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Introduction

Self-incompatibility is reported over 100 plant families, 

and about half of all flowering plants possess a molecular 

self-incompatibility system (Raduski et al. 2012). At the 

same time, the breakdown of self-incompatibility is very 

frequent (Igic et al. 2008). This has repeatedly given rise 

to the rapid evolution of self-fertilising (selfing) species, 

many of which exhibit the typical selfing syndrome, char-

acterized by relatively small and inconspicuous flowers, 

reduced herkogamy, and reduced pollen:ovule (P/O) ratios 

(reviewed in Sicard and Lenhard 2011). For example, the 

selfing Capsella rubella (Brassicaceae) evolved from its 

outcrossing ancestor C. grandiflora c. 30,000–50,000 years 

ago (Foxe et al. 2009; Guo et al. 2009), and this was suf-

ficient to lead to an 84.7% reduction in petal area (Sicard 

et al. 2011). The evolution of the selfing syndrome is not 

merely a neutral degeneration of traits that promote out-

crossing, but also involves adaptations to the specific life 

history of selfers (Shimizu and Tsuchimatsu 2015). This 

makes the evolution of the selfing syndrome an important 

and interesting phenomenon both from an ecological and 

evolutionary perspective.

Besides directional trait changes towards the self-

ing syndrome, the evolution of selfing may also reduce 

floral integration (i.e., phenotypic correlations among 

floral traits; Pérez et al. 2007). The idea here is that 

in obligately outcrossing, self-incompatible plants, pol-

linators exert stabilizing selection on certain combi-

nations of floral traits (Berg 1960). If pollinators are 

no longer required for pollination (with autonomous 

selfing), one would expect relaxed selection on these 

traits and, as a consequence, reduced floral integra-

tion. Indeed, reduced floral integration was reported 

in the selfing Leavenworthia alabamica (Brassicaceae) 
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(Anderson and Busch 2006). However, we are unaware 

of other systems in which floral integration has been 

assessed after the transition to selfing, and so the gen-

erality of this pattern remains to be tested.

To allow inferences about the sequence and timing of 

the transition to selfing, reduction in flower size, and reduc-

tion in P/O ratio, and avoid the confounding effects that 

emerge after different divergence times, study systems are 

needed in which the breakdown of self-incompatibility and 

the evolution of selfing have been relatively recent. Several 

such systems have been discovered in different families and 

studied in the context of floral morphology. For example, 

self-incompatibility has broken down in marginal popula-

tions associated with higher selfing rates and floral changes 

towards the selfing syndrome in Abronia umbellata 

(Nyctaginaceae) (Doubleday et al. 2013), Arabis alpina 

(Brassicaceae) (Tedder et al. 2015), and Camissoniopsis 
cheiranthifolia (Onagraceae) (Button et al. 2012). In Leav-
enworthia crassa, self-incompatible and self-compatible 

individuals occur sympatrically, but can clearly be distin-

guished based on flower size: selfers have smaller flowers 

(Lyons and Antonovics 1991). In L. alabamica, two tran-

sitions to selfing have occurred: one c. 150,000 years ago, 

which led to a clear flower size reduction, and one 12,000–

50,000 years ago, without clear size reduction (Busch et al. 

2011). Hence, in most examples of intraspecific mating 

system variation, outcrossing and selfing populations—

while considered monospecific—are geographically sepa-

rated and/or occur in distinct habitats, with distinct floral 

syndromes. Thus, some differences in flower morphology 

may not be due to selection for selfing but rather attributed 

to a separate evolutionary history.

To limit such confounding effects and to specifically 

allow making inferences about the order and timing of 

trait changes after the transition to selfing, it would, there-

fore, be useful to identify systems in which the transition 

to selfing is likely even more recent. A. lyrata (Brassi-

caceae) provides such a system. This species is normally 

self-incompatible, but self-incompatibility has repeatedly 

broken down in populations of the North American A. 
lyrata subsp. lyrata (Mable et al. 2005; Mable and Adam 

2007). Most populations still have a high frequency of 

self-incompatible plants, and are predominantly outcross-

ing (multi-locus outcrossing rate: 0.83 < Tm < 0.99). In 

some populations, the majority of plants are self-com-

patible, and although these could theoretically still out-

cross, population level outcrossing rates indicate that 

they are predominantly selfing (multi-locus outcrossing 

rate: 0.09 < Tm < 0.41) in different population genetic 

backgrounds (Hoebe et al. 2009; Foxe et al. 2010; Grif-

fin and Willi 2014). This suggests that there are multiple 

independent origins of selfing, and that selfing popula-

tions are of such recent origin that they are genetically 

very close to their putatively ancestral self-incompatible 

(outcrossing) populations (Foxe et al. 2010). Since self-

ing syndromes can evolve on relatively short timescales 

(e.g., 30,000–50,000 years was sufficient for C. rubella to 

develop a typical selfing syndrome; Foxe et al. 2009; Guo 

et al. 2009), we expect that intraspecific changes towards 

the selfing syndrome may already be detectible within A. 
lyrata, but should be of smaller magnitude compared to 

those in C. rubella. Alternatively, if pollinators are still 

required for (self) pollination, there may be no changes 

at all. A pilot study of floral size in A. lyrata found no 

consistent differences between two outcrossing and two 

selfing populations (Hoebe 2009), but there has not been 

a more conclusive comparison of floral size and morphol-

ogy between outcrossing and selfing populations in this 

system. This is not only of fundamental interest, but may 

also provide important background knowledge for studies 

that address the ecological drivers of changes towards the 

selfing syndrome.

Here, we present a detailed description of the standing 

phenotypic variation for a suite of floral traits in outcross-

ing and selfing populations of A. lyrata, to test whether flo-

ral morphology in selfing populations has evolved towards 

states typical of the selfing syndrome and whether pre-

adaptation may have played a role in the transition to self-

ing. In addition, as there are indications that corolla shape 

in outcrossing Brassicaceae is under strong pollinator 

selection (Gómez et al. 2006, 2008), we test whether there 

are shape changes and reduced floral integration in the 

selfing populations of A. lyrata. Although plants in these 

selfing populations are not entirely autonomously self-

ing, different pollinators may be responsible for self-pol-

lination than for cross pollination, for which syrphid flies 

and small bees are assumed to be responsible (Clauss and 

Koch 2006; Sandring and Ågren 2009). To the best of our 

knowledge, potential changes in corolla shape have never 

been considered before in the context of the evolution of 

selfing. To this end, we apply landmark-based geometric 

morphometric analysis, which allows detecting subtle dif-

ferences in floral morphology (Savriama and Klingenberg 

2011). In addition, to test for reduced floral integration in 

selfing populations, we calculated phenotypic integration 

indices based on floral traits (Wagner 1984; Cheverud et al. 

1989). We specifically address four questions: (1) which, 

if any, floral traits evolved towards states characteristic of 

the selfing syndrome in selfing populations, and do certain 

traits show larger magnitudes of change?; (2) are there dif-

ferences in corolla shape between outcrossers and selfers?; 

(3) are flowers in outcrossing populations more integrated 

than flowers in selfing populations?; and (4) are differ-

ences in floral morphology between outcrossing and selfing 

populations consistent across different population genetic 

backgrounds?
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Materials and methods

Study species and seed material

Arabidopsis lyrata subsp. lyrata (Brassicaceae) grows in 

sand dunes, by lakesides, and on rocky outcrops. Flowers 

have four white petals, four long and two short stamens, 

and a central monocarpic gynoecium with 20–36 ovules 

(Al-Shehbaz and O’Kane 2002). Since the first report of 

the breakdown of self-incompatibility and transition to 

selfing in North American populations of A. lyrata around 

the Great Lakes (Mable et al. 2005), the system has been 

used as a model to address a diversity of topics relevant to 

the evolution of selfing, including genetic and population 

genetic consequences of inbreeding (e.g., Foxe et al. 2010; 

Haudry et al. 2012; Griffin and Willi 2014), genetic load 

(e.g., Stift et al. 2013; Willi 2013b), sex allocation (Willi 

2013a) and resistance to pathogens (Hoebe et al. 2011). 

However, the floral morphology and the potential evolution 

towards the selfing syndrome have not been investigated to 

date. We used A. lyrata plants raised from seeds collected 

in populations in the Great Lakes region of Eastern North 

America (kindly provided by Dr. Barbara Mable, Univer-

sity of Glasgow). The mating system of these populations 

had previously been characterized through estimation of 

outcrossing rates using progeny arrays and microsatel-

lite genotyping, and their population genetic structure had 

been assessed based on microsatellite and sequence mark-

ers (Foxe et al. 2010). Using this prior information, we 

selected six outcrossing (0.82 < Tm < 1.00) and six self-

ing (0.08 < Tm < 0.42) populations from seven population 

genetic backgrounds. Two of these backgrounds included 

both selfing and outcrossing populations, whereas the 

other backgrounds consisted of either selfing or outcross-

ing populations. A larger scale phylogeographic study 

made by Griffin and Willi (2014) identified a western and 

eastern cluster. All populations that we used are from the 

western cluster, with exception of LPT, which was west-

east admixed (Griffin and Willi 2014, Online Resource 1 

for details).

Experimental design and photography

In March 2013, we sowed one seed of each of 190 seed 

families representing the six selfing and six outcrossing 

populations (Online Resource 1 for sample sizes). To spread 

the workload of the morphometric analyses, we sowed the 

seeds in two batches separated by four weeks (respectively, 

91 and 99 seeds for batches 1 and 2). Each population was 

represented in both batches with six to 23 seeds. We ran-

domly sowed the seeds into 2.5 × 3.2 × 11.0 cm3 cells of 

six QP 54 T/11 QuickPot trays (HerkuPlast Kubern GmbH, 

Ering/Inn, Germany) filled with 160 cm3 potting soil 

(Einheitserde und Humuswerke Gebr. Patzer GmbH & Co., 

Waldsiedlung, Germany). Then, we covered the trays with 

transparent lids and placed them in a growth chamber with 

16 h light at 20 °C and 8 h dark at 15 °C. To minimize posi-

tion effects on growth and flowering, we re-randomized 

positions of the trays in the growth chamber weekly. Five 

weeks after germination, we transplanted the seedlings 

into 9 × 9 × 8 cm3 pots (Pöppelmann GmbH & Co. KG, 

Lohne, Germany) filled with 500 cm3 of a 2:1 potting soil 

and sand mixture. When flowering started, we fertilized the 

plants with 1:1000 Scotts Universol® blue (Everris Interna-

tional B. V., Waardenburg, Netherlands) every two weeks 

until the end of the experiment in September 2013.

To test whether floral morphology differed between mat-

ing systems and among populations with different genetic 

backgrounds, we assessed the size, shape, herkogamy, 

and pollen and ovule numbers of two flowers per plant 

for all seed families (each seed family was represented by 

one plant; nine out of 190 plants did not flower, Online 

Resource 1 for details). For size and shape estimations, we 

placed flowers and a size standard on a black background 

(1.5% agar with 0.5% activated carbon), such that the pet-

als and size standard lay flat on the agar surface while 

standardizing the orientation of the adaxial/abaxial sides 

of the flowers. We then made standardized photographs of 

the flowers in planar front view (Online Resource 2, Fig. 

ESM 2.1a). To allow calculation of pistil length and anther-

stigma distances (herkogamy), we made a second set of 

photographs on the same flowers. For this, we dissected the 

flowers and fixed them to a tube support in side view (Fig. 

ESM 2.1b). For all photography, we used a NIKON D7100 

camera and a SIGMA 150 mm F2.8 APO EX DG OS mac-

rolens. To minimize variation due to development and time 

of day, we only selected flowers among the first 20 pro-

duced on the main inflorescence, and took photos between 

1000 and 1500 h. We standardized flower age by selecting 

flowers that had fully opened, right after anther dehiscence 

(fresh pollen visible on anthers).

Morphometric analyses: flower size, flower shape, 
and herkogamy

In total, we digitised 349 flowers, from 112 plants from 

six outcrossing populations, and 69 plants from six self-

ing populations (for 13 plants, we could only sample one 

flower, and for the others, we sampled two flowers per 

plant). To estimate flower size, we calculated the corolla 

area of front-view pictures using ImageJ 1.47q (http://

imagej.nih.gov/ij/) and performed a more detailed assess-

ment of size and shape using landmark-based geometric 

morphometrics (Online Resource 2 for details). To quantify 

shape variation, we first made four geometric transforma-

tions of the landmark-configuration data: identity, rotation 
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by 180°, reflection about the vertical axis, and rotation plus 

reflection (modified from Savriama and Klingenberg 2011). 

Then, we estimated corolla shape variation with a full 

Procrustes fit on the transformed landmarks (averaged by 

plant) followed by a Principal Component Analysis (PCA) 

(Klingenberg 2014) using MorphoJ 1.06d (http://www.

flywings.org.uk/MorphoJ_page.htm). Similar to Savriama 

et al. (2012), we accounted for the flower as a disymmet-

ric (two perpendicular symmetry axes) object in our analy-

sis (Fig. 2a, b). Hence, we categorized flower shape, i.e., 

corolla top-view arrangement, into four types of symmetry 

variation: dissymmetric, monosymmetric with top–bot-

tom differences (termed adaxial-abaxial in Savriama et al. 

2012), monosymmetric with left–right differences, and 

asymmetric (termed rotational asymmetry in Savriama 

et al. 2012). Dissymmetric variation can be interpreted as 

the change in corolla shape, where each of the four petals 

show equal magnitude of directional change, both vertically 

(from top to bottom) and horizontally (from left to right). 

In practice, this category of shape variation represents 

thickness and form of petals. Monosymmetric variation can 

be interpreted as the symmetrical change in corolla shape, 

given that corolla has two symmetry axes, on only one axis, 

whereas the other axis show mirror image mismatch. Thus, 

monosymmetry variation can assume two types, rather 

left–right match with top–bottom differences or top–bot-

tom match with left–right differences. This type of varia-

tion may represent differences in petal position (more to 

one side than to the other), proportional petal area and petal 

form. Finally, asymmetric variation can be perceived as the 

lack of similarity between neighbour petals and no mirror-

image match between the halves of the horizontal or verti-

cal axes. This category shows combined changes in rota-

tion and reflection when you compare any two halves of the 

corolla. To estimate pistil length and herkogamy, we placed 

eight true landmarks on stamens and pistils of the same 

flowers used for size and shape estimations and calculated 

Euclidean distances between them using coordinates of the 

landmark data (Online Resource 2).

Pollen number, ovule number, P/O ratio, and pollen size

To estimate P/O ratios, we sampled two flower buds from 

each plant in our design that flowered and produced suf-

ficient flowers (13 out of the 181 flowering plants stopped 

flowering before bud sampling, Online Resource 1 for 

details). For each collected bud, we counted the numbers 

of ovules and pollen grains. To count ovules, we first cut 

the ovaries lengthwise along their septum using fine for-

ceps and razor blades. Then, we placed both halves of the 

ovaries on a Petri dish, and counted the ovules using a ste-

reoscope (60× magnification) in which the light beam was 

set from below (Kearns and Inouye 1993). To count pollen 

grains, we first collected the six non-dehisced anthers in 

Eppendorf tubes using fine forceps. Then, we left the tubes 

opened in an oven at 70 °C overnight to promote dehis-

cence of pollen. On the following day, we added 30 μl of 

5.0% Tween-80 to each tube, then vortexed and sonicated 

each tube for 20 min with a SONOREX RK 156 H (BAN-

DELIN electronic GmbH & Co. KG, Berlin, Germany) to 

release pollen from the anthers. To count pollen and meas-

ure pollen size, we transferred 10 μL of the Tween-pollen 

suspension to a Marienfeld Superior counting chamber 

(Paul Marienfeld GmbH & Co. KG, Lauda-Könighofen, 

Germany). For each slide, we photographed five of the 

16 counting chamber’s sub-quadrants (each covering an 

area of 2500 μm2 with a volume of 0.004 μl) using a light 

transmitting microscope Axioskop (Carl Zeiss Microscopy 

GmbH, Germany). Finally, we estimated pollen number 

and pollen size using the function “Analyze Particles” in 

ImageJ 1.47q.

Floral integration

Based on their expected functional integration to achieve 

pollination and fertilisation (Klingenberg 2014), we 

selected six floral traits to estimate the floral integration: 

corolla area, short-stamen length, long-stamen length, pistil 

length, pollen number, and ovule number. These traits cor-

respond to those used in a similar study in Leavenworthia 

(Anderson and Busch 2006). As a measure of floral inte-

gration of organ size and pollen and ovule number, we first 

calculated phenotypic integration indices based on the vari-

ance of the eigenvalues of the correlation matrix between 

the phenotypic traits (Wagner 1984), then we corrected 

those indices by the number of traits and samples per popu-

lation (Cheverud et al. 1989), using the R package PHE-

NIX (Torices and Muñoz-Pajares 2016) in R 3.0.2 (R Core 

Team 2013). To test whether the corrected phenotypic inte-

gration indices differed between mating systems, we used a 

one-sided Mann–Whitney test.

Other statistical analyses

To test whether flower size (corolla area and centroid size, 

the square root of the summed squared distances of each 

landmark from the centroid of the landmark configuration), 

flower shape (Principal Component scores of shape), short- 

and long-stamen herkogamy, pistil length, and P/O ratio 

differed between outcrossing and selfing populations, we 

used general linear mixed-effects models (GLMMs) in R 

with a Gaussian error distribution (R package lme4, Bates 

et al. 2014). The fixed effects included mating system (out-

crossing or selfing) and population genetic cluster (based 

on microsatellites and sequence markers Foxe et al. 2010). 

To account for blocking effects and non-independence 
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of multiple measurements per population and plants, we 

included population, tray, and plant in the random part 

of the model. To simplify the analysis, our models did 

not include batch, as initial models, including batch, did 

not provide a significantly better fit (data not shown). To 

improve normality and homogeneity of the residuals, we 

loge-transformed corolla area, and we square-root-trans-

formed corolla perimeter and herkogamy. As we were 

interested in how genetic clusters differed from each other, 

we included genetic cluster as a fixed effect. Furthermore, 

this allowed us to specifically test whether differences due 

to mating system were consistent across genetic clusters. 

To this end, we analysed the subset of the two genetic clus-

ters that contained both outcrossing and selfing populations 

separately. For this, we used the same modelling approach 

as for the complete data set, with the addition of the inter-

action between mating system and population genetic clus-

ter. For assessing significance of the fixed terms, we fitted 

the models using maximum likelihood (ML), and com-

pared models with and without each fixed term using like-

lihood-ratio tests (LRTs; Zuur et al. 2013). In cases, where 

population genetic cluster had a significant effect, we used 

post hoc Tukey tests with the function glht in the R pack-

age multcomp (Hothorn et al. 2015) to assess which pairs 

of clusters differed significantly.

Results

Flower size

There was considerable variation in corolla area 

within and among populations (Fig. 1a). On aver-

age, selfers had 9.2% significantly smaller corolla area 

(mean ± SD; 53.41 ± 10.32 mm2) than outcrossers 

(58.85 ± 11.56 mm2). Centroid size (square root of the 

summed squared distances of each landmark from the 

centroid of the landmark configuration) did not differ sig-

nificantly between selfing and outcrossing populations. 

Compared to the effect of mating system, there were more 

pronounced differences in both corolla area and centroid 

size among populations that belonged to different genetic 

clusters (Fig. 1a). For example, the two clusters with out-

crossing and selfing populations differed: cluster “blue” 

(with populations PCR-PIN-PTP-RON, in which outcross-

ing populations are underlined) had a 30.4% larger corolla 

area and a 22.1% larger centroid size than cluster “pink” 

(TSS-TC-TSSA) (Online Resource 3 for all GLMM con-

trasts). Within the subset of the two clusters with outcross-

ing and selfing populations (clusters “blue” and “pink”), 

corolla area and centroid size differed significantly between 

clusters, but mating system and the mating system by 

cluster interaction did not have a significant effect (Online 

Resource 4).

Flower shape

The majority of total shape variation (72.0%) was dissym-

metric and mainly accounted for by PC 1, which explained 

66.4% of the total variance and represented the degree to 

which flowers were compressed along the two perpendic-

ular symmetry axes. Gómez et al. (2006) found the same 

pattern in E. mediohispanicum, describing it as the degree 

to which petals were parallel. The remaining 28.0% of the 

total shape variation was mainly monosymmetric: the sec-

ond principal component (PC 2; 13.3% of total variance) 

reflected top–bottom variation and the third principal com-

ponent (PC 3; 10.6%) reflected left–right variation (Fig. 2c; 

Online Resource 2). The other principal components 

(among others reflecting asymmetry), each explained less 

than 10.0% of the total variance.

There were no significant differences in shape between 

outcrossing and selfing populations for dissymmetric (PC 

1) and monosymmetric (PC 2) shape variations (Fig. 3). 

For the left–right monosymmetric variation (PC 3), we 

found that flowers with petals converging to the left were 

more common in selfers, whereas in outcrossers, we found 

the opposite tendency (Table 1). Population genetic clus-

ter explained variation in shape for the dissymmetric and 

left–right monosymmetric variation, which accounted for 

77.0% of the total variation. Post hoc Tukey tests, how-

ever, showed that contrasts between genetic clusters were 

not significant for any of the shape components (Online 

Resource 3). Within the subset of the two clusters that con-

tained both outcrossing and selfing populations (clusters 

“blue” and “pink”), the effects of mating system, genetic 

cluster and their interaction were also not significant 

(Online Resource 4).

Stamen length, pistil length, and herkogamy

Selfers had 8.4% longer pistils (mean ± SD; 

3.79 ± 0.36 mm) than outcrossers (3.47 ± 0.26 mm; sig-

nificant effect of mating system in Table 1), but there were 

no significant differences between mating systems in sta-

men length or herkogamy. There were significant differ-

ences among population genetic clusters for pistil and sta-

men length, but not for herkogamy (Table 1). Compared to 

cluster “blue” (populations PCR-PIN-PTP-RON), cluster 

“pink” (TSS-TC-TSSA) had shorter pistils (although con-

trast only marginally significant at P = 0.065; Fig. 1b), 

significantly shorter short stamens (2.48 ± 0.12 mm vs 

2.80 ± 0.05 mm) and significantly shorter long stamens 

(3.37 ± 0.14 mm vs 3.78 ± 0.09 mm) (Online Resource 
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3). Within the subset of the two clusters that contained both 

outcrossing and selfing populations (clusters “blue” and 

“pink”), short and long stamen length differed significantly 

between clusters, but mating system and the mating sys-

tem by cluster interaction did not have a significant effect 

(Online Resource 4).

Pollen number, ovule number, P/O ratio, and pollen size

On average, selfers produced 9.0% fewer pollen grains 

(mean ± SD; 36,372 ± 8,554) and 12.7% more ovules 

(32 ± 5) than outcrossers (39,952 ± 5,377 pollen grains; 

28 ± 3 ovules; significant effects of mating system in 

Table 1). This translated into a significant 21.5% reduc-

tion in P/O ratio for selfing compared to outcrossing 

populations (Table 1). There were also significant differ-

ences among population genetic clusters in pollen num-

ber, ovule number, and P/O ratio (Table 1). For example, 

cluster “pink” (TSS-TC-TSSA) had a significantly lower 

number of pollen grains than cluster “purple” (LPT), and 

produced more ovules and had a lower P/O ratio than 

cluster “blue” (PCR-PIN-PTP-RON) (Fig. 1c; Online 

Resource 3). Cluster “purple” (LPT) had the highest P/O 

ratio (significantly higher than all clusters except “yel-

low” and “orange”, Fig. 2). Variation in pollen size was 

neither explained by mating system nor by population 

Fig. 1  Differences among 
genetic clusters in outcrossing 
(triangles) and selfing (filled 
circles) populations of Arabi-
dopsis lyrata regarding a corolla 
area, b pistil length, and c P/O 
ratio. Values are mean ± SEM 
of untransformed data. Colour 
codes given correspond to the 
colours used in Fig. 1 of Foxe 
et al. (2010). Sample sizes can 
be found in ESM 1. Significant 
differences between clusters 
(based on Tukey post hoc com-
parisons corrected for multiple 
testing) are indicated through 
dotted lines with the test statis-
tic and P value (ESM 3 for all 
GLMM contrasts and post hoc 
Tukey tests)
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genetic cluster (Table 1). Within the subset of the two 

clusters with outcrossing and selfing populations (clusters 

“blue” and “pink”), ovule number and P/O ratio differed 

significantly between clusters, and between outcrossing 

and selfing populations, but there was no significant mat-

ing system by cluster interaction. There were no differ-

ences in pollen number and size among clusters and mat-

ing systems (Online Resource 4).

Floral integration

Phenotypic integration in A. lyrata was significant for all 

estimations and ranged from 0.222 (95% CI: 0.158–1.850) 

to 1.151 (95% CI: 0.664–2.040) in selfing populations, 

whereas from 0.447 (95% CI: 0.319–1.084) to 1.308 

(95% CI: 0.456–2.504) in outcrossing populations (Online 

Resource 5). There was no significant difference in flo-

ral integration of organ size and pollen and ovule number 

between selfing and outcrossing populations (Mann–Whit-

ney test, W = 20, P = 0.214).

Discussion

Our results indicate that population genetic structure was 

quantitatively more important in explaining variation in flo-

ral traits than mating system in A. lyrata. Although flow-

ers from selfing populations were significantly smaller by 

9.2% and had 21.5% lower P/O ratios than outcrossing 

populations, corolla shape, stamen lengths, herkogamy, 

pollen size, and floral integration did not differ signifi-

cantly between outcrossers and selfers. These findings sug-

gest that in comparison with other species with intraspe-

cific mating system variation, the evolution of selfing in A. 
lyrata has not yet led to strong changes towards the self-

ing syndrome. Instead, our data show that plants belong-

ing to certain population genetic clusters possess floral 

traits closer to the selfing syndrome—among others, have 

smaller flowers—regardless of their mating system. How-

ever, pre-adaptations to the selfing syndrome have not been 

crucial for the evolution of selfing in A. lyrata, since selfing 

Fig. 2  Geometric morphometric analysis of flower shape in Arabi-
dopsis lyrata. a Flower example with homologous and pseudo land-
marks. Scale 6 mm. b Flower orientation in relation to the two inflo-
rescence symmetry axes (top–bottom and left–right). Flower diagram 
represents the average flower shape based on the landmark data, 
and individual dots are real landmarks taken from digitised flowers 
(n = 349). c Dissymmetric, monosymmetric (top–bottom or left–
right) and asymmetric floral shape variation represented by principal 
components (PCs). Only the first three PCs per category are shown 
with their relative importance (percentage of explained variance), and 
with two schematic drawings of the −0.1 (left) and +0.1 (right) PC 
scores (see ESM 2 for details)

Fig. 3  Flower shape variation among populations (black outlines) grouped by genetic cluster compared to the mean shape (grey outline) with 
(top) and without (bottom) correction for centroid size
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appears to have evolved in clusters with and without traits 

closer to the selfing syndrome.

The selfing syndrome in A. lyrata

As one would expect in species with intraspecific variation 

for mating system, the magnitude of the changes towards 

the selfing syndrome in selfing populations (9.2% smaller 

corolla area and 21.5% lower P/O ratios) was small com-

pared to differences between closely related species with 

contrasting mating systems. For example, the selfing Cap-
sella rubella had a 84.7% smaller corolla and a 83.0% 

smaller P/O ratio in comparison with its outcrossing rela-

tive C. grandiflora (Sicard et al. 2011), and the selfing 

Mimulus nasutus had a 85.0% smaller corolla width and a 

83.1% lower pollen number than the outcrossing M. gut-
tatus (Fishman et al. 2002). Even in the few systems with 

intraspecific mating-system variation due to the break-

down of self-incompatibility in which floral traits have 

been quantified, differences between outcrossing and self-

ing populations tended to be more pronounced. For exam-

ple, corolla diameter and tube length in Abronia umbellata 

selfing populations were reduced by 43.0% and 54.0%, 

respectively (Doubleday et al. 2013), petal area was 

reduced by 60.0% in selfing populations of Arabis alpina 

(Tedder et al. 2015), petal length was reduced by 37.1% in 

selfing populations of Camissoniopsis cheiranthifolia (But-

ton et al. 2012), and selfers in Leavenworthia crassa had 

33.3% and 27.8% smaller petal width and length (Lyons 

and Antonovics 1991). In Leavenworthia alabamica, which 

is the only species with dated intraspecific transitions to 

selfing (Busch et al. 2011), petal length of a 150,000-year-

old selfing race was reduced by 27.0%, whereas only by 

8.2% in a younger, 12,000–50,000-year-old selfing race 

(Busch 2005). Thus, the floral changes towards the selfing 

syndrome in selfing populations of A. lyrata are, despite 

high selfing rates (Foxe et al. 2010), not as pronounced as 

in the other studied systems with intraspecific variation for 

mating system, with the exception of the younger selfing 

race of L. alabamica.

The simplest potential explanation for the relatively 

small floral-trait differences between outcrossing and self-

ing populations of North American A. lyrata is that the 

evolution of selfing has been, so recently that there was 

insufficient time to allow for larger changes in floral traits. 

Although the transitions to selfing have not been dated and 

Table 1  Effects of population genetic cluster and mating system on floral and reproductive traits of Arabidopsis lyrata from a general linear 
mixed-effect model analyses

Traits used were: corolla area, corolla shape (dissymmetric, monosymmetric with top–bottom, and monosymmetric with left–right variation), 
pistil length, herkogamy levels, pollen number, ovule number, and P/O ratio

P values were based on likelihood ratio tests (LRTs), and significant effects are highlighted in bold. Random effects of population, individual 
plant, tray, and residual error are represented by variance estimates

Floral trait, (unit) Fixed effects Random effects

Population 
genetic cluster
(df = 6)

Mating system
(df = 1)

Variance estimates

χ2 P χ2 P Population Plant Tray Residual

Corolla area, loge(mm2) 29.15 <0.001 3.93 0.047 0.006 0.031 0.001 0.027

Centroid size 27.72 <0.001 0.41 0.521 1.837 3.251 0.202 2.393

Corolla perimeter, sqrt(mm) 28.51 <0.001 2.42 0.120 0.026 0.072 0.008 0.144

Dissection index, loge() 25.53 <0.001 0.03 0.866 <0.001 0.004 <0.001 0.005

Corolla shape, dissymmetric variation (PC 1) 18.36 0.010 2.50 0.114 0.002 0.004 0.001 0.011

Corolla shape, monosymmetric top–bottom variation (PC 2) 10.00 0.189 0.01 0.911 <0.001 <0.001 <0.001 0.005

Corolla shape, monosymmetric left–right variation (PC 3) 14.71 0.040 5.83 0.016 <0.001 <0.001 <0.001 0.004

Pistil length, (mm) 20.78 0.004 7.96 0.005 0.032 0.203 <0.001 0.162

Short-stamen length, sqrt(mm) 28.02 <0.001 0.29 0.593 0.003 0.016 <0.001 0.011

Long-stamen length, sqrt(mm) 25.24 <0.001 2.16 0.142 <0.001 0.006 <0.001 0.007

Short-stamen herkogamy, sqrt(mm) 9.91 0.194 1.20 0.274 0.001 0.005 <0.001 0.007

Long-stamen herkogamy, sqrt(mm) 8.28 0.308 0.23 0.635 0.001 0.005 <0.001 0.005

Pollen number 18.23 0.011 4.09 0.043 <0.001 80 × 105 61 × 105 41 × 107

Ovule number 26.36 <0.001 10.33 0.001 1.897 21.991 1.688 12.053

P/O ratio 28.36 <0.001 12.14 <0.001 <0.001 47 × 102 20 × 103 54 × 104

Pollen size, (μm2) 5.06 0.537 0.07 0.785 21 × 10 65.073 6.043 53 × 10
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might have happened before colonization of its current dis-

tribution, the spatial distribution of selfing and outcrossing 

populations suggests that selfing has evolved at least twice 

during or after colonization of the area that was covered by 

ice during the last Glacial Maximum, which lasted until 

c. 10,000 years ago (Hoebe et al. 2009; Foxe et al. 2010). 

This suggests that the transitions to selfing in A. lyrata and 

the 12,000–50,000-year-old transition to selfing in L. ala-
bamica are of similar age, and that this explains the rela-

tively small changes towards the selfing syndrome.

Two other potential explanations, which may or may 

not operate in conjunction with a recent origin, include 

continued dependency of selfing plants on pollinators and 

pleiotropic effects imposing evolutionary constraints on 

evolution of the selfing syndrome. In contrast to species 

with a clear selfing syndrome, A. lyrata plants from self-

ing populations do not always develop fruits from all their 

flowers when kept in insect-free environments (S Carleial, 

University of Konstanz, Germany, unpubl. results), and so 

are not completely autonomous selfers. This suggests that 

they still require vector-mediated pollen transfer for (self) 

pollination. Consequently, selection may still favour floral 

features that are important for pollinator attraction. This 

is surprising given that selection should strongly favour 

traits that allow autonomous selfing. An explanation may 

be that a selfing syndrome resulting in autonomous selfing 

cannot be selected from standing genetic variation in self-

incompatible outcrossing populations, but requires a new 

mutation (Sicard et al. 2011; Barrett et al. 2014) and thus 

sufficient time to appear. Pleiotropic effects may also con-

strain the correlated evolution of floral traits (Ashman and 

Majetic 2006). For example, if the genetic make-up result-

ing in large flowers simultaneously results in large leaves, 

selection for smaller flowers may be opposed by selection 

for maintaining a certain leaf size. Although we cannot 

completely exclude these other explanations, we conclude 

that most evidence indicates that the relatively recent origin 

explains why the transitions to selfing has led to only minor 

changes towards the selfing syndrome, both in A. lyrata and 

in the younger race of L. alabamica (Busch 2005).

We found that the shift towards reduced P/O ratios in 

selfing populations was proportionally larger than the 

reduction in floral size (21.5% vs. 9.2%; Fig. 1). An even 

stronger pattern had emerged in L. alabamica, where the 

younger selfing lineage showed a reduction in P/O ratio of 

46.5%, compared to 8.2% for petal length (in the older lin-

eage, P/O ratios had been reduced by 58.7% vs. 27.0% for 

petal length). Future work should test whether the differ-

ences in magnitude are related to differences in numerical 

properties (subtle changes in pollen or ovule number can 

confer large changes in P/O ratios) or are due to selective 

pressures after the evolution of selfing driving resource 

re-allocation from male to female function (sex allocation 

theory; Brunet 1992) may be stronger than those operat-

ing on floral structures. The latter may be plausible, since 

changes towards decreased P/O ratios likely provide a more 

immediate fitness advantage than other floral traits, espe-

cially if selfers still need pollinators for their pollination. 

There may also be more standing genetic variation for P/O 

ratios than for other floral traits, since the coefficient of var-

iation (CV) for pollen and ovule numbers and consequently 

for P/O ratios were larger than for other traits (Online 

Resource 6). Quantitative genetic approaches are needed 

to confirm whether outcrossers indeed harbour more evo-

lutionary potential for pollen or ovule numbers than for 

other traits. The range of P/O ratios we observed in selfing 

populations of A. lyrata (716 to 1275) covers both typical 

autogamy (mean values under 800: Alarcón et al. 2011) and 

outcrossing (mean values greater than 1000: Cruden 1977). 

This further supports the idea that insufficient time has 

passed to allow for the evolution of a “complete” selfing 

syndrome.

Flower shape in A. lyrata

In A. lyrata flowers, we found principal components rep-

resenting shape variation that were similar to the ones 

found in E. mediohispanicum, where they were called 

relative warps (Gómez et al. 2006), as well as in several 

other species of the Brassicaceae family (Gómez et al. 

2016). Interestingly, the order and the variance explained 

by each principal component in our analysis were con-

sistently similar to the ones found in E. mediohispanicum 

(Gómez et al. 2006). As in E. mediohispanicum, the first 

principal component represented (dissymmetric) variation 

in petal parallelism, the second represented top–bottom 

variation in petal parallelism (monosymmetric top–bottom 

variation), and the third showed changes in lateral devel-

opment of petals (monosymmetric left–right variation) 

(Fig. 2). Given the striking parallel patterns of shape varia-

tion between A. lyrata and E. mediohispanicum and Brassi-

caceae in general, it would be interesting to test how much 

of the shape variation can be attributed to genetic variation, 

and how much to developmental plasticity, since this has 

important implications for the evolvability of floral shape 

in Brassicaceae.

In general, for the major categories of shape variation 

(the first two principal components), we found no differ-

ences between outcrossing and selfing populations. For the 

third principal component (left–right monosymmetric vari-

ation), we found that flowers of selfing populations con-

verged more frequently to the left from the flower’s verti-

cal axis, while flowers of outcrossing populations had the 

opposite tendency (Fig. 2; Online Resource 2 for details 

of the exact interpretation of monosymmetric left–right 

variation). Even in species without specialized pollination, 
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different pollinators may show preferences for alterna-

tive floral shapes (Gómez et al. 2009; Gómez and Per-

fectti 2010; but see Galen 1999; Frey and Bukoski 2014), 

and a shift in pollinator requirement may—in principle—

explain the observed shape difference between outcross-

ing and selfing populations. However, our results should 

be interpreted carefully, because the third principal com-

ponent only accounted for 10.6% of the total shape vari-

ation (Fig. 2), and geometric morphometric analyses are 

very sensitive and thus prone to sampling bias (Zelditch 

et al. 2012). Moreover, a common garden experiment in 

Germany indicated no differences in pollinator visitation 

associated with any of the shape variation (S Carleial, Uni-

versity of Konstanz, Germany, unpubl. res.). Therefore, we 

conservatively conclude that drift or sampling bias have led 

to the very subtle morphological differences we observed, 

rather than any selective process, and that the evolution of 

selfing is not associated with strong changes in floral shape.

Floral integration in A. lyrata

Phenotypic integration of floral traits in A. lyrata was sig-

nificant, but there were no differences between outcrossing 

and selfing populations. This did not support our expecta-

tion that selfing should be associated with reduced flower 

integration, as previously found in L. alabamica (Ander-

son and Busch 2006). In contrast to Anderson and Busch 

(2006), who also used individual plants from different 

populations, we accounted for non-independence of cor-

relations within populations, and therefore, the effective 

sample size of our comparison was relatively low (six out-

crossing and five selfing populations). Moreover, because 

Anderson and Busch (2006) did not account for popula-

tion in their analysis, the weaker trait correlations among 

selfing populations that they report may not reflect lower 

floral-integration within populations, but rather lower cor-

relations across populations. Our analysis does account for 

population, but may suffer from a lack of statistical power 

due to the low effective sample size produced after averag-

ing population values.

Nevertheless, the estimates of floral integration were of 

very similar magnitude between outcrossing and selfing 

populations (0.46 ± 0.23 vs. 0.45 ± 0.35), which suggest 

that the absence of a significant effect of mating system 

on floral integration really indicates that the evolution of 

selfing in A. lyrata has not had an effect on floral integra-

tion. As explained for floral morphology above, there may 

simply have been insufficient time for floral integration to 

change in A. lyrata. However, several other factors may 

also explain this result. First, even if floral integration is 

decreased due to relaxed pollinator selection after a tran-

sition to selfing, increased homozygosity will increase 

linkage disequilibrium (Wright et al. 2008). Such linkage 

disequilibrium may prevent traits to evolve independently 

(Kelly 1999), and even lead to increased trait integration. 

A recent survey of floral integration in 64 flowering plant 

species concluded that selfing species actually show more 

floral integration than outcrossing species (Fornoni et al. 

2015). Similarly, if different flower traits have a com-

mon genetic basis (i.e., pleiotropic effects; Conner 2002) 

responses to selection for one trait will result in simultane-

ous changes in other traits, and maintain floral integration. 

Finally, flowers might consist of several sets of integrated 

modules (Klingenberg 2008). Relaxed pollinator selection 

may lead to reduced integration of one flower module, but 

other selective pressures (for example, selection to main-

tain fecundity) may still operate to maintain floral integra-

tion at the whole flower level. In summary, it is difficult to 

predict whether one expects floral integration to increase or 

decrease after a transition to selfing, and the expectations 

may depend on the choice of traits.

Differences in floral traits among genetic clusters

Previous work had subdivided North American A. lyrata 

in western and eastern genetic clusters (Griffin and Willi 

2014). Our sampling focused on the western cluster and the 

population genetic structure within this cluster (Foxe et al. 

2010), because most known selfing populations are in this 

cluster. One of the selfing populations (LPT, cluster “pur-

ple”, Online Resource 1) was admixed between the western 

and eastern clusters (Griffin and Willi 2014), and this cor-

responded with a remarkable floral morphology compared 

to the other selfing populations in our design, with rela-

tively large flowers, pistils, and a larger P/O ratio (Fig. 1). 

It would, therefore, be interesting to compare the floral 

morphology between the western and eastern clusters.

Within the western cluster, a more fine scale clustering 

analysis (Foxe et al. 2010) had identified the existence of 

two population genetic clusters that contain both selfing 

and outcrossing populations (clusters “blue” and “pink”). 

Other clusters only contained outcrossing (“yellow”) or 

only selfing populations (“purple” and “orange”), and two 

outcrossing populations were admixed. We found signifi-

cant differences in floral morphology between these genetic 

clusters that exceeded in magnitude the overall differences 

due to mating system (Fig. 1; Table 1). Regardless of their 

mating system, the populations in the genetic clusters 

“pink” and “orange” had flowers with trait values signifi-

cantly closer to the selfing syndrome than the populations 

in other clusters (Fig. 1).

These patterns suggest that the differences in flower mor-

phology between populations have a genetic basis, which is 

not surprising given that flower traits in general (Bradshaw 

et al. 1995) and the selfing syndrome in particular has a 

genetic basis (Sicard et al. 2011). Furthermore, our findings 
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raise the question whether clusters with floral traits closer 

to the selfing syndrome may be more likely to evolve self-

ing. This idea of pre-adaptation originates from research 

on invasions, in which it was shown that plants inherently 

possessing traits beneficial for colonizing were more prone 

to become invasive (Dlugosch and Parker 2007; Schlaepfer 

et al. 2010). Similarly, plants with smaller flowers may be 

pre-adapted to evolve selfing. However, we found that self-

ing in A. lyrata has not just evolved in possibly pre-adapted 

clusters, but also in clusters with floral traits closer to the 

outcrossing syndrome. Alongside ecological studies to iden-

tify the selective drivers of changes in floral morphology, it 

would be of interest to undertake quantitative genetic stud-

ies to determine the evolutionary potential and heritabil-

ity for changes towards the selfing syndrome in A. lyrata. 

Moreover, with the genetic basis of the selfing syndrome 

being unravelled in C. rubella (Sicard et al. 2011), it may 

become possible to test whether there is a common genetic 

basis for the selfing syndrome in A. lyrata.

Model systems in which the transition from outcrossing 

to selfing is recent (i.e., systems with outcrossing and self-

ing populations within a species) are of great importance to 

improve our understanding of the processes that play a role 

in the evolution of the selfing syndrome. Here, we identified 

a system in which the (most likely very recent) evolution of 

selfing has merely led to subtle changes towards the self-

ing syndrome in comparison with other systems in which 

outcrossing and selfing populations have been discovered. 

Our detailed analyses of floral morphology further suggest 

that P/O ratios may evolve faster than other traits, and that 

corolla shape does not change in conjunction with selfing. 

The stronger changes for P/O ratio may be due to a higher 

standing genetic variation for this trait, or imply a larger 

selective pressure on traits that directly affect fecundity. 

We conclude that A. lyrata provides an excellent system to 

address the relative importance of evolutionary potential, 

pre-adaptation, and selective forces in the evolution of the 

selfing syndrome, ideally through a combination of quanti-

tative genetic approaches and ecological experiments.
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Tedder A, Carleial S, Golębiewska M, Kappel C, Shimizu KK, Stift 
M (2015) Evolution of the selfing syndrome in Arabis alpina 
(Brassicaceae). PLoS ONE 10:e0126618. doi:10.1371/journal.
pone.0126618

Torices R, Muñoz-Pajares AJ (2016) PHENIX: phenotypic integration 
index. R foundation for statistical computing, version 1.3, http://
cran.r-project.org/web/packages/PHENIX/index.html. Accessed 
5 Aug 2016

Wagner GP (1984) On the eigenvalue distribution of genetic and phe-
notypic dispersion matrices: evidence for a nonrandom organiza-
tion of quantitative character variation. J Math Biol 21:77–95

Willi Y (2013a) The battle of the sexes over seed size: support for 
both kinship genomic imprinting and interlocus contest evolu-
tion. Am Nat 181:787–798. doi:10.1086/670196

Willi Y (2013b) Mutational meltdown in selfing Arabidopsis lyrata. 
Evolution 67:806–815. doi:10.1111/j.1558-5646.2012.01818.x

Wright SI, Ness RW, Foxe JP, Barrett SCH (2008) Genomic con-
sequences of outcrossing and selfing in plants. Int J Plant Sci 
169:105–118. doi:10.1086/523366

Zelditch ML, Swiderski DL, Sheets HD (2012) Geometric morpho-
metrics for biologists: a primer. Academic Press, London

Zuur AF, Hilbe J, Ieno EN (2013) A beginner’s guide to GLM and 
GLMM with R: a frequentist and Bayesian perspective for ecolo-
gists. Highland Statistics, Newburgh




