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Summary 

Outbreeding and inbreeding have important genetic consequences for plants in general, and 

more specifically during plant invasions. Some studies have found that admixture (between-

population outbreeding) could promote the invasiveness of alien plants. However, most of 

these studies were restricted to the first generation (F1), and few have considered further 

generations. In chapter 2 of my thesis, I focused on the admixture effect on invasive plants in 

the second generation (F2). However, plant breeding system is not fixed, but is a highly labile 

trait. The switch of breeding system is the first step towards mating system evolution. In other 

words, the evolution from outcrossing to selfing on the population level results from the loss 

of self-incompatibility on the individual level. In chapter 3 and 4, I focused on the effect of 

inbreeding depression on mating system evolution, and the genetic mechanics of the loss of 

self-incompatibility in Arabidopsis lyrata.  

 In chapter 2, I tested whether admixture-benefits can be maintained in the F2 

generation of the invasive species Mimulus guttatus. We follow up on a previous study, in 

which we made crosses between plants of M. guttatus from native- (western North America) 

and invaded-range populations (New Zealand and Scotland), and showed that admixture 

increases F1 performance. Here, we performed further crosses to create non-admixed progeny, 

F1 progeny resulting from within- and between-range admixture, and subsequent F2 progeny 

both through outcrossing and through self-fertilization. Our main findings are that non-

admixed progeny of M. guttatus were outperformed by admixed progeny (averaged across F1 

and F2), particularly by progeny from between-range admixture. However, the benefit of 

admixture was stronger in F1 than in F2 progeny, especially when the F2 was produced by self-

fertilization. Our findings indicate that increased performance of admixed F1 progeny is partly 

maintained in the F2 progeny. Admixture might thus boost the performance of an invasive 

plant across multiple generations. 

 In chapter 3, I tested whether sibling competition (between self- and cross-progeny) 

can magnify inbreeding depression, and whether inbreeding depression could be different 

between below- and aboveground biomass. We set a greenhouse experiment to assess the 

performance and estimate inbreeding depression of plants from outcrossing and selfing 
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populations in North American A. lyrata. We found that sibling competition did not 

significantly change the magnitude of inbreeding depression, which never exceeded δ=0.34 in 

biomass traits. Combined with previous findings that drought stress and inducing defense also 

did not magnify inbreeding depression, this suggests that the relatively low estimates of 

inbreeding depression for biomass are indeed realistic estimates of the true inbreeding 

depression in North American A. lyrata. Moreover, there is similar pattern for below- and 

aboveground biomass in inbreeding depression, indicating aboveground could be used as a 

sufficient proxy for belowground for estimation of inbreeding depression. 

 In chapter 4, to explore the genetic mechanism of the loss of self-incompatibility, we 

made intra- and inter-population crosses using self-incompatible (SI) plants from six 

predominantly outcrossing populations and self-compatible (SC) plants from six 

predominantly selfing populations of North-American A. lyrata. We found that most progeny 

from crosses between SC parents from different selfing populations are also self- 

compatibility. The lack of restoration of self-incompatibility shows that the loss of self-

incompatibility in the different selfing populations in A. lyrata cannot be explained by 

independent recessive loss-of-function mutations. Progeny from crosses between parents with 

different breeding systems resulted in approximately even frequencies of SC and SI plants. 

This result strongly rejects the hypothesis that the loss of self-incompatibility is determined 

by only one genetic factor, and indicates that it must be co–determined by two or more 

unlinked genetic factors. We propose the hypothesis that the loss of self-incompatibility in 

A. lyrata resulted from the interaction between an S-locus modifier and specific S-haplotypes. 

More specifically, our data fit a model in which a recessive allele at a modifier-locus affects 

the dominant haplotype S19 and the recessive haplotype S1.  
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Zusammenfassung 

Outbreeding und Inbreeding haben wichtige genetische Konsequenzen für Pflanzen im 

Allgemeinen, und ganz besonders während Pflanzeninvasionen. Einige Studien haben 

ergeben, dass Admixture (Outbreeding zwischen Populationen) die Invasivität gebietsfremder 

Pflanzen fördern kann. Jedoch waren die meisten dieser Studien auf die erste Generation (F1) 

beschränkt, und nur wenige haben weitere Generationen in Betracht gezogen. In Kapitel 2 

meiner Dissertation haben wir uns auf den Admixture-Effekt auf invasive Pflanzen in der 

zweiten Generation (F2) konzentriert. Jedoch ist das Fortpflanzungssystem von Pflanzen nicht 

unveränderlich, sondern eine höchst labile Eigenschaft. Die Veränderung des 

Fortpflanzungssystems ist der erste Schritt zu einer Evolution des Paarungssystems. In 

anderen Worten, die Evolution vom Outcrossing zum Selfing auf der Ebene der Population 

resultiert aus dem Verlust der Selbstinkompatibilität auf der individuellen Ebene. In Kapitel 3 

und 4 habe ich mich mit dem Effekt der Inbreeding Depression auf die Evolution des Selfing 

und die genetischen Mechanismen des Verlustes der Self 

-Inkompatibilität bei Arabidopsis lyrata befasst. 

 In Kapitel 2 untersuchten wir, ob Admixture-Vorteile in der F2 Generation der 

invasiven Spezies Mimulus guttatus beibehalten werden. Wir setzen hier eine frühere Studie 

fort, in welcher wir Kreuzungen zwischen Pflanzen von M. guttatus aus nativen (westliches 

Nordamerika) und invasiven (Neuseeland und Schottland) Verbreitungsgebieten durchführten 

und zeigten, das Admixture den Erfolg der F1 Generation erhöht. In dieser Studie führten wir 

weitere Kreuzungen durch, um durch Nicht-Admixture entstandene Nachkommen, F1- 

Nachkommen aus Intra- und Inter-Admixture des Verbreitungsgebiets und schließlich F2-

Nachkommen durch jeweils Outcrossing und durch Selbstbefruchtung zu erhalten. Unsere 

Hauptergebnisse zeigen, dass durch Nicht-Admixture entstandene Nachkommen von M. 

guttatus von durch Admixture entstandenen Nachkommen übertroffen werden (im 

Durchschnitt von F1 und F2), insbesondere durch Nachkommen aus gebietsübergreifender 

Admixture. Jedoch war der Admixture-Vorteil in der F1 Generation stärker als in der F2 

Generation, insbesondere dann, wenn die F2 Generation durch Selbstbefruchtung erzeugt 

wurde. Unsere Ergebnisse zeigen, dass eine erhöhte Performanz der durch Admixture 
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entstandenen F1-Nachkommen zum Teil in der F2-Nachkommenschaft erhalten bleibt, und 

dass Admixture die Performanz einer invasiven Pflanze über mehrere Generationen hinweg 

steigern kann. 

 In Kapitel 3 untersuchten wir, ob Geschwisterkonkurrenz (zwischen durch Selfing 

entstandenen und gekreuzten Nachkommen) zu einer Erhöhung der Inbreeding Depression 

führen kann und ob sich die Inbreeding Depression der Biomasse unter der Erde und 

derjenigen über der Erde unterscheidet. Wir führten ein Gewächshausexperiment durch, um 

die Performanz zu untersuchen und die Inbreeding Depression bei Pflanzen aus Outcrossing- 

und Selfing-Populationen der nordamerikanischen A. lyrata zu schätzen. Wir fanden heraus, 

dass Geschwisterkonkurrenz die Größe der Inbreeding Depression nicht signifikant verändert, 

welche niemals δ=0.34 überschritt. In Verbindung mit früheren Ergebnissen, dass 

Trockenheitsstress und das Induzieren von Abwehr die Inbreeding Depression ebenfalls nicht 

erhöhten, weist dies darauf hin, dass die relativ niedrigen Schätzwerte der Inbreeding 

Depression für Biomasse in der Tat realistische Schätzwerte der wirklichen Inbreeding 

Depression bei der nordamerikanischen A. lyrata darstellen. Darüber hinaus gibt es ein 

ähnliches Muster der Inbreeding Depression für die Biomasse unter bzw. über der Erde, was 

darauf hinweist, dass zur Schätzung der Inbreeding Depression die Biomasse über der Erde 

als ausreichende Proxy für die unterirdische Biomasse genutzt werden kann.   

Um den genetischen Mechanismus des Verlustes der Selbstinkompatibilität zu 

erforschen, führten wir in Kapitel 4 Kreuzungen innerhalb von Populationen und zwischen 

Populationen durch, wobei wir selbstinkompatible (SI) Pflanzen aus sechs vorwiegend 

outcrossenden Populationen und selbstkompatible (SC) Pflanzen aus sechs vorwiegend 

selbstbefruchtenden Populationen der nordamerikanischen A. lyrata verwendeten. Wir stellten 

fest, dass die meisten Nachkommen aus Kreuzungen zwischen SC-Eltern aus verschiedenen 

selbstbefruchtenden Populationen ebenfalls selbstkompatibel sind. Die fehlende 

Wiederherstellung der Selbstinkompatibilität zeigt, dass der Verlust der Selbstinkompatibilität 

in den verschiedenen selbstbefruchtenden Populationen von A. lyrata nicht durch 

unabhängige rezessive Funktionsverlustsmutationen erklärt werden kann. Bei Nachkommen 

von Kreuzungen zwischen Eltern mit unterschiedlichen Fortpflanzungssystemen traten 

annähernd gleiche Häufigkeiten von SC und SI-Pflanzen auf. Dieses Ergebnis spricht stark 
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gegen die Hypothese, dass der Verlust der Selbstinkompatibilität durch nur einen einzigen 

genetischen Faktor bestimmt wird und weist darauf hin, dass er durch zwei oder mehr nicht 

miteinander verbundene genetische Faktoren kodeterminiert wird. Wir stellen die Hypothese 

auf, dass der Verlust der Selbstinkompatibilität bei A. lyrata aus der Interaktion zwischen 

einem S-locus-Modifier und spezifischen S-Haplotypen resultiert. Insbesondere passt unser 

Datenmaterial zu einem Modell, in dem ein rezessives Allel in einem Modifier-Locus 

Auswirkungen auf den dominanten Haplotyp S19 und den rezessiven Haplotyp S1 ausübt. 
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Chapter 1 

 

General introduction 

 

1.1 Plant breeding system and mating system 

 

1.1.1 Outbreeding vs inbreeding 

Outbreeding and inbreeding are two basic types of plant mating methods. Outbreeding (also 

called “outcross-fertilization”) is a process of mating two distantly related or unrelated 

individuals and is the main mating mode in the plant world (Barrett, 2002). Outbreeding has 

many benefits for progeny. One of the most widely recognized short-term benefits is heterosis 

or hybrid vigour, broadly defined as the phenotypic superiority of hybrids over their parents 

(Shull, 1948). The masking of recessive deleterious alleles and the expression of over 

dominance are the two main genetic mechanics of heterosis (Chen, 2010). The long-term 

benefits of outbreeding could be the emergence of novel genotypes and the increasing of 

genetic variation. These benefits can increase plant adaption and protect plants from 

extinction due to various factors such as environmental stresses (Verhoeven et al., 2011). 

Nevertheless, outbreeding does not always produce increased fitness in progeny. Sometimes 

outbreeding can show lower fitness in progeny compared to their parents. The cost of 

outbreeding is called outbreeding depression, and it is possibly caused by the disruption of co-

adapted gene complexes (Lynch, 1991). In isolated populations, gene complexes have been 

selected to produce a high level of fitness, and different isolated populations may evolve 

different complexes of genes. Thus, these gene complexes could interact well within a 

particular population, but poorly when the genes are mixed by crosses between isolated 

populations. In severe cases, outbreeding depression could be due to serious genetic 

incompatibilities between divergent parental lineages and result in reduced viability or 

fertility, although such costs are expected more frequently with interspecific hybridization 
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(Lynch, 1991; Edmands, 2007; Frankham et al., 2011).  

Inbreeding is a process of mating two closely related individuals. Compared with 

outbreeding, progeny from inbreeding show disadvantage because of inbreeding depression. 

Inbreeding depression is caused by the unmasking of recessive deleterious alleles, the loss of 

heterozygote advantage, and a reduced adaptability due to decreasing genetic variation 

(Crnokrak & Roff, 1999; Charlesworth & Willis, 2009). However, self-fertilizing (hereafter 

“selfing”), the most extreme form of inbreeding, also has at least three advantages over 

outbreeding. First, selfing individuals can transmit their whole genome to their progeny, 

whereas out-crossers only transmit 50% of their genome to their progeny. Thus, the beneficial 

mutations in the selfer can be completely retained in the progeny, while this is not the case for 

the out-crosser (Fisher, 1941). Second, selfing plants can reproduce without mates (Darwin, 

1876; Charlesworth, 2006). This is especially important for a population when immigrating to 

a new range. As selfing can allow the founding of a new population from a single plant and 

protect the population from extinction in cases of pollen limitation, it can increase 

colonization ability (Baker, 1955; Stebbins, 1956; Stebbins, 1957; Pannell & Barrett, 1998). 

Third, it often costs less in terms of energy and other resources to produce selfed seed than to 

produce outcrossed seed (Schemske, 1978; Waller, 1979; Schoen & Lloyd, 1984).Therefore, 

neither of these two breeding systems always has a clear advantage over the other. In other 

words, it is difficult to assess the effect of certain breeding mode on plants by means of 

theoretical methods, because it is affected by multiple complex factors, such as history, 

population size, environmental stress and reproductive stress. Thus, the controlled conditions 

of an experimental approach are ideal for understanding the costs and benefits of breeding 

systems. 

 

1.1.2 Plant mating system and mating system evolution 

Breeding system is a plant mating method and it was descried on individual level. While plant 

mating system is a parameter on the population level, and it based on the proportion of 

outcrossing (outbreeding) and selfing (the extrema of inbreeding) individuals present in the 

population (Outcrossing rate, Tm). Plant mating system can be categorized into three 
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categories: obligate outcrossing (Tm > 0.8), predominant selfing (Tm≤0.2) and mixed mating 

systems (0.2<Tm≤0.8; Schemske & Lande, 1985; Goodwillie et al., 2005; Shimizu & 

Tsuchimatsu, 2015).  

As outcrossing is more advantageous than selfing, as said above, more than half of 

hermaphrodite species have evolved self-incompatibility system to prevent selfing (De 

Nettancourt, 2001). However, ∼20% of angiosperm species have evolved from outcrossing to 

predominant selfing, and this transition is a common evolutionary process in plants (Stebbins, 

1974; Wright et al., 2013). This transition process has occurred repetitively and independently 

within plant families (Igic et al., 2006), within genera (Schoen et al., 1997) or even within 

species (Mable et al., 2007; Busch & Urban, 2011). The evolution of selfing is based on the 

switch of breeding system, i.e. self-incompatible (SI) plants switch to self-compatible (SC) 

plants. In other words, the switch of plant breeding-system is the first step towards the mating 

system evolution of population.  

 

1.2 Admixture effect on invasive plants 

 

1.2.1 Plant invasion 

Biological invasions are defined as the introduction, establishment, and spread of species 

outside their native range (Prentis et al., 2008). Invasive species always occur in high 

abundances at the introduced range, breaking the ecological balance, which can result in a 

major threat to the economy and environment worldwide (Vitousek et al., 1997; Pimentel et 

al., 2005; Ricciardi, 2007; Vilà et al., 2011). Plant invasion is one important component of 

biological invasions. To date, at least 3.9% of all currently known vascular plant species have 

become naturalized outside their native range (van Kleunen et al., 2015b), and more plant 

species will be introduced with continuing globalization and increasing international traffic 

and trade (Seebens et al., 2015; van Kleunen et al., 2015b; Seebens et al., 2017). 

Consequently, to prevent plant invasion, it is important to know its mechanisms. 
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1.2.2 Admixture plays a key role in plant invasion 

Outbreeding (admixture) of previously allopatric lineages is a common phenomenon in nature 

(Bell & Travis, 2005; Roman & Darling, 2007; Dlugosch & Parker, 2008; Handley et al., 

2011). A growing number of studies has shown that admixture could provide the facility for 

plant invasion (Rius & Darling, 2014), and suggested that admixture, both intra- and 

interspecific hybridization, stimulates invasiveness in plants (Ellstrand & Schierenbeck, 2000; 

Razanajatovo et al., 2016). Admixture could increase the establishment success of invasive 

populations by the three advantages (also see section 1.1): heterosis, novel genotypes and the 

increasing genetic variation. On the other hand, because of the costs from outbreeding (also 

see section 1.1), admixture could have negative impacts on the progeny’s fitness. Most 

severely, admixture could result in reduced viability or fertility due to the crossing of serious 

genetic incompatibilities of divergent parental lineages, although such costs are expected 

more frequently with interspecific hybridization. More commonly, the cost of admixture can 

result in reduced population fitness due to a selective disadvantage of intermediate genotypes 

or the loss of advantageous parental traits (Hughes & Hollingsworth, 2008; Scopece et al., 

2010; Twyford et al., 2014).  

 

1.2.3 Research gap 

Some studies have focused on the admixture effect on plant invasion. However, most of these 

studies were restricted to the F1 generation, with few studies testing the effect of admixture 

beyond the first generation. The performance of plants in later generations has a direct effect 

on the introduced species in terms of establishment and spread in the new region. As said 

above, admixture has both positive and negative effects in plant invasion, so it is difficult to 

predict the net effect of admixture beyond the first generation. The benefits of admixture may 

be transient as a consequence of recombination between the admixed genomes, because co-

adapted gene complexes could break-up in F2 and later generations (Lynch, 1991). 

Furthermore, if a species reproduces predominantly by self-fertilization, heterosis effects in 

the admixed F1generation may be countered in subsequent inbred generations due to renewed 

expression of recessive deleterious alleles (i.e. inbreeding depression). Thus, it is necessary to 
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do experimental studies to test the admixture effect on invasive plant beyond the first 

generation. 

 

1.3 Inbreeding depression in mating system evolution  

 

1.3.1 The drivers of mating system evolution 

Theoretical models have predicted that both ecological and genetic factors can affect the 

transition from outcrossing to selfing, based on the relative evolutionary advantage of 

outcrossing vs. selfing mating systems (Lande & Schemske, 1985; Charlesworth et al., 1990; 

Porcher & Lande, 2005). Reproductive assurance, as an ecological factor, favors the evolution 

of selfing when a population suffers pollen limitation (i.e., mate or pollinator limitation) due 

to its immigration into new habitats (Biesmeijer et al., 2006; Busch & Schoen, 2008; 

Tsuchimatsu & Shimizu, 2013). Inbreeding depression, as a population genetic factor, is the 

major factor disfavoring the evolution of selfing. Nevertheless, inbreeding depression may not 

inhibit the evolution of selfing when the reduction of inbreeding depression is due to a strong 

genetic bottleneck (Byers & Waller, 1999; Bataillon & Kirkpatrick, 2000). In addition, 

increased selfing could be beneficial for speciation by promoting assortative mating and the 

fixation of locally adapted alleles (Wright et al., 2013). 

 

1.3.2 Inbreeding depression effect on mating system evolution  

High inbreeding depression is thought to be one of the major factors preventing evolutionary 

transitions from outcrossing to selfing in hermaphroditic plants (Barrett, 2002). Classical 

models predict that more than 50% of the inbreeding depression coefficient (i.e., a more than 

50% reduction in fitness due to selfing) should cancel out the transmission advantage of 

selfers (Kondrashov, 1985; Lande & Schemske, 1985; Porcher & Lande, 2005), although 

selfing can evolve with much higher levels of inbreeding depression under conditions where 

reproductive assurance is important (reviewed by Busch & Delph, 2012). However, when 

selfing does evolve, inbreeding depression can be quickly purged, allowing the evolution of 
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complete selfing (Barrett & Charlesworth, 1991; Crnokrak & Barrett, 2002; Noël et al., 

2016). Thus, testing the magnitude of inbreeding depression in both outcrossers and selfers 

can provide insight in how prone outcrossing populations are to evolve higher selfing rates. 

 

1.3.3 Research gap 

Arabidopsis lyrata subspecies (subsp. lyrata) in the Great Lakes region of North American 

occurred evolution from outcrossing to selfing within species, and this transition appears to 

have occurred very recently (Mable et al., 2005; Mable & Adam, 2007; Hoebe et al., 2009; 

Foxe et al., 2010). Thus, North-American A. lyrata is an excellent model for studying the 

inbreeding depression effect on the mating system evolution (Hoebe et al., 2009; Foxe et al., 

2010). Some studies have estimated inbreeding depression for A. lyrata in both outcrossing 

and selfing populations under common garden conditions (Willi, 2013), and under different 

imposed stress conditions (Carleial et al., 2017). While sibling competition is a key source of 

environmental stress in many species (Mock & Parker, 1997; Roulin & Dreiss, 2012; Meunier 

& Kölliker, 2013; Pilakouta et al., 2015a), only few studies have tested this idea, and the ones 

that did found mixed results (reviewed in Appendix 1 in Willi et al., 2007). Given that its 

seeds do not have any adaptations to promote dispersal, A. lyrata is a species where one 

would expect intensive competition between siblings, but this has not been taken into account 

in previous studies of inbreeding depression. Moreover, most studies rely on proxies of 

lifetime performance based on those life history traits that can be estimated readily, such as 

biomass. While total biomass is usually a good predictor of lifetime performance (Løe, 2006; 

Sandring & Ågren, 2009), many studies ignore belowground biomass due to practical 

limitations. This is not a problem per se, as one would usually expect a strong correlation 

between below- and aboveground biomass. However, in cases where belowground parts are 

particularly important, such as under competition for nutrients, ignoring the contribution of 

belowground tissues may lead to bias. Especially in species where inter- or intra-specific 

competition during seedling development is important, failing to consider effects of 

competition and ignoring belowground biomass can lead to underestimation of inbreeding 

depression. Thus, an experimental study is necessary to test whether sibling competition can 
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magnify inbreeding depression; and in particular whether inbreeding depression could be 

different between below- and aboveground biomass.  

 

1.4 Genetic mechanism in the loss of self-incompatibility  

 

1.4.1 Genetic basis of SI system in Brassicaceae 

SI systems prevent selfing through morphology-based physical barriers, i.e temporal or spatial 

separation of the male and female reproductive organs (heteromorphic SI systems), or through 

a molecular-based physiological barrier (homomorphic SI systems). Within homomorphic SI 

systems, there are gametophytic and sporophytic SI systems, which are defined by the genetic 

control of the incompatibility phenotype in pollen (Bateman, 1952). In sporophytic SI 

systems, the incompatibility phenotype of the pollen grain is determined by the diploid 

genome of the parental plant. Sporophytic SI system is common in Brassicaceae, also found 

in Asteraceae, Betulaceae, Caryophyllaceae, Convolvulaceae and Polemoniaceae (Hiscock & 

Tabah, 2003). 

The SI response in Brassicaceae has been well studied, especially in genus Brassica 

(Tsuchimatsu et al., 2012), Capsella (Slotte et al., 2013) and also in the genus Arabidopsis, 

including the model plant A. thaliana and A.lyrata (Shimizu et al., 2007; Tsuchimatsu et al., 

2010). In this SI system, SI is controlled by a single S-locus containing at least two multi-

allelic genes that encode the stigma-expressed S-locus receptor kinase (SRK) and its pollen 

coat-localized ligand, the S-locus cysteine-rich protein (SCR). Physical interaction between 

receptor and ligand encoded in the same S-locus activates the receptor and triggers a signaling 

cascade, which results in the inhibition of “self” pollen and failing to germinate and produce 

pollen tubes. The SRK and SCR genes are physically tightly linked at the S-locus, and little or 

no recombination occurs between them, which is necessary to maintain their paired specificity 

(Awadalla & Charlesworth, 1999). Because these genes are tightly linked to each other at the 

S-locus and their alleles are inherited as one genetic unit, the term “S haplotype” has been 

coined to designate variant forms of the S-locus (Nasrallah & Nasrallah, 1993). 

Although S-alleles determine SI specificity, genes unlinked to the S-locus that modify 
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self-incompatibility (S-locus modifiers) also play an important role in SI reaction. The 

presence of such a modifier has been found in several self-compatible plants in a population 

of Petunia. axillaris (Tsukamoto et al., 1999), and several such modifiers have been described 

in Brassica that suppress the sporophytic self-incompatibility reaction (Nasrallah, 1974; 

Hinata & Okazaki, 1986; Nasrallah et al., 1992).  

 

1.4.2 Genetic mechanism of the loss of self-incompatibility in Brassicaceae 

The loss of self-incompatibility, the first step towards the evolution from outcrossing to 

selfing, is diversity on genetic basis. To date, the loss of self-incompatibility can occur due to 

disruptive mutations either at the S-locus, or at genes unlinked to the S-locus that modify self-

incompatibility in Brassicaceae (Liu et al., 2007; Nasrallah et al., 2007). For example, in the 

selfing plants Brassica oleracea, B. rapa and B. napus, the loss of self-incompatibility was 

likely due to disruptive mutations at SRK (Goring et al., 1993; Nasrallah et al., 1994; Sato et 

al., 2002; Okamoto et al., 2007; information compiled by Tsuchimatsu et al., 2012). In A. 

thaliana, the loss of self-incompatibility has been attributed to a frameshift mutation at SRK 

(Tang et al., 2007) and a disruptive mutation at SCR (Shimizu et al., 2008; Tsuchimatsu et al., 

2010). The latter most likely also applies to the selfing species Capsella rubella (Guo et al., 

2009; Brandvain et al., 2013; Slotte et al., 2013). Modifiers, on the other hand, likely underlie 

self-compatibility in the selfing B. rapa, through a recessive mutation at the M locus protein 

kinase locus (MLPK), which expresses a modifier affecting SRK-expression (Murase et al., 

2004). Modifiers also play a role in the selfing A. thaliana. While gain-of-function studies 

showed that restoring self-incompatibility is in principle possible by transferring a functional 

S-locus, the strength and stability of the resulting self-incompatibility-phenotype depended on 

modifiers (ARC1, Indriolo et al., 2014; PUB8, Liu et al., 2007).  

 

1.4.3 Research gap 

North American A. lyrata offers a unique system to explore the genetic mechanism of the loss 

of self-incompatibility. In a few populations in this species, self-incompatibility has broken 

down and led to a transition to selfing (Foxe et al., 2010; Mable et al., 2017). Clustering of 
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SC and SI populations in multiple genetic backgrounds (Foxe et al., 2010) and an association 

of self-compatibility with homozygosity for two different S-haplotypes (S1 and S19) provided 

some indirect evidence for multiple origins of selfing, but direct evidence is still lacking. So, 

it is not known whether there is a functional link between the S1 and S19 haplotypes and self-

compatibility. For the S1 background, loss-of-function mutations at self-recognition genes 

cannot explain the breakdown of self-incompatibility, as SRK1 or and SCR1 did not have any 

non-synonymous mutations (Mable et al., 2017). Instead, it was hypothesized that a recessive 

modifier unlinked to the S-locus causes self-compatibility in S1-homozygotes of A. lyrata 

(Mable et al., 2017). However, there is still little empirical data to support this “modifier-

hypothesis”. Moreover, it has remained unclear whether the putative modifier is specific to S1, 

or could also explain self-compatibility in backgrounds with S-haplotypes such as S19 

(implying the same genetic basis). 

 

1.5 Outline and objectives of the dissertation 

 

In Chapter 2, I present a greenhouse experiment to test whether increased performance in F1 is 

maintained in F2 in the invasive species M. guttatus. In this study, we made further crosses 

with the previously generated F1 plants to create F2 plants genetically equivalent to the 

parental generation, and F1 and F2 progeny from within- and between-range crosses. The 

admixed F2 was created both through outcrossing and through selfing. Then we assessed the 

performance of plants under benign (well-watered) and drought-stress conditions. This setup 

allowed us to address the following main questions: 1) Does admixture result in a 

performance benefit, and if so, is this stronger for between-range than for within-range 

admixture? 2) Do the effects of admixture differ between F1 and F2, and does it matter 

whether the F2 is formed by outcrossing or self-fertilization? 3) Do the effects of admixture 

depend on the range of origin and the test environment? 

In Chapter 3, I present a greenhouse experiment to assess the performance and estimate 

inbreeding depression for outcrossing and selfing populations in A. lyrata subsp. lyrata. We 

grew plants with sibling competition and without competition and estimated inbreeding 
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depression in both below- and aboveground biomass. This setup allowed us to address the 

following questions: 1) Does sibling competition magnify inbreeding depression? 2) Are there 

differences between mating systems in performance and inbreeding depression, and are the 

patterns similar for below- and aboveground biomass? 

In Chapter 4, I present a pollination controlled experiment, in which we made intra- and 

inter-population crosses using SI plants from six predominantly outcrossing populations and 

SC plants from six predominantly selfing populations of North-American A. lyrata. This setup 

allowed us to address the following questions in this study, 1) Was self-incompatibility 

restored in progeny resulting from crosses between plants from different selfing populations? 

2) Were progeny resulting from crosses between plants with different breeding systems 

always SI?  
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Chapter 2 

 

Admixture increases performance of an invasive 

plant beyond first generation heterosis 

 

Yan Li, Marc Stift
 
& Mark van Kleunen 

 

 

Journal of Ecology. 2018; 106: 1595-1606. https://doi.org/10.1111/1365-2745.12926 

 

 

2.1 Summary 

 

1. Through its potential to enhance progeny performance, admixture (between-population 

crossing) may promote invasiveness of alien plants. The few studies that tested this idea 

found evidence for heterosis (positive effects of admixture) in the first generation (F1), but 

have not considered further generations. In this paper, we test whether admixture-benefits can 

be maintained in subsequent generations of an invasive plant. 

2. We follow up on a previous study, in which we made crosses between plants of Mimulus 

guttatus from native- (western North America) and invaded-range populations (New Zealand 

and Scotland), and showed that admixture increases F1 performance. Here, we performed 

further crosses to create non-admixed progeny, F1 progeny resulting from within- and 

between-range admixture, and subsequent F2 progeny both through outcrossing and through 

self-fertilization. As heterosis, out- and inbreeding depression may depend on the 

environment, we assessed progeny-performance under benign (well-watered) and drought-

stress conditions in a greenhouse experiment. 

3. We found that non-admixed progeny of M. guttatus were outperformed by admixed 

progeny (averaged across F1 and F2), particularly by progeny from between-range admixture. 

However, the benefit of admixture was stronger in F1 than in F2 progeny, especially when the 
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F2 was produced by self-fertilisation. The benefit of admixture also depended on the range of 

origin and the test environment. 

4. Synthesis Our findings indicate that increased performance of admixed F1 progeny is partly 

maintained in the F2 progeny. Admixture might thus significantly boost performance of an 

invasive plant across multiple generations. 

Keywords: alien plant; catapult effect; heterosis; inbreeding depression; intraspecific hybrid; 

outbreeding depression 

 

2.2 Introduction 

 

More than 13,000 vascular plant species have established naturalised populations beyond 

their native ranges (van Kleunen et al., 2015b; Pysek et al., 2017). Some of these naturalized 

species have become invasive, i.e. they occur at high abundances, and cause ecological and 

economic damage (Vilà et al., 2011). Historical (e.g., year of introduction, propagule 

pressure) and ecological (e.g., disturbance, nutrient enrichment) factors are known to be 

important drivers of plant invasions (Catford et al., 2009). However, genetic processes may 

also play an important role (Stebbins, 1985; Perez et al., 2006; Dlugosch & Parker, 2008; te 

Beest et al., 2012; Rius & Darling, 2014; Schrieber & Lachmuth, 2017). For example, the 

human-mediated translocation of plant species has brought together closely related species 

from different regions, and matings between these species have resulted in novel interspecific 

hybrids of which some are very vigorous and highly invasive (Ellstrand & Schierenbeck, 

2000; Schierenbeck & Ellstrand, 2009; Hovick & Whitney, 2014). Similarly, human actions 

can result in intraspecific admixture by allowing previously separated populations of the same 

species to interbreed.  

Intraspecific admixture may happen through multiple sequential introductions from 

different source populations into a single area (Dlugosch & Parker, 2008), or through 

secondary contact between populations initially introduced to different areas of the invaded 

range (Facon et al., 2008; Rosenthal et al., 2008). Although intraspecific admixture could 

slow down or reverse local adaptation (Verhoeven et al., 2011), it may also facilitate invasion 
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by generating evolutionary novelty, increasing genetic variation, and causing heterosis by 

alleviating genetic load (Ellstrand & Schierenbeck, 2000). Despite its potential importance for 

invasiveness, few studies have empirically tested the prediction that admixture can increase 

performance, and thus invasiveness, of alien species (Rius & Darling, 2014). 

The studies that tested whether admixture has beneficial or adverse effects in invasive 

plants gave mixed results (Wolfe et al., 2007; Keller & Taylor, 2010; Verhoeven et al., 2011; 

Montesinos et al., 2012; Mullarkey et al., 2013; van Kleunen et al., 2015a). For example, in 

Centaurea solstitialis and in C. sulphurea, reproductive barriers have developed between 

native and invasive populations, resulting in a lower seed set after between-range outcrossing. 

On the other hand, invasive populations of Silene vulgaris benefited from admixture with 

native populations (Keller & Taylor, 2010). Similarly, invasive and native populations of 

Mimulus guttatus benefited from admixture (van Kleunen et al., 2015a). Thus, admixture is 

frequently beneficial in invasive species (Dlugosch et al., 2015).  

All previous studies on the effects of admixture for invasive species were restricted to the 

first offspring generation (F1). Benefits of admixture, however, may be transient as a 

consequence of recombination between the admixed genomes, which only occurs in F2 and 

later generations, and could result in the break-up of co-adapted gene complexes (Lynch, 

1991; Dlugosch et al., 2015). Theoretically, this could even reduce the fitness of subsequent 

generations below that of the pre-admixture generation, and thereby reverse initial benefits of 

admixture and ultimately reduce invasiveness. Furthermore, if a species reproduces 

predominantly by self-fertilization, heterosis effects in the admixed F1 may be countered in 

subsequent inbred generations due to renewed expression of recessive deleterious alleles (i.e. 

inbreeding depression). Nevertheless, even if heterosis is transient, it can still facilitate 

establishment of an introduced species by pushing population sizes over or closer to the 

demographic establishment threshold (Drake, 2006). The strength of this so-called catapult 

effect (Drake, 2006) will depend on individual performance in later generations. Although 

some studies made multiple generations of crosses between populations of invasive plant 

species in their invaded range (Johansen-Morris & Latta, 2006) or native range (Keller et al., 

2000), there have been no such multi-generation studies that assessed the consequences of 

between-range admixture. 
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Moreover, the effects of admixture have rarely been assessed in different environments. 

This is important, because plant performance in general, and inevitably also the relative 

performance of different individuals, may be environment-specific. For example, the relative 

performance of self-progeny relative to cross-progeny (inbreeding depression) may be more 

pronounced under stressful conditions (Dudash, 1990; Fox & Reed, 2011; Yun & Agrawal, 

2014). A competitive environment increased fecundity of Raphanus hybrids relative to non-

admixed plants (Campbell & Snow, 2007) and increased relative fitness of Helianthus hybrids 

(Mercer et al., 2007). Therefore, it is important to assess the effects of admixture and 

inbreeding both under benign and stressful conditions. 

In a previous study, we had performed self- and cross-pollinations (within populations, 

between populations and between ranges) with Mimulus guttatus plants from native-range 

populations (western North America) and invaded-range populations (New Zealand and 

Scotland). Particularly the F1 progeny resulting from between-range crossing produced more 

biomass, and had more vigorous asexual and sexual reproduction. We therefore concluded 

that admixture may further boost invasiveness of M. guttatus through heterosis (van Kleunen 

et al., 2015a). However, we also identified the need to assess the consequences of admixture 

in subsequent generations, where outbreeding depression may negate heterotic effects (e.g., 

Edmands, 2007). Here, to test whether increased performance is maintained in second 

generation progeny (F2), we made further crosses with the previously generated F1 plants to 

create F2 plants genetically equivalent to the parental (P) generation, and F1 and F2 progeny 

from within- and between-range crosses (here-after referred to as admixed) (Fig. 1). The 

admixed F2 was created both through outcrossing and through self-fertilization. Then we 

assessed the performance of the resulting plants in a greenhouse experiment, in which plants 

were grown under benign (well-watered) and drought-stress conditions. This setup allowed us 

to address the following main questions: 1) Does admixture result in a performance benefit, 

and if so is this stronger for between-range than for within-range admixture? 2) Do the effects 

of admixture differ between F1 and F2, and does it matter whether the F2 is formed by 

outcrossing or self-fertilization? 3) Do the effects of admixture depend on the range of origin 

and the test environment? 
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2.3 Material and methods 

 

2.3.1 Study species 

Mimulus guttatus DC. (Phrymaceae) is a herbaceous plant native to western North America 

and invasive in New Zealand and parts of Europe (Truscott et al., 2006). It can grow up to 1 

m high, and can reproduce both clonally (through stolons) and sexually (through seeds). 

Mimulus guttatus is self-compatible, and its population-level outcrossing rates range from 

about 75% selfing to complete outcrossing (Ritland & Ritland, 1989; Dudash & Ritland, 

1991; Willis, 1993). The species grows well in moist to wet soils, and therefore frequently 

grows in riparian habitats and ditches, where it tends to have a perennial life cycle. However, 

in habitats that dry out towards the end of spring, the life cycle can be enforced to be annual 

(Dole, 1992; van Kleunen, 2007). 

 

2.3.2 Plant material and crossing design 

As we wanted to compare the parental generation, and F1 and F2 progeny without 

confounding effects of differences in previous environments and age of the seeds, we created 

seeds resembling these three generations according to the crossing scheme shown in Fig.1. All 

plants used in the experiment thus had a history of two rounds of crossing in a common 

greenhouse environment. The starting generation consisted of plants raised from seeds 

collected in natural populations in 2002 and 2003 (van Kleunen & Fischer, 2008). Both in the 

native and the invaded ranges, some populations came from permanently wet habitats and 

some population came from habitats that dry out during part of the year. During spring of 

2012, we had performed a first round of hand pollinations on each plant to generate F1 cross-

progeny with three different degrees of outbreeding (described in detail in van Kleunen et al., 

2015a). In brief, up to six maternal plants from seven native western North American 

populations, three invasive Scottish populations and four invasive New-Zealand populations 

were crossed within each of these populations (WP), between populations within the same 

range (WR) and between populations from another range (BR; always between a native and 
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an invasive population; Fig. 1). Seeds of these crosses were sown in November 2012, and the 

resulting cross-progeny were grown until flowering. On these plants, we performed self- and 

cross-pollinations to generate eight different types of progeny per maternal line (Fig. 1). With 

each WP plant, we generated four types of progeny: 1) progeny that resemble outbred plants 

from the original parental population, by using another WP plant from the same population as 

pollen donor (WPx); 2) progeny that resemble inbred plants from the original parental 

population, by manual self-fertilization (WPs); 3) progeny that resemble F1 within-range 

admixed plants, using another WP plant from a different population of the same range as 

pollen donor (WR1x); 4) progeny that resemble F1 between-range admixed plants, using 

another WP plant from a different range as pollen donor (BR1x). With each WR plant from 

the first round of crossings, we generated two more types of progeny: 5) progeny that 

resemble an outcrossed F2 after within-range admixture, using another WR plant from the 

same maternal population as pollen donor (WR2x); 6) progeny that resemble a selfed F2 after 

within-range admixture, by manual self-fertilization (WR2s). Similarly, we generated two 

progeny types for each BR plant from the first round of crossings: 7) progeny that resemble 

an outcrossed F2 after between-range admixture, using another BR plant from the same 

maternal population as a pollen donor (BR2x); 8) progeny that resemble a selfed F2 after 

between-range admixture, by manual self-fertilization (BR2s). This crossing scheme (Fig. 1) 

resulted in 401 seed families. 
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Figure 1 Crossing design employed to generate first and second generation within- and between-range 

admixed and non-admixed progeny for Mimulus guttatus originating from native range and invaded 

ranges. Each of the seven native-range (North America) populations and the seven invaded-range (four 

from New Zealand and three from Scotland) populations had six individual mother plants. For 

simplicity, we show one mother plant as an example in the diagram to illustrate the different crossing 

types that we conducted. In a first round of crossing, each mother plant was used to produce non-

admixed plants from within population outcrossing (WPx), and admixed plants from between-

population outcrossing, within the same range (WRx) or between ranges (BRx). In a second round of 

crossing, we used the progeny from the first round to generate the progeny for the present experiment. 

Non-admixed progeny genetically resembling the parental [P] generation were formed by crossing first 

round WPx plants from the same population (WPx, white) or by selfing first round WPx plants (WPs, 

grey). Admixed progeny genetically resembling admixed F1 were formed by crossing first round WPx 

plants from different populations within the same range (WR1x, light blue), or between native and 

invaded range (BR1x, light red). Admixed progeny genetically resembling admixed F2 were formed by 

crossing first round WRx plants sharing the same maternal population (WR2x, intermediate blue) or 

selfing (WR2s, dark blue), or crossing first round BRx plants sharing the same maternal population 

(BR2x, intermediate red) or selfing (BR2s, dark red). 

 

2.3.3 Experimental design 

On 4 February 2014, we sowed 20-30 seeds of each of the 401 seed families into square 

plastic pots (275cm
3
, 7 ×7 ×6.5cm, Pöppelmann, Germany) filled with potting soil 

(Topferde®, Einheitserde Co., Sinntal-Altengronau, Germany; pH 5.8; 2.0 g/l KCl; 340 mg/l 

N; 380 mg/l P2O6; 420 mg/l K2O; 200 mg/l S; 700 mg/l Mg). Pots were randomly assigned to 
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positions on a bench in a greenhouse in the botanical garden of the University of Konstanz. 

The temperature ranged between 22 and 28ºC, and supplemental lighting was used to extend 

the photoperiod to 16 h. Sixteen days after sowing (20 February 2014), we selected two 

similarly sized seedlings from each seed family. For three of the 401 seed families, only one 

seedling was available. We transplanted the seedlings separately into 1L square pots (12 ×12 

×7cm, Pöppelmann, Germany), filled with a 1:1 mixture of sand and fine vermiculite with 10 

g slow-release fertiliser (Osmocote® Exact Standard; 16% N:19% P:12% K + 2% MgO + 

trace elements, Everris International B.V., Geldermalsen, The Netherlands) mixed into it. The 

resulting 799 pots were randomly assigned to positions on four greenhouse benches, and 

watered to saturation. 

To test whether performance differences among the eight cross types are exacerbated by 

drought stress, we applied two watering treatments. One seedling per seed family (401 plants) 

served as control, receiving sufficient water to keep the substrate moist throughout the entire 

experiment. The remaining 398 plants were exposed to two periods of drought stress. 

Whether plants experiences drought stress under reduced water supply depends largely on the 

size of the plants. Therefore, we used plant wilting as an indicator of drought stress. The first 

period of drought was initiated 18 days after the start of the experiment (i.e. on 10 March 

2014), which resulted in the first wilting signs seven days later. We daily checked all plants in 

the drought treatment for signs of wilting, and supplied 50 mL of water to each plant that had 

started to wilt (i.e. had lost leaf turgor) to reduce mortality. Seventeen days after the start of 

the drought period, when 95% of the plants in this treatment had wilted at least once, we 

supplied all plants with sufficient water every day, as in the control treatment, to allow the 

plants to recover (like during a rainy period in nature). A second drought period was initiated 

seven days after the first drought period had ended (i.e. on 4 April 2014), and resulted in the 

first wilting signs three days later. Because plants were now larger than in the first drought 

period, we supplied 100 instead of 50 mL of water to each plant with wilting signs. Twelve 

days after the start of the second drought period, when again 95% of the plants had wilted at 

least once, we supplied all plants with sufficient water every day, as in the control treatment, 

until the final harvest on 28 April 2014. 
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2.3.4 Measurements 

To be able to account for differences in initial plant size, we counted the number of leaves, 

and measured the length and width of the longest leaf four days after transplanting. On 28 

April 2014, 83 days after the start of the experiment, when at least 30% of the plants had 

started to flower, we concluded the experiment. We recorded survival (yes/no) and flowering 

status (yes/no) of all plants. As a measure of vegetative performance, we harvested all 

aboveground plant parts. All plant material was dried at 70°C for at least three days, and then 

weighed with an accuracy of 0.01 g. In addition, we measured germination success, time to 

germination, time to flowering, total flower production, ovary size (as a proxy for ovule 

number) and pollen production, but as these traits are not of main interest, we report them 

only in the supplements.  

 

2.3.5 Statistical analyses 

To analyse the effects of cross type and its interactions with mother range and watering 

treatment on plant performance traits, we used linear and generalized linear mixed effects 

models implemented in the lme function of the ‘nlme’ package (Pinheiro et al., 2013) and the 

glmer function of the ‘lme4’ package (Bates et al., 2015) in R 3.0.2 (R-Core-Team, 2013). 

The model fixed part always included mother range (western North America, Scotland, New 

Zealand), cross type (WPx, WPs, WR1x, WR2x, WR2s, BR1x, BR2x, BR2s; see Fig. 1) and 

their interactions with each other (see below for coding). As it was not always possible to 

select two similar-sized seedlings, for traits that were assessed after transplanting (all except 

germination), the models accounted for initial variation in plant size by including a covariate 

in the fixed part that represented initial plant size at transplanting (leaf number × length of 

longest leaf × width of the longest leaf). For those traits that were assessed after the drought 

treatment (aboveground biomass and flowering status), the fixed part further included 

watering treatment (control, drought) and its interaction with mother range and cross type. 

The model random part always included maternal population of origin and maternal line (i.e. 

the mother plant [M] in Fig. 1, nested in maternal population). We did not include parental 

line in the random part of the model, because some paternal plants were used in multiple 
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crossings and others only in one, these data are too unbalanced to include in the models. For 

those traits that were assessed both in the control and drought treatment (aboveground 

biomass and flowering success), and for which we thus had two individuals per seed family, 

the random part also included seed family (nested in mother plant) to account for non-

independence of the two individuals. Survival and flowering success were analysed with a 

binomial error term. For aboveground biomass, we used a Gaussian error distribution. To 

improve normality and homogeneity of the residuals, we square-root transformed 

aboveground biomass prior to analysis. 

Because we had one native range (western North America) and two invaded ranges 

(Scotland and New Zealand), we coded the three mother ranges as two dummy variables 

(MR1 and MR2, Table S1; see Schielzeth, 2010 for an explanation of dummy variables). A 

model including both dummies MR1 and MR2 is equivalent to a model with one three-level 

fixed effect (North America, Scotland, New Zealand), but allows making specific contrasts. 

The dummy variable MR1 explains differences between the native range (North America) and 

the average of the two invaded ranges. The dummy variable MR2 explains differences 

between the two invaded ranges: Scotland vs New Zealand. Thus, removing MR2 from a 

model including MR1 and MR2 tests whether there is a difference between Scotland and New 

Zealand, while accounting for any differences between the native and invaded range. 

Removing MR1 from a model including MR1 (and not including MR2) tests whether there is 

a difference between the native and invaded range.  

Similarly, we coded the eight cross types as seven dummy variables (Table S2) to allow 

addressing a specific set of seven questions (Fig. 1) through orthogonal contrasts (following 

Schielzeth, 2010). We tested the significance of each dummy term and its interaction terms by 

removing the term of interest from a specific reference model (Table S3). For example, to test 

whether there was a reduced benefit of within-range admixture that depended of the whether 

the mother range was invasive or native (C4xMR1 interaction), the reference model included 

the main effects mother range (MR1) and watering treatment (WT), the dummy terms C1, C3 

and C4, and the two-way interactions MR1xWT, C1xMR1, C1xWT, C3xMR1, C3xWT, C4x 

MR1 and C4xWT. The reference model was then compared to a model from which the term 

of interest C4xMR1 was removed, using a likelihood-ratio test.  
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Only 6 out of 401 plants died before the final harvest in the control treatment, but 166 

out of 398 plants died in the drought treatment. Therefore, for survival, we only tested 

whether there were significant effects of mother range and cross type (dummy variables; 

Tables S1 and S2) in the drought treatment. None of the WPx and WPs progeny with the 

maternal origin in Scotland flowered before our harvest. Regardless of maternal origin, very 

few plants (46 out of 234 surviving plants) flowered in the drought treatment. Therefore, the 

analyses of the floral traits (except flowering status) only included plants with a maternal 

origin in western North America (native) and New Zealand (invasive), and only those grown 

in the control treatment. 

 

2.4 Results 

 

2.4.1 Drought survival 

Because almost all plants (98.5%) survived in the well-watered control treatment, we 

restricted the survival analysis to the plants in the drought treatment (58.3% survival). 

Admixture had a positive effect overall on drought survival (64.2% of admixed plants vs 

46.9% of non-admixed plants survived; significant effect of C1 in Table 1; Fig. 2a). Between-

range admixed plants had 25.6% higher survival than within-range admixed plants from the 

invaded ranges, but not so (-3.9%) in the native range (significant MR1 × C3 interaction in 

Table 1; Fig. 2a). The benefit of within-range admixture was smaller in the F2 than in the F1 

(50.6% in F2 vs 78.8% in F1; significant effect of C4 in Table 1; Fig. 2a). The benefit of 

between-range admixture was also reduced in the F2 of the invaded-range populations but not 

in the native range (significant MR1 × C5 interaction in Table 1; Fig. 2a). It made, however, 

no difference whether the second generation was formed by outcrossing or selfing (no 

significant effects of C6 and C7 in Table 1). 

 

2.4.2 Aboveground biomass 

Plants from the invaded range produced significantly more aboveground biomass, mainly 



22 
 

consisting of stolons used for vegetative spread, than those from the native range (10.5 vs 7.5 

g; significant effect of MR1 in Table 1; Fig. 2b). Drought resulted in a reduction in biomass 

relative to the control (14.3 to 2.6 g; significant effect of WT in Table 1; Fig. 2b), and this 

effect was stronger for plants from the invaded (17.0 to 3.1 g) than from the native range 

(12.4 to 2.2 g; significant MR1 × WT interaction in Table 1; Fig. 2b).  

Overall, admixture had a positive effect on biomass (8.9 g in admixed vs 8.0 g in non-

admixed progeny; significant effect of C1 in Table 1; Fig. 2b). However, this effect depended 

on mother range as, relative to non-admixed plants, admixed plants from the native range 

produced 1.7 g (27.4 %) more biomass, whereas admixed plants from the invaded range 

produced 0.2 g (1.9 %) less biomass (significant MR1 × C1 interaction in Table 1; Fig. 2b). 

There was significant inbreeding depression for the non-admixed progeny of the parental 

populations (δ = 0.189, significant effect of C2 in Table 1; Fig. 2b). Progeny of between-range 

admixture produced more biomass than progeny of within-range admixture in the drought 

treatment (3.2 g vs 2.5 g), but this effect was weaker in the well-watered control treatment 

(15.2 g vs 14.8 g; significant WT × C3 interaction in Table 1; Fig. 2b). For native-range 

plants, between-range admixture was more beneficial than within-range admixture (1.0 g 

[13.4 %] more aboveground biomass), whereas this difference was smaller for invaded-range 

plants (0.4 g [4.0 %] more aboveground biomass; marginally significant MR1 × C3 

interaction in Table 1; Fig. 2b). The benefit of within- and between-range admixture was 

smaller in the F2 than in the F1 (7.9 g in F2 vs 9.6 g in F1 for within-range admixture, 8.8 g in 

F2 vs 10.2 g in F1 for between-range admixture; significant effects of C4 and C5 in Table 1; 

Fig. 2b). This reduction could be partly attributed to inbreeding depression, because the F2 

progeny produced by selfing had a significantly lower aboveground biomass than those 

produced by outcrossing (significant effects of C6 and C7 in Table 1; Fig. 2b). 
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Table 1 Linear mixed model analysis to test effects of admixture (and selfing) on drought survival, 

aboveground biomass production and flowering success of F1 and F2 progeny of Mimulus guttatus. For 

drought survival, the fixed part of the model included initial plant size as a covariate, mother range 

coded as dummy variables MR1 and MR2 (dummy variables were coded to allow testing difference 

between native and invaded range listed in Table S1), cross type coded as dummy variables (C1, C2, 

C3, C4, C5, C6, C7; dummy variables were coded to allow testing of the specific orthogonal contrasts 

listed in Fig. 1 and all listed interactions). As the contrast between the native and invasive ranges 

(MR1) was of more interest than the contrast between the two invaded ranges (MR2), the results for the 

latter are only shown in Table S4. The random part always included maternal population of origin and 

maternal line. For the random terms, the table shows the estimated standard deviations (SD). For 

aboveground biomass and flowering success, the model was the same, but the fixed part additionally 

included watering treatment (WT) and all its interactions with other fixed effects, and the random part 

also included seed family. We tested the significance of the fixed effects (including the dummy 

variables) and all the listed interactions by removing the term of interest from a specific reference 

model (Table S3), and performing model comparison using likelihood-ratio tests. Significant effects (P 

< 0.05) are in bold. 

 

Source df 

Drought survival 

(binomial) 

Aboveground biomass 

 (Gaussian, square root) 

Flowering success 

(binomial) 

χ2 P χ2 P χ2 P 
Initial plant size 1 31.12 <0.001 0.61 0.436 1.96 0.161 
Mother range (MR1) 1 1.00 0.318 7.92 0.005 3.00 0.083 

Watering treatment (WT) 1 - - 962.12 <0.001 139.83 <0.001 
C1 (WP vs. WR + BR) 1 0.01 0.012 20.99 <0.001 5.17 0.023 
C2 (WPx vs WPs) 1 1.98 0.159 9.35 0.002 0.53 0.466 

C3 (WR vs. BR) 1 0.10 0.747 3.36 0.067 1.43 0.232 

C4 (WR1 vs. WR2) 1 7.98 0.005 11.22 <0.001 4.52 0.033 
C5 (BR1 vs. BR2) 1 3.54 0.060 8.95 0.003 0.72 0.396 

C6 (WR2x vs. WR2s) 1 1.15 0.285 11.90 <0.001 0.41 0.521 

C7 (BR2x vs. BR2s) 1 <0.0001 0.984 7.34 0.007 0.25 0.616 
MR1 x WT 1 - - 12.06 <0.001 1.28 0.258 

MR1 x C1 1 0.20 0.655 7.65 0.006 4.97 0.026 
MR1 x C2 1 0.42 0.519 0.03 0.854 0.14 0.706 
MR1 x C3 1 8.51 0.004 3.74 0.053 0.39 0.530 

MR1 x C4 1 0.26 0.609 0.58 0.448 0.61 0.434 

MR1 x C5 1 4.17 0.041 3.12 0.077 2.02 0.155 
MR1 x C6 1 0.10 0.750 0.05 0.818 1.85 0.174 

MR1x C7 1 1.19 0.275 0.18 0.670 5.13 0.024 
WT x C1 1 - - 0.03 0.854 0.17 0.679 
WT x C2 1 - - 0.05 0.828 0.13 0.724 

WT x C3 1 - - 3.86 0.049 12.20 <0.001 
WT x C4 1 - - 2.88 0.090 1.47 0.225 

WT x C5 1 - - 2.84 0.092 0.72 0.398 

WT x C6 1   1.76 0.185 0.20 0.656 
WT x C7 1 - - 1.24 0.266 0.01 0.941 

MR1 x WT x C1 1 - - 2.90 0.088 0.04 0.844 

MR1 x WT x C2 1 - - 0.06 0.813 0.93 0.335 
MR1 x WT x C3 1 - - 1.62 0.203 2.68 0.109 

MR1 x WT x C4 1 - - 0.35 0.554 0.39 0.531 

MR1 x WT x C5 1 - - 0.80 0.371 0.83 0.362 
MR1 x WT x C6 1 - - 0.60 0.441 6.08 0.014 
MR1 x WT x C7 1 - - 3.84 0.050 2.03 0.154 

Random effects  SD SD SD 
Maternal population  0.3043 <0.0001 0.6718 

Maternal line  <0.0001 <0.0001 0.5663 

Seed family  - 0.1640 1.1245 
Residual  - 0.5050 - 
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Figure 2 The effect of admixture on drought survival, aboveground biomass production and flowering 

success of F1 and F2 Mimulus guttatus plants. Non-admixed plants resulted from within population 

(WP) outcrossing (X, white) or selfing (S, grey). Admixed F1 plants (1x, lightest tones) resulted from 

crosses between previously non-admixed plants from different populations either within the same range 

(WR, blue) or between the native and invaded range (BR, red). Admixed F2 plants resulted from 

crosses between previously admixed plants (2x, intermediate tones), or from selfing of previously 

admixed plants (2s, darkest tones). See Fig. 1 for further details of the crossing design. Results are 

grouped by mother range (North America [native range], New Zealand and Scotland [invaded ranges]). 

Error bars are standard errors, which were calculated from the mean values of each population in a 

range.   
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2.4.3 Flowering success 

Flowering probability did on average not differ between plants from the native range and 

plants from the invaded ranges (no significant effect of MR1 in Table 1). However, plants 

from the invaded range Scotland were significantly less likely to flower than those from the 

invaded range New Zealand (8.5% vs 50.3%; significant effect of MR2 in Table S4; Fig. 2c). 

Drought significantly reduced flowering probability from 63.5% to 19.7% (Table 1; Fig. 2c), 

and this effect was stronger for the plants from the invaded range New Zealand (80.4% to 

20.3%) than for those from the invaded range Scotland (12.8% to 4.0%; significant MR2 × 

WT interaction in Table S4; Fig. 2c).  

Admixture had a positive effect overall on flowering success (38.8% of admixed plants 

vs 31.6% of non-admixed plants; significant effect of C1 in Table 1; Fig. 2c), and this effect 

was stronger for plants from the invaded than for plants from the native range (28.8% vs 

15.0% for plants from the invaded range; 44.2% vs 46.1% for plants from the native range; 

significant MR1 × C1 interaction in Table 1; Fig. 2c). The benefit of within- and between-

range admixture on flowering success was similar overall (no significant effect of C3, Table 

1). However, it depended on the watering treatment as in the control treatment within-range 

admixture was slightly more beneficial than between-range admixture (61.2% vs 53.6%), 

whereas in the drought treatment the reverse was true (10.8% vs 28.8%; significant WT × C3 

interaction in Table 1; Fig. 2c). The benefit of within-range admixture was significantly 

smaller in the F2 than in the F1 (33.7% in F2 vs 41.7% in F1; significant effect of C4 in Table 

1; Fig. 2c). Overall, it did not make a difference whether the second generation was produced 

through outcrossing or selfing (no significant effects of C6 and C7 in Table 1), but it 

depended on mother range and watering treatment (significant MR1 × WT × C6 interaction in 

Table 1). In the drought treatment, within-range admixed selfed F2 had a lower flowering 

success than within-range admixed outcrossed F2 from the invaded range (0.0% vs 20.0%; 

Fig. 2c), whereas the reverse was true from the native range (17.1% vs 0.0%; Fig. 2c). In the 

control treatment, the pattern was the same but of smaller magnitude (38.3% vs 46.0% for 

selfed and outcrossed F2 progeny from the invaded range, and 70.4% vs 63.8% from the 

native range; Fig. 2c). Between-range admixed selfed F2 progeny had a lower flowering 
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success than outcrossed F2 progeny when they came from the invaded range (25.7% vs 

40.0%), whereas the opposite was true when they came from the native range (54.1% vs 

33.2%; significant MR1 × C7 interaction in Table 1; Fig. 2c). 

 

2.4.4 Additional traits 

In the supplements, we report on the results for time to flowering and total flower production 

(Fig. S1; Table S5), germination success and time to germination (Fig. S2; Table S6), and 

ovary size and pollen production (Fig. S3; Table S7). 

 

2.5 Discussion 

Our greenhouse study showed that admixture between plant populations of M. guttatus 

increased the probability of surviving drought, biomass production and flowering. Overall, 

the positive effects were stronger after admixture between the native and invasive range than 

after within-range admixture. Although we found evidence that the benefits of admixture 

decreased in the F2, this was mainly found for within-range admixture, and sometimes for F2 

produced by selfing. Moreover, it depended largely on the maternal range of the plants and 

the test environment. Our results suggest that admixture can boost invasions by increasing 

performance, and that this effect can under certain conditions be maintained in the F2 

generation. 

 

2.5.1 Admixture increases performance  

Admixed progeny had higher drought-survival rates, produced more aboveground biomass 

and were more likely to flower than non-admixed progeny. While admixture increased 

drought survival both for the native and invasive populations, it increased biomass mainly for 

the native populations and flowering probability mainly for the invasive populations. This 

may reflect that the non-admixed invaded-range populations tended to produce more biomass, 

and the non-admixed native populations tended to have a higher flowering likelihood. 

Therefore, introgression of invaded-range genes into the native range increased biomass 
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production, and introgression of native-range genes into the invaded range increased 

flowering likelihood. Although a previous study revealed a trade-off between sexual and 

clonal reproduction (van Kleunen, 2007), we here did not find that an increase in biomass 

production (mainly due to clonal growth) or flowering coincided with a decrease of the other 

trait. In other words, overall performance of M. guttatus increased after admixture.  

 Benefits of admixture are likely to increase with genetic dissimilarity between the 

populations until the genetic dissimilarity is so high that incompatibilities arise and 

outbreeding depression occurs (Lynch, 1991; Prentis et al., 2008). Many studies have 

revealed genetic differences between invasive and native populations (Bossdorf et al., 2005). 

However, an allozyme study that partly included the same populations as our study indicated 

that there is little genetic differentiation among the native and invaded-range populations of 

M. guttatus (van Kleunen & Fischer, 2008). Nevertheless, in a previous study on the effects of 

admixture in M. guttatus, we found that the performance benefits of one generation of 

admixture were stronger after between-range outcrossing than after within-range outcrossing 

(van Kleunen et al., 2015a). The current study shows that the increased benefit of between-

range admixture also persists in the second-generation.  

Benefits of between-range admixture have not been found for several other invasive 

plants species. For example, within Centaurea solstitialis and within C. sulphurea, between-

range outcrossing resulted in a lower seed set than within-range outcrossing, which suggests 

that reproductive barriers may have developed between native and invasive populations. Such 

within-species reproductive barriers have also been reported in other studies (Hughes & 

Hollingsworth, 2008; Scopece et al., 2010; Twyford et al., 2014). However, as we could 

easily produce seeds of the different experimental crosses in our study, we have no indications 

that reproductive barriers between the native and invaded ranges have developed yet in M. 

guttatus.  

 

2.5.2 Admixture benefits persist but were reduced in the second generation 

Although the overall effects of admixture over two generations were positive, some of the 

benefits were smaller in the F2 than in the F1, particularly after within-range admixture 
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(compare WR1 vs WR2 and BR1 vs BR2 in Table 1). After within-range admixture, F2 

progeny had lower drought survival and biomass production, were less likely to flower, and 

the ones that flowered produced fewer flowers (Table S5; Fig S1). After between-range 

admixture, similar patterns were found, but these depended partly on the watering treatment 

and the maternal range of the plants (interactions with WT and MR1 in Table 1). The reduced 

benefits of admixture in F2 progeny are likely to reflect outbreeding depression caused by the 

break-up of co-adapted gene complexes (Lynch, 1991; Fox & Reed, 2011). However, because 

part of the F2 progeny, in contrast to the F1 progeny, were created by self-fertilization, reduced 

F2 performance could also reflect inbreeding depression. For drought survival, both the 

outcrossed and selfed F2 progeny had reduced values compared to the F1 progeny (Fig. 2a). 

This suggests that at least part of the reduced performance in F2 reflects outbreeding 

depression.  

On the other hand, for biomass production, the outcrossed F2 progeny performed quite 

similar to the F1 progeny, whereas the selfed F2 progeny had reduced biomass (Fig. 2b). This 

suggests that the benefit of admixture could be maintained in the F2 generation when 

introduced populations reproduce predominantly by outcrossing, but not when introduced 

populations reproduce predominantly by selfing. However, selfing may nevertheless be 

advantageous when introduced populations experience mate or pollinator limitation (Baker, 

1955; Razanajatovo et al., 2016). When introduced species, on the other hand, have large 

founding populations or have undergone multiple introduction events, and attract pollinators, 

they might maintain high outcrossing rates (Verhoeven et al., 2011; Shirk & Hamrick, 2014). 

This could be the case for M. guttatus, as there was most likely no or only a minor role for 

founder effects in M. guttatus invasion (van Kleunen & Fischer, 2008), and M. guttatus has 

most likely undergone multiple introductions from closely related native populations (Puzey 

& Vallejo-Marin, 2014).  

In addition to sexual reproduction, M. guttatus can also have vigorous clonal 

reproduction, particularly in habitats that remain permanently wet (van Kleunen, 2007). By 

analysing 62 SNP markers in 14 populations of M. guttatus, Pantoja et al. (2017) found that 

reproductive strategies of M. guttatus in its invaded range in the United Kingdom vary from 

mostly clonal to mostly sexual. Clonal reproduction might allow M. guttatus to rapidly 
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colonize a new habitat, after long-distance dispersal of its small seeds (Truscott et al., 2006). 

In addition, clonal reproduction might allow the species to maintain favourable gene 

combinations. In other words, even if heterosis disappears due to outbreeding depression or 

inbreeding depression in subsequent sexual generations, it may be maintained in 

predominantly clonally reproducing populations. Therefore, admixture could contribute to 

invasiveness of M. guttatus for an extended period of time. 

 

2.5.3 Effects of the maternal range of origin and the test environment  

A previous allozyme study revealed no evidence that the invaded-range populations used in 

this study had undergone a major bottleneck (van Kleunen & Fischer, 2008). This might 

partly reflect the low resolution provided by allozymes. Indeed, a recent genome-sequencing 

study showed that genetic diversity in populations of M. guttatus across the United Kingdom 

was reduced by about 50% compared to native-range populations (Puzey & Vallejo-Marin, 

2014). This indicates a mild bottleneck during introduction that in turn may have resulted in 

an increased genetic load. Furthermore, during subsequent expansion after introduction, low 

genetic variation in populations at the invasion front might have resulted in the rapid fixation 

and spread of mutations (i.e. gene surfing; Klopfstein et al., 2006). Since deleterious 

mutations are more frequent than beneficial ones, plants at the invasion front might carry a 

so-called ‘expansion load’ (Peischl et al., 2013; Peischl & Excoffier, 2015). The increase in 

genetic load (including expansion load) comes with a prediction of increased inbreeding 

depression, unless load has become fixed within populations or has been purged. The finding 

that inbreeding depression of the non-admixed plants (i.e. the fitness difference between WPx 

and WPs) did not differ between native-range and invaded-range populations, suggests that 

this is not the case for M. guttatus. If genetic load has become fixed within invaded-range 

populations, one would expect that one generation of admixture between populations within 

the same range followed by a second generation of selfing (WR2x vs WR2s) should result in 

particularly severe inbreeding depression of the F2 progeny of invaded-range populations. 

With regard to flowering likelihood in the drought treatment, we found that this might indeed 

be the case. However, as there was no evidence for such an effect in any of the other 
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performance traits, we conclude that the native and invaded range populations used in our 

study had overall a comparable genetic load.  

While the positive admixture effect on biomass production was most pronounced in the 

native populations, the positive effect on flowering was most pronounced in the invasive 

populations. In addition, while admixture (regardless of whether within-or between-range) in 

native populations resulted in faster germination and faster flowering, this was not the case 

for invasive populations (Tables S5 and S6; Figs. S1 and S2). One possible explanation could 

be that admixture between populations originating from different parts of the native range 

might already have occurred in the introduced range of M. guttatus (Puzey & Vallejo-Marin, 

2014), so that further admixture had smaller effects there. Furthermore, as invasive 

populations overall produced more biomass and germinated earlier, introgression of alleles 

conferring increased biomass and earlier germination from the invasive populations may 

explain the benefits of admixture for the native populations, which were most pronounced for 

between-range admixture. This suggests that if plants from the invaded range make it back to 

the native range, introgression of their genes into the native gene pool could potentially 

increase weediness of the species in its native range. The extent to which introgression from 

the invasive back to the native range has happened in nature in M. guttatus or other invasive 

species requires further research. 

While most M. guttatus plants in the well-watered control treatment survived, drought 

caused significant mortality. Drought also had strong negative effects on aboveground 

biomass production and flowering success of the surviving plants. As it has been suggested 

that environmental stress might enhance inbreeding depression (Dudash, 1990; Fox & Reed, 

2011; Yun & Agrawal, 2014), we also tested whether drought stress affects the benefits of 

admixture. While this was not the case for aboveground biomass, drought revealed a benefit 

of admixture in terms of survival, as almost all well-watered plants (394 out of 399) survived 

regardless of admixture status, whereas under drought stress admixed plants survived better 

than non-admixed plants. Additionally, between-range admixed plants were more likely to 

flower under drought than within-range admixed plants, but not so under control conditions. 

We therefore conclude that drought stress revealed some additional benefits of admixture, but 

only for survival and flowering probability. 
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2.6 Conclusions 

Even when the immediate fitness benefits of admixture are ephemeral, a temporary boost in 

individual plant performance in admixed progeny might have a catapult effect on population 

dynamics that could increase invasiveness (Drake, 2006). Admixture might also increase 

genetic variation, which in the long term might provide the population with a higher potential 

for adaptive evolution. However, the lack of a clear difference in the size of the error bars 

between admixed and non-admixed plants (Fig. 2) suggest that an increase in variation due to 

admixture might have been limited. The frequent occurrence of local adaptation in invasive 

plants suggests that genetic variation is frequently not limiting evolution (Oduor et al., 2016). 

It would nevertheless be interesting to test in future studies how heritabilities of important 

traits of invasive plants change after admixture.  

Our results show that overall performance of M. guttatus increased after admixture, 

particularly after between-range admixture. These benefits of admixture partly persisted in the 

second generation, but decreased when F2 progeny were produced by selfing. Overall, our 

results thus indicate that the increase in individual performance of admixed F1 progeny, as 

found previously (van Kleunen et al., 2015a), may be maintained by further outcrossing, with 

only limited evidence for hybrid breakdown in later generations. Our results thus provide the 

first multigenerational empirical support for the catapult effect (Drake, 2006). The 

implications of our findings for the management of plant invasions are that gene flow 

between populations in the invaded range should be limited, and that introduction of new 

genotypes from other ranges should be prevented. As admixture between ranges has a higher 

risk of boosting invasion than admixture within ranges, legislation should not only prevent the 

introduction of new genotypes from the native to the invaded range but also introduction of 

invasive genotypes back to the native range.  
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2.8 Supporting information 

Table S1 Dummy variable coding for mother range. Note that a model including both dummy 

variables is equivalent to a model including a single factor with three levels identifying the 

three different ranges. 

 

Mother range 
Dummy variable 

MR1 MR2 

North America 1 0 

New Zealand 0 0 

Scotland 0 1 

 

 

Table S2 Dummy variable coding for cross type. Note that a model including all dummy 

variables is equivalent to a model including a single factor with eight levels identifying the 

eight different cross types. 

 

Abbreviation 
Cross 

type 

Dummy variable 

C1 C2 C3 C4 C5 C6 C7 

Non-admixture 

(within population crosses) 

WPx 0 1 0 0 0 0 0 

WPs 0 0 0 0 0 0 0 

Admixture 

 

WR(Within-

range 

crosses) 

WR1x 1 0 0 1 0 0 0 

WR2x 1 0 0 0 0 1 0 

WR2s 1 0 0 0 0 0 0 

BR(Between

-range 

crosses) 

BR1x 1 0 1 0 1 0 0 

BR2x 1 0 1 0 0 0 1 

BR2s 1 0 1 0 0 0 0 
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TableS3 Overview of reference models used to assess significance of model terms 
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Table S4 Linear mixed model analysis to test the effect of invasion ranges MR2 for drought survival, 

aboveground biomass production and flowering success. For drought survival, the fixed part of the 

model included a covariate (initial plant size), mother range coded as dummy variable (MR1 and 

MR2; dummy variables were coded to allow testing the difference between the native and invaded 

range, and testing difference between the two invaded ranges respectively, listed in Table S1), cross 

type coded as dummy variables (C1, C2, C3, C4, C5, C6, C7; dummy variables were coded to allow 

testing of the specific orthogonal contrasts listed in Fig. 1 and all listed interactions). The random part 

always included maternal population of origin and maternal line. For aboveground biomass and 

flowering success, the model was the same, but the fixed part additionally included watering 

treatment (WT) and all its interactions, and the random part also included seed family. We tested the 

significance of the fixed effects (including the dummy variables) and all the listed interactions by 

removing the term of interest from a specific reference model (Table S3), and performing model 

comparison using likelihood-ratio tests. Significant effects (P < 0.05) are in bold. The results of the 

analyses for the effect of MR1 are shown in Table 1. 

 

Source df 

Drought survival 

(binomial) 

Aboveground biomass 

(Gaussian, square root) 

Flower success 

(binomial) 

χ
2
 P χ

2
 P χ

2
 P 

MR2 1 0.17 0.679 0.03 0.859 13.23 <0.001 
MR2 x WT  1 - - 0.07 0.785 4.30 0.038 
MR2 x C1 1 <0.001 0.976 0.05 0.831 1.94 0.164 

MR2 x C2 1 2.40 0.122 0.30 0.582 <0.001 1.000 

MR2 x C3 1 0.00 0.964 0.76 0.385 0.35 0.552 

MR2 x C4 1 0.06 0.801 1.20 0.272 1.14 0.286 

MR2 x C5 1 1.94 0.164 0.01 0.931 0.26 0.611 

MR2 x C6 1 0.13 0.723 0.84 0.359 0.28 0.595 

MR2 x C7 1 0.54 0.462 0.19 0.663 0.03 0.874 

MR2 x WT x C1 1 - - 0.88 0.348 <0.001 0.999 

MR2 x WT x C2 1 - - 0.95 0.329 0.00 1.000 

MR2 x WT x C3 1 - - 1.54 0.215 1.72 0.190 

MR2 x WT x C4 1 - - 1.00 0.318 0.00 1.000 

MR2 x WT x C5 1 - - 0.53 0.466 0.50 0.479 

MR2 x WT x C6 1 - - 1.86 0.173 0.00 1.000 

MR2 x WT x C7 1 - - 0.07 0.798 0.92 0.336 
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Table S5 Linear mixed model analysis to test effects of admixture on flower number and time to 

flowering for the subset of plants that flowered in the well-watered control. The fixed part of the 

model included initial plant size as a covariate, mother range (MR1; dummy variables were coded to 

allow testing difference between native and invaded range listed in Table S1), cross type coded as 

dummy variables (C1, C2, C3, C4, C5, C6, C7; dummy variables were coded to allow testing of the 

specific orthogonal contrasts listed in Fig. 1), and all listed interactions. As none of the WPx and WPs 

progeny with the maternal origin in Scotland flowered before our harvest, this analysis only included 

plants from the maternal ranges North America and New Zealand. The random part included maternal 

population of origin and maternal line. We tested the significance of the fixed effects (including the 

dummy variables) and all the interactions by removing them from the model in hierarchical order, 

starting with the highest order interactions, and performing model comparison using likelihood-ratio 

tests. Significant effects (P < 0.05) are in bold.  

 

Source df 

Flower number per flowering plant 

(negative binominal) 
Time to flowering (Poisson) 

χ
2
 P χ

2
 P 

Covariate (Initial plant size) 1 0.10 0.748 1.84 0.180 

Mother range1 (MR1) 1 4.99 0.025 0.44 0.506 

C1 (WP vs. WR + BR) 1 1.10 0.294 <0.001 0.991 

C2 (WPx vs WPs) 1 0.03 0.866 0.01 0.912 

C3 (WR vs. BR) 1 5.89 0.015 5.04 0.025 
C4 (WR1 vs. WR2) 1 5.55 0.019 0.27 0.605 

C5 (BR1 vs. BR2) 1 5.41 0.020 0.17 0.683 

C6 (WR2x vs. WR2s) 1 0.59 0.441 2.11 0.147 

C7 (BR2x vs. BR2s) 1 1.75 0.186 0.28 0.598 

MR1 x C1 1 0.23 0.630 6.23 0.013 

MR1 x C2 1 1.68 0.195 4.03 0.045 

MR1 x C3 1 7.51 0.006 3.87 0.049 
MR1 x C4 1 2.25 0.134 0.14 0.705 

MR1 x C5 1 1.46 0.227 0.45 0.502 

MR1 x C6 1 0.01 0.935 0.02 0.898 

MR1 x C7 1 2.56 0.110 0.45 0.502 

Random effects  SD SD 

Maternal population  0.1239 0.0394 

Maternal line  0.6002 0.0663 

Residual  0.9829 0.1430 
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Table S6 Linear mixed model analysis to test effects of admixture on germination success and mean 

time to germination. The fixed part of the model included mother range coded as dummy variables 

(MR1 and MR2; dummy variables were coded to allow testing difference between native and invaded 

range, and testing difference between two invaded ranges respectively, listed in Table S1) and cross 

type coded as dummy variables (C1, C2, C3, C4, C5, C6, C7; dummy variables were coded to allow 

testing of the specific orthogonal contrasts listed in Fig. 1), and their interactions. The random part 

included maternal population of origin and maternal line. We tested the significance of the fixed 

effects (including the dummy variables) and all the interactions by removing them from the model in 

hierarchical order, starting with the highest order interactions, and performing model comparison 

using likelihood-ratio tests. Significant effects (P < 0.05) are in bold. 

Source df 
Germination success 

(binomial) * 

Mean time to germination 

(Gaussian, log) 

χ
2
 P χ

2
 P 

Mother range1 (MR1) 1 5.19 0.023 14.78 <0.001 

Mother range2 (MR2) 1 7.69 0.006 4.80 0.028 

C1 (WP vs. WR + BR) 1 2.40 0.121 0.43 0.510 

C2 (WPx vs WPs) 1 0.72 0.396 0.76 0.382 

C3 (WR vs. BR) 1 4.50 0.034 1.31 0.252 

C4 (WR1 vs. WR2) 1 2.00 0.157 1.35 0.245 

C5 (BR1 vs. BR2) 1 1.90 0.168 0.07 0.791 

C6 (WR2x vs. WR2s) 1 1.01 0.316 0.85 0.357 

C7 (BR2x vs. BR2s) 1 6.55 0.010 0.19 0.667 

MR1 x C1 1 0.28 0.595 6.61 0.010 
MR1 x C2 1 0.02 0.886 3.70 0.055 

MR1 x C3 1 0.29 0.587 13.19 <0.001 
MR1 x C4 1 0.20 0.651 0.77 0.380 

MR1 x C5 1 0.40 0.527 1.28 0.258 

MR1 x C6 1 0.33 0.567 0.05 0.819 

MR1 x C7 1 0.19 0.665 0.90 0.343 

MR2 x C1 1 2.64 0.104 0.26 0.607 

MR2 x C2 1 1.31 0.253 0.31 0.579 

MR2 x C3 1 2.05 0.152 4.74 0.030 

MR2 x C4 1 0.12 0.733 1.01 0.315 

MR2 x C5 1 0.639 0.424 0.16 0.692 

MR2 x C6 1 1.04 0.309 0.21 0.649 

MR2 x C7 1 0.92 0.336 0.00 0.958 

Random effects  SD SD 

Maternal population  0.6155 0.1137 

Maternal line  0.3271 0.1039 

Observation-level  1.3939 - 

Residual  - 0.4083 

*To avoid overdispersion in the binomial model of germination success (i.e. proportion of germinated seeds), we added an observation-level 

random effect (e.g. Harrison, X.A. (2015). A comparison of observation-level random effect and Beta-Binomial models for modelling 
overdispersion in Binomial data in ecology & evolution. PeerJ 3:e1114). 
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Table S7 Linear mixed model analysis to test effects of admixture on ovary size and viable pollen 

number in control for the subset of plants that flowered in the well-watered control. The fixed parts of 

the model included initial plant size as a covariate, mother range (MR1; dummy variables were coded 

to allow testing difference between native and invaded range listed in Table S1), cross type coded as 

dummy variables (C1, C2, C3, C4, C5, C6, C7; dummy variables were coded to allow testing of the 

specific orthogonal contrasts listed in Fig. 1), and all listed interactions. The random part included 

maternal population of origin and maternal line. We tested the significance of the fixed effects 

(including the dummy variables) and all the interactions by removing them from the model in 

hierarchical order, starting with the highest order interactions, and performing model comparison 

using likelihood-ratio tests. Significant effects (P < 0.05) are in bold.  

 

Source df 

Ovary size 

(Gaussian) 

Viable pollen 

number (negative 

binominal) 

χ
2
 P χ

2
 P 

Covariate (Initial plant size) 1 6.46 0.49 1.37 0.243 

Mother range1 (MR1) 1 0.03 0.868 1.33 0.249 

C1 (WP vs. WR + BR) 1 0.05 0.827 0.06 0.806 

C2 (WPx vs WPs) 1 2.13 0.144 1.32 0.251 

C3 (WR vs. BR) 1 0.14 0.711 0.01 0.917 

C4 (WR1 vs. WR2) 1 1.00 0.316 0.62 0.433 

C5 (BR1 vs. BR2) 1 0.81 0.367 1.83 0.176 

C6 (WR2x vs. WR2s) 1 2.12 0.145 0.87 0.352 

C7 (BR2x vs. BR2s) 1 1.47 0.226 0.45 0.504 

MR1 x C1 1 0.89 0.344 0.26 0.608 

MR1 x C2 1 0.10 0.750 0.09 0.759 

MR1 x C3 1 0.82 0.365 0.77 0.379 

MR1 x C4 1 0.66 0.416 0.22 0.642 

MR1 x C5 1 5.52 0.019 3.21 0.073 

MR1 x C6 1 0.28 0.596 0.17 0.679 

MR1 x C7 1 0.64 0.422 0.61 0.434 

Random effects SD SD 

Maternal population 2.0180 0.2829 

Maternal line 0.5935 <0.0001 

Residual 2.9556 0.7783 
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Figure S1. The effect of admixture on flower number and time to flowering in control of F1 and F2 

Mimulus guttatus plants. Non-admixed plants resulted from within population (WP) outcrossing (X, 

white) or selfing (S, grey). Admixed F1 plants (1x, lightest tones) resulted from crosses between 

previously non-admixed plants, either within-range (WR, blue) or between native and invaded range 

(BR, red). Admixed F2 plants resulted from crosses between previously admixed plants (2x, 

intermediate tones), or from selfing of previously admixed plants (2s, darkest tones). See Fig. 1 for 

further details of the crossing design. Results are grouped by mother range (North America [native 

range], New Zealand [invaded range]). Error bars are standard errors and were calculated 

conservatively with the number of populations underlying each mean as sample size. As few Scottish 

plants and few plants in the drought treatment flowered, we analyzed the number of flowers per 

flowering plant and time to flowing only in the control treatment for the native North American and 

invasive New Zealand plants. 
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Figure S2. The effect of admixture on germination success and mean time to germination of F1 and F2 

Mimulus guttatus plants. Non-admixed plants resulted from within population (WP) outcrossing (X, 

white) or selfing (S, grey). Admixed F1 plants (1x, lightest tones) resulted from crosses between 

previously non-admixed plants, either within-range (WR, blue) or between native and invaded range 

(BR, red). Admixed F2 plants resulted from crosses between previously admixed plants (2x, 

intermediate tones), or from selfing of previously admixed plants (2s, darkest tones). See Fig. 1 for 

further details of the crossing design. Results are grouped by mother range (North America [native 

range], New Zealand and Scotland [invaded ranges]). Error bars are standard errors and were 

calculated conservatively with the number of populations underlying each mean as sample size. 
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Figure S3 The effect of admixture on ovary size and viable pollen number in control of F1 and F2 Mimulus 

guttatus plants. Non-admixed plants resulted from within population (WP) outcrossing (X, white) or selfing (S, 

grey). Admixed F1 plants (1x, lightest tones) resulted from crosses between previously non-admixed plants, 

either within-range (WR, blue) or between native and invaded range (BR, red). Admixed F2 plants resulted from 

crosses between previously admixed plants (2x, intermediate tones), or from selfing of previously admixed 

plants (2s, darkest tones). See Fig. 1 for further details of the crossing design. Results are grouped by mother 

range (North America [native range], New Zealand [invaded range]). Error bars are standard errors and were 

calculated conservatively with the number of populations underlying each mean as sample size. As few Scottish 

plants and few plants in the drought treatment flowered, we analysed the ovary size and viable pollen number 

only in the control treatment for the native North American and invasive New Zealand plants. We collected the 

first two flower buds prior to anther dehiscence for assessing the ovule number and pollen number. Ovary size is 

a good proxy for the ovule number (Ritland & Ritland, 1989; Robertson, Diaz, & Macnair 1994). So, to estimate 

the potential seed production (i.e. ovule number) per flower, we measured the ovary length and width using 

digital calipers with an accuracy of 0.01 mm. To determine pollen production, we collected the four anthers of 

each flower bud in a micro-centrifuge tube and dried them in an oven at 60 ºC for at least three days. Pollen 

quantity and quality were determined using a Coulter counter (Multisizer 3 Beckman Coulter, High Wycombe, 

UK). Because the diameter of M. guttatus pollen is > 10 μm, and only pollen > 25 μm are viable (Kelly, Rasch, 

& Kalisz 2002), particles between 10 and 25 μm were counted as non-viable pollen and particles larger than 25 

μm were counted as viable pollen. 

 

 
References:  
Kelly, J.K., Rasch, A. & Kalisz, S. (2002). A method to estimate pollen viability from pollen size variation. American Journal of Botany, 89, 

1021-1023. 
Ritland, C. & Ritland, K. (1989). Variation of sex allocation among 8 taxa of the Mimulus-guttatus species complex (Scrophulariaceae). 

American Journal of Botany, 76, 1731-1739. 

Robertson, A.W., Diaz, A. & Macnair, M.R. (1994). The quantitative genetics of floral characters in Mimulus guttatus. Heredity, 72, 300-
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Chapter 3 
 

Sibling competition does not magnify inbreeding 

depression in North American Arabidopsis lyrata 

 

Yan Li, Mark van Kleunen & Marc Stift 

 

3.1 Summary 

 

About half of all angiosperms have some form of molecular self-incompatibility to promote 

outcrossing. If self-incompatibility breaks down, inbreeding depression (δ) is the main barrier to the 

evolution of selfing. If inbreeding depression is lower than a 50% threshold (δ<0.5), the inherent 

transmission advantage of selfers should drive the evolution of selfing, but this is not always the case. 

For example, despite frequent breakdowns of self-incompatibility in North American Arabidopsis 

lyrata, selfing has only evolved in few populations. This is surprising given that previous inbreeding-

depression estimates were well below the 0.5 threshold. A potential explanation is that inbreeding-

depression estimates based on previous experiments are underestimates. We tested whether direct 

competition between crossed and selfed siblings magnified inbreeding-depression estimates in 

A. lyrata. We found that this was neither the case for below-, nor for aboveground biomass. For 

reproductive traits, there was hardly any significant inbreeding depression regardless of competition. 

Combined with previous findings that drought stress and inducing defense also did not magnify 

inbreeding depression, this suggests that the relatively low estimates of inbreeding depression for 

biomass are indeed realistic estimates of the true inbreeding depression in North American A. lyrata.  

Keywords: belowground, intra-specific competition, self-incompatibility, the evolution of selfing, 

purging 

 

3.2 Introduction 

 

Evolutionary transitions to selfing from self-incompatible ancestors are frequent (Barrett, 2002; 

Charlesworth, 2006; Igic et al., 2008; Shimizu & Tsuchimatsu, 2015). The first step in such transitions 

is the breakdown of self-incompatibility, rendering individuals self-compatible. In species with a 

genetically controlled self-incompatibility system, self-compatible individuals tend to occur at low 
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frequency in some populations, suggesting that the breakdown of self-incompatibility is not 

exceptional (e.g., Foxe et al., 2010; Mable et al., 2017). However, although individuals with high 

selfing rates theoretically have an immediate transmission advantage over obligately outcrossing (self-

incompatible) individuals (Fisher 1941), the breakdown of self-incompatibility only rarely leads to 

shifts to higher selfing rates at the population level (e.g., Foxe et al., 2010; Mable et al., 2017).  

It is generally thought that this is because selfed progeny tends to have reduced fitness relative to 

outcrossed progeny. Such inbreeding depression is expected because of the increased homozygosity 

associated with selfing (Wright et al., 2013), which leads to increased expression of recessive 

deleterious alleles in selfers (Charlesworth & Willis, 2009). Classical models predict that inbreeding 

depression of more than 50% (i.e., a more than 50% reduction in fitness of self- relative to cross-

progeny) should cancel out the transmission advantage of selfers and prevent the evolution of selfing 

(Kondrashov, 1985; Lande & Schemske, 1985; Porcher & Lande, 2005), although selfing can evolve 

with much higher levels of inbreeding depression under conditions where reproductive assurance is 

important (reviewed by Busch & Delph, 2012). In established selfers, where specific adaptations to 

self-pollinate have evolved, pollen discounting (self-pollinated pollen is lost for cross-pollination) 

forms an additional disadvantage of selfing. Given that pollen discounting is likely not important 

during the initial transition to selfing, when adaptations to promote selfing have not yet evolved 

(Busch & Delph, 2012), inbreeding depression of less than 50% should not be sufficient to negate the 

transmission advantage of selfers, and should thus not prevent the evolution of selfing (Porcher & 

Lande, 2005; Busch & Delph, 2012). The magnitude of inbreeding depression therefore plays a key 

role in determining how prone outcrossing populations are to evolve higher selfing rates. 

In line with theory (e.g., Charlesworth & Charlesworth, 1987), self-incompatible species tend to 

suffer significant inbreeding depression (δ>0), but there is considerable variation both among and 

within species (reviewed in Sletvold et al., 2013, also see Bellanger et al., 2015; Carleial et al., 2017). 

Estimates across species ranged from δ=0.23 in Phlox drummondi (Levin, 1984; Levin & Bulinska-

Radomska, 1988) to the theoretical maximum of δ=1 in Campanula rapunculoides (Vogler et al., 

2001). Relatively low inbreeding depression estimates for North American Arabidopsis lyrata 

outcrossing populations (cumulative vegetative performance: 0.30<δ<0.35) have been invoked as an 

explanation for why selfing could evolve in some of the North American populations (Carleial et al., 

2017), because inbreeding depression estimates were considerably higher in European populations 

where selfing has not evolved (Sletvold et al., 2013; see comparison in Carleial et al., 2017). 

However, it remains unclear why selfing does not always evolve in cases where inbreeding depression 

is well below the δ=0.5 threshold. 

The simplest explanation for this may be that experimental setups generally produce 

underestimates of the true level of inbreeding depression. There are several reasons why this may be 

the case. First of all, most studies assess inbreeding depression under greenhouse or garden 

conditions, which have been criticized as being too benign and not representative for field conditions 
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(Armbruster & Reed, 2005). However, evidence is emerging that greenhouse conditions are not 

necessarily more benign than field conditions, and that stressful conditions do not necessarily magnify 

inbreeding depression (Willi, 2013; Yun & Agrawal, 2014; Pilakouta et al., 2015b; Carleial et al., 

2017). Second, most studies rely on proxies of lifetime performance based on those life history traits 

that can be estimated readily, such as biomass. While total biomass is usually a good predictor of 

lifetime performance (Løe, 2006; Sandring & Ågren, 2009), many studies, for practical reasons, 

ignore belowground biomass. This is not a problem per se, as one would usually expect a strong 

correlation between below- and aboveground biomass. However, in cases where belowground parts 

are particularly important, such as under competition for nutrients, ignoring the contribution of 

belowground tissues may lead to bias. Especially in species where inter- or intra-specific competition 

during seedling development is important, failing to consider effects of competition and ignoring 

belowground biomass can lead to underestimation of inbreeding depression.  

Direct competition is expected to magnify differences between weaker and stronger individuals 

(Agrawal & Whitlock, 2010), and thus to magnify inbreeding depression (Yun & Agrawal, 2014). 

Although inter-specific competition generally does not magnify inbreeding depression (Willi et al., 

2007), inbreeding depression indeed increased with intra-specific density in D. melanogaster (Yun & 

Agrawal, 2014). Sibling competition is a key source of environmental stress in many species (Mock & 

Parker, 1997; Roulin & Dreiss, 2012; Meunier & Kölliker, 2013; Pilakouta et al., 2015b), and one 

would therefore expect inbreeding depression to be stronger if outbred and inbred siblings directly 

compete with each other. However, only few studies have tested this idea, and the ones that did found 

mixed results (reviewed in Appendix 1 in Willi et al., 2007). For example, in Crepis sancta (Cheptou 

et al., 2001) and Spartina alterniflora (Daehler, 1999), competition between siblings magnified 

inbreeding depression, but in other species such magnifying effects were not found. Sibling 

competition may be especially relevant in species that lack adaptations to facilitate seed dispersal, and 

that produce relatively large numbers of seeds. In such species, assessing inbreeding depression in the 

absence of competitive interactions could be a prime cause of inbreeding-depression underestimation.  

In this study, we assessed the performance and estimated inbreeding depression for plants from 

outcrossing and selfing populations of Arabidopsis lyrata subsp. lyrata in a greenhouse experiment 

with and without sibling competition. Estimating inbreeding depression is of particular interest in this 

self-incompatible species because it has several populations in which self-incompatibility has broken 

down, and that show high selfing rates (Foxe et al., 2010), raising the question why selfing has 

evolved in some, but not all populations. Previous estimates of inbreeding depression for outcrossing 

and selfing populations of this species (e.g., Willi, 2013; Carleial et al., 2017) were much lower than 

those for the European subspecies of A. lyrata (Sletvold et al., 2013). While this may help explain 

why selfing could evolve in North America (and not in Europe), it does not explain why selfing is not 

the predominant mode of reproduction throughout the North American range. Given that seeds do not 

have any adaptations to promote dispersal, A. lyrata is a species where one would expect intensive 
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competition between siblings, but this has not been taken into account in previous studies of 

inbreeding depression. Therefore, we assessed inbreeding depression both with and without direct 

competitive interactions between selfed and crossed siblings. The setup we adopted allowed only 

limited reciprocal shading, so we expected the competitive interactions to be strongest belowground, 

but we assessed both below- and aboveground biomass as proxies of performance. Specifically, we 

addressed the following questions: 1) Does sibling competition magnify inbreeding depression? 2) 

Are there differences between mating systems in performance and inbreeding depression, and are the 

patterns similar for below- and aboveground biomass?  

 

3.3 Methods 

 

3.3.1 Study species and seed material 

Arabidopsis lyrata subsp. lyrata is a member of the mustard family (Brassicaceae), and occurs on 

sandy and rocky shores and serpentine soils. It is normally self-incompatible and outcrossing, but 

some populations in the Great Lakes region of North American have become self-compatible and 

undergone a transition to selfing (Mable et al., 2005; Mable & Adam, 2007; Foxe et al., 2010). To 

estimate inbreeding depression by measuring the performance of self- relative to crossed progeny 

(Ågren & Schemske, 1993), we used a previously described seed collection (Carleial et al., 2017) of 

cross-and self-progeny for multiple mother plants. For mother plants from outcrossing populations, to 

by-pass self-incompatibility, self-progeny had been obtained by placing self-pollinated plants in CO2-

enriched air (Nakanishii et al., 1969). For mother plants from selfing populations, to test for potentials 

side-effects of CO2-enrichment, self-progeny had both been obtained under CO2-enriched and ambient 

conditions. Our experiment included 107 seed families from six outcrossing populations (53 CO2-

selfed and 54 crossed, from 7 to 10 mother plants per population) and 123 seed families from six 

selfing populations (36 CO2-selfed, 44 ambient-selfed and 43 crossed, 2 to 10 mother plants per 

population) (Table S1).  

 

3.3.2 Experimental design 

On 24 March 2015, for germination of cross- and self-progeny, we filled square plastic pots (7 ×7 × 

6.5 cm, Pöppelmann, Germany) with potting soil (Topferde®, Einheitserde Co., Sinntal-Altengronau, 

Germany; pH 5.8; 2.0 g/l KCl; 340 mg/l N; 380 mg/l P2O6; 420 mg/l K2O; 200 mg/l S; 700 mg/l Mg). 

We sowed up to 20 seeds from each of the 229 seed families in 3 to 4 pots per family (5 seeds per 

pot). Pots were randomly assigned to positions in a growth chamber for germination. After 7 days in 

darkness at 4 ºC, growth-chamber settings were set to 21 ºC with a 14 h photoperiod. 

Twenty-three days after sowing, we selected seedlings with similar germination time for the 
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experiment. Square 1 L pots (12 × 12 × 7 cm, Pöppelmann, Germany) filled with the same potting soil 

used for germination served as experimental units. The seedlings from each CO2-self and cross-family 

were randomly assigned to be planted in the following way: two seedlings were planted alone as a 

control, two were planted as focal plant together with a competitor from the same mother but the other 

cross type, two served as competitor for a focal plant from the same mother but the other cross type 

(Fig. S1). For selfing populations, to confirm previous findings that CO2 during pollination does not 

affect growth of progeny (Carleial et al., 2017), our experiment also included selfed seedlings 

produced under ambient conditions. Two seedlings were planted alone as a control, two were planted 

as focal plant to compete with cross-progeny from the same mother, two served as competitor for a 

(crossed) focal plant from the same mother (Fig. S1). For some seed families, insufficient seedlings 

germinated, so that the final experiment included 750 of the originally planned 992 pots (see Fig. S1 

for details). Pots were randomly assigned to positions on four greenhouse benches in the botanical 

garden of the University of Konstanz (temperature between 16 and 18ºC and with no additional 

lighting), watered ad libitum and fertilised once per week with 0.1 % Scotts Universol® blue solution 

(Everris International B. V., Waardenburg, Netherlands). 

 

3.3.3 Measurements 

We sowed the seeds of this experiment (5 seeds per pot and 729 pots, see experimental setup part), 

and to assess germination success, we monitored germination of the seeds on a daily basis and 

recorded the first date when the cotyledons of the seedling were fully extended. To test whether selfed 

and outcrossed plants differ in belowground (root) biomass production, we separately harvested the 

below- and aboveground biomass of the first set of replicate plants (375 pots) four weeks after 

transplanting, when the roots of the competitors could still be separated. The biomass was dried at 

70°C for at least three days, and was then weighed to the nearest μg for belowground biomass and to 

the nearest 0.1mg for aboveground biomass.  

To assess the time to flowering, we recorded, for the second set of replicate plants, the date on 

which the first flower on each plant opened. On 2 July 2015 (eleven weeks after transplanting), we 

harvested the aboveground biomass of the second set of replicate plants. At the time of harvest, we 

counted how many plants had reached the bolting stage (i.e., had started to form an inflorescence). As 

a measure of sexual reproduction (i.e. flower number and biomass), we counted the number of flowers 

(including open flowers and spent flowers), collected inflorescence tissue. The tissues were dried at 

70°C for at least three days, and weighed to the nearest 0.1mg to estimate reproductive. As in this 

stage the roots of the competing plants could not be separated, we did not harvest the belowground 

biomass.  
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3.3.4 Statistical analyses 

As in Carleial et al. (2017), our procedural control indicated that CO2-enrichment does not have side-

effects on vegetative performance. Therefore, we pooled self-progeny produced under CO2-

enrichment with self-progeny produced under ambient conditions for further analyses. To assess 

whether sibling competition magnified inbreeding depression, whether there were differences between 

mating systems in performance and inbreeding depression, we used general and generalized linear 

mixed effects models in R 3.0.2 (R-Core-Team, 2013) using the lmer and glmer functions as 

implemented in the package ‘lme4’ (Bates et al., 2015). For belowground biomass, aboveground 

biomass and reproductive biomass, the models had a Gaussian error distribution. To improve 

normality and homogeneity of the residuals, we square-root transformed biomass data prior to 

analysis. For reproductive success and flower number, models had a binomial error term and a 

negative binomial error term, respectively (we used the bobyqa optimizer with a maximum of 10,000 

iterations to fit these models). For all models, the fixed part included Mating System (outcrossing vs. 

selfing), Cross Type (self- vs. cross), Competition (with vs. without) and all two- and three-way 

interactions. To account for non-independence of plants from the same population and for non-

independence of plants from the same mother plant, all models included Population (nested in Mating 

System) and Mother Plant (nested within Population) as random effects.  

Significant effects of Cross Type (as main effect or in interaction) indicate significant inbreeding 

depression. To facilitate interpreting the actual magnitudes of inbreeding depression, we calculated 

inbreeding depression coefficients (δ) for the four factorial combinations of mating system × 

competition for each trait for each population. These coefficients were calculated using the following 

formula: δ = (Wout –Wself)/ Wout, in which Wself and Wout are the mean fitness estimates for self- and 

cross-progeny, respectively. 

 

3.4 Results 

 

3.4.1 Plant vegetative performance 

Plants resulting from self-fertilisation (hereafter: selfed plants) produced significantly less biomass 

than their siblings resulting from cross-fertilisation (hereafter: crossed plants) (significant effect of 

Cross Type for all biomass traits; Table 1). In other words, there was significant inbreeding 

depression. The inbreeding depression was similar in magnitude for belowground biomass and 

aboveground biomass of 4-week old plants (δ = 0.20 and δ = 0.23, respectively) and for aboveground 

biomass of 11-week old plants (δ =0.18) (Fig. 1), and did not differ between outcrossing and selfing 

populations (no significant interactions between Cross Type and Mating System, Table 1). 

Outcrossing and selfing populations produced similar amounts of biomass (no significant effect of 
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Mating System in Table 1 for all biomass traits). As expected, direct competition between siblings 

caused a significant reduction in biomass (significant effect of Competition; Table 1; Fig. 1), but 

competition did not increase the magnitude of inbreeding depression (no significant interaction 

between Cross Type and Competition, Table 1; Fig.1). 

 

Table 1.Linear mixed model analysis to test for inbreeding depression (the effect of Cross Type), and 

interactions of inbreeding depression with Competition and Mating System for belowground biomass and 

aboveground biomass in 4 weeks old plants, and aboveground biomass 11 weeks old plants from six outcrossing 

and six selfing populations of A. lyrata. The model fixed part included Cross Type (self vs. cross), Mating 

System (outcrossing vs. selfing) and Competition (with vs. without), and two-way and three-way interaction. 

The random part included Population (nested in Mating System) and Mother plant (nested in Population). 

Significant values are marked in bold. Significant effects of Cross Type (as main effect or in interaction) 

indicate significant inbreeding depression.   

 

Explanatory variables 

(fixed and random effects) 
df 

Belowground biomass 

(Gaussian, square root) 
4 weeks old plants 

Aboveground biomass  

(Gaussian, square root) 
4 weeks old plants 

Aboveground biomass 

(Gaussian, square root) 
11 weeks old plants 

χ2 P χ2 P χ2 P 

Fixed        

Cross Type (CT) 1 14.11 <0.001 21.74 <0.001 150.50 <0.001 
Mating System (MS) 1 0.48 0.49 0.22 0.64 0.71 0.40 
Competition (C) 1 18.23 <0.001 4.70 0.03 11.06 <0.001 
CT : MS 1 0.08 0.78 0.44 0.51 0.01 0.94 

CT : C 1 0.95 0.33 0.05 0.81 0.02 0.88 
MS : C 1 1.84 0.18 0.50 0.48 0.07 0.79 

CT:MS:C 1 0.00 0.98 0.08 0.78 0.13 0.72 

Random  SD SD SD 
Population  0.19 0.02 0.97 

Mother  0.30 0.03 0.97 

Residual  0.66 0.05 1.79 

 

 

 

 

 
Figure 1. Inbreeding depression for vegetative traits with and without sibling competition for plants from six 

outcrossing and six selfing populations of A. lyrata. (a) belowground biomass of 4-week old plants; (b) 

aboveground biomass of 4-week old plants; (c) aboveground biomass in 11-week old plants. Error bars are 

standard errors of the mean of population-means. 

 

3.4.2 Plant reproductive performance  

At the time of harvest, 244 out of 359 experimental plants had reached the bolting stage (i.e., they had 

started to form an inflorescence). There was significant inbreeding depression for the frequency of 

reaching this stage (reproductive success) in plants from outcrossing populations (δ =0.125), but not 
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in plants from selfing populations (significant interaction between Cross Type and Mating System; 

Table 2; Fig 2a). There was no significant inbreeding depression for reproductive biomass (no 

significant effects of Cross Type or its interactions; Table 2). Competition significantly reduced 

reproductive success and reproductive biomass (significant effect of Competition; Table 2), but did 

not magnify inbreeding depression (no significant interactions of Competition with Cross Type; Table 

2). In the subset of plants that were open flowers and spent flowers (n=191), there was no significant 

inbreeding depression for flower number (no significant effects of Cross Type or its interactions; 

Table 2), although the two- and three-way interactions with Cross Type were only marginally non-

significant (p=0.08; Table 2). 

 

Table 2. Linear mixed model analysis to test for inbreeding depression (the effect of Cross Type), and 

interactions of inbreeding depression with Competition and Mating System for reproductive success, 

reproductive biomass and flower number in 11 weeks old plants from six outcrossing and six selfing populations 

of A. lyrata. The model fixed part included Cross Type (self vs. cross), Mating System (outcrossing vs. selfing) 

and Competition (with vs. without), and all two-way and three-way interactions. The random part included 

Population (nested in Mating System) and Mother Plant (nested in Population). Significant values are marked in 

bold. Significant effects of Cross Type (as main effect or in interaction) indicate significant inbreeding 

depression.   

 

Explanatory variables  
(fixed and random effects) 

df 

Reproductive success 
(Binomial) 

11 weeks old plants 

Reproductive biomass 
(Gaussian,log) 

11 weeks old plants 

Flower number 

( Negetive binomial) 

11 weeks old plants 
dispersion=0.94 

χ2 P χ2 P χ2 P 
Fixed        

Cross Type (CT) 1 0.27 0.61 0.045 0.83 0.77 0.38 

Mating System (MS) 1 0.22 0.64 2.31 0.13 1.83 0.18 
Competition (C) 1 12.77 <0.001 19.92 <0.001 12.48 <0.001 
CT : MS 1 5.99 0.01 2.40 0.12 0.25 0.61 

CT : C 1 0.04 0.84 2.20 0.14 3.17 0.08 
MS : C 1 1.09 0.30 1.23 0.27 0.88 0.35 

CT:MS:C 1 0.001 0.98 2.69 0.10 4.69 0.10 

Random 
 

SD SD SD 
Population 

 

0.57 0.65 0.20 

Mother 

 

0.91 0.77 0.67 

Residual   
 

1.02 1.00 

 

 

 
 
Figure 2. Inbreeding depression for reproductive traits with and without sibling competition for plants from six 

outcrossing and six selfing populations of A. lyrata. (a) reproductive success (the ratio of plants that flowered); 

(b) reproductive biomass; (c) flower number. All traits were assessed in 11-week old plants. Error bars are 

standard errors of the mean of population-means. 
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3.5 Discussion 

 
Our findings show that both selfing and outcrossing populations of North American Arabidopsis 

lyrata suffer significant inbreeding depression for biomass traits, but not for reproductive traits. 

Sibling competition (between self- and cross-progeny) did not significantly change the magnitude of 

inbreeding depression, which never exceeded δ=0.34 in biomass traits.  

 

3.5.1 Inbreeding depression in North American populations of Arabidopsis lyrata 

Although direct competition between crossed and selfed siblings had a strong negative effect on plant 

performance, sibling competition did not magnify inbreeding depression in outcrossing and selfing 

populations of North American Arabidopsis lyrata. This shows that previous estimates of inbreeding 

depression based on experiments that excluded competition (Stift et al., 2013; Carleial et al., 2017) 

are not biased downward for that reason. Since drought and inducing defense also did not magnify 

inbreeding depression (Carleial et al., 2017), our findings suggests that the consistently observed 

relatively low estimates of inbreeding depression for growth (δ < 0.5) are indeed realistic estimates of 

the true inbreeding depression in North American A. lyrata. This contrasts with inbreeding-depression 

estimates for European A. lyrata that were considerably higher (Sletvold et al., 2013). Since 

inbreeding depression represents the only immediate cost of selfing that can offset the transmission 

advantage of selfers (Kondrashov, 1985; Lande & Schemske, 1985; Porcher & Lande, 2005), these 

findings may thus help understand why the evolution of selfing has occurred in North American 

A. lyrata. 

The relatively modest magnitude of inbreeding depression likely reflects the evolutionary history 

of North American A. lyrata subspecies, as multiple lines of evidence suggest that the subspecies has 

experienced a strong bottleneck (Ross-Ibarra et al., 2008; Mable et al., 2017). Small effective 

population sizes during such bottlenecks should have led to substantial purging by exposing strongly 

deleterious recessive mutations to selection (Lynch et al., 1995; Pujol et al., 2009). One would thus 

expect that inbreeding depression in bottlenecked species such as North American A. lyrata is 

predominantly caused by mildly deleterious mutations. As a consequence, additional reductions in 

effective population size associated with selfing (Griffin & Willi, 2014) are not expected to lead to 

strong additional purging. This likely explains why North American selfing populations of A. lyrata 

still suffered from significant inbreeding depression for biomass traits, with little (Carleial et al., 

2017) or no evidence (our findings) for purging. 

 

3.5.2 Competition and inbreeding depression 

Our experiment revealed no evidence for any interaction of intra-specific competition and inbreeding 
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depression for biomass. Previous work had suggested that the magnitude of inbreeding depression is 

generally not affected by inter-specific competition (Willi et al., 2007), but it had remained unclear 

whether this also applied to intra-specific competition. As one would not expect any niche partitioning 

within species, intra-specific competitive effects should generally be stronger, and thus may also 

interact more strongly with inbreeding depression. On the other hand, intra-specific competition may 

be quite common for species with limited seed dispersal (like A lyrata), so that past selection is more 

likely to have purged recessive alleles that are deleterious in an environment with intra-specific 

competition (Bijlsma et al., 1999). To test whether this is a likely explanation for our findings, it 

would be of interest to compare the interaction of inbreeding depression and intra-specific 

competition among species with and without adaptations to promote seed dispersal.  

The setup of our experiment should have mainly caused competition for belowground resources. 

Therefore, we specifically tested how competition affected belowground and aboveground biomass. 

This did not reveal any different patterns. Sibling competition had a strong negative effect on both 

below- and aboveground biomass (Table 1), confirming that out setup indeed forced plants to 

compete. However, the magnitude of inbreeding depression was comparable for below- and 

aboveground biomass and independent of competition. Biomass is typically used as a proxy for 

performance in perennial and self-incompatible plants such as A. lyrata, because it corresponds well 

to survival probability and fecundity (e.g., Løe, 2006; Sandring & Ågren, 2009) that are difficult to 

assess directly. In this light, the good correspondence between below- and aboveground biomass is 

reassuring for studies that rely on estimation of (aboveground) biomass as a measure of performance. 

 

3.5.3 Hardly any inbreeding depression for reproductive traits 

Biomass is generally a good predictor of lifetime-performance in self-incompatible species (Løe, 

2006; Sandring & Ågren, 2009). Therefore, one may have expected our reproductive traits would 

show similar patterns as those identified by biomass. However, this was not the case, as we detected 

hardly any inbreeding depression for reproductive success (δ=0.13 in outcrossing populations, but 

none in selfing populations) and no significant inbreeding depression for reproductive biomass and 

flower number. Although intuitively closer to “real” fitness, it is important to realize that our measures 

estimate the reproductive potential (not the reproductive output) during the limited time of our 

experiment. However, in self-incompatible perennial species in which seed set depends on cross-

pollination by pollinators, there may only be a very weak correlation between reproductive potential 

and actual seed set. Moreover, flower production may even be detrimental if it results in low seed set, 

because it may come with costs in terms of survival. Interestingly, self-progeny from selfing 

populations had a significantly higher probability to flower, and similar (but non-significant) 

tendencies emerged for reproductive biomass and flower number. Future work should assess the 

implications of this for single- and multi-generation reproductive output.  



53 
 

3.6 Supporting information 

Table S1 Sample sizes per population (number of mothers for which cross and self seeds were 

available). All cross-pollinations were done under ambient conditions [amb], self-pollinations took 

place in a CO2-enriched environment [CO2] or under ambient conditions [amb]. 

 

Mating system Population 
The number of 

mother plant 

Cross-type (seed family number) 

Cross [amb] Self [CO2] Self [amb] 

Out-crossing IND 10 10 10 0 

Out-crossing MAN 9 9 9 0 

Out-crossing PCR 7 7 7 0 

Out-crossing PIN 10 10 10 0 

Out-crossing SBD 10 10 10 0 

Out-crossing TSS 8 8 7 0 

Selfing KTT 2 2 0 2 

Selfing LPT 7 7 5 7 

Selfing PTP 5 5 4 5 

Selfing RON 10 10 10 10 

Selfing TC 10 10 10 10 

Selfing TSSA 10 9 5 10 

      

Totals outcrossing populations 6 54 54 53 0 

Totals selfing populations 6 44 43 36 44 
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Figure S1 Experimental design. Crossed- and selfed plants were grown with and without sibling 

competition from six outcrossing and six selfing populations of A. lyata. All crossed-plants were 

raised  from seeds by cross-pollination under ambient conditions (Cross), and  selfed-plants were 

raised from seeds by self-pollination under CO2-enriched environment (CO2-self) or under ambient 

conditions (ambient-self).The number under each pot represents sample size used in the experiment 

(expected sample size in brackets). 
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Chapter 4 
 

One or more genetic modifiers explain the loss of self-

incompatibility for two S-locus haplotypes 

 

 

Yan Li, Mark van Kleunen
 
& Marc Stift 

 

4.1 Summary 

 
Because the loss of self-incompatibility (SI) is the first step towards the evolution of selfing, it is of 

particular interest to understand the underlying mechanisms. To explore the genetic mechanism of the 

loss of SI, we made intra- and inter-population crosses using of self-incompatible (SI) plants from six 

predominantly outcrossing populations and self-compatible (SC) plants from six predominantly 

selfing populations of North-American Arabidopsis lyrata. We found that most progeny from crosses 

between self-compatibility (SC) parents from different selfing populations are also SC. The lack of 

restoration of SI shows that the loss of SI in the different selfing populations in A. lyrata cannot be 

explained by independent recessive loss-of-function mutations. Progeny from crosses between parents 

with different breeding systems resulted in approximately even frequencies of SC and SI plants. This 

result strongly rejects the hypothesis that the loss of SI is determined by only one genetic factor, and 

indicates that it must be co–determined by two or more unlinked genetic factors. We propose the 

hypothesis that the loss of SI in A. lyrata resulted from the interaction between an S-locus modifier 

and specific S-haplotypes. More specifically, our data fit a model in which a recessive allele at a 

modifier-locus affects the dominant haplotype S19 and the recessive haplotype S1.  

Keywords: The breakdown of SI, the evolution of selfing, breeding system, phenotype segregation, 

outcrossing population, S haplotypes, S modifier  

 

4.2 Introduction 

 

About half of the angiosperms have some form of self-incompatibility (SI) (De Nettancourt, 2001; 

Razanajatovo et al., 2016). For example, Brassicaceae have a sporophytic SI system, which renders 

plants self-incompatible (SI) through recognition and rejection of self-pollen. The molecular basis of 

this has been particularly well-studied (Takayama & Isogai, 2005; Mable, 2008; Vekemans et al., 
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2014; Shimizu & Tsuchimatsu, 2015; Fujii et al., 2016; Nasrallah, 2017). Two tightly linked 

recognition genes (the “female” gene S-locus Receptor Kinase – SRK, and the “male” gene S-locus 

Cystein Rich – SCR) encode pollen- and stigma proteins respectively, together forming what is 

commonly referred to as the S-locus. If pollen- and stigma proteins have matching specificities (as 

would be the case with self-pollination), pollen tubes cannot grow and preclude fertilisation. Despite 

its clear benefit to promote outcrossing, and thus to maintain genetic variation and avoid inbreeding 

depression, the sporophytic SI system frequently breaks down (Stebbins, 1974; Wright et al., 2013). 

Many extant self-compatible (SC) and selfing species have evolved from SI ancestors (Barrett, 2002; 

Igic et al., 2008; Vekemans et al., 2014; Shimizu & Tsuchimatsu, 2015). Since the loss of SI is the 

first step towards the evolution of selfing, it is of particular interest to understand the underlying 

mechanisms.  

The loss of SI can either be due to disruptive mutations at the S locus, or at genes unlinked to the 

S locus that modify SI (Nasrallah, 2017). For example, in the SC plant Brassica oleracea, B. rapa and 

B. napus, the loss of SI was likely due to disruptive mutations at SRK (Goring et al., 1993; Nasrallah 

et al., 1994; Sato et al., 2002; Okamoto et al., 2007; information compiled by Tsuchimatsu et al., 

2012). In Arabidopsis thaliana, the loss of SI has both been attributed to a frameshift mutation at SRK 

(Tang et al., 2007) and a disruptive mutation at SCR (Shimizu et al., 2008; Tsuchimatsu et al., 2010). 

The latter most likely also applies to the selfing species Capsella rubella (Guo et al., 2009; Brandvain 

et al., 2013; Slotte et al., 2013). Modifiers on the other hand likely underlie self-compatibility (SC) in 

the selfing B. rapa, through a recessive mutation at the M-locus protein kinase locus (MLPK), which 

expresses a modifier suppressing SRK-expression (Murase et al., 2004). While gain-of-function 

studies showed that restoring SI is in principle possible by transferring a functional S-locus into 

selfing backgrounds of A. thaliana (Nasrallah et al., 2004; Boggs et al., 2009), thus supporting a 

direct role of loss-of-function mutations at the S-locus in conferring SC, the strength and stability of 

the resulting SI-phenotype depended on modifiers (ARC1, Indriolo et al., 2014; PUB8, Liu et al., 

2007). These gain-of-function studies have focused on transferring a single intact S-locus (i.e., one 

haplotype, encoding one specificity) into multiple divergent selfing genomic backgrounds. However, 

S-loci in species with functional SI are characterised by a high haplotype diversity, often encoding 

several dozens of specificities (female and male recognition pairs; Wright, 1960). In the light of this 

diversity, it is still unclear whether modifiers interact with the S-locus in general, or can be S-

haplotype specific.  

North American Arabidopsis lyrata offers a unique system to study the genetic basis of the loss 

of SI, and the potential role of the S-locus and modifiers. In a few populations in A. lyrata, SI has 

broken down and led to a transition to selfing (Mable et al., 2003; Foxe et al., 2010). Joint clustering 

of SC and SI populations in multiple genetic backgrounds (Foxe et al., 2010) and an association of SC 

with homozygosity for two different S-haplotypes (S1 and S19, Mable et al., 2017) has provided some 

indirect evidence for multiple origins of selfing in this species, but direct evidence is still lacking. So, 
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it is not known whether there is a functional link between the S1 and S19 haplotypes and SC. For the 

S1- haplotype background, loss-of-function mutations at self-recognition genes cannot explain the loss 

of SI, as SRK1 and SCR1 did not have any non-synonymous mutations (Mable et al., 2017). Instead, it 

was hypothesized that a recessive modifier unlinked to the S-locus causes in S1-homozygotes of A. 

lyrata (Mable et al., 2017). However, there is still little empirical data to support this “modifier-

hypothesis”. Moreover, it has remained unclear whether the putative modifier is specific to S1, or 

could also explain SC in backgrounds with S-haplotypes such as S19 (implying the same genetic 

basis).  

To address this, we made intra- and inter-population crosses using SI plants from six 

predominantly outcrossing populations and SC plants from six predominantly selfing populations of 

North-American A. lyrata. First, we tested whether SI was restored in progeny resulting from crosses 

between SC parents from different selfing populations. Such genetic complementation would be 

expected if two different recessive loss-of-function mutations caused the loss of SI in different selfing 

populations. Second, we tested whether progeny resulting from crosses between parents with different 

breeding systems was always self-incompatible. Such functional dominance would be expected if a 

loss-of-function mutation underlies SC. Alternatively, mixtures of SI and SC progeny would provide 

strong support for the hypothesis that a recessive, unlinked S modifier causes SC (Mable et al., 2017). 

Crosses within and between outcrossing populations served as controls for crosses between breeding 

systems, and also to test the prediction of the modifier-hypothesis that crosses between SI partners can 

give rise to a low frequency of SC progeny, matching previous observations of a low frequency of SC 

individuals in otherwise SI populations (Mable et al., 2017).  

 

4.3 Material and methods 

 

4.3.1 Source plant material and crossing design 

To study the inheritance of SC, we used seed material from 12 North American Arabidopsis lyrata 

populations (kindly provided by Barbara Mable, University of Glasgow) with contrasting breeding 

and mating systems. According to genotyping of progeny arrays and self-pollinations for these 12 

populations (Table S1), six populations (hereafter SI populations) mainly consist of SI plants, and 

have multi-locus outcrossing rates over 80%. The remaining six populations (hereafter SC 

populations, either S19S19 homozygotes or S1S1 homozygotes) have high frequencies of SC plants (four 

populations 100%, one 88% and one 50%), and much lower outcrossing rates (five of them less than 

30%, one population [TSSA] 41%; Foxe et al., 2010; Mable et al., 2017; see Table S1). 

In March 2013, to test whether SI could be restored through complementation, we randomly 

selected three focal plants (A, B and C) from each of the six SC populations (Fig. 1). We used the 
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selected parental “SC” plants to produce progeny through between-population crosses (BP♀SC × ♂SC) 

among all plants labelled A, and the same for all plants labelled B and C. As controls, we made 

crosses within SC populations (WP♀SC × ♂SC) among the A, B and C plants, respectively. To test 

whether SC as a trait behaves recessively, we also randomly selected three focal plants (A, B, C) from 

each of the six SI populations (Fig. 1). We used these to produce progeny through crosses between 

breeding systems (BBS ♀SI×♂SC and BBS♀SC×♂SI) among all plants labelled A, and the same for the 

plants labelled B, and C. As controls for SI populations, we made crosses within SI populations 

(WP♀SI × ♂SI) among the A, B and C plants. To test whether SC can arise when crossing more distantly 

related SI plants, we also made crosses between SI populations (BP♀SI × ♂SI) among all plants labelled 

A, and the same for the plants labelled B, and C (Fig. 1). In August 2014, we replicated this design 

with a different set of parental plants (labelled D, E and F) from each of the 12 populations. 

The basic logic of our design is shown in Fig. 1 for the A, B, and C parental plants. In principle, 

our design would have generated 13 seed families per parental plant: 5 from crosses with plants from 

populations with the same breeding system (BP♀SC × ♂SC or BP♀SI × ♂SI), 6 from crosses with plants 

from populations with a different breeding system (BBS♀SI×♂SC or BBS♀SC×♂SI) and 2 from crosses 

with plants from the same population (WP♀SC × ♂SC or WP♀SI × ♂SI). In total, for the 72 (36+36) parental 

plants, the complete design (i.e., using all parents A, B, C, D, E, and F), would thus have yielded 936 

(468+468) seed families. However, not all crosses resulted in seed, so that we obtained 898 seed 

families (446 from the set of plants labelled A, B and C, and 452 from the set of plants labelled D, E 

and F). 

As not all populations are completely fixed for one or the other breeding system, we assessed the 

breeding system for all parental plants by performing at least six self-pollinations per plant spread 

over at least three different days. For the “SC populations”, this confirmed that all 36 plants but one 

were indeed SC (genotype D of population TSSA, Table S2). For the “SI populations”, plants were 

either completely self-incompatible or leaky self-incompatible. The latter means that self-pollination 

led to fruits with seeds (often a variable number among replicates), but fewer seeds per fruit than after 

cross-pollination with a compatible pollen donor (see definitions in Mable et al., 2003; Foxe et al., 

2010). 

To avoid accidental self-pollination when making crosses, we emasculated recipient flowers of 

SC plants in the bud-stage before anther dehiscence. Then we applied cross pollen to emasculated 

flowers, leaving at least one emasculated flower without cross-pollen as a control. In cases where this 

control led to fruit development (which would indicate accidental self-pollination), we discarded the 

corresponding cross-pollinated flower. To obtain at least one developed fruit for each recipient-donor 

combination, we did up to three cross pollinations per combination. We assume that cases where three 

cross-pollinations did not result in fruit set were due to genetic incompatibilities between the parents. 

All fruits were collected when mature (4–7 weeks) and stored under dry and cool conditions until 

further use. 
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Figure 1 Schematic representation of the crossing design to generate within-population (WP, grey), between-

population (BP, orange; always within breeding system) and between-breeding-system (BBS, red; always 

between populations) crosses using three parents (A, B, C) from six outcrossing (SI) populations (SI-1 to SI-6) 

and six selfing (SC) populations (SC-1 to SC-6). Solid borders indicate crosses where the maternal parent was 

SI, dashed borders where the maternal parent was SC. We duplicated the design with three further plants (D, E, 

F; not shown in this scheme) for each population. 

 

4.3.2 Growth of progeny 

To determine their breeding system, we sowed progeny from all 898 seed families in a growth 

chamber at the University of Konstanz. For practical reasons, we did this in five batches such that one 

seed per seed family was sown at one time, either for the seeds derived from the set of A, B and C 

parents, or for the seeds from the set of D, E and F parents. Additionally, in a sixth batch, we sowed 

seeds from crosses between breeding system (BBS♀SI×♂SC and BBS♀SC×♂SI) of both sets to increase the 

sample size for these cross-types. Batches were sown between July 2015 and August 2017 (Table S3). 

Single seeds were sown in 2.5×3.2×11.0 cm cells of QP 54 T/11 QuickPot trays (Herkuplast Kubern 

GmbH, Ering/Inn, Germany) filled with a peat-based nutrient-poor substrate (Einheitserde und 

Humuswerke Gebr. Patzer GmbH & Co., Sinntal, German). Emerging seedlings were transferred to 
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larger square polypropylene pots (7×7×6.5 cm, Pöppelmann, Germany) filled with the same substrate 

as for germination. We watered twice a week and fertilized weekly with 50 ml of 0.1 % Scotts 

Universol® blue solution (Everris International B. V., Waardenburg, Netherlands). The growth 

chamber was set to a humidity of 50% with a light period of 16 h per day. The temperature was kept 

between 17°C and 21°C during the day and at 15°C at night. 

 

4.3.3 Determination of the breeding system 

Although not all seeds in each batch germinated and some plants did not flower within a few months 

from sowing, roughly 50% per batch did, and we could perform self-pollinations on a total of 1295 

progeny (Table S3). These included all 144 (12×12) population combinations and 633 out of 898 seed 

families. On each plant that flowered, we performed ten self-pollinations spread over at least five 

different days by rubbing a ripe anther from a donor plant on the stigma of the recipient flower. 

Fruits need four to eight weeks to mature before seeds can be counted reliably. After pollination, 

fruits elongate to accommodate the developing seeds, and attain their final length already one to two 

weeks after pollination (Mable et al., 2003; Mable et al., 2005). Fruit length is a very good predictor 

of seed number (Fig. S1). Therefore, to enable a higher throughput and allow screening of more 

plants, we used fruit length at two weeks as a proxy of seed set. Fruits without any developing seeds 

do not elongate and thus roughly maintain the length of the ovary (FLzero), whereas fruits with full 

seed set elongate to a maximum fruit length (FLmax). Values of FLzero and FLmax might vary among 

individual plants. Therefore, after pollination and fertilization, we measured the fruit lengths at least 

two weeks after self-pollination, and subsequently expressed the degree of SC relative to FLzero and 

FLmax. As it was logistically not feasible to perform control emasculations (to obtain FLzero directly) 

and reference outcrosses (to obtain FLmax directly) for each progeny in the design, we used the 

available information from the parental plants to calculate expected FLzero and FLmax values for each 

progeny. As there is considerable within and among population variation in the maximum fruit 

lengths, we first calculated FLmax for each parent individually by taking the median fruit length 

resulting from the four used pollen donor types (self, WP, BP, BBS), and taking the maximum of 

these medians: 

𝐹𝐿𝑝𝑎𝑟𝑒𝑛𝑡𝑚𝑎𝑥
 = max (𝑚𝑒𝑑𝑖𝑎𝑛(𝐹𝐿𝑠𝑒𝑙𝑓), 𝑚𝑒𝑑𝑖𝑎𝑛(𝐹𝐿𝑊𝑃), 𝑚𝑒𝑑𝑖𝑎𝑛(𝐹𝐿𝐵𝑃), 𝑚𝑒𝑑𝑖𝑎𝑛(𝐹𝐿𝐵𝐵𝑆)) 

Then, under the assumption that there is an additive contribution of the maternal and paternal 

parent of each progeny (see Table S4 for support for this assumption), we calculated the average 

expected FLmax for each progeny 

𝐹𝐿𝑚𝑎𝑥𝑃𝑟𝑜𝑔𝑒𝑛𝑦
=  

1

2
(𝐹𝐿𝑚𝑎𝑥𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑙𝑎𝑛𝑡 ♀

+ 𝐹𝐿𝑚𝑎𝑥𝑝𝑎𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑙𝑎𝑛𝑡♂
) 

There is limited variation for the length of fruits without developing seeds within populations, 

but there are differences between populations (Carleial et al 2017). To account for this, we 
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calculated a population specific FLzero as twice the mean pistil length in non-pollinated flowers for 

each population reported in Carleial et al. (2017). Then, again under the assumption of an additive 

contribution of the maternal and paternal parent of each progeny, we calculated the average 

expected FLzero fruit length for each progeny: 

𝐹𝐿𝑧𝑒𝑟𝑜𝑝𝑟𝑜𝑔𝑒𝑛𝑦
=  

1

2
(𝐹𝐿𝑧𝑒𝑟𝑜𝑚𝑎𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛♀

+ 𝐹𝐿𝑧𝑒𝑟𝑜𝑝𝑎𝑡𝑒𝑟𝑛𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛♂
) 

Based on these and the average fruit length resulting from self-pollination, we calculated an 

index of SC for each progeny: 

SC-index = 
𝐹𝐿𝑝𝑟𝑜𝑔𝑒𝑛𝑦− 𝐹𝐿𝑧𝑒𝑟𝑜𝑝𝑟𝑜𝑔𝑒𝑛𝑦

𝐹𝐿𝑚𝑎𝑥𝑝𝑟𝑜𝑔𝑒𝑛𝑦 − 𝐹𝐿𝑧𝑒𝑟𝑜𝑝𝑟𝑜𝑔𝑒𝑛𝑦

 

In principle, this index ranges from 0 (complete SI) to 1 (complete SC), but is due to variation in 

the estimates of the different component parameters not mathematically bound by 0 and 1. 

Progeny that did not produce any elongated fruits (SC-index = 0) after self-pollination are 

considered to be self-incompatible, although in principle female or male sterility would give a similar 

outcome. To discern truly self-incompatible progeny from ones with sterility, the female and male 

fertility of all apparent self-incompatible progeny was tested by using them as donor (to test male 

fertility) and recipient (to test female fertility) in crosses with up to two haphazardly chosen unrelated 

progeny (only self-incompatible progeny were used if testing male fertility of the progeny). This was 

done for the first four batches, for all progeny that appeared SI (total 356 plants). Twenty-seven out of 

the 356 tested progeny did not produce seeds with either partner. Although such progeny are not 

necessarily sterile, as genetic incompatibility with the two partners could also explain lack of seed 

formation, we conservatively excluded the 27 potentially sterile progeny from further analyses (see 

Table S3). 

 

4.3.4 Statistical analyses 

To test for differences in SC-index between cross-types, we used linear mixed effects models 

implemented in the lme function of the ‘nlme’ package (Pinheiro et al., 2013) in R 3.4.3 (R-Core-

Team, 2017). With the SC-index as the dependent variable, the model fixed part included cross-type 

(WP♀SI × ♂SI, WP♀SC × ♂SC, BP♀SI × ♂SI, BP♀SC × ♂SC, BBS♀SI×♂SC and BBS♀SC×♂SI), and the model random 

part included maternal population, maternal individual (nested in maternal population), paternal 

population, paternal individual (nested in parental population) and batch number. To enable using a 

Gaussian error distribution and ensure an appropriate normality and homogeneity of model 

residuals, we transformed the SC-index, which ranged from -0.34 to 1.85, by adding 1.34 to all 

values and subsequent ln- transformation. To account for heterogeneity of variance (i.e. differences 

in variance between the different cross-types), the model included a VarIdent variance structure that 

allowed each level of the factor cross type to have a different variance (Zuur et al., 2009). To test 

additive and dominant models of inheritance of SC, we specified a custom matrix of 13 contrasts 
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(C1 to C13) and used the glht function in the multcomp package (Hothorn et al., 2008) to compare 

different cross-types combinations with z-tests, corrected for multiple comparisons (Table 1). 

Specifically, we did the contrast C1 (BP♀SI × ♂SI vs WP♀SI × ♂SI) and C2 (BP♀SC × ♂SC vs WP♀SC × ♂SC), to 

test whether there is a difference in SC-index between progeny of within-population crosses and 

those of between-population crosses for SI populations and SC populations, respectively. We did 

the contrast C3 (BP♀SI × ♂SI vs BP♀SC × ♂SC) to test whether there is a difference for between-

population crosses between the two breeding systems. We did the contrast C4 (BBS♀SI×♂SC vs 

BBS♀SC×♂SI) to test whether it matters if the mother or father is SC (or SI). When there was no such 

effect (i.e. when C4 was not significant), we merged BBS♀SI×♂SC and BBS♀SC×♂SI, and did further 

contrasts to test whether there is an additive effect of SI and SC (C5: BBS vs BP), an SI dominance 

effect (C6: BBS vs BP♀SI × ♂SI) or an SC dominance effect (C7 BBS vs BP♀SC × ♂SC). When the SC-

index of the between-breeding-system cross-progeny depended on whether the mother or father plant 

was SC or SI (i.e. when C4 was significant), we did further contrasts to test for additive and 

dominance effects of the SC and SI phenotypes separately for BBS♀SI×♂SC and BBS♀SC×♂SI. The 

additive effect was then tested with contrasts C8 (BBS♀SI×♂SC vs BP) and C9 (BBS♀SC×♂SI vs BP), the 

SI dominance effect with contrasts C10 (BBS♀SI×♂SC vs BP♀SI × ♂SI) and C11 (BBS♀SC×♂SI vs BP♀SI × 

♂SI,), and the SC dominance effect with contrasts C12 (BBS♀SI×♂SC vs BP♀SC × ♂SC) and C13 

(BBS♀SC×♂SI vs BP♀SC × ♂SC). 

 

4.4 Results 

 
For crosses within SC populations (WP♀SC × ♂SC), most progeny had an SC-index >0.5 with a median 

value of 0.83 (Fig. 2, 3). The SC-index was significantly smaller for progeny from crosses between 

SC populations (BP♀SC × ♂SC) than for WP♀SC × ♂SC crosses (significant effect of C2 in Table 1, Fig. 2). 

Nevertheless, both for crosses within and between SC populations, some progeny (8 out of 299 

progeny in five population combinations) had an SC-index <0.5 (Fig. 3B: cells of the lower right 

quadrat), indicating (leaky) SI. The latter was in 7 out of 8 cases accounted for by a single SC 

population: TSSA (Fig. 3B). Overall, however, there is no strong evidence for restoration of SI 

For crosses within SI populations (WP♀SI × ♂SI), most progeny had an SC-index close to zero (Fig. 

2). The same was true for crosses between SI populations (BP♀SI × ♂SI, no significant effect of C1 in 

Table 1), indicating that most progeny from crosses between SI parents were SI. Nevertheless, both 

for crosses within and between SI populations, some progeny (14 out of 279 individuals in 12 

population combinations) had an SC-index >0.5 and even close to 1 (Fig. 2, 2C: cells of the upper left 

quadrat), indicating that crosses between SI parents gave rise to a low frequency of SC progeny. 

For crosses between breeding systems (BBS ♀SI×♂SC and BBS♀SC×♂SI), the median SC-index of the 

progeny was significantly lower than the SC-index of progeny from crosses between SC populations 



63 
 

(BP♀SC × ♂SC), and higher than the one of progeny from crosses between SI populations (BP♀SI × ♂SI). 

Complete dominance of SI or SC could be rejected (significant effects of C6 and C7 in Table 1; Fig. 

2). However, the range of SC-index values of progeny from crosses between breeding systems 

included the complete spectrum from completely SI to full SC (Fig. 2, 3: cells of the upper right and 

lower left quadrats). Although additivity of SI and SC could not be rejected (no significant effect of 

C5 in Table 1; Fig. 2), the bimodal distribution of the SC-index values (Fig. 2B) show that most 

progeny from crosses between breeding system was either SI or SC, with few intermediate 

phenotypes. The cross direction did not have a significant effect on the average SC-index value of 

between-breeding-system crosses (no significant effect of C4 in Table 1; Fig. 2), indicating that it did 

not matter which of the two parents (i.e. the mother or the father) was SC or SI. Dominance of SC 

(minimum SC-index>0.5) was relatively rare, and it only occurred in five population combinations 

(0.99 in ♀ LPT × ♂IND, 0.59 in ♀ TC × ♂TSS, 1.15 in ♀ TSS × ♂TSSA, 0.58 in ♀ TSS × ♂LPT 

and 0.63 in ♀ TSS × ♂TC, Fig. 3B). Dominance of SI (maximum SC-index <0.5) only occurred in 

two population combinations (0.40 in ♀ SBD × ♂RON and 0.25 in ♀ RON × ♂PCR, Fig.2C). Thus, 

apart from these few exceptions, the vast majority of between-breeding-system population 

combinations resulted in both SI and SC progeny. Moreover, 90 out of 233 F1 seed families derived 

from crosses between breeding system showed evidence for segregation, as the minimum SC-index of 

progeny was smaller than 0.25 and the maximum SC-index of progeny from the same seed family was 

larger than 0.75 (Fig S2). 

 

Table 1 Differences in the SC-index between cross-types were tested using contrasts and post-hoc z-tests. 

Negative estimates indicate that the first cross type in the contrast had a lower mean SC-index value than the 

second one, and positive estimates indicate the opposite. Significant effects are highlighted in bold. WP: Within 

Population. BP: Between Population. BBS: Between Breeding System (by definition also between populations). 

Subscripts indicate the breeding system (SI: Self-incompatible; SC: self-compatible) of the maternal (♀) and 

paternal (♂) cross-partners.  

 

Contrasts Estimate z P 

C1: BP♀SI × ♂SI vs WP♀SI × ♂SI -0.04 -2.35 0.14 

C2: BP♀SC × ♂SC vs WP♀SC × ♂SC 0.04 4.17 <0.0001 

C3: BP♀SI × ♂SI vs BP♀SC × ♂SC -0.53 -22.93 <0.0001 

C4: BBS♀SI × ♂SC vs BBS♀SC × ♂SI -0.06 -2.39 0.13 

C5 BBS vs BP -0.00 -0.28 0.99 

C6: BBS vs BP♀SI × ♂SI 0.26 15.35 <0.0001 

C7: BBS vs BP♀SC × ♂SC -0.27 -16.47 <0.0001 

C8: BBS♀SI × ♂SC vs BP -0.03 1.97 0.30 

C9: BBS♀SC × ♂SI vs BP 0.98 33.47 <0.0001 

C10: BBS♀SI × ♂SC vs BP♀SI × ♂SI 0.23 10.23 <0.0001 

C11: BBS♀SC × ♂SI vs BP♀SI × ♂SI 0.30 13.35 <0.0001 

C12: BBS♀SI × ♂SC vs BP♀SC × ♂SC -0.30 -13.84 <0.0001 

C13: BBS♀SC × ♂SI vs BP♀SC × ♂SC -0.24 -10.97 <0.0001 



64 
 

 

 

 
 
Figure 2 Box plot (A) and density plot (B) of the SC-index values for six cross-types. Grey represents within-

population (WP) crosses. Orange represents between-population (BP) crosses. Red represents between-

breeding-system (BBS) crosses (by design also between populations). Solid borders and lines are used for cross-

types with self-incompatible maternal parents (♀SI) and dashed borders and lines for cross-types with self-

compatible maternal parents (♀SC). In the box plot, boxes show the interquartile range (IQR) with the median. 

Whiskers extend to 1.5×IQR or to the lowest/highest data point within 1.5×IQR. Points beyond the whiskers 

limits represent outliers. The density plot shows the density of the SC-index values for each of the six cross-

types. Note the bimodal shape for the BBS cross-type with peaks matching those observed for the cross-types 

from between SI populations crosses and between SC populations crosses. We specified a custom matrix of 13 

contrasts (C1 to C13) to compare different cross-type combinations with z-tests. N.S and *** represent contrasts 

are not significant and significant, respectively. 
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Figure 3 Heat-map of median (A), minimum (B) and maximum (C) SC-index values for progeny of all pairwise combinations of six self-incompatible (SI) and six self-

compatible (SC) parental populations (population coding corresponds to Table S1). In each pairwise combination, each population was used both as a maternal (♀) and a 

paternal (♂) parent. The number in each cell represents the number of progeny tested for the specific population-combination. The diagonal cells represent progeny from 

within-population crosses. 
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4.5 Discussion 

 

Our first main finding is that most progeny from crosses between SC parents from six different selfing 

populations are also SC. This shows that the loss of SI in the different selfing populations in A. lyrata 

cannot be explained by independent recessive loss-of-function mutations. Our second main finding is 

that crosses between breeding system yield an even segregation ratio of breeding system phenotypes 

(i.e., even frequencies of SC and SI progeny). This provides evidence for involvement of (at least) two 

unlinked loci in the loss of SI. Overlaying knowledge on the S-locus genotypes for the different 

selfing populations in our design, we propose that the loss of SI in A. lyrata is the result of an S-

haplotype-specific interaction with one or more unlinked modifier loci. 

 

4.5.1 No genetic complementation when crossing SC plants from different populations 

A loss-of-function mutation in any of the genes required for SI provides a simple potential genetic 

mechanism that would explain the breakdown of SI. Under a scenario of multiple origins of SC, one 

would then expect different loss-of-function mutations underlying SC (as it is improbable that exactly 

the same mutation happens twice) in different selfing populations. Since loss-of-function mutations 

are usually recessive (Nanjundiah, 1993), one would thus expect restoration of SI through genetic 

complementation when the genomes of two SC plants with different recessive loss-of-function 

mutations are combined. Our results, however, do not support this scenario. When crossing SC plants 

from different selfing populations, the SC-index of progeny was almost always close to 1 (BP♀SC × ♂SC 

in Fig. 2). In other words, most progeny from crosses between SC parents were SC, with little 

differences between minimum and maximum SC-index values (Fig. 3B and C). An exception was one 

cross-combination (TSSA and PTP) for which one progeny (out of nine) had an SC-index close to 0 

corresponding to SI (Fig. S2). This is likely attributable to the fact that the progeny´s TSSA parent 

(TSSA-E) was leaky SI rather than SC based on its fruit lengths after selfing (Table S2). The same 

parent (TSSA-E) also produced leaky SI progeny (SC-index ranging from 0.28 to 0.52) when crossed 

with other (SC) TSSA plants (TSSA-D, F). The TSSA population has a mixed breeding system (with 

both SC and SI plants) and intermediate multilocus outcrossing rates (Tm=0.41; Foxe et al., 2010). 

Thus, our findings provide strong evidence that SI cannot be restored by genetic complementation 

when crossing fully SC plants from different populations. We can therefore reject the scenario of 

multiple different recessive loss-of-function mutations underlying the breakdown of SI in North 

American A. lyrata. 
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4.5.2 The loss of SI was determined by more than one locus 

We used crosses between breeding systems (BBS: BBS♀SI × ♂SC and BBS♀SC × ♂SI) and crosses between 

SI populations (BP♀SI × ♂SI) to further test whether one or more loci are involved in SC within a 

specific selfing background. Specifically, we phenotyped the breeding system of progeny from 

crosses BBS and those from crosses between SI populations (Table S5). If only one locus would be 

involved, one would have expected these to have yielded exclusively SC progeny (if the allele 

conferring SC is dominant), nearly exclusively SI progeny (if allele conferring SC is recessive, and 

the recessive allele is rare in SI populations), or intermediate breeding system phenotypes (if alleles 

act additively). Our observation of relatively even frequencies of SI (SC-index≤0.25) and SC (SC-

index≥0.75) breeding-system phenotypes from crosses BBS (38.5% SC, 20% intermediate, 41.5% SI; 

Table S5) allowed us to reject the “single-locus dominant” model and “single-locus recessive” model 

in which the recessive allele is rare in SI populations, but not the “single-locus recessive” model in 

which the recessive allele is not rare in SI populations (Table 2). However, the latter can be rejected 

by our observation of the very low frequency of SC individuals after crosses between SI populations 

(1.4%, Table 2, S5). Neither the observed breeding-system phenotypes in progeny from crosses BBS 

nor it from crosses between SI populations can reject the additive model (Fig. 2; Table 1). However, a 

single-locus additive model should have resulted in a unimodal distribution around 0.5, which does 

not fit the bimodal distribution of SC-index values in our progeny of BBS crosses (Fig. 2). In other 

words, two discrete breeding system phenotypes emerged after crosses BBS: SI and SC. This 

segregation into SI and SC plants actually occurred within several families (Fig. S2). This does not fit 

the predictions of any single-locus model on the breakdown of SI (Table 2), and thus indicates that at 

least two loci must be involved in conferring SC in the six selfing populations of A. lyrata that we 

studied.  

We therefore proceeded to test whether the observed breeding-system phenotypes in progeny 

from crosses BBS and it from crosses between SI populations fit predictions of two-locus unlinked 

models. We evaluated all possible modes of gene action of the two loci (recessive-recessive, 

dominant-dominant, dominant-recessive), for different allele frequency scenarios (Table 2). Several of 

these models could be rejected. First, like for the single-locus models, our finding of discrete 

breeding-system phenotypes in progeny from crosses BBS (Fig. 2) does not fit predictions of models 

with additive gene action. Second, our observation of a considerable proportion of SI cross-progeny 

(Fig. 3) excludes the possibility that the alleles associated with SC are dominant for both loci, as this 

should have led to exclusively SC cross-progeny (Table 2). Third, our observation of relatively even 

frequencies of SI and SC breeding-system phenotypes allows rejection of the allele frequency 

scenarios of the “recessive-recessive”-model that predict nearly exclusively SI phenotypes (Table 2). 

Fourth, the observation of relatively even frequencies of SI and SC breeding-system phenotypes does 

not fit predictions of the “dominant-recessive”-model for the scenarios in which both alleles or only 
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the recessive allele are rare in SI populations that predict nearly exclusively SI cross-progeny (Table 

2). Only the predictions of “dominant-recessive” models in which neither or only the dominant allele 

is rare in SI populations could not be rejected by our findings in BBS cross-progeny. However, the 

very low frequency of SC individuals (1.4%, Table S5) observed after crosses between SI population 

crosses  does not match predictions (18.75%) for the scenario in which both alleles are frequent (Table 

2). Thus, our findings offer most support for a two-locus “dominant-recessive” model in which the 

dominant allele needed for SC is rare in SI populations and the recessive allele needed for SC is 

relatively frequent (around 50%) in SI populations.  

4.5.3 A role of the S-locus genotype in SC? 

Because SC is associated with certain S-haplotypes (Mable et al., 2017), it is likely that one of the two 

loci in our models explaining breeding system segregation represents the S-locus. As the selfing 

populations used in our study were found to be either fixed for S1 or for S19 (Mable et al., 2017), we 

proceeded to explore whether the predictions of the most likely dominant-recessive model were met 

for the data for these specific S-locus backgrounds. Although fixed in four of the SC populations, S19 

is infrequent (10%) in our six SI populations (Mable et al., 2017). Given this rarity, S19 could 

represent the rare dominant allele in our most likely two-locus “dominant-recessive” model (Table 2). 

The role of the second locus could thus be that it modifies the function of S19, with a recessive allele 

that is relatively frequent in SI populations. Interactions of modifiers with the S-locus play a role in 

general regulation of SI (Liu et al., 2007; Indriolo et al., 2014; Nasrallah, 2017) and are common 

features of homomorphic SI systems (Levin, 1996). It has been speculated that modifiers may also be 

involved in allowing the production of some self-seeds under conditions where costs of complete SI 

are high (Vallejo-Marín & Uyenoyama, 2004; Harder et al., 2007; Busch & Schoen, 2008). Moreover, 

interactions of modifier with the specific S-locus have been found in other systems by experiments. 

For example, in the sporophytic SI system of Brassica campestris, a recessive mutation scfl reduces 

SLGR expression levels in three specific S-haplotypes (Nasrallah et al., 1992), and in the 

gametophytic SI system of Petunia axillaris, a modifier allele caused SC in one specific S-haplotype, 

by suppressing expression of the S-RNase gene (needed for the SI response) associated with that S-

haplotype (Tsukamoto et al., 1999).Therefore, we hypothesize, in accordance with our two-locus 

dominant-recessive model, that a recessive allele that is relatively frequent in SI populations acts as a 

modifier of the dominantly acting  specific  haplotype S19. 
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Table2. One- and two-locus genetic models to predict segregation ratios of breeding system (SC: self-compatible; SI: self-incompatible) in progeny derived 

from crosses between breeding system (BBS) and crosses between SI populations (BP♀SI × ♂SI). Expected segregation ratios of models are evaluated using 

exact binomial (goodness-of-fit) tests. Significant tests (p<0.05) are marked in bold.  
 

Genetic 

model 

Locus 1 

genotype 

needed 

for SC 

Locus 2 

genotype 

needed 

for SC 

Genotypes 

conferring SC  

(
a 
underlined 

genotype 

assumed to be 

fixed in SC pops) 

Allele 

frequency 

scenario in 

SI pops 

 

Possible genotypes 
b
  

in SI pops and their 

breeding system (SI 

unless indicated 

otherwise) 

Expected 

segregation 

ratio in 

BBS 

progeny 

Fit to observed ratio 

38% SC and 42% SI 

in BBS progeny? 

(Exact binomial test) 

c
 Expected 

segregation 

ratio in 

BP♀SI × ♂SI 

progeny 

c
 Fit to observed ratio 

1.4% SC and 85% SI 

in BP♀SI × ♂SI progeny? 

(Exact binomial test) 

Single-

locus 

dominant 

AA 

Aa 
- 

AA 

Aa 
[a] any 

AA (SC) 

Aa (SC) 

aa 

100% SC 

0% SI 

No 

(p<0.05) 

  

Single-

locus 

recessive 

aa - 

aa [A] 100% AA 
0% SC 

100 % SI 

No 

(p<0.05) 

  

aa [A] 50% 

AA 

Aa 

aa (SC) 

50% SC 

50% SI 

Yes 

(p=0.4) 

25% SC 

75% SI 

No 

(p<0.05) 

Two-locus 

dominant-

dominant 

AA 

Aa 

BB 

Bb 

AABB 

AABb 

AaBB 

AaBb 

[A] any 

[B] any 

AABB (SC) 

AABb (SC) 

AAbb
 

AaBB (SC) 

AaBb (SC)
 

Aabb 

aaBB 

aaBb 

aabb 

100% SC 

0% SI 

No  
(p<0.05) 

  

a
 We assume the allele(s) needed for selfing to be fixed in selfing populations due to high selfing rates 

b
 For simplicity, genotypes with the ~0% frequency-allele are not shown 

c This test was only performed if ratios in BBS progeny (previous column) could not be rejected. 
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Table 2 continued 

Genetic model 

Locus 1 

genotype 

needed 

for SC 

Locus 2 

genotype 

needed 

for SC 

Genotypes 

conferring SC 

(
a 
underlined 

genotype 

assumed to be 

fixed in SC 

pops) 

Allele 

frequency 

scenario 

in SI 

pops 

Possible 

genotypes 
b
 in SI 

pops and their 

breeding system 

(SI unless 

indicated 

otherwise) 

Expected 

segregation 

ratio in 

BBS 

progeny  

Fit to observed 

ratio  

38% SC and 42% 

SI 

in BBS progeny? 

(Exact binomial 

test) 

c
 Expected 

segregation 

ratio in 

BP♀SI × ♂SI 

progeny 

c
 Fit to observed 

ratio 

1.4% SC and 85% 

SI in BP♀SI × ♂SI 

progeny? 

(Exact binomial 

test) 

Two-locus 

recessive-

recessive 

aa bb aabb 

[a] ~0% 

[b] ~0% 
AABB 

~0% SC 

~100% SI 

No 
(p<0.05) 

  

[a] 50% 

[b] ~0% 

AABB 

AaBB 

aaBB 

~0% SC 

~100% SI 

No 

(p<0.05) 
  

[a] ~0% 

[b] 50% 

AABB 

AABb 

AAbb 

~0% SC 

~100% SI 

No 

(p<0.05) 
  

[a] 50% 

[b] 50% 

AABB 

AABb 

AAbb 

AaBB 

AaBb 

Aabb 

aaBB 

aaBb 

aabb (SC) 

25% SC 

75% SI 

No 

(p<0.05) 
  

a 
We assume the allele(s) needed for selfing to be fixed in selfing populations due to high selfing rates 

b 
For simplicity, genotypes with the ~0% frequency-allele are not shown 

c This test was only performed if ratios in BBS progeny (previous column) could not be rejected. 
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Table 2 continued 

Genetic model 

Locus 1 

genotype 

needed 

for SC 

Locus 2 

genotype 

needed 

for SC 

Genotypes 

conferring SC 

(
a 
underlined 

genotype 

assumed to be 

fixed in SC pops) 

Allele 

frequency 

scenario 

in SI 

pops 

Possible 

genotypes 
a
 in SI 

pops and their 

breeding system 

(SI unless 

indicated 

otherwise) 

Expected 

segregation 

ratio in 

BBS 

progeny  

Fit to observed 

ratio  

38% SC and 42% 

SI 

in BBS progeny? 

(Exact binomial 

test) 

c
 Expected 

segregation 

ratio in 

BP♀SI × ♂SI 

progeny 

c
 Fit to observed 

ratio 

1.4% SC and 85% 

SI in BP♀SI × ♂SI 

progeny? 

(Exact binomial 

test) 

Two-locus 

dominant-

recessive 

AA  bb 
AAbb 

Aabb 

[A] ~0% 

[b] ~0% 
aaBB 

~0% SC 

~100%SI 

No 

(p<0.05) 
  

[A] ~0% 

[b] 50%  

aaBB 

aaBb 

aabb 

~50% SC 

~50% SI 

Yes 

(p=0.40) 

 

~0% SC 

~100%SI 

Yes 

(When expected 

~0% SC is larger 

than 0.34%) 

[A] 50% 

[b] ~0%  

AABB 

AaBB 

aaBB 

~0% SC 

~100%SI 

No 
(p<0.05)  

  

[A] 50% 

[b] 50% 

AABB 

AABb 

AAbb (SC) 

AaBB 

AaBb 

Aabb (SC)
 

aaBB 

aaBb 

aabb 

50% SC 

50% SI 

Yes 

(p=0.40) 

18.75% SC 

81.25% SI 

No 
(p<0.05)  

a 
We assume the allele(s) needed for selfing to be fixed in selfing populations due to high selfing rates 

b 
For simplicity, genotypes with the ~0% frequency-allele are not shown 

c This test was only performed if ratios in BBS progeny (previous column) could not be rejected. 
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Can the dominant-recessive model also explain SC in the background with S1? Unlike S19, as a 

consequence of its functional recessivity to any other S-haplotypes (Prigoda et al., 2005), S1 generally 

has a high frequency in populations (e.g., Schierup et al., 2001; Mable et al., 2017). In the outcrossing 

populations included in our study, the frequency is around 79% (Mable et al., 2017). In an F2 mapping 

population segregating for breeding system, all SC individuals were S1S1, but not all S1S1 

homozygotes were SC (Mable et al., 2017). Thus, in the predicted models (Table 2), S1 could 

represent the recessive allele needed for SC that segregates at high frequency in SI populations. Under 

the dominant-recessive model, the allele required for SC on the second locus should then act 

dominantly. Regardless of the frequency of this dominant allele in SI populations, the BBS crosses 

should then yield even frequencies of SI and SC phenotypes, but for BBS crosses with SC plants from 

the populations RON and PTP (S1S1 homozygotes), the frequency of SC progeny was 21% (Fig. S3). 

Thus, for the S1 background, our segregation ratios better fit the predictions of the recessive-recessive 

model with relatively high frequencies of S1 and the recessive modifier allele in SI populations. 

Therefore, our findings support the hypothesis by Mable et al. (2017) that recessive modifier-allele 

acting on S1 underlies SC in the selfing background fixed for S1.   

The next question then is whether the putative recessive modifier allele that confers SC in S1 

homozygotes is the same allele that confers SC in plants carrying S19 or whether S1 and S19 (and 

possibly other S-haplotypes) each have their own modifier locus. However, our data is inconclusive in 

this respect. To distinguish whether one or two haplotype modifier loci are involved in the loss of SI 

in A. lyrata, future studies should examine the breeding system segregation in F1 and F2 progeny of 

plants from specific crosses between parents with known S-locus genotypes. 

 

4.6 Conclusion 

 
Taken together, our findings show that single-locus models cannot explain the genetic basis of the 

breakdown of SI in North American A. lyrata. Instead, we propose that different two-locus models 

explain the breakdown of SI in different S-locus backgrounds. The first model is specific to the S19 S-

locus background, and involves a recessively acting modifier of S19. The second model is specific to 

the S1 S-locus background, and involves a recessively acting modifier of S1 that confers SC in S1S1 

homozygotes. To further unravel the exact mechanistic basis of the S-haplotype specific modifier 

interaction, future work should employ crossing designs to disassociate the modifiers from their S-

locus background.  
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4.7 Supporting information 

 

Table S1 Population code, geographic origin, breeding system and mating system of the populations from which we used seeds (kindly provided by Barbara 

Mable) to grow the parents of our crossing design (Fig. 1). 

 

Population code Location, Lake, State/Province, Country 
Population coordinates 

Predominant 

breeding system 

(proportion of SC 

individuals) 
a
 

Outcrossing 

rate Tm
a
 

Latitude Longitude 

IND Indiana Dunes National Lakeshore, Lake Michigan, Indiana, USA N 41˚37'17" W 87˚12'44" SI (0.14) 0.99 

MAN Manitoulin Island, Georgian Bay, Ontario, Canada N 47˚39'54" W 82˚15'52" SI (0.13) 0.83 

SBD Sleeping Bear Dunes National Lakeshore, Lake Michigan, Michigan, USA N 44˚56'20" W 85˚52'13" SI (0.00) 0.94 

TSS Tobermory Singing Sands, BPNP, Lake Huron, Ontario, Canada N 45˚11'33" W 81˚35'02" SI (0.00) 0.91 

PCR Port Crescent State Park, Lake Huron, Michigan, USA N 44˚00'15" W 83˚04'26" SI (0.00) 0.98 

PIN Pinery Provincial Park, Lake Huron, Ontario, Canada N 43˚16'08" W 81˚49'53" SI (0.00) 0.84 

PTP Point Pelee National Park, Lake Erie, Ontario, Canada N 41˚55'40" W 82˚30'51" SC (1.00) 0.09 

RON Rondeau Provincial Park, Lake Erie, Ontario, Canada N 42˚15'41" W 81˚50'47" SC (1.00) 0.28 

TC Tobermory Cliffs, Bruce Peninsula National Park, Georgian Bay, Ontario, Canada N 45˚14'30" W 81˚31'03" SC (0.88) 0.18 

TSSA Tobermory Singing Sands Alvar, BPNP, Lake Huron, Ontario, Canada N 45˚11'27" W 81˚35'26" SC (0.50) 0.41 

LPT Long Point Provincial Park, Lake Erie, Ontario, Canada N 42˚34'47" W 80˚23'15" SC (1.00) 0.13 

KTT Kitty Todd State Nature Preserve, -, Ohio, USA N 41˚37'14" W 83˚47'15" SC (1.00) 0.31 
a
 Values from Foxe et al (2010) 
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Table S2 The list of fruit length and the number of seed per fruit after selfing pollination for 36 parent 

plants from six SC populations and six SI populations of A. lyrata. Each plant did at least six selfing 

pollinations. We used the fruit length and seed number per fruit to identify the breeding system 

phenotype of plant. NA means no data here. 

 
 

Breeding 

system 

Population 

code 

Set 1   Set2 

Plant 

code 

Flower code 

of selfing 

Fruit 

length 

seed 

No. 
 

Plant 

code 

Flower code  

.of selfing 

Fruit 

length 

seed 

No. 

SI IND IND-A 37 5.98 0 

 

IND-D 1 5.83 0 

   
38 5.03 0 

  
2 10.09 NA 

   

39 6.24 0 

  

3 6.03 0 

   
40 10.7 2 

  
4 14.85 NA 

   

41 8.35 1 

  

5 5.92 0 

   

42 5.98 0 

  

6 8.55 NA 

  
IND-B 37 5 0 

 
IND-E 1 4.12 0 

   

38 4.01 0 

  

2 3.25 0 

   

39 3.85 0 

  

3 3.22 0 

   
40 3.9 0 

  
4 3.04 0 

   

41 3.15 0 

  

5 NA NA 

   

42 4.28 0 

  

6 NA NA 

  
IND-C 1 8.53 1 

 
IND-F 1 3.13 0 

   

2 7.89 1 

  

2 3.12 0 

   

3 3.75 0 

  

3 4.04 0 

   
4 3.74 0 

  
4 3.15 0 

   

5 4.18 0 

  

5 4.15 0 

 

    6 4.02 0     6 4.27 0 

 

MAN MAN-A 40 7.87 0 

 

MAN -D 1 NA NA 

   
41 7.15 0 

  
2 NA NA 

   

42 5.44 0 

  

3 NA NA 

   

43 13.57 3 

  

4 NA NA 

   
44 13.98 3 

  
5 5.05 NA 

   

45 5.29 0 

  

6 5.04 NA 

  

MAN-B 43 5.22 0 

 

MAN -E 1 4.26 0 

   
44 4.74 0 

  
2 4.15 0 

   

45 5.44 0 

  

3 NA NA 

   

46 5.92 0 

  

4 NA NA 

   
47 5.16 0 

  
5 6.28 NA 

   

48 13.08 1 

  

6 NA NA 

  
MAN-C 1 4.67 0 

 
MAN-F 1 7.05 NA 

   

2 4.38 0 

  

2 5.47 0 

   

3 5.21 0 

  

3 5.15 0 

   
4 4.92 0 

  
4 5.03 0 

   

5 4.7 0 

  

5 5.91 0 

 

    6 4.94 0     6 8.69 NA 

 

PCR PCR-A 40 14.29 6 

 

PCR-D 1 4.17 0 

   
41 15.58 5 

  
2 6.9 0 

   

42 15.32 12 

  

3 5.14 0 

   

43 11.42 0 

  

4 5.72 0 

   
44 16.42 10 

  
5 4.99 0 

   

45 18.17 13 

  

6 6.37 0 

   

46 16.64 12 

     
   

47 14.59 7 
     

   

48 12.47 8 

     

   

49 8.91 0 

     
  

PCR-B 43 6.27 0 
 

PCR-E 1 5.12 0 

   

44 5.71 0 

  

2 5.71 0 

   

45 5.59 0 

  

3 7.2 NA 

   
46 5.9 0 

  
4 4.63 0 

   

47 6.05 0 

  

5 5.28 0 

   

48 5.79 0 

  

6 15.09 NA 

  
PCR-C 1 5.62 0 

 
PCR-F 1 6.5 0 

   

2 12.74 4 

  

2 5.71 0 

   
3 11.51 3 

  
3 5.24 0 

   

4 24.83 20 

  

4 6.21 0 

   

5 21.89 20 

  

5 6.03 0 

 
    6 21.04 0     6 6 0 
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Table S2 continued 

 

  

Set 1 

 

Set2 

Breeding 

system 

Population 

code 

Plant 

code 

Flower code 

of selfing 

Fruit 

length 

seed 

No. 

 

Plant 

code 

Flower code. 

of selfing 

Fruit 

length 

seed 

No. 

SI PIN PIN-A 43 4.69 0 

 

PIN-D 1 5.57 NA 

   
44 10.87 1 

  
2 7.56 NA 

   

45 3.68 0 

  

3 11.19 NA 

   

46 4.38 0 

  

4 6.27 NA 

   
47 7.08 1 

  
5 10.8 NA 

   

48 4.11 0 

  

6 11.5 NA 

  

PIN-B 37 7.89 1 

 

PIN-E 1 5.22 0 

   
38 4.96 0 

  
2 5.59 0 

   

39 4.43 0 

  

3 6.38 0 

   

40 4.23 0 

  

4 12.1 0 

   
41 4.52 0 

  
5 5.14 0 

   

42 3.22 0 

  

6 6.72 0 

  

PIN-C 1 13.78 NA 

 

PIN-F 1 0 NA 

   
2 8.42 3 

  
2 0 NA 

   

3 7.59 1 

  

3 0 NA 

   

4 7.6 1 

  

4 0 NA 

   
5 10.63 5 

  
5 0 NA 

 

    6 13.83 10     6 0 NA 

 

SBD SBD-A 19 9.55 4 

 

SBD-D 1 7.18 0 

   
20 5.74 0 

  
2 6.92 0 

   

21 4.96 0 

  

5 6.22 0 

   

46 14.59 6 

  

6 5.68 0 

   
47 4.64 0 

  
27 5.41 0 

   

48 6.01 0 

  

28 6.25 0 

  

SBD-B 37 6.12 0 

 

SBD-E 1 15.89 NA 

   
38 4.17 0 

  
2 8.46 NA 

   

39 4.02 0 

  

3 5.08 0 

   

40 5.33 0 

  

4 6.86 NA 

   
41 4.29 0 

  
5 9.57 NA 

   

42 5.34 0 

  

6 13.35 NA 

  

SBD-C 1 7.48 0 

 

SBD-F 1 6.13 0 

   
2 4.57 0 

  
2 5.63 0 

   

3 4.56 0 

  

3 14.45 NA 

   

4 5.17 0 

  

4 6.04 0 

   
5 4.32 0 

  
5 6 0 

 

    6 4.81 0     6 10.06 NA 

 

TSS TSS-A 19 4.85 0 

 

TSS-D 1 6.73 NA 

   
20 3.06 0 

  
2 6.72 NA 

   

21 3.98 0 

  

3 7.09 NA 

   

45 4.28 0 

  

4 5.04 NA 

   
46 4.6 0 

  
5 7.12 NA 

   

47 3.82 0 

  

6 6.66 NA 

  

TSS-B 43 5.12 0 

 

TSS-E 1 5.97 NA 

   
44 3.04 0 

  
2 9.88 NA 

   

45 3.91 0 

  

3 9.86 NA 

   

46 5.08 0 

  

4 12.52 NA 

   
47 4.25 0 

  
5 9.71 NA 

   

48 0 NA 

  

6 6.87 NA 

  

TSS-C 1 4.72 NA 

 

TSS-F 1 13.86 NA 

   

2 8.23 2 

  

2 14.19 NA 

   

3 10.04 3 

  

3 11.29 NA 

   

4 10.05 3 

  

4 6.94 NA 

   
5 4.89 NA 

  
5 11.1 NA 

 

    6 0 NA     6 9.09 NA 
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Table S2 continued 

 
 
Breeding 

system 

Population  

code 

Set 1   Set2 

Plant 

code 

Flower code 

of selfing 

Fruit 

length 

seed 

No. 

 

Plant 

code 

Flower code. 

of selfing 

Fruit 

length 

seed 

No. 

SC KTT KTT-A 1 17.05 NA 

 

KTT-D 1 25.6 NA 

   
2 22.06 NA 

  
2 25.29 NA 

   

3 15.65 NA 

  

3 24.09 NA 

   

4 22.56 NA 

  

4 21.86 NA 

   
5 26.24 NA 

  
5 26.6 NA 

   

6 20.24 NA 

  

6 26.08 NA 

  

KTT-B 1 15.83 NA 

 

KTT-E 1 33.61 NA 

   
2 20.61 NA 

  
2 32.59 NA 

   

3 23.5 NA 

  

3 33.45 NA 

   

4 21.18 NA 

  

4 32.33 NA 

   
5 27.16 NA 

  
5 32.85 NA 

   

6 24.3 NA 

  

6 28.71 NA 

  

KTT-C 1 23.65 NA 

 

KTT-F 1 NA NA 

   
2 19.49 NA 

  
2 NA NA 

   

3 23.5 NA 

  

3 NA NA 

   

4 22.78 NA 

  

4 NA NA 

   
5 14.85 NA 

  
5 NA NA 

 

    6 22.49 NA     6 NA NA 

 

LPT LPT-A 1 31.06 NA 

 

LPT-D 1 33.8 NA 

   
2 27.24 NA 

  
2 36.36 NA 

   

3 36.14 NA 

  

3 36.05 NA 

   

4 35.46 NA 

  

4 34.23 NA 

   
5 25.53 NA 

  
5 33.98 NA 

   

6 NA NA 

  

6 27.63 NA 

  

LPT-B 1 49.39 NA 

 

LPT-E 1 41.06 NA 

   
2 36.96 NA 

  
2 40.85 NA 

   

3 34.04 NA 

  

3 38.6 NA 

   

4 35.24 NA 

  

4 36.05 NA 

   
5 38.67 NA 

  
5 37.09 NA 

   

6 21.73 NA 

  

6 35.7 NA 

  

LPT-C 1 25.75 NA 

 

LPT-F 1 37.17 NA 

   
2 NA NA 

  
2 34.58 NA 

   

3 NA NA 

  

3 37.9 NA 

   

4 NA NA 

  

4 41.68 NA 

   
5 NA NA 

  
5 40.26 NA 

 

    6 19.75 NA     6 36.19 NA 

 

PTP PTP-A 1 20.21 NA 

 

PTP-D 1 32 NA 

   
2 21.46 NA 

  
2 36.22 NA 

   

3 22.68 NA 

  

3 33.52 NA 

   

4 28.78 NA 

  

4 33.33 NA 

   
5 29.62 NA 

  
5 34.03 NA 

   

6 21.79 NA 

  

6 34.72 NA 

  

PTP-B 1 22.86 NA 

 

PTP-E 1 28.88 NA 

   
2 24.67 NA 

  
2 30.22 NA 

   

3 22.35 NA 

  

3 34.13 NA 

   

4 32.96 NA 

  

4 34.26 NA 

   
5 29.74 NA 

  
5 27.09 NA 

   

6 NA NA 

  

6 28.28 NA 

  

PTP-C 1 24.26 NA 

 

PTP-F 1 30.71 NA 

   
2 29.46 NA 

  
2 30.45 NA 

   

3 25.64 NA 

  

3 32.48 NA 

   

4 26.73 NA 

  

4 32.91 NA 

   
5 31.07 NA 

  
5 30.8 NA 

 

    22 35.96 NA     6 34.91 NA 
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Table S2 continued 

 
    Set 1   Set2 

Breeding 

system 

Population 

code 

Plant 

code 

Flower code 

of selfing 

Fruit 

length 

seed 

No. 
 

Plant 

code 

Flower code. 

of selfing 

Fruit 

length 

seed 

No. 

SC RON RON-A 1 21.56 NA 
 

RON-D 1 29.03 NA 

   

2 21.58 NA 

  

2 28.57 NA 

   

3 17.43 NA 

  

3 26.54 NA 

   
4 NA NA 

  
4 30 NA 

   

5 25.63 NA 

  

5 22.84 NA 

   

6 19.36 NA 

  

6 25.48 NA 

  
RON-B 1 31.02 NA 

 
RON-E 1 28.78 NA 

   

2 33.22 NA 

  

2 30.5 NA 

   

3 33.34 NA 

  

3 24.42 NA 

   
4 32.45 NA 

  
4 28.7 NA 

   

5 31.18 NA 

  

5 26.21 NA 

   

6 NA NA 

  

6 27.36 NA 

  
RON-C 1 24.32 NA 

 
RON-F 1 26.53 NA 

   

2 19.48 NA 

  

2 20.54 NA 

   

3 18.4 NA 

  

3 28.92 NA 

   
4 22.11 NA 

  
4 20.4 NA 

   

5 20.5 NA 

  

5 26.86 NA 

 

    6 16.39 NA     6 26.64 NA 

 
TC TC-A 1 16.67 NA 

 
TC-D 1 30.12 NA 

   

2 22.61 NA 

  

2 32.61 NA 

   

3 25.75 NA 

  

3 27.62 NA 

   
4 28.82 NA 

  
4 28.09 NA 

   

5 26.12 NA 

  

5 28.24 NA 

   

6 17.98 NA 

  

6 29.25 NA 

  
TC-B 1 28.89 NA 

 
TC-E 1 24.82 NA 

   

2 29.75 NA 

  

2 27.03 NA 

   

3 22.54 NA 

  

3 33.23 NA 

   
4 21.11 NA 

  
4 32.79 NA 

   

5 18.95 NA 

  

5 36.63 NA 

   

6 32.16 NA 

  

6 30.85 NA 

  
TC-C 1 36.57 NA 

 
TC-F 1 29.42 NA 

   

2 27.14 NA 

  

2 34.19 NA 

   

3 18.28 NA 

  

3 33.53 NA 

   
4 30.99 NA 

  
4 39.31 NA 

   

5 38.82 NA 

  

5 37.35 NA 

 

    6 28.18 NA     6 43.13 NA 

 
TSSA TSSA-A 1 15.12 NA 

 
TSSA-D 1 13.5 NA 

   

2 15.74 NA 

  

2 13.97 NA 

   

3 17.35 NA 

  

3 9.05 NA 

   
4 19.01 NA 

  
4 8.07 NA 

   

5 22.24 NA 

  

5 13.5 NA 

   

6 7.18 NA 

  

6 0 NA 

  
TSSA-B 1 15.14 NA 

  
36 9.13 NA 

   

2 15.41 NA 

  

37 8.1 NA 

   

3 14.66 NA 

  

38 10.7 NA 

   
4 7.56 NA 

 
TSSA-E 1 12.61 NA 

   

5 12.43 NA 

  

2 21.48 NA 

   

6 12.89 NA 

  

3 20.56 NA 

   

7 16.85 NA 

  

4 14.45 NA 

   

8 9.76 NA 

  

5 13.82 NA 

   

9 10.86 NA 

  

6 14.03 NA 

  
TSSA-C 1 16.03 NA 

 
TSSA-F 1 12.18 NA 

   

2 13.76 NA 

  

2 12.35 NA 

   

3 12.75 NA 

  

3 13.56 NA 

   
4 17.01 NA 

  
4 18.15 NA 

   

5 NA NA 

  

5 17.55 NA 

      19 20.45 NA     6 18.65 NA 
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Table S3 Timeline and progeny numbers for six sowing rounds of cross-progeny. In each batch, one seed per seed-family was sown.  

 

Source 
Batch number Total 

1 2 3 4 5 6 
 

Time schedule 
       

Sowing month 7.2015 10.2015 9.2016 2.2017 8.2017 8.2017 - 

Month during which self-pollinations started 9.2015 1.2016 11.2016 4.2017 10.2017 10.2017 - 

Month during which self-pollinations stopped 3.2016 7.2016 4.2017 9.2017 4.2018 4.2018 - 

        

Seed and germination 
       

Parental set A, B, C A, B, C D, E, F D, E, F A, B, C 

A, B, C, D, E, F 

extra progeny from 

between breeding 

system (BBS) crosses 

- 

Number of families with available seeds 446 446 452 452 430 211 2437 

Number of germinated seeds 419 427 204 206 268 155 1260 

        

Pollination 
       

Number of plants that could be self-pollinated 276 196 202 206 268 141 1295 

Total number of self-pollinations (in principle, 10 

self-pollinations per plant) 
2564  2564 1855 2137 2860 1467 12928 

        

Sterility 
       

Number of plants for which sterility was tested 116 62 95 85 - - 356 

Completely sterile 0 4 3 3   10 (2.8%) 

Female sterile 0 0 5 7   12 (3.4%) 

Male sterile 2 3 0 0 - - 5 (1.4%) 
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Table S4 Linear mixed model analysis to test the effect of maternal and paternal fruit length and their 

interaction on progeny fruit length after self-pollination in selfing populations. We tested the 

significance of the fixed effect by comparing models with and without the tested term using 

likelihood-ratio tests. Bold indicates significance. We individually calculated fruit length of progeny 

plants and parents’ plants based on the median fruit length of multiple fruits per plant prior to 

analysis. 

 

Source   
Progeny fruit length after selfing  

(Gaussian) 

Fixed effects df Estimate SE χ
2
 P 

Maternal fruit length after selfing(MFL) 1 0.32 0.22 4.97 0.026 
Paternal fruit length after selfing (PFL) 1 0.32 0.22 8.50 0.004 
MFL:PFL 1 -0.00 0.01 0.10 0.756 

      

Random effects  SD 

Maternal population  1.59 

Paternal population  1.02 

Maternal plant 

(nested in Maternal population) 
 1.70 

Paternal plant 

(nested in Paternal population) 
 1.40 

Batch code  0.84 

Residual  4.22 
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Table S5 Summary of the number and frequency of progeny from each cross-type in three different phenotypes. SC breeding system phenotype was identified 

by the values of SC-index greater or equal to 0.75. SI breeding system phenotype was identified by the values of SC-index less or equal to 0.25. The 

intermedia breeding system phenotype was identified by the values if SC-index between 0.75 and 0.25. 

 

 

  

Cross-type 
SC phenotype 

( SC-index≥0.75 ) 

SI phenotype 

( SC-index≤0.25 ) 

Intermedia  breeding system phenotype 

(0.25<SC-index<0.75)  

 

Totally 

WP♀SI × ♂SI 1.5% 76.1% 22.4% 67 

BP♀SI × ♂SI 1.4% 84.9% 13.7% 212 

BBS ♀SI×♂SC 33.9% 46.0% 20.1% 339 

BBS♀SC×♂SI 42.9% 37.2% 19.9% 352 

BBS 

(BBS ♀SI×♂SC+BBS♀SC×♂SI) 
38.5% 41.5% 20.0% 691 

BP♀SC × ♂SC 83.4% 0.4% 16.2% 229 

WP♀SC × ♂SC 72.9% 0.0% 27.1% 70 
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Figure S1 The relationship between fruit length and seed number per fruit in cross-progeny by maternal population (population coding corresponds to Table 

S1). Best-fit regression lines are shown along with their equation and proportion of explained variance R
2
.  
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Figure S2 SC-index values for individual cross-progeny by maternal and paternal parent pair. As for crosses between populations, crosses were done between 

parents with the same plant code (i.e. plants with label A always crossed with other plant with label A, see the crossing design in Fig. 1), the parent code A-F 

here represents both maternal and paternal parent code. Population coding corresponds to Table S1. 
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Figure S3 Box plot of the SC-index values for crosses between breeding systems (BBS♀SI × 

♂SC and  BBS♀SC × ♂SI, by design also between populations) for the six different SC populations 

as paternal (♂, left panel) and maternal (♀, right) lines. The genotype of PTP and RON 

populations are S1S1 homozygotes, and the other four populations are S19S19 homozygotes. 

Boxes show the interquartile range (IQR) with the median. Whiskers extend to 1.5×IQR or to 

the lowest/highest data point within 1.5×IQR.  
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Chapter 5 

 

General discussion and outlook 

 

In the three studies included in my thesis, I aimed at elucidating the effect of outbreeding and 

inbreeding on the plant invasion success, and the drivers and genetic basis of plant mating 

system evolution. Below, I briefly discuss the main findings concerning: admixture effect in 

the F2 generation of the invasive species M. guttatus; the effect of inbreeding depression on 

the mating system evolution and the genetic mechanism of the loss of self-incompatibility in 

A. lyrata. 

 

5.1 Admixture effect in invasion plants in F2 generation  

 

5.1.1 Main findings and discussion 

Heterosis, the benefit from admixture, is considered to be transient advantage for plant 

invasion, because it is expected to be restricted in the F1 generation (also see section 1.1). 

Nevertheless, even if heterosis is transient, it can still facilitate the establishment of an 

introduced species by pushing population sizes over or closer to the demographic 

establishment threshold (Drake, 2006). In other words, the transient advantage can help the 

introduced population to increase the change of establishment in the new range. The strength 

of this so-called catapult effect (Drake, 2006) will depend on the individual performance in 

later generations. Consequently, plant performances in later generations also play an 

important role in plant invasion success. My common-garden study on the invasive species M. 

guttatus found that non-admixed progeny were outperformed by admixed progeny (averaged 

across F1 and F2), particularly by progeny from between-range admixture. Although plant 

fitness in F2 has decreased compared with the plant fitness in F1, it is not below the parent 

fitness. This indicates that the increased performance of admixed F1 progeny is partly 

maintained in the F2 progeny. Admixture might thus significantly boost the performance of an 
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invasive plant across multiple generations.  

In this study, inbreeding depression was not found in any traits, with the exception of 

aboveground biomass. However, the strength of the inbreeding depression was quite low in 

both the first and second generation, even under drought treatment. Many studies have 

suggested that environmental stress could magnify inbreeding depression, and environmental 

stress is considered to be an important source of variation in inbreeding depression (Cheptou 

et al., 2001). Such differences in inbreeding depression are typically attributed to differences 

in the levels or types of segregating polymorphism that exist because of different 

demographic or selective histories (Barrett & Charlesworth, 1991; Husband & Schemske, 

1996; Byers & Waller, 1999; Fowler & Whitlock, 1999; Crnokrak & Barrett, 2002; Busch, 

2005). Thus, the low inbreeding depression in M. guttatus under drought treatment is likely 

due to the fact that M. guttatus experienced selection against drought conditions in its history. 

 

5.1.2 Outlook and future work 

Indeed, the benefits of admixture may not be limited to heterosis, but could also include 

increased evolutionary potential due to the emergence of novel genotypes and the increasing 

genetic variation (also see section 1.1). Novel genotypes and increasing genetic variation can 

enhance genetic diversity and result in rapid local adaption, which could increase the 

likelihood of invasion success. Several recent studies suggested that enhanced genetic 

diversity does indeed provide the raw material for local adaptation in newly colonized 

habitats (Prentis et al., 2008; Bock et al., 2014). Thus, novel genotypes and increasing genetic 

variation, as long term benefits from admixture, are also important for plant invasion success. 

Further studies can test the hypothesis that increased evolutionary potential could promote 

plant invasiveness. It would be done by the estimation of trait heritability with multiple 

replicated seed families from M. guttatus. 

It is worth noting the variation in the strength of inbreeding depression when it was 

estimated in different kinds of environmental stress for the same species (Yun & Agrawal, 

2014). Moreover, different species could have different responses in inbreeding depression 

under the same kind of stress, due to the different selective histories. Thus, further work on 

testing inbreeding depression needs to design multiple stress conditions, when it cannot be 
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excluded by selective history information on tested species. 

 

5.2 Inbreeding depression on the mating system evaluation 

 

5.2.1 Main findings and discussion 

In my greenhouse study for testing inbreeding depression in both selfing and outcrossing 

populations of A. lyrata, we found that sibling competition did not significantly change the 

magnitude of inbreeding depression, which never exceeded δ=0.34 it biomass traits. 

Combined with previous findings that drought stress and inducing defense also did not 

magnify inbreeding depression, this suggests that the relatively low estimates of inbreeding 

depression for biomass are indeed realistic estimates of the true inbreeding depression in 

North American A. lyrata. Moreover, there are similar patterns for below- and aboveground 

biomass in inbreeding depression, indicating that aboveground could be used as a sufficient 

proxy for belowground when estimating inbreeding depression. 

The coefficient of inbreeding depression both in selfing and outcrossing populations was 

always below 0.5 in all traits we measured, even under sibling competition. These results 

indicate a relatively weak purging inbreeding load in selfing populations of A. lyrata, which is 

in line with previous studies (Willi, 2013; Carleial et al., 2017). Purging is a significant 

evolutionary force in natural populations (Husband & Schemske, 1996). Thus, the weak 

purging inbreeding load indicates that inbreeding depression does not seem to be an effective 

driver of mating system evolution in A. lyrata. However, low inbreeding depression can be an 

efficient facility for the evolution of selfing (Lande & Schemske, 1985; Porcher & Lande, 

2005). That can explain why the transition to selfing in A. lyrata occurred in North American 

populations, but did not occur in European populations, which suffered strong inbreeding 

depression (Sletvold et al., 2013). 

Purging inbreeding depression is a genetic force for the evolution of selfing, but it is not 

the sole driver. Reproductive assurance under pollen limitation as an ecological factor was 

also a common driver for the evolution of selfing (Baker, 1955; Busch & Schoen, 2008; 
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Griffin & Willi, 2014). It was found that shifts to selfing in North American A. lyrata are 

restricted to range margins, where historical population processes have produced low 

effective population sizes. Thus, the hypothesis was proposed that reproductive assurance due 

to small effective population size is the major force driving the evolution of selfing in A. 

lyrata. Moreover, based on the genetic data (Mable et al., 2017), sharply deceased S-locus 

haplotypes in selfing populations also indicates reproductive assurance due to the low 

availability of compatible mates could occur in its historical processes. In summary, although 

inbreeding depression might not be the main driver for the evolution of selfing in A. lyrata, it 

can potentially facilitate the evolution of selfing, when mate limitation occurs.  

 

5.2.2 Outlook and future work 

In principle, inbreeding depression can occur at any plant life stage. However, most early-

acting inbreeding depression is due to recessive lethal mutations that can be purged through 

inbreeding, whereas much of the late-acting inbreeding depression is mainly due to weakly 

deleterious mutations and is hard to purge (Husband & Schemske, 1996). Our study was 

mainly focused on the late-acting inbreeding, and the magnitude of inbreeding depression was 

likely to be underestimated because early-acting inbreeding depression could be stronger than 

late-acting inbreeding depression. Thus, future work should focus more on testing early-

acting inbreeding depression. Seed set is a good trait to test early-acting inbreeding 

depression (but see Carleial et al., 2017). However, for SI plants, it is hard to disentangle 

whether the substantial reductions in seed set after enforced selfing are due to residual self-

incompatibility or due to early-acting inbreeding depression. More study is needed in the 

future to distinguish seed abortion due to inbreeding depression from reduced seed formation.  

 

5.3 Genetic mechanism of the loss of self-incompatibility in A. lyrata 

 

5.3.1 Main findings and discussion 

Previous work found that SC populations are genetically more similar to geographically 
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closed SI populations, rather than to other SC populations. This led to the hypothesis that 

selfing had multiple origins (Foxe et al., 2010). Furthermore, different SC populations were 

fixed for different S-haplotypes (some of the selfing populations were S1S1 homozygotes, the 

other were S19S19 homozygotes). This would also be compatible with at least two origins of 

self-compatibility and selfing populations (Mable et al., 2017), and indicating potentially 

multiple mechanistic underpinnings of self-compatibility. In my pollination controlled 

experiment in A. lyrata, we found that most progeny from crosses between SC parents from 

different selfing populations are also self-compatible. The lack of restoration of self-

incompatibility shows that the loss of self-incompatibility in the different selfing populations 

in A. lyrata cannot be explained by independent recessive loss-of-function mutations. 

Progeny from crosses between parents with different breeding systems resulted in 

approximately even frequencies of SC and SI plants. This result strongly rejects the 

hypothesis that the loss of self-incompatibility is determined by only one genetic factor. Our 

results indicate that the loss of self-incompatibility was co-determined by two unlinked 

genetic factors. One factor is dominant or recessive and is only harbored in SC populations. 

The other factor is recessive and is harbored in both SC and SI populations. Combined with 

the genetic data in the previous studies (Mable et al., 2017), the two genetic factors are more 

likely some specific S-alleles and a common recessive S modifier. We propose the hypothesis 

that the loss of self-incompatibility in A. lyrata resulted from the interaction between an S-

locus modifier and specific S-haplotypes. More specifically, our data fit a model in which a 

recessive allele at a modifier-locus affects the dominant haplotype S19 and the recessive 

haplotype S1. 

 

5.3.2 Outlook and future work 

To support the predicted pattern of the loss of self-incompatibility we proposed, much work is 

required. First, to confirm specific S-alleles required for the loss of self-incompatibility, the 

DNA sequence of S-alleles (SRK and SCR) from both SC and SI plants need to be isolated for 

testing whether there are some significant different regions, especially in the SCR gene 

region. Theoretical predictions suggest that mutations disabling male specificity are expected 
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to be more strongly selected than mutations disabling female specificity, or the female 

downstream signaling pathway (Charlesworth & Charlesworth, 1979; Mable, 2008). Some 

empirical studies in Brassicaceae have also suggested that such a male-driven loss of SI is 

more common in wild (Uyenoyama et al., 2001; Busch & Schoen, 2008; Tsuchimatsu et al., 

2012). Moreover, a previous survey of SRK alleles found that there were extremely low levels 

of variation in SRK sequences between SC and SI populations (Mable et al., 2005). Thus, if 

the loss of self-incompatibly is associated with loss-functional mutation at S-locus genes, it is 

more likely at SCR than SRK. 

 Second, to test the loss of self-incompatibility caused by a modifier affecting the S-locus 

gene expression, it is needed to check whether S-locus genes (SRK and SCR) expression is 

reduced in RNA level or protein level. Finally, to find the potential modifier gene associated 

with the loss of self-incompatibility in SC populations, future work needs to find out the 

potential modifier in A. lyrata. One option is to find the homology modifier gene in A.lyrata 

based on an identified modifier (PUB8) in the model species A. thaliana. Another option is to 

find the homology modifier gene based on some identified modifier in Brassica crops (Gu et 

al., 1998; Stone et al., 1999; Vanoosthuyse et al., 2003; Murase et al., 2004), like arm-repeat-

containing protein 1 (ARC1), M-locus protein kinase (MLPK), kinase-associated protein 

phosphatase (KAPP), exocyst complex subunit (Exo70A1). By comparing these potential 

modifier genes between SC and SI populations, it should be attempted to find some that are 

associated with the loss of self-incompatibility and interact with the specific S-alleles. 
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