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SUMMARY
Studying the independent evolution of similar traits provides valuable insights into the ecological and ge-
netic factors driving phenotypic evolution.1 The transition from outcrossing to self-fertilization is common
in plant evolution2 and is often associated with a reduction in floral attractive features such as display size,
chemical signals, and pollinator rewards.3 These changes are believed to result from the reallocation of
the resources used for building attractive flowers, as the need to attract pollinators decreases.2,3 We
investigated the similarities in the evolution of flower fragrance following independent transitions to
self-fertilization in Capsella.4–9 We identified several compounds that exhibited similar changes in different
selfer lineages, such that the flower scent composition reflects mating systems rather than evolutionary
history within this genus. We further demonstrate that the repeated loss of b-ocimene emission, one of
the compounds most strongly affected by these transitions, was caused by mutations in different genes.
In one of the Capsella selfing lineages, the loss of its emission was associated with a mutation altering
subcellular localization of the ortholog of TERPENE SYNTHASE 2. This mutation appears to have been
fixed early after the transition to selfing through the capture of variants segregating in the ancestral out-
crossing population. The large extent of convergence in the independent evolution of flower scent,
together with the evolutionary history and molecular consequences of a causal mutation, suggests that
the emission of specific volatiles evolved as a response to changes in ecological pressures rather than
resource limitation.
RESULTS AND DISCUSSION

Independent transitions to selfing in the genus Capsella

are accompanied by convergent changes in floral
fragrance
The flowers ofmany outcrossing species emit a complexmixture

of volatile chemical compounds that are believed to increase

pollinator visitation rates.3,10,11 Although transitions to selfing

were associated with a decreased emission of particular com-

pounds,12–17 the extent to which independent selfer lineages

evolved similar floral fragrances remains unknown. The genus

Capsellaprovides agenetically tractablemodel to study the inde-

pendent evolution of selfing syndrome traits.18 In this genus, the

two selfer lineages, C. rubella (Cr)4–6 and C. orientalis (Co),7,8

respectively, evolved from the independent breakdown of the

self-incompatibility system in an eastern and a western lineage

of the outcrossing C. grandiflora (Cg)-like ancestors.8 Cg is

visited by a wide range of insect species, including wild bees,
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honey bees, wasps, and hoverflies, some of which are known

to rely on olfactory clues to locate nutritious flowers.19–21Modern

Cg individuals descend from thewestern lineage,while ‘‘eastern’’

outcrossing populations are believed to be extinct. Consistently,

clustering these species based ongenetic distance placesCr in a

sister clade toCg, whileCo branches as an outgroup (Figure 1A).

In contrast to Cr and Co, the outcrossing species Cg emits

high levels of benzaldehyde, indicating that flower fragrances

have changed in both selfers.12,13 To determine the extent of

similarity between these changes, we analyzed the floral

fragrance of 5 representative accessions for each of the three

Capsella species. Total emissions did not differ consistently be-

tween mating types, indicating that the transition to selfing is not

systematically associated with a global reduction of floral scent

(Figure S1). We, therefore, characterized flower scent composi-

tion by calculating dissimilarity indices between individuals

based on volatile compound proportions (Figures 1B and 1C).

The first dimension of a non-metric multidimensional scaling
ors. Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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Figure 1. Convergent evolution of flower scent after independent transitions to selfing in the genus Capsella

(A) Hierarchical clustering based on genetic distances using the Ward clustering algorithm on hamming distances between 10 Cg, Cr, and Co populations. The

scale bars indicate log(hamming distances).

(B) Non-metric multidimensional scaling (NMSD) plot based on Bray-Curtis dissimilarities in flower scent composition between samples (n = 15 per species). SI

and SC refer to self-incompatible and self-compatible, respectively.

(C) Clustering cladogram based on average Bray-Curtis dissimilarities calculated from volatile compound proportions. The scale bars indicate Bray-Curtis

dissimilarities.

(D) Venn diagram illustrating the number of compounds significantly changed only in Cr, only in Co, or in both Co and Cr compared with Cg.

See also Figures S1 and S2 and Table S1.
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(NMDS) of these dissimilarity indices discriminated the samples

according to their mating systems, with Co and Cr displaying

higher NMDS1 values than Cg (Figures 1 and S1). In contrast

to the genetic relationships (Figure 1A), clustering the different

samples based on the flower scent composition grouped Cr

and Co as sister clades, while Cg branched as an outgroup (Fig-

ure 1C). Accordingly, we observed that the mating system ex-

plains most (about 40%) of the variation in flower scent compo-

sition (PERMANOVA; F = 43.128, p < 0.001). We next performed

a random forest analysis to identify flower volatile emission pro-

files characteristic of the individuals’ mating systems. The result-

ing classification model correctly assigned all populations to the

right category with a probability above 75% (Figures S1F and

S1G). To determine the contribution of each volatile compound

to this classification, we calculated the mean decrease in model

accuracy when the different volatiles were removed from the da-

taset (Figure S1H). Nineteen compounds were particularly

important for the classification, with (E)-b-ocimene, (Z)-b-oci-

mene, and benzenacetaldehyde causing the largest drop in

accuracy. Overall, 38 and 26 compounds varied significantly be-

tween Cg and Cr or Cg and Co, respectively (Figures 1D and S2;

Table S1). Among those, 18 compounds, comprising the most
important ones for discriminating the mating systems, changed

in the same direction in both selfers (p = 0.01; hypergeometric

probability) (Figure 1D).

These results indicated a convergent evolution of volatile

production after independent transitions to selfing in the genus

Capsella. The similarities are such that it is possible to classify in-

dividuals into different mating types solely based on the floral

fragrance composition. Most of the compounds recurrently lost

in selfers are common volatiles in floral bouquets believed to

promote pollinator attraction.10,22–27 In particular, b-ocimene

has been proposed to act as a generalist pollinator attractant

and has been shown to increase pollinator visit rates.28–33 The

proportion of dimethyl trisulfide and dimethyl disulfide also

increased in both selfers. These compounds have an unpleasant

sulfurous odor attractive to silphid beetles and some dip-

terans,34–37 but they also act as repellents for other insect spe-

cies38 and have neurotoxic effects on generalist insects.39 The

nature of these compounds and the lack of consistent decrease

in flower volatile emission suggest that the transitions to selfing

are associated with a shift in flower blend function toward

decreasing pollinator attraction and possibly increasing de-

fenses against pests.
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Figure 2. Mutations at different loci led to the loss of b-ocimene in C. rubella and C. orientalis
(A and B) The abundance of (Z)-b-ocimene and (E)-b-ocimene relative to total volatile emission in each Capsella species (n = 15 for each species).

(C and D) QTL mapping for the emission of (Z)-b-ocimene (Tag_mass 93) in the Cr15043 Cg926 RIL population (C) and Co19833 Cg926 F2 population (D). Red

dashed lines indicate the genome-wide 5% significance threshold.

(E and F) (Z)-b-ocimene emission normalized to total volatile emission in the headspace of NILs segregating for the Cg926 and Cr1504 QTL_1 alleles (E) or the

Cg926 and Co1983 QTL_1 alleles (F).

Letters indicate significant differences as determined by one-way ANOVA with Tukey’s HSD test (a = 0.05). Boxplots’ lower and upper hinges correspond to the

first and third quartiles, respectively. The upper and lower whiskers add or subtract 1.5 interquartile ranges to/from the 75 and 25 percentile, respectively. The

middle lines represent the median.

See also Figure S3 and Table S2.
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Mutations at different loci underlie the loss of b-
ocimene emission after the transition to selfing in
Capsella

Globally, Cr shows greater changes in volatile emission than Co

(Figure S2), suggesting that the molecular processes underlying

these changes differ between the two selfer lineages. To test

this, we mapped quantitative trait loci (QTLs) influencing the

emission of b-ocimene, one of the compounds with the largest

contribution to the discrimination between mating categories.

(E)-b-ocimene and (Z)-b-ocimene were emitted by all Cg sam-

ples but detected in very low proportion or not at all in selfers

(Figures 2A and 2B). Both compounds are known to be produced

through the same biosynthetic pathway30 and showed highly

correlated emission levels in selfer 3 outcrosser populations

(Pearson R2 = 0.9936 in Cr 3 Cg and 0.9807 in Co 3 Cg). This

suggests that the genetic change(s) in either selfer lineage

decrease the emission of both isomers in the same manner.

We, thus, focused further analyses on (Z)-b-ocimene, using it

as a proxy for overall changes in b-ocimene emission. We de-

tected one significant QTL affecting (Z)-b-ocimene emission in

each population, but while it was located on chromosome 7 in

the Cr 3 Cg recombinant inbred lines (RILs) (later referred to
2704 Current Biology 34, 2702–2711, June 17, 2024
as QTL_1), it mapped to chromosome 4 in the Co 3 Cg F2 pop-

ulation (QTL_2), suggesting that different loci underlie the loss of

scent in the two selfing lineages (Figures 2C and 2D; Table S2).

Flower size did not significantly affect (Z)-b-ocimene emission

in any of these populations (linear regression analysis; p > 0.08

with R2 = 0.04093 in Cr 3 Cg RIL and p > 0.12 with R2 =

0.01571 inCo3 Cg F2). Additionally, none of the QTLs identified

overlap with any known flower size QTLs,18,40 indicating that

flower size is not the main factor influencing volatile emission.

To ascertain that different loci underlie the loss of b-ocimene

emission in the two Capsella selfing species, we formally tested

whether allele variation in the QTL_1 influences (Z)-b-ocimene

emission in both selfers. To this end, we generated near-isogenic

lines (NILs) segregating for either the Cr and Cg alleles (NILrg)

or the Co and Cg alleles (NILog) in a chromosomal region span-

ning QTL_1 but otherwise homozygous for the selfer alleles

throughout most of the genome. We next selected plants homo-

zygous for alternative alleles and compared their scent emission

profile (Figures 2E and 2F). The NILrg progeny individuals homo-

zygous for the Cg allele (NILgg) emit (Z)-b-ocimene to a similar

level as wild-type Cg plants. As for Cr, no (Z)-b-ocimene could

be detected in NILrg progeny homozygous for the Cr allele
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(NILrr). This result confirmed themajor influence of QTL_1 on vol-

atile emission and further demonstrated that allelic variation at

this locus can fully explain the loss of (Z)-b-ocimene emission

in Cr (Figure 2E). By contrast, both plants homozygous for the

Cg allele (NILgg) and those homozygous for Co (NILoo) derived

from NILog emitted (Z)-b-ocimene at a detectable and similar

level, further suggesting that QTL_1 does not influence (Z)-b-oci-

mene emission inCo (Figure 2F). Therefore, at least in the case of

(Z)-b-ocimene, the parallel reduction of the same scent com-

pound is not caused by mutations at the same locus in the two

selfers.

Allelic variation at TPS02 underlies the loss of b-
ocimene in C. rubella

To better understand the molecular history of flower fragrance

evolution after the transition to selfing, we sought to identify the

gene underlying the loss of (Z)-b-ocimene in Cr. To this end, we

screened about 1,200 NILrg progeny plants for ones harboring

a recombination event within the QTL_1 region. Comparing the

level of (Z)-b-ocimene emission with the position of the recombi-

nation breakpoints allowed us to narrow down the causal muta-

tions to an interval of 115 kb between positions 9,330,402 and

9,445,345 on chromosome 7 (Figure 3A). Although all individuals

heterozygous within this interval emitted a detectable amount of

(Z)-b-ocimene, this compound could not be detected in any indi-

viduals homozygous for the Cr allele. Within this region, we iden-

tified two genes coding for terpene synthases (TPSs), syntenic

to Arabidopsis thaliana TPS02 and TPS03, with an average

sequence similarity of 85% and 84% between the proteins of

the two species. TPS02 was previously shown to contain a chlo-

roplast transit peptide (cTP) that regulates its subcellular localiza-

tion and allows it to act as b-ocimene synthase in A. thaliana.41 In

silico predictions of target peptides identified a cTP in both Cr

TPS02 (TPS02r) and Cg TPS02 (TPS02g) in an extra 35 (36 for

TPS02g) amino acid N-terminal domain that is absent in any of

the TPS03 alleles (Table S3). Consistently, Cg TPS02 but not Cg

TPS03 could rescue the absence of b-ocimene emission in the

A. thaliana accession Col-0, which has been shown to be caused

by a frameshift mutation in TPS0241 (Figure S3A). We, thus, hy-

pothesized that allelic variation at TPS02 underlies the loss of

(Z)-b-ocimene emission in Cr. To test this, we compared the abil-

ity of the genomic fragments encoding for Cg TPS02 (TPS02g) or

Cr TPS02 (TPS02r) to restore (Z)-b-ocimene in theNILrr. Although

(Z)-b-ocimene could not be detected in any of the TPS02r lines

tested, all the lines transformedwith TPS02g emitted a detectable

amount of this compound (Figure 3B). Together, these results

indicated that allelic variation in TPS02 is responsible for the

change in (Z)-b-ocimene emission between Cr and Cg and that

introducing CgTPS02 into Cr fully rescued the emission of this

compound.

Inefficient targeting of TPS02 to the chloroplast is
associated with the loss of b-ocimene in C. rubella

TPS02 is expressed at similar levels in the inflorescences of both

NILgg and NILrr plants and did not show any differences in

splicing patterns (Figures S3B and S3C), suggesting that the

loss of (Z)-b-ocimene emission in Cr was caused by mutations

affecting the TPS02 amino acid sequence. The comparison be-

tween TPS02 alleles segregating in our mapping population (i.e.,
a cross between Cr1504 and Cg926) identified six non-synony-

mous mutations, including five amino acid exchanges and one

nucleotide triplet deletion (Figure 3C). To pinpoint which of these

amino acids abolished (Z)-b-ocimene emission, we correlated

the genotype at the candidate non-synonymous polymorphisms

with (Z)-b-ocimene emission in five Cg and five Cr plants from

different accessions (Figure 3C). (Z)-b-ocimene was emitted at

various levels in all Cg plants but was not detected in any Cr ac-

cessions. Only the polymorphism at position 9,384,490 (8th

amino acid) fully correlates with the production of (Z)-b-ocimene

in our assay, making it the prime candidate to underlie the loss of

(Z)-b-ocimene. The corresponding single-nucleotide polymor-

phism (SNP) induces a serine-to-proline conversion, which cor-

responds to a polar-to-non-polar amino acid exchange within

the cTP. Both TPS02g and TPS02r demonstrated the ability to

use the precursor of b-ocimene, geranyl pyrophosphate

(GPP), as substrate in in vitro assays without significant kinetic

differences (Figure 3D). TPS02r tends to have a lower affinity

for this substrate compared with TPS02g (Km = 50.71 and

19.99 mM, respectively; Wilcoxon rank sum test p = 0.1), but

the catalytic activities of both enzymes were comparable. To

assess whether the cellular localization of TPS02 is affected

by the polymorphism at position 9,384,490, we tagged TPS02

with yellow fluorescent protein (YFP) and estimated the

efficiency of chloroplast targeting by determining the above-

threshold correlation coefficient between the YFP and the chlo-

rophyll A (ChlA) fluorescent signals (Figure 3E). This analysis

indicated that a significantly larger proportion of the TPS02g is

localized within the chloroplast. We next mutated nucleotide

9,384,490 in TPS02g to introduce a proline while keeping the

rest of TPS02g protein unchanged. This point mutation

decreased the amount of TPS02g in the chloroplast, suggesting

that SNP 9,384,490 impaired the efficiency of TPS02 targeting

to the chloroplast (Figure 3E). Considering that the level of chlo-

roplastic TPS02 influences (Z)-b-ocimene production in

A. thaliana,41 it is likely that the decrease in chloroplastic

TPS02 in Cr contributed to reduce b-ocimene biosynthesis,

thereby preventing its detection within the floral blend. In the

cytoplasm of A. thaliana, TPS02 contributes to synthesizing

the sesquiterpene (E,E)-a-farnesene,41 a compound activated

upon herbivore attack as an indirect defense mechanism at-

tracting natural pests’ enemies.42–45 TPS02g and TPS02r also

demonstrated the ability to use the precursor of sesquiterpenes,

farnesyl pyrophosphate (FPP), as a substrate in in vitro assays

with similar catalytic efficiencies (Figure S3D). This suggests

that the increase of cytoplasmic TPS02 could reinforce sesqui-

terpene production in Cr. However, we were not able to detect

(E, E)-a-farnesene in any of our samples, suggesting that this

compound is not strongly emitted by any Capsella flowers.

Since the biosynthesis of a-farnesene can be induced by herbiv-

ory in other species,41 it remains possible that change in TPS02

localization increases this compound emission in response to

tissue damage. The NILs segregating for TPS02 Cg and Cr al-

leles will provide a unique resource to test this hypothesis in

the future.

Evolutionary history of the loss of b-ocimene
To gain insights into the evolutionary origin of the loss of b-oci-

mene emission, we used publicly available genome sequences
Current Biology 34, 2702–2711, June 17, 2024 2705



Figure 3. A mutation in the chloroplast transit peptide of TPS02 underlies the loss of b-ocimene emission in C. rubella

(A) Fine-mapping of QTL_1. The color-coded bars on the left indicate the informative recombinants’ genotype. Positions on chromosome 7 are indicated in Mb at

the bottom. The bar chart on the right indicates (Z)-b-ocimene emission intensity scaled to the maximal value in the experiment. Values are mean ± SD from 2

measurements. The schematic representation of genes involved in monoterpene biosynthesis in the mapping interval shown at the bottom.

(B) (Z)-b-ocimene emission in Cg926, Cr1504, NILrr;TPS02g, and NILrr;TPS02r. Each dot represents an individual measurement.

(C) (Z)-b-ocimene (Tag_mass 93) emission in different Cg and Cr accessions. The genotype at each non-synonymous SNP is represented on the right by color-

coded rectangles. Boxplots on the right indicate the intensity of the (Z)-b-ocimene emitted by each individual scaled to the maximal value in the experiment. The

SNP showing the best correlation with (Z)-b-ocimene emission is indicated in red.

(D) Kinetic parameters of TPS02r and TPS02g using geranyl pyrophosphate (GPP), as substrate. Each value corresponds to the average ± SE of three replicates.

(E) Cellular localization of TPS02r, TPS02g, or TPS02gS8P in Arabidopsis leaf protoplasts (top). YFP corresponds to TPS02, and the chlorophyll A (ChlA) signal

indicates the position of the chloroplasts. Scale bars correspond to 5 mm. The bottompanel shows a violin plot representing the efficiency of TPS02r, TPS02g, and

TPS02gS8P chloroplast targeting (above-threshold Pearson correlation coefficient between the YFP and ChlA signals). Each dot represents an individual

measurement.

Letters indicate significant differences as determined by one-way ANOVA with Tukey’s HSD test (a = 0.05). Boxplots’ lower and upper hinges correspond to the

first and third quartiles, respectively. The upper and lower whiskers add or subtract 1.5 interquartile ranges to/from the 75 and 25 percentile, respectively. The

middle lines represent the median.

See also Figure S3 and Table S3.
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to reconstruct the TPS02 haplotypes from 182Cg, 16Co, and 51

Cr accessions. We first investigated the genetic structure at the

TPS02 locus within Cr by inferring individuals’ genetic ancestries

using ADMIXTURE (Figures 4A and S3). The best fit of individuals’
2706 Current Biology 34, 2702–2711, June 17, 2024
ancestrieswas obtained for six clusters,with twoof these clusters

including 37 out of 51 individuals. Hierarchical clustering of the

Cr haplotypes uncover two major clades regrouping together 48

Cr individuals, later referred to as the Crub_183 and Cr1504



Figure 4. Evolutionary history of TPS02 in Capsella

(A) Geographical distribution of the different Cr TPS02 haplotype groups, as determined by an admixture analysis (Figure S3). The tree on the top illustrates the

phylogenetic relationship among corresponding Cr accessions.

(B) Neighbor-joining tree representing the genetic relationships between all Capsella TPS02 haplotypes identified. The bootstrap consensus tree was inferred

from 1,000 replicates. Branches corresponding to partitions reproduced in less than 50% of bootstrap replicates are collapsed. Red branches illustrate hap-

lotypes containing the candidate causal mutation at SNP 9.384.490. Cg haplotypes containing the Cr allele at this position are marked by a red dot if they show

signs of recent introgression (Cgig) or by an orange dot if they do not show any signs of recent introgression (CgSNP).

(C) Distribution of the pairwise genetic distances, as numbers of polymorphisms, between Cg and Cr TPS02 haplotypes. Values corresponding to the distance

between Cgig and Cr haplotypes are shown in red, while the values comparing CgSNP and Cr haplotypes are shown in orange.

(D) PN/PS distribution in Cg and Cr. Median and TPS02 PN/PS are indicated with a black and red dashed line, respectively.

See also Figure S4.
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haplotype groups. The geographical distribution of these haplo-

types does not reflect the genetic relationship betweenCr individ-

uals, suggesting that they were differentiated at the early stage of

Cr history before its geographical spread (Figure 4A). To under-

stand how these different clusters relate to the TPS02g haplo-

types, we reconstituted a neighbor-joining tree using all TPS02

assembled haplotypes (Figure 4B). The haplotypes correspond-

ing to the 48Cr individuals mentioned above cluster within a line-

age also containing 11 haplotypes found in 8 Cg individuals. The

latter show, nevertheless, excessively long Cr-like haplotypes

and abnormally low genetic differentiation from Cr haplotypes,

indicating that they reflect recent hybridization events with the
Cr haplotypes not yet broken up by recombination (Figures 4C

and S4). The 3 Cr sequences not included in the main haplotypes

cluster within Cg haplotypes. Their unusual genetic similarities to

Cg sequences, particularly low levels of longCrub_183 orCr1504

haplotypes (Figure S4), and the fact that the individuals harboring

these haplotypes originate from Greece, where the two Capsella

species remain in sympatry, also suggests that these haplotypes

correspond to post-divergence gene flow from Cg to Cr.

After excluding haplotypes with genomic signatures of recent

introgression, we observed that the Cr allele at the candidate

causal SNP (position 9,384,490) was found in all Cr from the

Crub_183 and Cr1504 haplotype groups but also in 11 Cg
Current Biology 34, 2702–2711, June 17, 2024 2707
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individuals (Figures 4 and S4). None of these Cg individuals

shows signs of recent introgression. Their pairwise distances to

Cr haplotype are dispersed through the center of the distribution

of all Cg vs. Cr haplotypes comparison, and they show average

levels of long Cr-like haplotypes. All other non-synonymous mu-

tationswithin TPS02 fixedwithinCrwere found to similarly segre-

gate in Cg (Figure S4). Together, these observations support a

scenario in which the Cr allele leading to the loss of b-ocimene

has been captured from standing variation in the ancestral out-

crossing population.

Selfing syndrome traits such as scent emission are often

believed to evolve as a result of the relaxation of selective pres-

sure acting on genes controlling pollinator attraction. To deter-

mine if the functional constraints acting on TPS02 have indeed

been relaxed inCr, we computed the ratio between non-synony-

moussitesandsynonymoussites’ nucleotidepolymorphism (PN/

PS). Consistent with the expectation of the decreased efficiency

of natural selection in selfers,9 the genome-widePN/PS distribu-

tion is shifted toward higher values in Cr (Figure 4D). However,

TPS02PN/PS did not change between the two species, suggest-

ing that TPS02 is under similar levels of functional constraints in

Cr andCg. The loss of b-ocimene emission inCr does not, there-

fore, seem to have been caused by the relaxation of purifying se-

lection acting on the gene controlling its production.

In this study, we uncovered a number of volatiles whose emis-

sion is repeatedly affected by the transition toward self-fertiliza-

tion, suggesting their potential importance in optimizing different

reproduction modes. The mutation underlying the loss of emis-

sion of one of these compounds, (Z)-b-ocimene, inCr, was found

to affect the subcellular localization of an enzyme involved in the

terminal step of monoterpene biosynthesis. Therefore, it seems

unlikely that this mutation enables significant reallocation of re-

sources to other fitness functions, as previously proposed for

selfing syndrome traits.46 Instead, TPS02 remains under similar

functional constraints in Cr as in the outbreeding ancestor,

possibly reflecting its rechanneling toward other metabolic pro-

cesses. Such mutations at the onset of self-fertilization could

favor the establishment of selfer lineages by limiting conspecific

gene flow through pollinator movements while potentially rein-

forcing other metabolic functions. Consistently, b-ocimene

emission in Capsella appears to increase the visitation rate of

several pollinator groups in nature.21 This example demonstrates

how deviations in phenotypic value associated with shifts in

ecological constraints do not always associate with changes in

the extent of selective pressure at underlying loci. Dissecting

the biological functions of different convergent selfing syndrome

traits will help in understanding the evolutionary and ecological

pressures that shape flower phenotypes in self-fertilizing

species.
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mene, a Key Floral and Foliar Volatile Involved in Multiple Interactions be-

tween Plants and Other Organisms. Molecules 22, 1148. https://doi.org/

10.3390/molecules22071148.

31. Andersson, S., Nilsson, L.A., Groth, I., and Bergström, G. (2002). Floral

scents in butterfly-pollinated plants: possible convergence in chemical

composition. Bot. J. Linn. Soc. 140, 129–153. https://doi.org/10.1046/j.

1095-8339.2002.00068.x.

32. Peng, F., Byers, K.J.R.P., and Bradshaw, H.D. (2017). Less is more: inde-

pendent loss-of-function OCIMENE synthase alleles parallel pollination

syndrome diversification in monkeyflowers ( Mimulus ). Am. J. Bot. 104,

1055–1059. https://doi.org/10.3732/ajb.1700104.

33. Byers, K.J.R.P., Vela, J.P., Peng, F., Riffell, J.A., and Bradshaw, H.D.

(2014). Floral volatile alleles can contribute to pollinator-mediated repro-

ductive isolation in monkeyflowers ( Mimulus ). Plant J. 80, 1031–1042.

https://doi.org/10.1111/tpj.12702.

34. Yan, G., Liu, S., Schlink, A.C., Flematti, G.R., Brodie, B.S., Bohman, B.,

Greeff, J.C., Vercoe, P.E., Hu, J., and Martin, G.B. (2018). Behavior and

electrophysiological response of gravid and non-gravid Lucilia cuprina

(Diptera: Calliphoridae) to carrion-associated compounds. J. Econ.

Entomol. 111, 1958–1965. https://doi.org/10.1093/jee/toy115.

35. Zito, P., Sajeva,M., Raspi, A., and Dötterl, S. (2014). Dimethyl disulfide and

dimethyl trisulfide: so similar yet so different in evoking biological re-

sponses in saprophilous flies. Chemoecology 24, 261–267. https://doi.

org/10.1007/s00049-014-0169-y.

36. von Hoermann, C., Ruther, J., and Ayasse, M. (2016). Volatile organic

compounds of decaying piglet cadavers perceived by Nicrophorus vespil-

loides. J. Chem. Ecol. 42, 756–767. https://doi.org/10.1007/s10886-016-

0719-6.
Current Biology 34, 2702–2711, June 17, 2024 2709

https://doi.org/10.1073/pnas.0807679106
https://doi.org/10.1073/pnas.0807679106
https://doi.org/10.7554/eLife.43606
https://doi.org/10.7554/eLife.43606
https://doi.org/10.1101/425389
https://doi.org/10.1111/j.1365-294X.2012.05460.x
https://doi.org/10.1038/ng.2669
https://doi.org/10.1038/ng.2669
https://doi.org/10.1201/9781420004007.ch2
https://doi.org/10.1201/9781420004007.ch2
https://doi.org/10.1016/j.tree.2013.01.019
https://doi.org/10.1016/j.tree.2013.01.019
https://doi.org/10.1016/j.cub.2016.10.026
https://doi.org/10.1016/j.cub.2016.10.026
https://doi.org/10.1111/nph.16103
https://doi.org/10.1111/nph.16103
https://doi.org/10.3417/0026-6493(2007)94[236:FBONAO]2.0.CO;2
https://doi.org/10.3417/0026-6493(2007)94[236:FBONAO]2.0.CO;2
https://doi.org/10.1086/701102
https://doi.org/10.3732/ajb.1300159
https://doi.org/10.1093/aob/mcab007
https://doi.org/10.1105/tpc.19.00551
https://doi.org/10.1007/s10886-010-9871-6
https://doi.org/10.1007/s10886-010-9871-6
https://doi.org/10.5141/jee.21.00075
https://doi.org/10.5141/jee.21.00075
https://doi.org/10.1002/ajb2.16237
https://doi.org/10.1002/ajb2.16237
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1016/0031-9422(93)85502-I
https://doi.org/10.1016/0031-9422(93)85502-I
https://doi.org/10.1111/j.1095-8339.1993.tb00340.x
https://doi.org/10.1111/j.1095-8339.1993.tb00340.x
https://doi.org/10.1111/j.1095-8339.2004.00329.x
https://doi.org/10.3390/molecules24183327
https://doi.org/10.3390/molecules24183327
https://doi.org/10.3389/fpls.2016.01903
https://doi.org/10.3389/fpls.2020.01154
https://doi.org/10.1038/srep03434
https://doi.org/10.3390/molecules22071148
https://doi.org/10.3390/molecules22071148
https://doi.org/10.1046/j.1095-8339.2002.00068.x
https://doi.org/10.1046/j.1095-8339.2002.00068.x
https://doi.org/10.3732/ajb.1700104
https://doi.org/10.1111/tpj.12702
https://doi.org/10.1093/jee/toy115
https://doi.org/10.1007/s00049-014-0169-y
https://doi.org/10.1007/s00049-014-0169-y
https://doi.org/10.1007/s10886-016-0719-6
https://doi.org/10.1007/s10886-016-0719-6


ll
OPEN ACCESS Report
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Lead contact
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Adrien.Sicard (adrien.sicard@slu.se)

Materials availability
Plasmids and plant materials generated in this study will be available from the lead contact upon request.
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Data and code availability

d Metabolomics’ files generated in this study and average responses of all mass features observed after non-targeted profiling of

the volatile organic compounds are available on Figshare. DOIs are listed in the key resources table.

d Original code has been deposited at Figshare and is publicly available as of the date of publication. DOIs are listed in the key

resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we examined plants or sequence data from the following Species: Capsella grandiflora, Capsella rubella, Capsella ori-

entalis and Arabidopsis thaliana (accession Col-0).

The Capsella grandiflora (Cg), C. rubella (Cr) and C. orientalis (Co) accessions used in this study were collected from diverse loca-

tions in Europe, Africa, and Asia. Detailed information on the locations is given in Methods S1A. The Cr x Cg RILs and Co x Cr F2

population used for the QTL mapping experiments were previously described and generated from crosses between Cr1504 and

Cg926 and Co1983 and Cg926, respectively.18,40 The near-isogenic lines (NILs) segregating at the (Z)-b-ocimene emission QTL

(QTL_1 ) locus were generated by introgressing the QTL_1 Cg926 alleles present in the Cr x Cg RILs and Co x Cr F2 into Cr1504

(NILrg) and Co1983 (NILog) through six and four rounds of backcrossing, respectively. These lines were further stabilized through

four rounds of selfing while maintaining the QTL_1 heterozygous. The resulting lines were termed NILrg and NILog, respectively

Seeds were surface-sterilized, plated on half-strength Murashige-Skoog medium supplemented with 0.8 % (w/v) Agar-Agar and

3.3 mg L-1 gibberellic acid (Duchefa Biochemie) and placed for two days at 4oC. Germination took place at 22oC for ten days. To

promote the transition to flowering seedlings were vernalized for ten days at 4oC. Plants were then grown in growth chambers under

long-day conditions (16h light/8h dark) with a temperature cycle of 22oC during the day and 16oC during the night and at 70% hu-

midity with a light level of 200 mmol m-2s-1.

METHOD DETAILS

Floral Volatile sampling in Capsella

For thepurposeofpreviousstudies,12,13 volatileorganic compounds (VOC) emittedbyCrxCgRILsandCoxCgF3populationhavebeen

collected using a dynamic headspace sampling method coupled with gas chromatography-mass spectrometry (GC-MS). The extrac-

tion, assigning, and calculation of most compound intensities was done, as described below, through a semi-automated approach.

Thequantification of (Z)-b-ocimene emission in theCr xCgRILswas, however, conductedmanually asdescribed in12 because the close

proximity of additional compounds in the available chromatograms impaired the automatic quantification of this compound.

In this study, volatile compounds emitted by NILs,Capsella accessions and transgenicCapsella plants were analyzed by the head-

space solid phase microextraction (HS-SPME) and gas chromatography coupled with electron impact ionization/quadrupole mass

spectrometry (GC-EI-MS). HS-SPME coupled with GC-MS facilitates sample processing, improves throughput and was shown to

highly efficiently capture VOCs in several species,47–49,63 including those previously detected in Capsella flower blend.12

Three inflorescences for each plant individual analyzed were cut and placed inside a 20ml airtight glass vial following.64 The number

of open flowers per each inflorescence was noted and later used for normalization. Up to 19 individuals were measured in one mea-

surement sequence batch. A blank sample with no inflorescence was included in each sequence batch, and unless stated otherwise,

each individual was measured twice. The number of individuals analyzed are indicated in the respective figure legends. Samples were

collected between 10:00 am and 1:00 pm and placed in a dark container to minimize post-sampling volatile emission65 for a period of

approximately 30 minutes before proceeding with quantification. Time until measurement was kept approximatively constant for all

samples. Sample collection was also randomized to minimize the influence of uncontrolled environmental variables. A sanity check re-

vealed that differences in sample processing did not affect the total amount of volatiles emitted (Kruskal-Wallis, p = 0.837).

Headspace samples were analyzed by solid phase microextraction (SPME) and gas chromatography coupled with electron impact

ionization/quadrupole mass spectrometry (GC-EI-MS) by using Agilent 6890N24 gas chromatograph (Agilent Technologies, Böblingen,

Germany; http://www.agilent.com) and a StableFlexTM SPME-fiber with 65mm polydimethylsiloxane/divinylbenzene (PDMS-DVB)

coating (Supelco, Bellefonte, USA). The headspace of samples for SPME was put under the following procedure: incubation at 45�C
for 10 minutes, adsorption at 45�C for 5 minutes and desorption at 250�C for 1 minute onto a DB-624 capillary column with 60m x

0.25mm x 1.40mm film thickness (Agilent Technologies, Böblingen, Germany). The GC temperature was programmed as follows: 40�C
isothermal for 2minutes, then10�C/min ramping to260�Cfinal temperature,whichwas thenheldataconstant level for10min.TheAgilent

5975BVLGC-MSDsystemwas run using a constant flowof heliumat a level of 1.0mL/min. Desorption from theSPMEfibre took place at

16.6 psi with an initial 0.1 min pulsed-pressure at 25 psi. The purge of the SPME fibre was run for 1min at a purge flow of 12.4mL/min.64

Floral volatile sampling in Arabidopsis thaliana

Volatile Organic compounds emitted from Arabidopsis flowers were collected as described in Boachon et al.66 Forty inflorescences

for each replicate were detached and placed in a 2ml glass vials filled with water. The vials were then placed in a 250ml glass vial and
e3 Current Biology 34, 2702–2711.e1–e6, June 17, 2024
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enclosed in an oven bag made of PET. Charcoal-filtered air was pumped into the bag in a close loop system in which emitted volatile

were traped into a glass tube filled with 30 mg of Porapak Q (80–100 mesh, Sigma). VOCs were sampled for 16 hours starting from 7

am before been eluted in 200 ml of dichloromethane spiked with tridecane (10ng/ ml). One ml of solvent extracts of the headspace

flower samples were analyzed by gas chromatography coupled with mass spectrometry (GC-MS) using an Agilent 7890NGC system

coupled to an Agilent 5975C mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA). A HP-1MS capillary column

(303 0.25 mm id3 0.25 mm film thickness, 100% Dimethylpolysiloxane) was used for the GC separation of compounds. Therefore,

1 ml of each extract was injected to the system. Helium was used as carrier gas (Helium 6.0) with a pressure of 6.128 psi. The GC

temperature program was as follows: Initial oven temperature of 30 �C was held for 1 min, increased at a rate of 5 C min-1 to 150
�C, followed by a rate of 10 C min-1 to the final temperature of 260 �C and held for 10 min. The mass spectrometer was operated

in the electron impact (EI) mode at 70 eV, with a gain set to 10. All data were obtained by collecting the full-scan mass spectra within

the range of 40–500 m/z. The occurrence of b-ocimene in the chromatograms was determined by comparison to the characteristic

ion fragmentation pattern and retention index from the reference standard, using the ‘‘Automated Mass Spectral Deconvolution and

Identification System’’ (AMDIS, V. 2.71; National Institute of Standards and Technology NIST, Boulder, CO).67 The settings for de-

convolution were set to low sensitivity, medium resolution, and shape requirement with a component width of 32 and one adjacent

peak subtraction. Identification criteria were applied as follows: match factorR 80% with relative retention index deviation% 5% +

0.01 from the reference value. Match factor penalty was set to very strong with a maximum penalty of 25.

VOCs Identification and quantification
The chromatogramswere recordedwith themass range set to 30-300m/z and at 20Hz scan rate. The obtained chromatogramswere

controlled visually, exported in NetCDF file format using Agilent ChemStation-Software and baseline-corrected with MetAlign soft-

ware.51 Data processing into a standardized numerical data matrix and compound identification were done using the TagFinder soft-

ware.52,53 Identification of compounds was performed based on comparison to reference standards using mass spectral and reten-

tion time matching to the reference collection of the Golm Metabolomics Database (GMD) for volatile compounds. Note that in the

case of b-ocimene, a mix of isomers was used (Sigma - W353901). The isomers were annotated based on their retention index order

in the NIST library. To assign compound as present in the analyzed sample a the criteria of at least 3 specific mass fragments per

compound and a retention time deviation < 3.0% was used. Mass to charge ratios (m/z) for selective and specific quantification

of annotated compounds are reported in the format Tag_mass followed bym/z. To define non-annotated compounds, we correlated

the mass fragments for each retention time. When mass fragments were not well correlated (r2 < 0.4), we performed a hierarchical

clustering based on dissimilarity indices using an optimal number of clusters determined based on the silhouette method (factoextra

package in R). Non-annotated compounds are named Time_###_**, with ### corresponding to the Time_group (i.e., running number

of co-eluting masses features) and ** to the cluster number. The numbers of Time_groups and clusters are provided by the TagFinder

software.68 These yet unknown volatile compounds are characterized by assigning m/z and retention time (RT) to each Time_###_**

feature. Retention indices were calculated following.69

Flower fragrance analysis
For quantification purposes, all mass features were evaluated for the best specific, selective and quantitative representation of

observed analytes. The blank values of each volatile compound were subtracted from the corresponding individual samples for

each sequence batch. Each sample was then standardized to the number of open flowers. For each compound at a given retention

time, we selected the three best correlated (Pearson rank correlation coefficient) mass fragments and averaged blank-corrected and

standardized intensities of technical replicates of each individual. Analytes present in at least two biological replicates of at least one

population were kept for further analysis. The intensity of the volatile compound detected for each individual was then summed to

estimate the total emission. The relative proportion of each detected compound present in the flower scent was determined by

dividing each volatile compound’s intensity by the sum of the intensity of all detected compounds in the corresponding samples

to obtain relative abundances of each annotated and non-annotated volatile. The comparison of b-ocimene emission between ge-

notypes was performed by scaling the standardized response of the corresponding mass fragments to the maximal intensity de-

tected in the experiment.

To assess the difference in volatile composition betweenCapsella species, we first performed amultivariate analysis on the relative

proportion of each compound. We calculated Bray-Curtis dissimilarities that we illustrated with a non-metric multidimensional

scaling (NMDS) plot (vegan package in R). We next performed hierarchical clustering based on the average Bray-Curtis dissimilarity

scores to visualize the relationship between the volatile profiles emitted by the different populations analyzed (Dendextend in R). We

formally testedwhether themating systems affected the floral scent composition by conducting a permutational multivariate analysis

of variance (PERMANOVA, adonis function from the vegan package in R using 1000 permutations) using the mating system, species

and populations as factors. Additionally, we investigated the importance of different compounds for classifying populations into

differentmating types using the RandomForest algorithm (randomForest package in R).70We use the algorithm to calculate the prob-

ability of being assigned to the correct mating systems categories based on the relative abundance of different scent compounds

(ntree = 1000, mtry = 7). We next extracted the mean decrease accuracy for each compound which describes the extent to which

they contribute to the accurate classification of the samples.

Because the above analysis suggested a convergent evolution of flower scent in the two selfers, we further characterize differ-

ences in flower fragrance composition between the different species andmating systems. To this end, we constructed linear models
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with zero-inflated beta distribution (glmmadmb package in R) using mating systems and/or species as fixed factors and population

nested within mating systems or species as random variables. The model terms’ significance was determined using the likelihood

test (lrtest function from the lmtest package in R). In parallel, we also conducted pairwise comparisons of the abundance of the

different compounds between Capsella species using Tukey’s honest significant differences test to identify significantly reduced

or increased compounds in the selfers compared to C. grandiflora (agricolae package in R). The resulting number of compounds

emitted at significantly different levels by the Capsella species were used to visualize the overlap between the evolution of flower

scent that occurred in the two selfers (VennDiagram package in R).

QTL mapping
The genotypes of Cr x Cg RILs and Co x Cg F2 mapping populations have been obtained as previously described.18,40 Scent com-

pounds emitted by both populations were collected as described above. QTLs for the selected volatile compounds were mapped

using R/QTL.71 The single-QTL genome scan was conducted using a non-parametric model. QTLs were tested in 1 cM intervals

and assessed using LOD scores (the log10 likelihood ratio). Genome-wide permutations (1000) under the non-parametric model

were used to determine significance thresholds (5%). A 1.5-LOD support interval was used to estimate the position of each QTL.

The results of the QTL analyses are presented in Table S2.

Fine mapping
We first identified a NILrg segregating in the region containing the QTL_1 interval by genotyping plants with markers G06, G07 and

G09. To refine the position of QTL_1, around 1,200 NILrg progenies were screened for plants harbouring a meiotic recombination

between themarkersm1621 andm1629, each located at the opposed borders of theQTL confidence interval (Table S2). The position

of the recombination breakpoints was determined by genotyping informative recombinants with additional markers located in the

focal region. Floral scent was collected from each of the selected recombinant individuals two times using the static headspace sam-

pling method as described above. The primers used for the genotyping are shown in Methods S1B.

Molecular cloning and plant transformation
Cr (TPS02r) andCg (TPS02g and TPS03g) genomic constructs were used to complement theNIL plants homozygous for theCr allele

(NILrr) or Arabidopsis thalianaCol-0 plants. All constructs were PCR-amplified from eitherNILrr orNILgg (NIL homozygous for theCg

allele) genomic DNA. A 6.1 kb TPS02r and 5.9 kb TPS02g genomic fragments starting �1.3 kb before the transcription start site of

TPS02 and ending �1.3kb after the stop codon were amplified in two PCR reactions (sequences of primers used are presented in

Methods S1B). TPS03g genomic fragment was 5.2 kb in length including 1.3 kb upstream the transcription start site and 0.9 kb of 3’

sequences. The genomic fragments were assembled and subcloned into amodified version of pBluescript II KS (StrataGen, pBlueM-

LAPUCAP) using the InFusion� HD Cloning Plus kit (Clontech), yielding the construct pBS-TPS02r and pBS-TPS02g. Following the

same cloning approach, a sequence coding for the yellow fluorescent protein was inserted before the codon stop position of TPS02

in the resulting plasmids. The sequences corresponding to the TPS02YFP recombinant proteins were then transferred to pAS95,

modified pBluescript II KS containing a CaMV 35S promoter and terminator, yielding the 35S::TPS02gYFP and the 35S::TPS02rYFP

constructs. The serine at the 8th amino acid position was then converted into a proline by PCR-based site-directed mutagenesis,

giving rise to the 35S::TPS02gS8PYFP construct. To express recombinant TPS02g and TPS02r protein in bacteria, we cloned a trun-

cated version of TPS02 ORFs fused to a 6 x histidine (His)6-tag in pet11a. These protein versions started at amino acid 38, the pre-

dicted cleavage site of the chloroplast peptide signal. In line with previous observations, this truncation was necessary to obtain a

soluble protein version and is believed to naturally occur in plants upon chloroplast entry before enzymatic reaction occurred.41,72

The primers used to generate the constructs are shown in Methods S1B.

After verification by Sanger sequencing, the fragments were transferred into the AscI site of the plant transformation vector pBar-

MAP, a derivative of pGPTVBAR (Becker et al.73). These genomic constructs were then used to transform Capsella NILrr plants or

Arabidopsis thaliana Col-0 accession by floral dip74 or Arabidopsis thaliana leaf protoplasts using PEG-mediated transfection.75

Gene expression and splicing analysis
Total RNA was extracted from inflorescences using Trizol (Life Technologies). RNAs were treated with TurboDNAse (Ambion) and

reverse transcribed using oligo(dT) and the Superscript III Reverse Transcriptase (Invitrogen). Quantitative RT-PCR was performed

using the SensiMix SYBR Low-ROX kit (Bioline) and a LightCycler� 480 (Roche). The primers used are described in Methods S1B.

For each genotype, three biological replicates were used, and for each of them, three technical replicates were included. To detect

splicing difference, primers onw540 and onw541 were used to amplify the full-length TPS02 transcripts.

TPS02 activity assay
TPS02-(HIS)6 were transformed into Escherichia coli strain BL21(DE3)pLysS (Life Technologies). E.coli cultures (400 ml) were grown

in LBmedium at 37�C until OD600 =0.6 before inducing the expression of recombinant proteins with 1mM IPTG and transferring them

at 20�C for 16 hours. Cells were then collected by centrifugation at 4000 g for 20 min and resuspended into 15ml of chilled extraction

buffer (50 mM tris HCL [pH 7.5], 20 mM imidazole, 300 mM NaCl, 10 % glycerol (v/v), 5mMMgCL2, 1mM DTT, 0,3 mg/ml Lysozyme

(Sigma), 1 U/ml of DNAse I and protease inhibitors(Roche)). Cells were disrupted by sonication (3 x 30s – 50% amplitude of ultrasonic

liquid processsors, MISONIX) and the soluble protein fraction was recovered by centrifugation for 30 min at 4�C. Recombinant
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proteins were purified using NEBExpress�Ni-NTAMagnetic Beads (New England Biolabs) and transferred into the enzymatic assay

buffer (25mM MES, 25mM CAPS, 50mM Tris, 5mM MgCl2 at [pH 7.5]) using ZebaTM Spin Desalting columns (7kMWCO – Thermo

scientific). Protein concentration was then determined by SDS-page. Steady-state analyses of TPS02 activity were conducted using

the malachite green phosphate assay kit (Sigma-Aldrich, No. MAK307) following.76 Assays were conducted using 0.2 mM enzyme in

50 ml of enzymatic assay buffer supplemented with 5 mU of the coupling enzyme inorganic phosphatase (Sigma) with varying con-

centrations of substrate (from 1.56 to 100 mM), Geranyl pyrophosphate (GPP) or Farnesyl pyrophosphate (FPP), for 5min at 30�C. The
reactions were stopped by adding 12 ul of Malachite green development solution and incubated 15 min at room temperature before

reading at 620 nm using a FLUOstar Omega plate reader (BMG Labtech). The data was fitted to a non-linear regression of the

Michaelis-Menten equation using the drc package implemented in R.77

Confocal imaging
To analyze the cellular localization of TPS, we imaged transformed A. thaliana protoplast with a confocal laser scanning microscope

Zeiss LSM710 (Zeiss) using an excitationwavelength of 514 nm,with emission collected above 630 nm for Chlorophyll A and between

520 - 570 for YFP. Above-threshold Pearson’s correlation coefficients between the Chloroplhyll A and YFP signal intensities were

determined using ImageJ (http://rsbweb.nih.gov/ij/) to assess the efficiency of TPS02 targeting within chloroplasts.

Sequence and population-genetic analyses
Pairwise sequence alignments of nucleotide sequences of NILrr and NILgg TPS02 alleles were performed using EMBOSS Needle.54

Protein sequence alignments were performed using the Clustal Omega and visualized by MView.54,55 Chloroplast transit peptides

were predicted using the LOCALIZER 1.0.4.56

To correlate the genotype at candidate polymorphisms with scent emission, five Cg individuals and five Cr accessions (three in-

dividuals per each accession) were sequenced in the regions containing five non-synonymous variants within TPS02 and pheno-

typed for (Z)-b-ocimene emission as mentioned above.

The dataset used for the population genetic analysis included 180 Cg individuals from a single population and species-wide sam-

ples of 13 Cg and, 51 Cr and 16 Co individuals.6,50,78 TPS02 haplotypes were reconstituted by a combination of local assembly and

multiple pair-end phasing (similarly to Sicard et al.79). The resulting sequences were used to reconstruct neighbour-joining trees with

MEGA11 using the Tamura 3-parameter method and gamma distribution.57MEGA11was also used to compute genetic distances as

the number of nucleotide differences per sequence comparison. The hierarchical clustering of the samples based on the genotypes

atCr1504/Cg926 TPS02 non-synonymous variants was done using Elucidean distances. The counts ofCr1504 orCrub183 k-mers of

different sizes in different samples were estimated using JELLYFISH.58

To visualize the genetic distances between the three Capsella species, reads were mapped to the Capsella reference genome9

using Stampy v1.0.19.59 After bioinformatics processing using Picard tools (https://picard.sourceforge.net/), Raw SNP calls were

generated by the joint calling of all individuals in GATKv4.60 To determine the genetic relationship between Capsella species, we first

identify the tenmost unrelated individuals from each species. For each species separately, we pruned the dataset with a target of ten

individuals by varying the relatedness cutoff using plink 1.9.61 We then computed the distance matrix with the same software using

the "hamming distance" procedure. The dendrogram was created by performing a hierarchical clustering based on the resulting dis-

tance matrices using the Ward method in the R package hclust.

C. rubella phylogeny was reconstituted using the substitution model in the IQTREE software.62 To root the tree, we used a

C. grandiflora individual representative of the species genetic identity, i.e. the individual with the lowest contribution on the principal

components of a genetic principal component analysis performed with the R package pcadapt.80 We looked at the TPS02 haplotype

diversity across C. rubella genotypes by extracting the variants located in the TPS02 locus and performing an admixture analysis.81

To further assess the regime of selection under which TPS02 evolves, we performed a whole genome screen of synonymous versus

non-synonymous polymorphism (pS and pN respectively) in coding regions. Based on the reference genome sequences, we defined

the 4-fold degenerate nucleotide positions as synonymous sites (S sites) and the 0-fold degenerate nucleotide positions as non-syn-

onymous sites (N sites). We compute the nucleotide diversity in S and N sites per gene and per species using customized r script and

the nuc.div function from pegas R package.82

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted in R statistical programming language.77 Tukey-HSD tests were performed using agricolae

package add-ons implemented in R. Data were presented as mean and standard deviation and comparisons with p-values below

0.05 were considered significant for multiple comparisons of phenotypic means. Data were illustrated as box plots using the ggplot2

package implemented in R.77 Outliers were defined as values deviating from the mean by more than 3 Standard deviations. All box-

plots’ lower and upper hinges correspond to the first and third quartiles, respectively. The upper and lower whiskers add or subtract

1.5 interquartile ranges to/from the 75 and 25 percentile, respectively. The middle lines represent the median.
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