an intrapopulation cross of Solanumhabrochaites population LA0094. (a) Genotype results for ten F1 
progeny from the successful LA0094 intrapopulation cross. (b) Pollen tube growth of an intrapopulation cross between LA0094-502 (hab-9/hab-10) as  
female and LA0094-503 (hab6/hab-6) as male. Black arrowheads indicate the area where many pollen tubes are rejected, and gray arrowheads indicate 
the location of the longest pollen tubes. (c) Pollen tube growth through styles of self-pollinated F1 self-compatible (SC; hab-6/hab-9) progeny. The inset is 
an enlargement of a region where many (presumably hab-9) pollen tubes are rejected in SC F1 plants. (d) Genotype results for 30 F2 selfed progeny of SC 
F1 (hab-6/hab-9). The absence of hab-9 homozygotes suggests that hab-9 is only transmitted through female gametes. (e) Pollen tube growth through 
styles of self-pollinated F1 self-incompatible (SI; hab-6/hab-10) progeny. NTC, no template control. 
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the spread of the hab-6 allele. However, our data from population 
LA0094 highlight an additional feature of S-RNase-based game-
tophytic SI that is often not explicitly considered: the speed at 
which an SC mutation can become fixed in a population. Under 
the non-self-recognition model, mutations conferring SC are 
expected to be phenotypically co-dominant within a single gener-
ation, as we observed in hab-6/hab-9 heterozygotes (Fig. 7). This 
creates a 2 : 1 advantage for the hab-6 haplotype over the hab-9 
haplotype, which can only be transmitted through the female. For 
example, if a single heterozygous plant of this type (i.e. hab-6/hab-
9) was the founder of a population, the hab-6 allele would rapidly 
spread to fixation even if outcrossing occurred in subsequent gen-
erations. Assuming no pollen or seed discounting, the frequency 
of the hab-9 allele would be reduced to < 1% after only four gen-
erations of selfing (hab-9 initial frequency = 0.25, after four gener-
ations (0.254) its frequency is reduced to 0.004). 

This contrasts with the self-recognition system of sporophytic 
SI in which the pollen and pistil both express two different haplo-
types, and the interaction of any pair of self-pollen and pistil fac-
tors blocks pollen tube germination. In this case, a loss of 
function mutation in either a male or female factor will generally 
be recessive, although some dominant mutations have been 
shown to confer SC (Bachmann et al., 2019). In the case of a 
recessive mutation, an SC individual will be generated after a 
minimum of two generations of outcrossing. In S-RNase-based 
gametophytic SI, the rapid establishment of SC alleles may con-
stitute an additional evolutionary advantage for SC mutations. 

Persistence of self-incompatibility alleles in the face of self-
compatibility mutations 

Plant populations containing mixed SI/SC mating systems are 
common, but the mechanisms through which these populations 
persist remains a puzzle in evolutionary biology. In some cases, 
the maintenance of mixed mating systems can be explained by 
pollination ecology and relative rates of outcrossing, which can 
vary over time (Kalisz et al., 2004; Goodwillie et al., 2005). In 
the cases of S. habrochaites population LA0094, it is possible that 
gene flow from neighboring populations influences the balance 
of hab-6 relative to other S-alleles. Here, population dynamics of 
both S. habrochaites and its pollinators are expected to influence 
interpopulation gene flow and the stability of mixed mating. 

Although temporal and ecological factors likely play important 
roles in the persistence of mixed mating populations, our results 
suggest a genetic mechanism that could also allow for the mainte-
nance of both SC and SI haplotypes. We found that pollen of 
hab-6 homozygotes is rejected by pistils of hab-9/hab-10 
heterozygotes, but the reciprocal cross is compatible, revealing a 
unidirectional intrapopulation barrier in population LA0094. 
We further found that this barrier is associated with the hab-10 
haplotype, since hab-6/hab-10 heterozygotes are SI. The simplest 
explanation for these results is that pollen with the hab-6 haplo-
type does not express a complete set of SLF proteins, rendering it 
unable to recognize and detoxify hab-10. In this case, any female 
expressing the hab-10 haplotype will reject pollen of the hab-6 
haplotype, and pistils of hab-6/hab-10 heterozygotes will reject 

pollen tubes of either S-haplotype resulting in SI. Given these 
findings, it is intriguing to consider the possibility that the SC 
hab-6 haplotype invaded the LA0094 population after originat-
ing further south but could not spread to fixation due to the pres-
ence of the hab-10 (and perhaps additional) resistant haplotypes. 

Although the observed intrapopulation barrier can be most 
readily explained by the hab-6 haplotype lacking a full suite of 
functional SLF genes, there are at least two other possible expla-
nations. One is that hab-10 encodes a ‘dual specificity’ S-RNase. 
Previous studies have shown that engineered changes in an S-
RNase protein can lead to an unusual S-haplotype that rejects 
pollen tubes from both self and one additional haplotype (Mat-
ton et al., 1999; Soulard et al., 2013). However, to our knowl-
edge, this type of dual-specificity S-RNase has never been 
identified in a natural population. A second explanation is that 
the S-locus of the hab-6 S-RNase contains the SLF suite from the 
hab-10 haplotype. Pollen of this ‘chimeric’ S-haplotype would be 
able unable to recognize and detoxify hab-10, resulting in SI hab-
6/hab-10 heterozygotes. Interestingly, in this scenario, a plant 
homozygous for the chimeric S-haplotype would be SC, even if 
the low-activity hab-6 protein is a fully functional S-RNase, 
because the hab-10 SLF suite would recognize and detoxify hab-
6. Thus, pollen of the chimeric S-haplotype would be compatible 
on any female in the population except those containing hab-10. 
The existence of a chimeric S-locus is theoretically unlikely, as 
the S-locus is located in heterochromatin and is not expected to 
undergo recombination. However, S-locus duplications have 
been reported that lead to unexpected inter-population and inter-
specific barriers in the Brassicaceae (Chantha et al., 2013; Takada 
et al., 2017). More studies are warranted to fully understand the 
molecular basis of incompatibilities in this population. 

Conclusions 

In summary, we identified a single SI ? SC mating system tran-
sition at the southern species margin of S. habrochaites that is 
strongly correlated with the presence of an S-haplotype encoding 
hab-6, a low-activity S-RNase. We have empirically shown that 
the hab-6 haplotype acts in the expected co-dominant fashion 
when paired with a functional S-haplotype, which could lead to 
rapid spread and fixation of SC. Further, we propose a genetic 
model by which an SC haplotype can be maintained within a 
population without spreading to fixation. If an SC haplotype is 
associated with an incomplete suite of SLFs that render it unable 
to recognize and detoxify all S-RNases within the population, 
this will create an intrapopulation barrier and provide a disadvan-
tage for the SC haplotype as male. Thus, a balance between the 
array of functional SLFs of the SC S-haplotype and the array of 
resistant or susceptible S-RNases in a population may determine 
whether an SC mutation spreads to fixation when it arises within, 
or invades, an existing SI population. 
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