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SUMMARY

The enormous species richness of flowering plants is
at least partly due to floral diversification driven by
interactions between plants and their animal pollina-
tors [1, 2]. Specific pollinator attraction relies on vi-
sual and olfactory floral cues [3-5]; floral scent can
not only attract pollinators but also attract or repel
herbivorous insects [6-8]. However, despite its cen-
tral role for plant-animal interactions, the genetic
control of floral scent production and its evolutionary
modification remain incompletely understood [9-13].
Benzenoids are an important class of floral scent
compounds that are generated from phenylalanine
via several enzymatic pathways [14-17]. Here we
address the genetic basis of the loss of floral scent
associated with the transition from outbreeding to
selfing in the genus Capsella. While the outbreeding
C. grandiflora emits benzaldehyde as a major con-
stituent of its floral scent, this has been lost in the
selfing C. rubella. We identify the Capsella CNL1
gene encoding cinnamate:CoA ligase as responsible
for this variation. Population genetic analysis indi-
cates that CNL1 has been inactivated twice indepen-
dently in C. rubella via different novel mutations to its
coding sequence. Together with a recent study in
Petunia [18], this identifies cinnamate:CoA ligase as
an evolutionary hotspot for mutations causing the
loss of benzenoid scent compounds in association
with a shift in the reproductive strategy of Capsella
from pollination by insects to self-fertilization.

RESULTS

Flowers of C. grandiflora Emit Benzaldehyde with a
Diurnal Rhythm, whereas the Selfing Species C. rubella
Does Not

The transition from outbreeding to selfing represents one of the
most frequent evolutionary changes in flowering plants [19], and
it is often accompanied by a suite of morphological and functional
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changes to the flowers, including a strong reduction in flower size
and in some cases a virtually complete loss of floral scent [20, 21].
Such reduction in attractive signals is likely to contribute to pre-
zygotic reproductive isolation between the outbreeding ancestor
and the derived selfer. However, the contribution of different trait
changes, such as scent loss, to such pre-zygotic isolation re-
mains poorly understood [20]. The genus Capsella provides a
promising model to study the genetic basis of the “selfing syn-
drome,” with the self-compatible C. rubella having diverged
from a self-incompatible C. grandiflora-like ancestor between
50,000 and 100,000 years ago, as demonstrated by phylogenetic
and population genetic analyses [22-25]. While C. grandiflora is
largely restricted to northern Greece, after the transition to selfing
C. rubella has spread throughout the Mediterranean region and
also to America.

In contrast to C. rubella, C. grandiflora plants emit a strong,
marzipan-like scent. To chemically analyze this difference, we
collected volatiles emitted from inflorescences by headspace
sampling and analyzed these by coupled gas chromatography-
mass spectrometry (GC-MS). We identified benzaldehyde
(BAId), phenylethyl alcohol, and phenylacetaldehyde as the
major benzenoids emitted by C. grandiflora, all of which
were not detectable in the headspace of C. rubella. By con-
trast, C. rubella emitted detectable amounts of benzoic acid
(BA), which was present only in very low amounts in the
C. grandiflora headspace (Figure 1A; Figure S1). In addition,
C. grandiflora flowers emitted low amounts of the terpenoid
trans-beta-ocimene and traces of cis-beta-ocimene, both of
which were undetectable in the C. rubella samples. As BAId
was the most prominent benzenoid in the C. grandiflora floral
scent, our further analysis focused mainly on this compound.
While all of several C. grandiflora accessions emitted BAId,
none could be detected for any tested accessions of the selfing
species (Figure 1A), indicating that the loss of BAId emission is
fixed in the latter relative to the outbreeding ancestor.

Scent emission often varies throughout the day, in accordance
with the activity patterns of pollinators [26-28]. To test this for Cap-
sella, we measured benzenoid emission and internal pools in the
inflorescence from 4 a.m. (1 hr before the start of exposure to light)
until 9 p.m. (1 hr after the end of exposure to light). To minimize the
effect of genetic variation within the outbreeding C. grandiflora, we
used an inbred, self-compatible C. grandiflora-like line that had
been generated by introgression of the non-functional C. rubella
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S locus into C. grandiflora [29]. Starting from a very low level at the
end of the night, BAld emission showed a sharp peak around
noon, before declining again to very low levels toward the end of
the day (Figure 1B). Similar patterns were seen for phenylethyl
alcohol and phenylacetaldehyde (Figure S1). Internal pools
showed a roughly inverse pattern, especially for BAld, with rela-
tively high levels in the morning and in the afternoon, yet lower
levels around noon and at the end of the day. This pattern is
consistent with the notion that C. grandifiora is mainly pollinated
by insects active during the day. The diurnal pattern of BA emis-
sion in C. rubella was very similar to that of BAld emission in
C. grandiflora (Figure S1).

BAId is only emitted from and detectable in extracts of
C. grandiflora inflorescences, but not of rosette leaves (Figure 1C).
In the related Brassica rapa, BAld is mainly emitted from stamen
filaments and petals [30]. We removed petals or stamens from
opened flowers of the self-compatible C. grandifiora line and
measured BAId emission from the remaining organs. As a control
for the wounding treatment, sepals were removed from a third
group of plants. Plants lacking either petals or stamens emitted
significantly (p < 0.05, one-tailed t test) less BAId than control
plants (Figure 1D). Thus, we conclude that stamens and petals
are the main source of BAId emission in C. grandiflora, which
contribute additively to the total BAld emission from the flower
(Figure 1D), resembling the situation in B. rapa.

A Major QTL Underlies the Absence of BAld Emission in
C. rubella

To determine the genetic basis for the loss of BAld emission in
C. rubella, we performed quantitative trait locus (QTL) mapping
on the C. grandiflora Cg926 x C. rubella Cr1504 recombinant-
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was undetectable in the headspace of

34 tested RILs (33%) versus 69 RILs
showing emission (Figure S2A); this pattern is suggestive of
one major locus determining BAId emission. Consistent with
this notion, only one major QTL was detected in the middle of
chromosome 2 (confidence interval from 16 to 50 cM), explaining
40.3% of the variation in BAld emission (Figure 2A). No additional
QTL influencing the variation in the amounts of emitted BAId
could be detected, possibly reflecting the limited power of the
experiment. On average RILs without detectable BAId emission
formed smaller flowers than ones with emitted BAId, reflecting
the presence of a linked petal-size QTL on chromosome 2 [29];
importantly, however, several of the lines without detectable
BAId emission formed larger petals than ones with high levels
of emitted BAId, indicating that the absence of detectable BAId
emission is not merely a consequence of smaller flowers.

We fine-mapped the causal gene underlying this QTL by
phenotyping recombinants in the QTL region derived from two
heterogeneous inbred families (HIFs) from the F8 RILs. This indi-
cated that the C. rubella allele behaved recessively and localized
the causal region to an interval of 9.5 kb between positions
7,536,516 and 7,546,052 (Figure 2B). To verify the causal role
of this region, we crossed the two closest recombinants and
selected plants homozygous for the C. grandiflora or for the
C. rubella allele in this 9.5-kb interval from the F2 (Figure S2C);
these two cohorts only differed systematically for the genotype
in the focal region, with flanking regions fixed and any remaining
unlinked regions of residual heterozygosity segregating equally
in the two cohorts.

Plants homozygous for the C. grandiflora allele showed on
average more than 5-fold higher BAId emission than those
homozygous for the C. rubella allele (Figure 2C); while many of
the latter showed no detectable emission, a few did so, possibly
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Figure 2. Mapping the Genetic Basis of the
Loss of BAId Emission in C. rubella

(A) QTL mapping of BAId emission in the
C. grandiflora x C. rubella RIL population. Hori-
zontal line indicates the significance threshold
based on 1,000 permutations. The vertical lines
mark the 2-LOD confidence interval. Ticks on the x
axis indicate the position of genetic markers used
for genotyping the RIL population.

(B) Fine-mapping of the BAId emission QTL. Base
pair positions on chromosome 2 are indicated. Blue
arrows indicate CNL genes. Bars on the left show
the genotype of informative recombinants (gray,
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reflecting segregation of an additional minor locus influencing
BAId emission. This is consistent with the low level of BAld emis-
sion detected in one of the parental recombinants used for the
cross (plant 3 in Figure 2B). There was no difference between
the two cohorts concerning BA emission. Plants with the
C. grandiflora allele also emitted more phenylacetaldehyde
than those with the C. rubella allele, yet the difference was less
pronounced than for BAId. Thus, the mapped 9.5-kb interval
contains the main determinant for the difference in BAld emis-
sion in our population.

Capsella Cinnamate:CoA Ligase CNL1 Underlies the
BAId Emission QTL

The mapped interval contains a predicted DIRIGENT-LIKE (DIR)
gene, the complete predicted gene encoding a cinnamate:CoA
ligase-like protein (termed CNL7), as well as the 3’ part of the
coding sequence of a tandemly duplicated gene (termed
CNL2). Petunia CNL catalyzes the first committed step in the
peroxisomal CoA-dependent B-oxidative pathway for benzenoid
biosynthesis [31, 32], making the CNL genes plausible candi-
dates for the causal locus. Expression of the DIR gene was found
at comparable levels in leaves and petals, whereas CNL7 and
CNL2 expression from both alleles was only seen in petals, but
not in leaves (Figure 3B). The Capsella CNL1 protein is more
closely related to Petunia CNL and A. thaliana AAE11 than is
Capsella CNL2 (Figure 3D), with both proteins containing the
C-terminal SRL peroxisomal targeting sequence also found in
Petunia CNL (Figure S3B).

To test directly for a role of the CNL genes in BAId biosyn-
thesis, we transformed plants homozygous for the C. rubella
QTL allele derived from one of the mapping HIFs with genomic
constructs of the opposite CNL alleles from our RIL population.

While neither allele of CNL2 restored BAId emission, the
C. grandifiora allele of CNL1 resulted in BAld emission compara-
ble to HIF plants homozygous for the C. grandiflora QTL allele
(Figure 3A); by contrast, the C. rubella-derived allele had no
effect. To test whether the causal difference between the oppo-
site CNL1 alleles was due to differences in the promoter region or
the coding sequence, we transformed reciprocal chimeric con-
structs. The C. grandiflora CNL1 coding sequence under the
control of the C. rubella promoter resulted in the same BAId
emission levels as the original C. grandiflora allele, whereas the
reciprocal combination could not restore BAId biosynthesis.
This result is consistent with the very similar expression levels
of the two alleles (Figure 3B). Thus, a mutation in the transcribed
region of CNL1 is responsible for the loss of BAld emission in the
C. rubella parent of our RIL population.

Expression of CNL71 showed diurnal variation in transcript
levels, with the peak of expression preceding the peak of BAId
emission by several hours (Figure 3C). The much higher peak
expression of the C. grandiflora allele than of the C. rubella allele
in this experiment most likely reflects the use of the self-com-
patible C. grandiflora line here as compared to the mapping
HIF in the above experiment, and it correlates well with the
much higher BAId emission seen in the former than in the latter
(compare Figure 1B to Figure 3A). Within the flower, the highest
CNL1 expression was detected in petals and stamens, con-
sistent with the major role of these organs in BAId emission
(Figure S2D; cf. Figure 1D).

Sequence comparison of the transcribed CNL7 region from
the opposite alleles in our RIL population identified 60 SNPs,
four deletions, and three insertions (in introns and 3’ UTR) in
the C. rubella allele (Figure S3A). Sixteen of the 60 SNPs resulted
in amino acid exchanges in the encoded proteins (Figure S3B).

Current Biology 26, 3313-3319, December 19, 2016 3315

CellPress




Cell’ress

n=7 413111386 7 7 4 13111386 7

-

benzaldehyde benzoic acid 0.8+

ndndnd | '|nd| |nd ' | |||

ggrr CgCrCgCr G ggrr CgCrCgCr S

0.6

0.4

relative expression

[rel. conc.]

o N M O © O

0.2

0.0-

jSe))
OO

HIFCNL2 CNL1

jSe))
[OX6)

HIFCNL2 CNL1

emitted volatile / (open flower x 3h)

® C. grandiflora
O C. rubella

by

- 0.5
- 0.4
- 0.3
- 0.2

~ 0.1

o

_-.t)....v'*

e
LI U D A I I I I
2 46 810121416182022

time (h)

- 0.0

relative CgCNL1 expression in flowers
relative CrCNL1 expression in flowers

1000

We exploited the variation in CNL17 haplotypes in the outbreeding
C. grandiflora to narrow down the list of potentially causal poly-
morphisms (Figure 4A). To this end, we sequenced the CNL1
locus from different C. grandiflora individuals phenotyped for
BAId emission. For all but seven of the polymorphic sites
between the two haplotypes from the RIL population, we found
at least one C. grandiflora individual homozygous for the
C. rubella-like allele, yet emitting BAId; this ruled out these poly-
morphisms as causal for the loss of scent in C. rubella (gray
font in Figure 4A). Two of the remaining seven polymorphisms
caused an amino acid exchange, one a leucine-to-isoleucine ex-
change and the other a serine-to-arginine exchange. Of these,
the serine-to-arginine exchange at position 453 (T-to-A nucleo-
tide exchange at genomic position 7,539,424) is the most plau-
sible causal mutation, as it is located immediately next to highly
conserved amino acids predicted to be involved in adenosine
monophosphate and coenzyme A binding; it involves two bio-
chemically very dissimilar amino acids; and the serine at this
position is invariant across the proteins shown in Figure 3D.

CNL1 Was Inactivated Twice Independently by De Novo
Mutations in C. rubella

To determine the likely evolutionary origin of the presumed causal
mutation in C. rubella, we compared CNL1 sequences from an
additional 201 C. grandiflora and six C. rubella accessions,
focusing on the polymorphisms found between the two haplo-
types in our RILs. Essentially all of the C. grandiflora accessions
were from northern Greece [33]; by contrast, the six C. rubella
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Figure 3. Capsella CNL1 Underlies the Loss
of BAId Emission in C. rubella

(A) BAId and BA emission from transformants
carrying the indicated constructs and the HIF
background line used for transformation. Cr::Cg
and Cg::Cr indicates promoter-swapping con-
structs. Values are mean + SD from measurements
of the indicated number of independent trans-
formants per construct, with two measurements
on consecutive days from the same individuals.
(B) gRT-PCR-based quantification of expression of
CNL1, CNL2, and DIR genes in dissected petals
and cauline leaves of plants homozygous for the
C. grandiflora- or the C. rubella-derived QTL allele
from the mapping HIF. Expression was normalized
to the constitutively expressed TUB gene. Values
are mean + SD from three biological replicates.
n.d., not detected.

(C) Expression of CNLT in the inbred, self-compat-
ible C. grandiflora-like line (left y axis) and C. rubella
(right y axis) over the course of a day, relative to the
constitutively expressed TUB gene. Values are
mean = SD from four biological replicates.

(D) Phylogenetic analysis of CNL homologs from
different angiosperm species. Bootstrap values
(1,000 replicates) are indicated at branches. Spe-
cies abbreviations are as follows: Al, Arabidopsis
lyrata; At, Arabidopsis thaliana; Br, Brassica rapa;
Cb, Clarkia breweri; Cg, Capsella grandiflora; Cm,
Cucumis melo; Cr, Capsella rubella; Eu: Eutrema
salsugineum; Fv, Fragaria vesca; Ph, Petunia hy-
brida; Pm, Prunus mume; S|, Solanum lycopersi-
cum; and TCM, Theobroma cacao.

See also Figure S3.
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accessions were from around the Mediterranean region and
included one accession from Argentina. Four of the C. rubella ac-
cessions carried the identical haplotype to our RIL population,
while the fifth differed in one synonymous SNP at the 3’ end; how-
ever, one accession from Algeria had a different haplotype that
clustered more closely with other C. grandiflora haplotypes, yet
it carried a 4 bp deletion resulting in a frameshift 795 bp down-
stream of the start codon, causing a premature stop codon (Fig-
ure S4A). Consistent with an inactive CNL1 allele, this accession
did not emit detectable levels of BAId (Figure 1A). Thus, at least
two independent loss-of-function CNL1 alleles are present in
C. rubella, suggesting that BAId synthesis has been lost at least
twice independently by mutations to the same gene.

We next asked whether the two CNL1 loss-of-function muta-
tions had been captured from standing genetic variation in the
ancestral population or arisen de novo in the C. rubella lineage.
Haplotype analysis in 201 C. grandiflora accessions did not
find a single occurrence of the 4-bp deletion causing the prema-
ture stop codon. Six C. grandiflora individuals were heterozy-
gous for the S-to-R exchange (Figure S4A); however, all of
them carried this allele on long C. rubella-like haplotypes at
CNL1 (Figure S4B), with identity to C. rubella extending even
into flanking genes. Three of these individuals showed complete
sequence identity to the C. rubella sequence across one haplo-
type of the entire locus.

To investigate the possibility that these shared haplotypes be-
tween the six C. grandiflora individuals and C. rubella reflect the
maintenance of an ancestral polymorphism rather than more
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Figure 4. Population Genetic Analysis of CNL1

(A) Base pair positions on chromosome 2 are indicated for the 51 CNL1 polymorphisms in the coding region and introns between Cr1504 and the segregating
Cg926 RIL allele. The genotype of the phenotyped C. grandiflora individuals are shown (yellow, homozygous for C. rubella allele; blue, homozygous for
C. grandiflora allele; green, heterozygous; white, not determined). Bars on the right show BAId emission of the respective individuals. Values are mean + SD from
three technical replicates per individual. Polymorphisms at gray marked positions are found as homozygous for the C. rubella allele. Positions of synonymous
SNPs found to be either homozygous for the C. grandiflora allele or heterozygous are black. The two non-synonymous SNPs that are homozygous for the
C. grandilfora allele in all BAld-emitting accessions are red. L, leucine; |, isoleucine; S, serine; R, arginine.

(B) Frequency distribution of simulated C. grandiflora haplotypes, with the indicated divergence from the C. rubella reference CNL1 haplotype.

(C) Divergence of genome-wide phased haplotype blocks of the indicated C. grandiflora individuals from the C. rubella reference. Only the minimum-diverged
haplotype per locus is shown. CNL1 haplotypes are shown in yellow. The left panel shows an individual without, and the right panel shows an individual with the
putatively causal S-to-R mutant CNL1 allele. Solid lines show regression lines.

See also Figures S3 and S4.

recent introgression, we performed coalescent simulations. In  C. rubella (Figure 4C). However, compared to individuals without
particular, we simulated a demographic model with no gene the C. rubella CNL1 haplotype, these samples did not show un-
flow based on [23], assuming a divergence time of 100 kya, a usually high haplotype sharing across the genome, suggesting
mutation rate of 7 x 107°, and a conservative recombination  that haplotype sharing at CNL1 reflects a past history of gene
rate of ~2 cM/Mb. Based on the divergence of the simulated flow rather than a very recent hybridization.

C. grandiflora haplotypes to the C. rubella reference, this indi- Overall, these results strongly support the notion that the S-to-
cated that the probability of finding three or more haplotypes R exchange allele in these individuals is derived from introgres-
identical to the C. rubella reference in our C. grandiflora sample  sion of a C. rubella-like haplotype back into C. grandiflora, rather
was essentially zero (Figure 4B). To account for the lower effec-  than maintenance of an ancestral polymorphism. Therefore, we
tive recombination rate in the selfing C. rubella, we repeated the  conclude that the two loss-of-function alleles are likely to have
simulations with a very low ancestral population recombination  arisen as de novo mutations in the C. rubella lineage.

rate (population recombination rate rho = 4Ngr = 5 for the

entire region). This again indicated a <3% probability of finding DISCUSSION

three or more haplotypes identical to the C. rubella reference in

our C. grandiflora sample. When comparing the divergence of Efficient communication between flowering plants and pollina-
genome-wide phased haplotype blocks of C. grandiflora indi-  tors is crucial for successful plant reproduction, particularly for
viduals to the C. rubella reference, the CNL1 haplotypes in indi-  outbreeding species. Besides visual cues, chemical signals are
viduals with suspected introgression showed high identity to  used by plants to attract pollinating insects. Here we demonstrate
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that plants of the outbreeding species C. grandiflora emit sub-
stantial amounts of BAId as the major scent compound. By
contrast, the derived selfing species C. rubella no longer pro-
duces BAId, and this loss of scent forms part of its wider selfing
syndrome. BAId emitted by other plant species contributes to
attracting both pollinators (e.g., bees and syrphid flies) and herbi-
vores [34]. Loss of BAId emission is due to inactivation of the
CNL1 gene coding for cinnamate:CoA ligase. Surprisingly, by
surveying a number of C. rubella accessions sampled from a large
geographical area, we have detected two independent loss-of-
function alleles of CNL1 in C. rubella, suggesting that floral scent
has been lost at least twice independently by parallel de novo
mutations to the same gene after the transition from outbreeding
to selfing.

The CNL enzyme had been identified in Petunia as catalyzing
the first committed step for BA synthesis via the peroxisomal
CoA-dependent B-oxidative pathway (Figure S1B). The impor-
tance of Petunia CNL for the synthesis of BAId is unclear, how-
ever, with contradictory results from independent studies [31,
32]. In vivo labeling and flux modeling have suggested that the
bulk of BAId in Petunia flowers is derived from the CoA-indepen-
dent, non-B-oxidative pathway [14]. By contrast, our results
argue for a major role of the CoA-dependent, but non-B-oxida-
tive hybrid pathway in Capsella; this would be dependent on a
cinnamoyl-CoA intermediate formed by CNL1 but then proceed
via a non-B-oxidative route, similar to what has been described
for Hypericum androsaemum [17] (Figure S1B). Theoretically, a
B-oxidative pathway is possible, but as this would result in BA
as an intermediate, BAId would need to be generated from BA
via the reverse reaction of BAld dehydrogenase or via a carbox-
ylic acid reductase. Previously characterized BAId dehydroge-
nases catalyze an essentially irreversible reaction from BAId to
BA [35, 36]; and while carboxylic acid reductases are found in
bacteria and fungi [37], to our knowledge no such enzymes
have been described in plants and none appears to be encoded
by the Capsella genome. Thus, our results provide strong genetic
evidence for the biological importance of the CoA-dependent,
non-B-oxidative pathway for BAld synthesis in Capsella.

The above hypothesis also raises a conundrum, however,
concerning the source of the remaining BA that is detected in
C. rubella. Assuming that there is indeed little flux through a
CoA-independent, non-B-oxidative pathway, as suggested by
the absence of detectable BAId in C. rubella plants, yet at the
same time the CoA-dependent branches of BA synthesis are
compromised by the loss-of-function CNL1 alleles, then where
does BA in C. rubella come from? One possibility is via the
CNL2 gene. Although this does not influence variation in BAId
synthesis, it is conceivable that it provides cinnamoyl-CoA for
the canonical B-oxidative pathway, leading to BA synthesis.
Analysis of cnl1 cnl2 double mutants will be required to test this.

CNL1 has been inactivated at least twice independently by
parallel novel mutations in C. rubella; similarly, loss of CNL func-
tion underlies the loss of scent in P. exserta compared to
P. axillaris [18]. What makes CNL17 a preferred target for the
evolutionary loss of BAId from floral scent, and is this loss
more than a degenerative process that serves an adaptive func-
tion? A plausible hypothesis to explain the repeated inactivation
of CNL1 is based on its presumed role as the first committed
enzyme step for the synthesis of BAId in Capsella. Interfering
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with this step appears to cause selective effects on BAId syn-
thesis without affecting BA levels. Besides this limited pleiotropy,
inactivating the first enzymatic step in a biosynthetic pathway
also has the theoretical advantage that no potentially toxic inter-
mediates accumulate.

Concerning the repeated loss of BAId emission in C. rubella,
an attractive explanation would be provided by antagonistic se-
lection on floral scent by pollinators and herbivores, which have
been shown to be attracted by the same scent compounds in
some species [8, 34]. In outbreeding species, where pollinator
attraction is essential for reproduction, a reduction in scent emis-
sion that renders the plants less conspicuous to herbivores
would incur a high fitness penalty, if it also reduces pollinator
attraction. However, in selfers, pollinator attraction is no longer
essential, reducing the fitness cost from being less attractive;
any fitness cost imposed by herbivores would then select for
reduced scent emission. Alternatively, loss of BAId emission
due to inactivation of CNL in Capsella and Petunia may result
in an unidentified metabolic benefit or simply reflect a loss of
constraint. Our fine-scale HIFs, which differ only in a <10-kb re-
gion surrounding the CNL7 locus, provide a unique resource to
test these and other hypotheses about the evolution of scent
and the ecological significance of scent variation by field trials
in environments with relevant pollinators and herbivores.
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