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Abstract 

Knowledge of which genes and pathways are affected by inbreeding may help understanding the 

genetic basis of inbreeding depression, the potential for purging (selection against deleterious 

recessive alleles) and the transition from outcrossing to selfing. Arabidopsis lyrata is a predominantly 

self-incompatible perennial plant, closely related to the selfing model species A. thaliana. To examine 

how inbreeding affects gene expression, we compared the transcriptome of experimentally selfed 

and outcrossed A. lyrata originating from two Scandinavian populations that express similar 

inbreeding depression for fitness (∂≈0.80). The number of genes significantly differentially expressed 

between selfed and outcrossed individuals were 2.5 times higher in the Norwegian population (≈500 

genes) than in the Swedish population (≈200 genes). In both populations a majority of genes were 

up-regulated upon selfing (≈80%). Functional annotation analysis of the differentially expressed 

genes showed that selfed offspring were characterized by (i) up-regulation of stress-related genes in 

both populations, and (ii) up-regulation of photosynthesis-related genes in Sweden but down-

regulation in Norway. Moreover, we found that reproduction- and pollination-related genes were 

affected by inbreeding only in Norway. We conclude that inbreeding causes both general and 

population-specific effects. The observed common effects suggest that inbreeding generally up-

regulates rather than down-regulates gene expression and affects genes associated with stress 

response and general metabolic activity. Population differences in number of affected genes and in 

effects on the expression of photosynthesis-related genes show that the genetic basis of inbreeding 

depression can differ between populations with very similar levels of inbreeding depression. 

 

Keywords: Inbreeding, gene expression, stress-related genes, Arabidopsis lyrata, RNA-Seq 
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Introduction 

The fitness consequences of inbreeding were investigated already by Darwin in order to understand 

why outcrossing is the prevalent mechanism of reproduction in nature. He found self-fertilization to 

be highly disadvantageous since the inbred progeny were often less viable and less fertile; a 

phenomenon known as inbreeding depression (Darwin 1876). Inbreeding depression results from 

exposure of recessive harmful alleles due to increased homozygosity at inbreeding, and may be the 

product of several mechanisms. According to the most generally accepted model, the dominance or 

partial dominance model, deleterious recessive mutations, which occur at low frequencies 

throughout the genome, will be detrimentally expressed as inbreeding increases homozygosity. In 

contrast, the overdominance model suggests that balancing selection favours heterozygous 

genotypes over homozygote ones, and that fitness is therefore reduced during inbreeding 

(Charlesworth and Charlesworth 1987). Other models assume (i) that closely linked genes with 

different deleterious recessive alleles in repulsion will result in lower fitness in homozygotes 

compared to heterozygotes in an apparently overdominant fashion (pseudo-overdominance), or (ii) 

that unlinked deleterious alleles can compensate each other in a positive epistatic manner in hybrids, 

causing heterosis (Charlesworth and Willis 2009). Thus, there are several possible mechanisms 

resulting in the expression of inbreeding depression upon selfing.  

 However, the negative consequences of inbreeding can in some situations be more than 

balanced by the transmission advantage and the reproductive assurance that a selfing mutant may 

enjoy in an otherwise outcrossing population. Selfing allows the transmission of two parental copies 

of genes to the progeny through female function compared with only one copy per parent among 

outcrossing individuals. This is advantageous because a higher proportion of own genetic material 

will be transmitted (Fisher 1941), but also because locally adapted genotypes will not be broken up 

by recombination in each generation. Moreover, reproductive assurance may favour the evolution of 

selfing in environments with few suitable mates and where pollinators are scarce (Jarne and 

Charlesworth 1993). The direction of mating system evolution is thus expected to depend on the 

magnitude of inbreeding depression, but also on environmental context. Indeed the magnitude of 

inbreeding depression is much stronger in regularly outcrossing species than in obligate selfers 

(Barrett and Charlesworth 1991; Husband and Schemske 1996; Charlesworth and Willis 2009; Winn, 

et al. 2011). 

Although the fitness consequences of inbreeding are relatively well studied in some systems 

(Husband and Schemske 1996; Keller and Waller 2002), little is known about the effects of 

inbreeding on gene expression (Kristensen et al. 2010; Hansson et al. 2014). Recent developments in 
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‘omic’ technologies and systems biology allow new approaches for studying inbreeding-induced gene 

expression variation. For example, transcriptomics and proteomics allow visualisation of gene 

expression and protein changes in response to inbreeding and may thus help unravelling pathways 

affected. Furthermore, SNP arrays and QTL mapping can assist in finding the deleterious alleles 

causing inbreeding depression. Transcriptomics studies of inbreeding effects in Drosophila 

melanogaster have found that inbreeding mainly affects response to stress and fundamental 

metabolic processes (Kristensen et al. 2010). One of the most common effects is increased 

expression of heat shock proteins, which are known to bind to unstable proteins and facilitate 

correct protein folding (Gething and Sambrook 1992). The induction of heat shock proteins is likely to 

be a general stress response that buffers the negative effects of expression of deleterious mutations 

causing protein misfolding (Ayroles et al. 2009). It is also well documented that inbreeding increases 

sensitivity towards environmental stress in inbred individuals (Bijlsma et al. 2000), suggesting that 

the up-regulation of stress response genes is a general response to both genetic and environmental 

stress (Sorensen et al. 2003). Stress responses are associated with energetic costs, and inbred 

individuals in general show a lower metabolic efficiency and an up-regulation of genes involved in 

metabolic processes (Kristensen et al. 2006; Ayroles et al. 2009). However, so far it is not known to 

what extent changes in gene expression reflect (a) direct effects of deleterious mutations in the 

corresponding genes, and (b) indirect downstream responses to buffer the negative effects of stress 

caused by exposure of other deleterious alleles, respectively. 

Several transcriptomics and genome-wide expression studies of inbreeding have been 

conducted using Drosophila, but there are few corresponding studies of plants. Therefore, how 

inbreeding affects gene expression is still largely unknown. This is unfortunate because knowledge of 

which genes and pathways are affected by inbreeding is of importance for understanding central 

questions in evolutionary and conservation biology, including the genetic basis of inbreeding 

depression, the potential for purging (selection against deleterious recessive alleles) and the 

transition from outcrossing to selfing (Bijlsma et al. 2000; Charlesworth and Willis 2009; Kristensen et 

al. 2010). Purging and transition to selfing are for instance less likely when inbreeding depression is 

caused by many genes with weakly deleterious effects and when gene interaction is pronounced 

(Charlesworth et al. 1990, 1993; Ayroles et al. 2009).  

In the present study, we investigate the effects of inbreeding on gene expression in 

experimentally selfed and outcrossed Arabidopsis lyrata, a perennial herb in the family Brassicaceae 

and a close relative of the model organism A. thaliana (Kaul et al. 2000). Experimental plants 

originated from two self-incompatible, Scandinavian A. lyrata populations, which both express 

severe inbreeding depression for overall fitness measured across two growing seasons in a 
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glasshouse (∂≈0.80), with similar timing and magnitude of inbreeding depression across life stages 

(Sletvold et al. 2013). The experimentally induced inbreeding level, i.e. selfing (f = 0.5), will on 

average reduce heterozygosity by 50% relative to the outcrossed controls (f = 0). Therefore, any 

effect of the experiment is likely to be caused by increased homozygosity and expression of partly 

recessive alleles in the selfed individuals. We measure gene expression levels in the leaves of young 

plants (12 weeks old) because we want to test inbreeding effects at an early life stage. We apply 

transcriptome and pathway analyses and identify a large number of genes and biological functions 

that are sensitive to inbreeding. We also conduct gene interaction network analyses of the genes 

that were significantly affected by inbreeding. The results are discussed in light of the similar 

magnitude of inbreeding depression in the two study populations (Sletvold et al. 2013) and the fact 

that a mating-system transition from self-incompatibility to self-fertility has occurred in several 

Arabidopsis lineages, including in A. thaliana and some North American A. lyrata populations (Clauss 

and Koch 2006; Mable and Adam 2007). 

Material and Methods 

Study species, crossings and RNA extraction 

Arabidopsis lyrata ssp. petraea has a disjunct, patchy distribution in Europe (Jalas 1994), and occurs 

across a wide altitudinal range in habitats characterized by moderate soil disturbance. In 2007, seeds 

were collected from 50 plants in each of two large Scandinavian A. lyrata ssp. petraea populations 

(>2000 individuals): an alpine population in Norway (Spiterstulen: 1100 m a.s.l., 61°41’N, 8°25’E), and 

a coastal population in Sweden (Stubbsand; <5 m a.s.l., 63°13’N, 18°58’E). The populations are 

differentiated at microsatellite loci (Gaudeul et al. 2007), as well as in phenotypic traits such as 

flowering phenology (Sandring et al. 2007), leaf trichome production (Løe et al. 2007) and tolerance 

to drought (Sletvold and Ågren 2012). Progeny raised from field-collected seeds were grown for one 

generation and randomly outcrossed in the greenhouse. Detailed descriptions of the laboratory 

conditions are given elsewhere (Sletvold et al. 2013) and will only briefly be mentioned here. 

In 2008, seeds were produced through controlled self- and cross-pollination, respectively. To 

circumvent the self-incompatibility system, flowers were self-pollinated at the bud stage (Cabin et al. 

1996; Kärkkäinen et al. 1999; Kachroo et al. 2002). Each cross-pollinated flower received pollen from 

two random donors within the source population. In 2009, nine replicates per cross type of 24 

maternal parents per population were planted in 5.5x5.5 cm pots. In each pot, two seeds were 

planted. The pots were stratified for four days at 4°C in a dark cold-room and subsequently 

transferred to a growth room and kept at 20°C 16h day (150 µEm-2s-1)/16°C 8h night. After 3 weeks, 
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seedlings were thinned to one per pot. After ca. 12 weeks, one rosette leaf per experimental plant 

was collected in RNALater (Qiagen), and the sample was frozen. At this stage, all plants were still 

vegetative; outbred progeny were on average twice the size of inbred progeny in both populations (∂ 

= 0.50; effect of crosstype P < 0.0001 in two-way ANOVA), but there was no significant difference 

between populations in plant size (effect of population P = 0.30, population × crosstype P = 0.95 

(Sletvold et al. 2013)). 

To verify the success of experimental selfing at the bud stage, maternal plants and their 

progeny were genotyped at 7 microsatellite loci (Clauss et al. 2002; Woodhead et al. 2007; Sletvold 

et al. 2013). DNA was extracted and the microsatellites PCR-amplified in two touchdown multiplexes 

using Qiagen Multiplex PCR Kit (PCR conditions given in (Sletvold et al. 2013)). The PCR products from 

the two multiplexes were pooled and then separated based on length and primer-labelling using ABI 

Prism 3730 capillary Sequencer (Applied Biosystems). Genotypes were scored with GeneMapper 4.0 

(Applied Biosystems). Parentage analyses were performed to verify the experimental selfing by 

matching the genotype at the seven loci of each progeny to the genotype of the mother. To verify 

selfing we used a strict criterion, i.e. no mismatches were allowed between the progeny and the 

mother at any loci. Among the outcrossed progeny not a single individual had a perfect match to 

their mothers, which indicates high power to detect contamination during the selfing experiment 

with this set of microsatellites. The overall proportion of contaminants in the whole greenhouse 

population (consisting of more that a thousand plants of which 848 were tested) was 0.15, and 

ranged from 0 to 0.78 within maternal lines.  

RNA extraction and sequencing 

In total, 24 individual seedlings (progeny) that were the products of outcrossing (12 individuals; 5 

Norwegian and 7 Swedish) or of verified selfing (12 individuals; 5 Norwegian and 7 Swedish), 

respectively, were selected for RNA sequencing. Total RNA extraction, DNAse treatment and rRNA 

reduction as well as RNA quality control were performed by LGC Genomics (Berlin, Germany). LGC 

Genomics also conducted mRNA isolation and cDNA synthesis as well as Illumina library preparation, 

indexing and library quality control. LGC genomics then performed cluster generation and 

sequencing using Illumina HiSeq2000 (100 bp paired-end).  

Finding differentially expressed genes 

Raw reads of the transcriptome were assembled for each sample using TopHat (version 2.04 

(Trapnell et al. 2009)), a spliced read mapper, by using default parameters and specifying the 

Arabidopsis lyrata reference genome and the corresponding gene model annotation file (both 

obtained from Joint Genome Institute (JGI (Grigoriev et al. 2012)). Afterwards, read counts were 
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extracted from the TopHat output using the python script HTSeq (http://www-

huber.embl.de/users/anders/HTSeq/) and analysis of differential expression was performed using 

the Bioconductor package DESeq (Anders and Huber 2010) as outlined in the manual performing the 

following comparisons: Norway selfed vs. Norway outcrossed and Sweden selfed vs. Sweden 

outcrossed. 

HTSeq counts the number of reads aligning to the mRNA of a gene by using the coordinates of 

the annotation file as guidance. In the approach used by DESeq to determine differential expression, 

the analysis is based on the assumption that the more reads are counted for one mRNA, the higher 

the corresponding gene is expressed. First, DESeq estimates the effective library size of each sample 

and divides the read counts for each gene of a sample by the value of this sample’s effective library 

size to obtain a common scale and enable comparison. In the next step, the dispersion for replicates 

of one condition is estimated, which is used as an estimate of the square of the coefficient for 

biological variation. The final step is the call for differential expression between two conditions (here: 

selfed vs. outcrossed (Anders and Huber 2010)), which is followed by filtering for significant genes 

(here a false discovery rate (FDR) of 0.05 was chosen as threshold for significance).  

A detailed description of all analysis steps and computer code can be found in the 

Supplementary Material 1: A-C. 

Annotation and GO term enrichment 

In our functional annotation analyses, we first considered genes that were significantly differentially 

expressed in both Norway and Sweden. Then, we examined the functional annotation of genes being 

differentially expressed in one population only. 

The functional annotation analysis was performed using the standalone version of 

InterProScan (version 5RC1 (Zdobnov and Apweiler 2001)) as shown in Supplementary Material 1:D 

and by extracting information from TAIR (The Arabidopsis Information Resource, 

http://www.arabidopsis.org/). For gene ontology (GO) annotation of the selected genes, Blast2GO 

(Conesa et al. 2005) was used and GO term enrichment analysis was performed using the Cytoscape 

(version 2.8.3; (Shannon et al. 2003)) plugins BiNGO (Maere et al. 2005) and EnrichmentMap (Merico 

et al. 2010). The annotation file used for BiNGO was obtained from JGI 

(Araly1_goinfo_FilteredModels6.tab) (Grigoriev et al. 2012) and modified according to the plugin’s 

requirements. Hypergeometric test and FDR of 0.05 were chosen for enrichment analysis. An 

enrichment map of the GO terms was generated using the plugin EnrichmentMap with the following 

statistical parameters: p-value cut-off of 0.001, Q-value cut-off of 0.05 and Jaccard coefficient with 

an overlap coefficient cut-off of 0.25. 
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Pathway visualisation 

For pathway visualisation we used MapMan (version 3.5.1 (Thimm et al. 2004)), a program that 

assigns genes to functional categories (biological functions), so called BINs, which can then be 

displayed in pathway images. Since a mapping file needed for the functional categorization does not 

exist for A. lyrata but for the close relative A. thaliana, A. lyrata genes were assigned to their A. 

thaliana orthologs. A fasta file containing focal genes’ protein sequences was uploaded to orthoMCL 

(web version; http://orthomcl.org/cgi-bin/OrthoMcl Web.cgi?rm=proteomeUploadForm), which uses 

a Markov clustering algorithm to find orthologs. Afterwards, ortholog identifiers were translated into 

Arabidopsis Genome Initiative (AGI) identifiers and together with their appertaining log2 fold 

changes for selfing orthologs loaded in MapMan for pathway mapping. Supplementary Material 1:E 

shows an example of the input mapping file. 

Gene interaction networks 

In order to identify genes that interact with the genes found to be differentially expressed in each of 

the populations, gene interaction networks were created. Differentially expressed A. lyrata genes 

were assigned to their orthologs in A. thaliana, since gene interactions are better documented for A. 

thaliana than for A. lyrata. The A. thaliana ortholog ID was used together with the expression fold 

changes (i.e. the expression ration between selfed and outcrossed progeny) from the present 

experiment as input for the PSICQUIC (Proteomics Standard Initiative Common Query InterfaCe 

(Aranda et al. 2011)) client inbuilt in Cytoscape. PSICQUIC allows the search of multiple resources for 

molecular interactions. For our data IntAct (Kerrien et al. 2012), BAR (The Bio-Analytic Resource for 

Plant Biology), BIND (Bader et al. 2003), MINT (Licata et al. 2012) and UniProt (UniProt 2014) were 

queried and from the database outputs a union network was constructed and interactions were 

restricted to first neighbour interactions. Nodes, representing the differentially expressed genes, 

were coloured by fold change. 

Distribution of differentially expressed genes on the A. lyrata genome 

In order to display the distribution of the differentially expressed genes of each population on the A. 

lyrata genome, their chromosomal locations were retrieved by BioMart (Smedley et al. 2009) and 

plotted in Circos (version 0.67-5 (Krzywinski et al. 2009)). 

Statistical analysis 

If not stated otherwise statistical analyses were performed in R (http://www.r-project.org/). 
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Results 

Mapping statistics and clustering of samples 

The number of reads and mapping statistics for the transcriptome assembly of each of the 24 

samples are given in Supplementary Table 1.  

Clustering by Euclidean distance among individuals based on their count data revealed that the 

transcriptomes of population Sweden and Norway differed from each other and largely clustered 

separately whereas selfed and outcrossed progeny within populations were more weakly separated, 

in particular in the Sweden population (Figure 1).  

Differential gene expression between selfed and outcrossed individuals 

Differential gene expression between selfed and outcrossed individuals was analysed for each 

population separately. In Norway, 507 genes were significantly differentially expressed between 

selfed and outcrossed progeny, whereas in Sweden only 195 genes were differentially expressed 

(Figure 2A, B). The Venn diagram in Figure 2C shows the overlap between these comparisons. Sixty-

two differentially expressed genes were common to both comparisons. Among those genes, a 

majority showed up-regulation in selfed progeny, while quite a few show up-regulation in one 

population (Sweden) and down-regulation in the other (Norway; Figure 2D). A visual inspection 

showed that the significantly differentially expressed genes were distributed all over the genome in 

both populations (Figure 3). 

The following analyses of functional annotation, GO term enrichment, and pathways affected 

were first conducted on the 62 genes that were differentially expressed in both populations (shown 

in Figure 2C), and second on the genes that were significantly differentially expressed in one 

population only (445 genes in the Norwegian population, and 133 genes in the Swedish population; 

Figure 2C). 

Annotation and GO term enrichment of genes that were significantly differentially expressed in 

both populations 

Functional annotation analyses allowed the assignment of domains and protein families to nearly all 

genes that were significantly affected by inbreeding in both the Norwegian and the Swedish 

population. Genes without an annotation included genes (or predicted genes) of unknown function, 

and some relatively unspecific genes, like transcription factors (Supplementary Table 2). It is worth 

noting that some protein families and predicted domains had more than one gene assigned; like 

cytochrome P450 (5 genes), glycosyl hydrolases (4 genes) and chlorophyll A-B binding proteins (6 
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genes) to mention a few (Supplementary Table 2). Furthermore the effect of selfing on the 

expression profiles of many of the genes with multiple entries differed between the Norway and 

Sweden populations. Inbreeding was associated with over-expression of photosynthesis-related 

genes in Sweden, whereas the opposite was true in the Norway population (Supplementary Table 2).  

Annotation of GO terms and their enrichment showed that two categories of genes were 

particularly common among the differentially expressed genes (Figure 4). A large portion of the 

genes was associated with stress responses and there were also many photosynthesis-related genes. 

“Response to stimulus” was with 41.2% of assigned GO terms the largest group of biological 

processes, and “plastid” was with 24% of assigned GO terms the largest group of cell compartments 

within the category cellular component (Figure 4A). Enrichment of significant GO terms based on this 

annotation showed a similar outcome (Figure 4B).  

Pathway visualisation of genes that were differentially expressed in both populations 

The genes that were differentially expressed in both populations mapped to different pathways, but 

could be assigned to two major categories. These categories are “biotic stress” (Figure 5) and 

“chloroplast” (Figure 6). A closer examination of these categories showed that genes falling into the 

category of biotic stress were predominantly up-regulated in selfed compared to outcrossed progeny 

in both populations (Figure 5A,B). Photosynthesis-related genes on the other hand were down-

regulated among selfed offspring in the Norwegian population (Figure 6A), but up-regulated in the 

Swedish population (Figure 6B). 

Annotation, GO term enrichment and pathway visualization of genes that were differentially 

expressed in one population only 

We list the annotation to domains and protein families of the genes that were significantly 

differentially expressed between selfed and outcrossed progeny only in Norway in Supplementary 

Table 3 and only in Sweden in Supplementary Table 4.  

GO annotation, enrichment and pathway analyses showed that the genes that were 

differentially expressed in only one population to a large extent shared the patterns detected for 

genes being differentially expressed in both populations: a large proportion of genes was associated 

with biotic stress (up-regulation after selfing in both populations) and photosynthesis (down-

regulation after selfing in Norway; up-regulation in Sweden) (Supplementary Figure 1-3). However, 

there were also some novel patterns detected, most notably that genes related to reproduction and 

pollination were affected by inbreeding, and only so in the Norwegian population (Supplementary 

Figure 1).  
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All significant GO terms, their significance levels and associated differentially expressed genes 

are listed in Supplementary Table 5 for the Norwegian population and in Supplementary Table 6 for 

the Swedish population. 

Gene interaction networks 

Mapping of the differentially expressed A. lyrata genes of both populations to their A. thaliana 

orthologs resulted in 476 matches for the Norwegian population and 177 matches for the Swedish 

population, of which 224 and 104, respectively, were involved in interactions with other genes 

(Supplementary Figures 4-5). Among the genes that were significantly differentiated in both 

populations, 33 were involved in interactions (results not shown). 

Discussion 

This study has demonstrated that inbreeding affects the expression of a large number of genes in 

two self-incompatible populations of Arabidopsis lyrata. Many of the identified genes are involved in 

gene interactions or are transcription factors and proteases likely to have very general effects, 

consistent with the earlier finding of strong reductions in several components of fitness following 

inbreeding (Sletvold et al. 2013). Moreover, the two populations differed substantially in expression 

patterns affected. The number of differentially expressed genes was approximately 2.5 times higher 

in the Norwegian compared to the Swedish population, and genes associated with photosynthetic 

activity were down-regulated in selfed progeny in the Norwegian population but up-regulated in the 

Swedish population. That the two populations differ at least partly in how inbreeding affects gene 

expression contrasts the situation on the level of reproduction: the two populations show almost 

identical inbreeding depression on several fitness components (Sletvold et al. 2013). 

Population differences in expression patterns 

The comparison of selfed and outcrossed offspring identified 507 differentially expressed genes in 

the Norwegian population, compared with only 195 differentially expressed genes in the Swedish 

population. Furthermore, clustering by Euclidean distance revealed a separate grouping of 

individuals from Norway and Sweden, respectively, regardless of selfing. These population 

differences corroborate the pronounced differentiation observed between Scandinavian populations 

in a previous marker-based study (Gaudeul et al. 2007), and in traits such as trichome production 

(Løe et al. 2007) and tolerance to drought (Sletvold and Ågren 2012). Thus, differentiation 

throughout the genome, which is likely due to different demographic histories and lack of gene flow 

between these populations as well as differences in landscape structure and selection regimes 



 12 

(mountains in Norway vs. coastal habitat in Sweden), can potentially explain why these populations 

at least partly differ in the genetic basis of inbreeding depression.  

Several factors may influence the number of inbreeding sensitive genes detected in a 

population. First, short-term inbreeding effects are expected to be stronger in older and more 

genetically variable populations because such populations should have had time to accumulate more 

deleterious recessives alleles. However, SNP calling detected more SNPs in the Swedish than in the 

Norwegian population (methods and results given in Supplementary Material 2, Supplementary 

Figure 6, Supplementary Table 7). Furthermore, a previous study observed a higher diversity at 

microsatellite loci in the Swedish population (Gaudeul et al. 2007). This suggests that the Swedish 

population should have had more time to accumulate recessive mutations and thus be more 

sensitive to inbreeding; a prediction opposite to what we observe. Second, the magnitude of within-

population variance in gene expression should affect the number of significant differences detected. 

However, the variance in expression was higher in the Norwegian than in the Swedish population 

(Supplementary Table 8), and this could thus not explain why fewer significant differences were 

detected in the latter. Finally, it may be that the population difference does not directly reflect a 

difference in the number of deleterious alleles exposed, but rather a difference in the number of 

“repair-genes” induced as a secondary response (Kristensen et al. 2010). More stress-response genes 

may be active at the 12-week stage in the Norwegian population, because of differences in seasonal 

phenology of growth and in the proportion of plants flowering in the first year. All plants were 

vegetative at the time of sampling and gene expression was measured in leaves, but eight weeks 

later a higher proportion of plants had produced flowers in the Norwegian populations than in the 

Swedish population (Sletvold et al. 2013). At the time of sampling, gene expression (in particular for 

genes associated with amino acid and sugar synthesis) differed between outcrossed progeny of the 

two populations (data not shown), which is consistent with a difference in the physiological states of 

plants.  

Differences between selfed and outcrossed offspring 

In total, 62 of the significantly differentially expressed genes were common to both populations, 

whereas 445 genes were differentially expressed only in Norway and 133 only in Sweden. The 

functional annotation analyses identified two major underlying biological functions: (a) biotic stress 

response and photosynthesis. Moreover, among the genes that were significantly affected by 

inbreeding only in Norway, genes related to reproduction and pollination were represented. 

The inbreeding effect on gene expression that we have detected in this study is likely to have 

been caused by a reduction in heterozygosity across the genome produced by the experimental 
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treatment (selfing; inbreeding coefficient, f = 0.5). Indeed, the selfed progeny had much lower level 

of heterozygosity than had the outcrossed plants both (i) at the seven loci we used for parentage 

analyses (Hselfed = 29%; Houtbred = 52%; p < 0.001; data from 358 selfed and 490 outcrossed plants 

included in a larger experiment (Sletvold et al. 2013)), and (ii) at genome-wide SNPs estimated from 

the present RNA sequences (SNP calling, see Supplementary Material 2; Norway: Hselfed = 15%, 

Houtcrossed = 28%, t-test: p < 0.0001; Sweden: Hselfed = 18%, Houtcrossed = 26%, t-test: p < 0.003). Another 

type of variation in heterozygosity occurs due to random segregation of a finite number of 

chromosome parts. This will make also individuals with exactly the same inbreeding coefficients to 

differ somewhat in heterozygosity. However, such variation is much less pronounced than the 

variation in heterozygosity between outcrossed and selfed progeny (Chakraborty 1981; Hansson and 

Westerberg 2008; Hill and Weir 2011; Schraiber et al. 2012), and therefore we did not evaluate 

expression differences between individuals within crossing type in this study. Furthermore, random 

segregation induces variation in heterozygosity over the genome (even within an individual). 

However, also this variation is expected to be marginal in relation to the overall heterozygosity effect 

of the selfing treatment. In line with this reasoning, the significantly differentially expressed genes 

were distributed all over the genome (Figure 3). 

In both populations, stress response-related genes were over-expressed in the selfed 

compared to the outcrossed progeny. That selfing causes a stress-related expression response and 

affects metabolic functions is in agreement with studies in Drosophila melanogaster (Kristensen et al. 

2005; Ayroles et al. 2009). It is likely that many of these genes are up-regulated to alleviate the 

negative effects of exposure of other deleterious alleles, paralleling the role of heat shock proteins 

documented both in Drosophila (Kristensen et al. 2010) and Arabidopsis (Seki et al. 2002). The up-

regulation of stress genes is thus not necessarily a direct cause of inbreeding depression, but could 

rather represent a secondary response to the expression of the genetic load, that helps restore 

protein function and stability. In Drosophila, there is considerable overlap in genes found to be up-

regulated upon inbreeding versus genes up-regulated by other ‘internal stresses’, such as oxidative 

stress and aging (Landis et al. 2004; Kristensen et al. 2010), and also by external factors, such as heat 

and chemicals (Sorensen et al. 2003). Also in Arabidopsis, there is overlap among stress-inducible 

genes responding to oxidative stress and different environmental factors such as drought, salinity, 

cold and wounding (Seki et al. 2002; Swindell 2006). This indicates that a large part of the expression 

pattern induced by inbreeding represents a general stress response. This may be due to similar 

biological damage caused by different stresses, or a similar demand on metabolism and energetic 

resource allocation (Bubliy and Loeschcke 2005). In A. lyrata, there was a 50% growth reduction 

among inbred progeny still alive at the 12-week stage (Sletvold et al. 2013), indicating severe 
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deleterious effects that would induce the expression of many metabolic pathways that control 

protein functionality.   

The expression of resistance (R) genes can be associated with a cost (Tian et al. 2003), and the 

down-regulation of some R genes in selfed progeny (see Figure 5; Supplementary Table 2, protein ID 

475633) may reflect their lower resource status. However, we also found some R genes to be up-

regulated among selfed progeny (e.g. cytochrome P450; Supplementary Table 2), which is consistent 

with a study performed in ragged robin (Lychnis flos-cuculi) showing that inbreeding increases the 

activity of pathogenesis-related proteins such as kitinases and ß-1,3-glucanases (Leimu et al. 2012). 

Furthermore, there are parallels between pathogen recognition and self-incompatibility in the 

recognition and rejection of self and non-self. Both mechanisms largely rely on receptor-like kinases, 

like S-receptor kinases (SRKs) in the self-incompatible pathway, and pattern recognition receptors 

(PRRs), which recognize pathogen-associated molecular patterns (PAMPs) in innate immunity of 

plants (Sanabria et al. 2008). Previous studies (Pastuglia et al. 1997, 2002) found SRKs in Brassica and 

Arabidopsis to be up-regulated upon response to biotic stress like wounding and pathogen infection, 

suggesting that they might play a role in processes other than self-incompatibility. In this study, such 

a SRK gene was up-regulated in the selfed progeny of both populations. Since our data originated 

from vegetative tissue, it is possible that SRK has other functions in A. lyrata than its known role in 

the self-incompatibility system. 

Photosynthesis was another major biological function affected by inbreeding in both 

populations, whereas effects on genes related to reproduction and pollination were observed only in 

the Norwegian population. The effect of inbreeding on the expression of photosynthesis related 

genes differed between the two populations. While selfed offspring had lower expression of 

photosynthesis-related genes in the Norwegian population; the opposite was true in the Swedish 

population. Effects of inbreeding on the expression of photosynthesis-related genes may reflect a 

reduced ability to match gene expression to prevailing environmental conditions, whereas the 

difference in the direction of the effect may be related to inherent differences in the seasonal 

pattern of growth between the two populations. The Norwegian population experiences a shorter 

growing season at its site of origin, mainly due to its higher altitude, and may at the 12-week stage 

slow down energy accumulation in preparation for winter. In addition, in the present experiment, a 

higher proportion of the 12-week plants may have been in transition to initiate the formation of 

reproductive structures in the Norwegian population compared to the Swedish population (eight 

weeks later, 26% of the Norwegian and 13% of the Swedish plants had produced flowers in the 

outcross treatment (Sletvold et al. 2013)). This could potentially contribute to the difference 

observed in the expression of photosynthesis-related genes, but also explain why an effect of selfing 
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on the expression of genes related to reproduction and pollination was observed only in the 

Norwegian population.  

Conclusion 

Whether deleterious recessive alleles can be purged from a population, thereby reducing inbreeding 

depression and facilitating mating-system transitions from outcrossing to selfing, is a central 

question in conservation and evolutionary biology. Both purging and transition to selfing are less 

likely if inbreeding depression is caused by many genes with weakly deleterious effects 

(Charlesworth et al. 1990, 1993; Ayroles et al. 2009). We found that many genes were significantly 

differentially expressed after selfing in A. lyrata (507 genes in Norway and 195 in Sweden), and that 

at least half of them interacted closely with other genes. Moreover, some of the inbreeding-sensitive 

genes were identified as transcription factors and proteases and are therefore likely to be located 

upstream in functional pathways and have regulatory functions. This indicates that the observed 

differences in gene expression may reflect the accumulation of a large number of interacting and 

functionally important recessive mutations in these populations, which would in turn render purging 

and transition to selfing unlikely. Nevertheless, transition from self-incompatibility to self-fertility has 

occurred in several Arabidopsis lineages, including during the formation of A. thaliana as well as in 

some North American populations of A. lyrata (Clauss and Koch 2006; Mable and Adam 2007). This 

indicates that some of the genetic load has been purged in those lineages. Thus, it is possible that the 

wide inbreeding effects on gene expression that we have detected are at least partly driven by an 

extensive network of secondary responses, where pathways may be influenced by the expression of 

relatively few key genes with deleterious mutations. In Drosophila it was found that at least 38% of 

the differentially expressed genes during inbreeding were affected by such indirect network effects 

(Ayroles et al. 2009). This highlights the difficulties in inferring the actual number of genes that are 

directly affected by inbreeding from transcriptome-wide gene expression analyses.  

 The similar magnitude of inbreeding depression (Sletvold et al. 2013) suggests that the 

opportunity for deleterious mutations to accumulate has been similar in the two self-incompatible 

study populations. In line with this, we found considerable population overlap in the expression of 

genes associated with stress response and general metabolic activities. The genes that were 

significantly affected by inbreeding in the same direction in both populations are particularly strong 

candidates for being inbreeding-sensitive genes in A. lyrata. We also found striking differences 

between the populations in the patterns of gene expression affected by selfing, where more genes 

were significantly affected by inbreeding in Norway, and photosynthesis-related genes were up-

regulated in Norway but down-regulated in Sweden. Thus, the present study indicates that the 
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genetic basis of inbreeding depression partly differs between the two populations, despite very 

similar effects of inbreeding on fitness (Sletvold et al. 2013). 
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Figure Legends 

Figure 1: Clustering of individuals based on count data. The two A. lyrata populations Sweden and 

Norway with the treatments selfed and outcrossed were clustered by Euclidean distance in DESeq. 

Individuals from Norway are shown in grey and individuals from Sweden in black, with plant ID 

indicating the identity of the maternal parent and whether the plant was a selfed (S) or outcrossed 

(W) progeny. 

 

Figure 2: Differential expression of selfed and outcrossed preogeny and its overlap between the 

populations. Differential expression of genes was calculated using DESeq with a FDR and an adjusted 

p-value of 0.05. (A) Scatter plot of log2 fold change vs. mean of normalized counts for the 

comparison selfed vs. outcrossed in Norway showing in red 507 significantly differentially expressed 

genes between the conditions, (B) Scatter plot for the comparison selfed vs. outcrossed in Sweden, 

resulting in 195 significantly differentially expressed genes. The Venn diagrams represent the overlap 

of significantly differentially expressed genes between the two populations with focus on (C) the 

overlap of genes differentially expressed within-Norway and within-Sweden and (D) the overlap 

according to genes up- and down-regulated in the selfed progeny of a given population. 

 

Figure 3: Distribution of the differentially expressed genes in each population on the A. lyrata 

genome. Genes that were significantly differentially expressed genes in Norway are shown in blue 

and those differentially expressed in Sweden in orange. Their chromosomal locations were retrieved 

by BioMart and plotted in Circos. Numbers refer to the A. lyrata chromosome number. 

 

Figure 4: Gene ontology (GO) annotation and enrichment analysis of the genes that were 

significantly differentially expressed in both populations. (A) Distribution of GO annotation for the 

candidates performed using Blast2GO. Percentages indicate the percentage of candidate sequences 

assigned to each subcategory of either biological process or cellular component. (B) Enrichment map, 

built upon GO annotation (Cytoscape plugins BiNGO and EnrichmentMap), providing insights into GO 

terms that are highly significant and their interactions. 
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Figure 5: Results from biotic stress pathway analyses in the (A) Norwegian and (B) Swedish 

population, respectively. The analyses were based on genes that were significantly differentially 

expressed in both populations. Assignment of the genes into pathways was achieved by ortholog 

Markov clustering against A. thaliana and mapping of orthologs into pathways. Blue signifies a 

positive log2 fold change in the selfed compared to the outcrossed (up-regulation), whereas red 

signifies a negative log2 fold change in the selfed compared to the outcrossed (down-regulation). 

 

Figure 6: Results from chloroplast pathway analyses in the (A) Norwegian and (B) Swedish 

population, respectively. The analyses were based on genes that were significantly differentially 

expressed in both populations. Assignment of genes into pathways was achieved by ortholog Markov 

clustering against A. thaliana and mapping of orthologs into pathways. Blue signifies a positive log2 

fold change in the selfed compared to the outcrossed (up-regulation), whereas red signifies a 

negative log2 fold change in the selfed compared to the outcrossed (down-regulation). 
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