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SUMMARY

The interactions of plants with their pollinators are
thought to be a driving force in the evolution of
angiosperms. Adaptation to a new pollinator in-
volves coordinated changes in multiple floral traits
controlled by multiple genes. Surprisingly, such
complex genetic shifts have happened numerous
times during evolution. Here we report on the ge-
netic basis of the changes in one such trait, floral
scent emission, in the genus Petunia (Solanaceae).
The increase in the quantity and complexity of the
volatiles during the shift from bee to hawkmoth polli-
nation was due to de novo expression of the
genes encoding benzoic acid/salicylic acid carboxyl
methyltransferase (BSMT) and benzoyl-CoA:benzyl-
alcohol/2-phenylethanol benzoyltransferase (BPBT)
together with moderately increased transcript levels
for most enzymes of the phenylpropanoid/benze-
noid pathway. Loss of cinnamate-CoA ligase (CNL)
function as well as a reduction in the expression of
the MYB transcription factor ODO1 explain the
loss of scent during the transition from moth to
hummingbird pollination. The CNL gene in the
hummingbird-adapted species is inactive due to a
stop codon, but also appears to have undergone
further degradation over time. Therefore, we pro-
pose that loss of scent happened relatively early
in the transition toward hummingbird pollination,
and probably preceded the loss of UV-absorbing
flavonols. The discovery that CNL is also involved
in the loss of scent during the transition from out-
crossing to selfing in Capsella (Brassicaceae) (see
the accompanying paper) raises interesting ques-
tions about the possible causes of deep evolu-
tionary conservation of the targets of evolutionary
change.
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INTRODUCTION

Plants adapt to changes in pollinator availability by the evolution
of new combinations of floral traits that can lead to reproductive
isolation and ultimately speciation. Shifts in floral pollination syn-
dromes have happened repeatedly in many taxa and are thought
to be responsible for the rapid diversification of the angiosperms
[1-5]. The genetic basis of shifts in pollinator attraction is likely
to be complex, because multiple traits that are controlled by
different genes must be involved. QTL mapping studies have
identified loci of major phenotypic effect [6—-14], butin most cases
the identity of the genes is unknown. The best-studied trait in this
respect is floral pigmentation, in large part because of the wealth
of information about the biosynthetic pathways that has eased
genediscovery [15-19]. In Petunia, at least five independent inac-
tivations of the R2R3 MYB transcription factor AN2 are respon-
sible for the loss of floral color during the transition from bee to
moth pollination [20, 21], suggesting that the number of genes
available for modification of floral traits is limited.

Floral scent is another important signal between plants and
pollinators [9, 22-26], but can also attract or deter antagonists
[25, 27-31]. Therefore, scent is subject to different selective pres-
sures [9, 32-37]. So far, only a few genes have been associated
with scent differences affecting pollinator attraction [9, 12, 38].
Here we use the genus Petunia (Solanaceae) to investigate the
genetic basis of loss and gain of scent emission during the shifts
from bee to moth and from moth to hummingbird pollination. The
ancestral short-tube species Petunia inflata is pollinated by bees,
whereas the two closely related long-tube species Petunia axilla-
ris and Petunia exserta are adapted to pollination by nocturnal
hawkmoths and hummingbirds, respectively. The main emitted
volatiles derive from phenylalanine (Figure 1), the same molecule
that is also the precursor of the anthocyanin pigments [39, 40].
P. inflata has purple, UV-reflecting flowers and emits a single
volatile, benzaldehyde. P. axillaris flowers are white and UV
absorbing, and emit a rich blend of volatiles during the night
[37]. The three most abundant volatiles emitted by P. axillaris,
benzylalcohol, methylbenzoate, and benzaldehyde, were shown
to dominate the scent profile emitted by different hawkmoth-
pollinated species and also to trigger a strong and innate
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response from the hawkmoth pollinator Manduca sexta in sen-
sorial and behavioral assays [37, 41, 42].

Little is known about the genetics of scent production during
the bee-to-hawkmoth transition. In contrast, the differences in
scent emission between P. axillaris and P. exserta were previ-
ously investigated [9, 43]. Two main scent QTLs affecting polli-
nator attraction were identified, one on chromosome Il and one
on chromosome VII. Introgression of the P. exserta chromosome
Il QTL into the P. axillaris background abolished methylbenzoate
emission, whereas introgression of the chromosome VII QTL
reduced it by ~65%. Whereas the chromosome VII QTL was
identified as encoding the R2R3-MYB transcription factor
ODORANT1 (ODO1) [9, 44], the identity of the chromosome Il
QTL is unknown [9]. Interestingly, the chromosome Il QTL
resides in a genomic region of low recombination together
with four additional QTLs [43]. The low recombination rate in
this region raises interesting questions regarding the genomic
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RESULTS

Mendelization of the Scent QTL on

Chromosome Il

In order to identify the gene(s) underlying

the scent QTL on chromosome Il, we con-

structed a near-isogenic line, IL3-2, which
segregates for this genomic region in the genetic background of
the P. axillaris parent (Figure 2A). Further backcrossing did not
reveal additional breakpoints, and thus no reduction of the
apparent size of the introgression. This was not unexpected, as
the QTL resides in a region of suppressed recombination [43].
RNA sequencing (RNA-seq) data from the three IL3-2 genotypes,
homozygous for P. exserta (IL3-27°*%) and P. axillaris (IL3-272%
and heterozygous (IL3-2"), were compared to the P. axillaris
genome [45]. This indicated that the three genotypes are homo-
zygous for P. axillaris outside the introgressed region on chromo-
some |l. Analysis of methylbenzoate production in the progeny of
IL3-2** showed that IL3-27# and IL3-2"! produced high levels
of methylbenzoate, whereas IL3-27°* produced none (Fig-
ure 2B). Therefore, the chromosome Il QTL behaves as a single
dominant Mendelian locus.

The volatiles produced by P. axillaris contain a benzene ring

but differ in the length of the side chains (Figure 1) [46]. For a
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Figure 2. A Major QTL on Chromosome Il Explains the Emission Difference of C¢-C; Compounds between P. axillaris and P. exserta

(A) Introgression line IL3-2 segregates for the chromosome Il QTL in an otherwise homozygous P. axillaris N genetic background (see the Experimental Pro-
cedures). In total, five backcrosses (BCs) to P. axillaris and six self-pollinations (®) were done. IL3-1 was described in Hermann et al. [43]. Numbers next to
symbols represent the numbers of crosses/self-pollinations. Scale bars, 2 cm.

(B) The introgressed scent trait on chromosome Il shows Mendelian segregation. Methylbenzoate analysis of 93 offspring of a heterozygous IL3-2 parent scored
according to chromosome Il genotype: A, homozygous for the P. axillaris allele (n = 17); E, homozygous for the P. exserta allele (n = 26); H, heterozygous (n = 50).
The PTR-MS result is normalized to parental P. axillaris values (=100%). Each box bounds the interquartile range (IQR) divided by the median, and whiskers
extend to a maximum of 1.5x IQR beyond the box.

(C) The P. exserta chromosome Il genotype has reduced scent emission of C¢-C1 compounds. Headspace GC-MS analysis of 1-day-old open detached flowers.
Volatiles were collected for 4 hr. Bars show means + SEM; IL3-27% n = 5; all others, n = 4.

(D) Methylbenzoate and iso/eugenol emission at 12 time points spanning 44 hr starting from a 1-day-old open flower as measured by PTR-MS on detached
flowers from P. axillaris, P. exserta, and IL3-27%. Values are relative to P. axillaris (day 1; 19:00 hours). Bars show means + SEM; n > 3. Black and gray areas on
the horizontal bar correspond to dark and light periods, respectively. Letters on the x axis represent different times of day: a, 7:00; b, 11:00; ¢, 15:00; d, 19:00; e,

23:00; f, 3:00.

more complete understanding of the QTL effect, we deter-
mined the floral emission of the Cs-C4, Ce-C5, and Cg-C3 clas-
ses of volatiles (Figure 2C). Whereas the emission of the Cg-C4
compounds benzaldehyde, benzylbenzoate, and methylben-
zoate was severely reduced in IL3-27® compared to IL3-
2P the emission of isoeugenol (C¢-Cs) was elevated. No
measurable emission of any compound was detected in the
P. exserta parent. This suggests that the chromosome Il QTL
has opposite effects on the emission of different branches of
the phenylpropanoid/benzenoid pathway. It is possible that
the QTL specifically affects the Cg-C4 pathway and thereby
causes metabolic flux to be redirected toward the Cg-Cs
pathway.

Iso/eugenol emission in IL3-27® displayed a rhythmic profile,
peaking during the night, similar to the methylbenzoate profile
seen in P. axillaris (Figure 2D). Therefore, the chromosome Il
QTL appears not to affect the circadian rhythm of P. axillaris,
typical for plants visited by nocturnally active pollinators [37].

Cinnamate-CoA ligase as a Candidate Gene Underlying
the Chromosome Il Scent QTL

Toidentify candidate genes underlying the QTL, we conducted an
RNA-seq experiment and focused on genes encoding 18 proteins
that were reliably annotated as enzymes of the shikimate, aro-
genate, and phenylpropanoid/benzenoid pathways, as well as
five known transcription factors (Figure 3A; Table S1). Mapping
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(A) Gene expression profile of selected genes from
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both homozygous states. Underlined genes are
genes present in the chromosome Il introgres-
sion. BPBT1, benzoyl-CoA:benzylalcohol/2-phe-
nylethanol benzoyltransferase; BSMT1, benzoic
acid/salicylic acid carboxyl methyltransferase 1;
CNL1, cinnamoyl-CoA ligase 1; IGS, isoeugenol
synthase; PAAS, phenylacetaldehyde synthase;
PAL1, phenylalanine ammonia lyase 1. RNA was
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level p statistics were calculated using DESeq2
and adjusted for multiple testing with the Benja-
mini-Hochberg procedure to control for false
discovery rate: *p < 0.001; all unmarked bars are
not significantly different. For additional results for
scent-related genes, see Table S1.

(B) CNL expression at different time points during
the day/night. Transcript levels were determined
by real-time qPCR analysis using universal CNL
primers that can anneal to CNL7, CNL2, and
CNL3. EF1o. and SAND were used as reference
genes; expression was normalized to that for
P. axillaris at 15:00 hours. Bars show means + SD;
n = 3 biological replicates. Black and white areas
on the horizontal bar correspond to dark and light
periods, respectively.

(C) Allele-specific expression (ASE) analysis was
conducted on the heterozygous IL3-2 line for the
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two scent-related genes that are located in the introgressed region. CNL1 is expressed predominantly from the P. axillaris allele. Bars show means + SD for reads
mapped over 15 SNPs (p < 0.0001; HO, no ASE; n = 3). Both alleles of EOBII are expressed in similar amounts. Bars show means + SD for reads mapped over 2

SNPs (p = 0.516; HO, no ASE; n = 3). Expression was measured by RNA-seq.

the SNP genotypes of the expressed genes to the P. axillaris
genome showed that two of the three genes encoding cinna-
mate-CoA ligase (CNL1 and CNL3) as well as the single gene en-
coding transcription factor EMISSION OF BENZENOIDS I (EOBII)
reside within the introgression. Because the EOBII gene has no
obvious functionally relevant SNPs in its coding region and was
equally expressed in all genotypes, it was not further investigated.
Of the CNL genes, only CNL1 was expressed at an appreciable
level in P. axillaris. Expression of CNL1 was 20-fold lower in IL3-
2P and essentially undetectable in P. exserta, encouraging us
to focus on this gene.

Before further discussing CNL17, we make the following obser-
vations. First, of the genes outside the introgression, only the
two genes encoding 4-coumarate:CoA ligase (4CL) were sig-
nificantly more highly expressed in IL3-27% than in IL3-2"
(Figure 3A). These 2- to 3-fold differences in expression are sta-
tistically robust but their biological relevance may be minor,
especially when considering that suppression of 4CL1 by RNAI
did not affect the scent profile [47]. Second, a comparison be-
tween P. axillaris and IL3-2"®' revealed no significant differ-
ences in expression for any of the genes, confirming that IL3-2
is highly similar to P. axillaris outside the introgression. Third,
all genes examined except the transcription factors EOBII and
MYB4 were expressed at least 3-fold higher in IL3-27 than
in P. exserta (Table S1). This indicates the involvement of re-
gulatory genes outside the introgression. We previously identi-
fied the transcription factor ODO17 as the gene underlying a
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QTL on chromosome VII [9]. Because ODO1 is not known to
regulate genes encoding enzymes involved in the final steps of
the volatile phenylpropanoid/benzenoid pathway [44], we as-
sume the influence of an additional regulatory factor, potentially
underlying a QTL on chromosome Il that showed an effect on the
quantity, but not the composition, of compounds [9].

Loss of CNL Function Is Due to Multiple Defects within
the CNL1 Gene

gPCR analysis revealed that CNL is expressed in a diurnal
rhythm. Expression peaks in the middle of the light period,
and thus precedes peak volatile emission by approximately
8 hr. Compared to P. axillaris, CNL transcript levels were back-
ground levels in P. exserta. Again, we attribute the residual
expression in IL3-27°* to regulatory loci outside the introgres-
sion (Figure 3B) [9].

Decreased expression can be caused by mutations in the
gene itself (cis effects), for instance in the promoter, or by the
inactivation of a regulator (trans effect), for instance a transcrip-
tion factor. To discriminate between these two possibilities, we
performed allele-specific expression (ASE) analysis in 1L3-2"¢,
Expression from the P. axillaris allele was 16-fold higher than
from the P. exserta allele (Figure 3C), whereas the two alleles
of the EOBII gene, which served as a control, were equally ex-
pressed. This indicates that the difference in CNL expression
between the two species can be attributed to a defect in the
P. exserta CNL gene.
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Figure 4. The P. exserta CNL1 Coding Sequence Is Non-functional
Due to a Premature Stop Codon as Well as Missense Mutations in
the Peroxisomal Targeting Sequence

(A) Schematic of CNL1 protein (top). Gray boxes represent annotated
conserved domains: AMP-dependent synthetase/ligase (IPR0O00873) and
AMP-binding, conserved site (IPR020845). Schematic presentation of the
CNL1 gene sequence (bottom) indicating structural polymorphisms in the
P. exserta copy. Gray boxes represent exons. The nonsense mutation and the
missense mutations in the peroxisomal targeting sequence are indicated
above the sequence.

(B) Transient expression of active CNL1 restores methylbenzoate production.
P. axillaris and P. exserta CNL1 were expressed behind the 35S promoter
(35S:axiCNL and 35S:exsCNL) and infiltrated into both IL3-27#7 and IL3-27¢*°
genetic backgrounds. Each data point represents a pool of four flowers.
IL3-27** 35S:axiCNL treatment is significantly different from 35S:exsCNL
treatment according to non-parametric comparison for each pair using the
Wilcoxon method (p < 0.05). Bars show means + SEM; each of the no-infil-
tration and 35S:axiCNL treatments, n = 15; 35S:exsCNL, n = 6.

CNL, also known as acyl-activating enzyme, is a peroxisomal
enzyme that conjugates cinnamic acid to coenzyme A, the first
committed step in the Cg-C1 pathway [47, 48]. The enzyme con-
tains an AMP-dependent synthetase/ligase domain with a
conserved AMP binding site and a peroxisomal targeting domain
(Figure 4A) [47, 48]. Of the three CNL genes present in the
P. axillaris genome, only CNL1 is expressed in post-anthesis

petal tissue (Table S1). The CNL2 and CNL3 genes are ex-
pressed at background levels and have premature stop codons
creating proteins that are 42 and 196 amino acids shorter,
respectively [45]. Thus, we conclude that CNL2 and CNL3 are
pseudogenes and that CNL1 is solely responsible for the syn-
thesis of cinnamoyl-CoA in the peroxisomes of post-anthesis
P. axillaris petals.

Comparing the P. exserta and P. axillaris CNL1 genomic
sequences reveals substantial differences likely to affect the
function of the protein (Figure 4A). The protein sequence align-
ment reveals 22 amino acid changes, 13 of which are non-con-
servative. Interestingly, two out of the three amino acids making
up the peroxisomal targeting signal are changed in the P. exserta
sequence (ARL to TRI). Most striking, the P. exserta CNL1 gene
contains a nonsense mutation in the fourth exon, which is pre-
dicted to shorten the protein by 171 amino acids. This leaves
the conserved AMP binding intact, but both the AMP-dependent
synthetase/ligase and peroxisomal targeting domains are trun-
cated or absent. In conclusion, the P. exserta CNL1 gene is inac-
tivated in at least three ways. It has severely reduced expression,
encodes a truncated protein, and contains missense mutations
in the peroxisomal targeting domain.

Reduction of CNL transcript levels by RNAi has been shown to
decrease benzenoid synthesis in Petunia hybrida cv Mitchell
[47, 48]. To confirm that it is the inactivation of CNLT in
P. exserta that causes the reduction of benzenoid production in
the wild Petunia species, we used a transient expression system
to test for genetic complementation [49] (Figure 4B). As a control,
constructs containing either the P. axillaris or P. exserta CNL1
gene driven by the constitutive 35S promoter were infiltrated
into 1L3-272' flowers. This shows that the transient assay by
itself reduced methylbenzoate production by approximately
30%, probably due to the injury inflicted on the petals during
the Agrobacterium-mediated infiltration. Most importantly, intro-
ducing the P. axillaris CNL1 construct into IL3-27® significantly
increased methylbenzoate production, whereas the mutated
P. exserta CNL1 construct did not.

CNL 1 Functional Haplotypes Differentiate between
Species in Natural Populations

The presence of a nonsense codon in the P. exserta CNL1
gene provides an opportunity to study the distribution of a causal
polymorphism in natural populations. Whereas P. exserta is a
rare species endemic to a small geographic region in Brazil,
P. axillaris is widespread across a large area in central
South America [50]. We analyzed samples from the region of
sympatry, and in the case of P. axillaris also from multiple
locations in Argentina, Uruguay, and Brazil. SNP analysis was
done by sequencing an amplicon spanning the genomic location
of the nonsense codon. Detailed results are presented in
Table S2.

Out of 13 P. exserta populations, 11 populations showed exclu-
sively the P. exserta genotype. One population showed both
genotypes, and one population showed only the P. axillaris geno-
type. All 21 allopatric P. axillaris populations contained the
P. axillaris CNL1 genotype alone. Inthe three P. axillaris sympatric
populations, we were able to identify one individual that showed
the P. exserta genotype, whereas all others had the P. axillaris
genotype. This indicates that the P. exserta genotype is limited
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values. For complete phenotypic, genotypic, and germline information, see Table S3. See also Table S2.

to the P. exserta distribution area and most likely originated there.
It suggests an advanced fixation process of the different alleles in
the different species and also is in line with an ongoing process
of hybridization in regions of sympatry as shown in previous
studies [50, 51].

The wild germplasm genotyping enabled us to establish a
connection between CNL1 alleles and species, but the lack of
phenotypic data on those samples prevented phenotype-geno-
type association. Therefore, we continued by examining individ-
uals from Pedra da Cruz, a population that includes putative
P. axillaris x P. exserta hybrids [50, 52]. We collected 27 seed
capsules from 27 plants in the wild, and seeds from these
capsules were sown and self-pollinated to produce 112 plants
(Figure 5; for full progeny and phenotypic data, see Table S3).
All plants homozygous for the P. exserta allele were devoid of
methylbenzoate or benzaldehyde production. Plants homozy-
gous for the P. axillaris allele or heterozygotes showed a wide
spectrum of Cg-C4 volatile production, ranging from ten times
the reference accession P. axillaris N to no production. This
shows that the P. axillaris CNL is absolutely required for the
emission of Cg-C4 volatiles but that it is not sufficient. Presum-
ably, additional genetic factors segregating in the unknown ge-
netic background of these lines, e.g., the previously described
ODO1 and QTL on chromosome lll, are also required [9]. In
contrast, production of the Cg-C3 volatile iso/eugenol did not
show any correlation with the CNL1 haplotype, confirming the
results obtained from the IL3-2 analysis (Figure 2C).

CNL1 Is Both Expressed and Active in P. inflata
The severe erosion of P. exserta CNL1 strongly suggests
that the direction of evolution was from active to inactive CNL
and that P. exserta is a derived species. The ancestral bee-
pollinated species P. inflata produces significant amounts of
benzaldehyde but none of the other compounds emitted by
P. axillaris [37]. This raises the question of the genetic basis of
the increase in the quantity and diversity of scent emission
during the evolution from the ancestral clade to P. axillaris.
Because the sequences of CNL and other scent-related genes
indicated no inactivations of the coding regions [45], we inves-
tigated differential expression by RNA-seq analysis. Results
showed that in P. axillaris, the expression of most genes,
including CNL1, is moderately higher than in P. inflata (Table
S4). This is consistent with the net increase of phenylpropa-
noids/benzenoids in P. axillaris.

Special cases are BPBT encoding the enzyme benzoyl-CoA:
benzylalcohol/2-phenylethanol benzoyltransferase and the two
copies of BSMT encoding benzoic acid/salicylic acid carboxyl
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methyltransferase, which are not expressed at all in P. inflata (Fig-
ure 6A). Furthermore, analysis done on P. inflata x P. axillaris F1
hybrids showed that for these three genes only the P. axillaris
alleles are expressed in the F1, indicating that the difference in
expression is caused by cis-acting polymorphisms (Figure 6B).
BSMT is responsible for the last step in methylbenzoate synthesis
in Petunia [53], and therefore the absence of BSMT mRNA in
P. inflata provides a sound explanation for the lack of methylben-
zoate production. BPBT is responsible for the synthesis of benzyl-
benzoate and phenylethylbenzoate from benzoyl-CoA and benzyl
alcohol or 2-phenylethanol, respectively [54]. Downregulation of
BPBT in P. hybrida plants resulted in elimination of benzylben-
zoate and phenylethylbenzoate formation but also reduction of
methylbenzoate emission and increased emission of benzyl
alcohol and benzaldehyde [55]. Therefore, activation of BSMT
and BPBT in P. axillaris could redirect metabolic flux away from
benzaldehyde toward methylbenzoate as well as toward the addi-
tional volatiles emitted by P. axillaris.

To provide genetic support for the transcriptome results, we
performed a double-complementation test by crossing P. inflata
and P. exserta, which both lack methylbenzoate. P. exserta con-
tains an active BSMT copy but inactive CNL1 and ODO1 copies
whereas, conversely, P. inflata has an inactive BSMT but active
CNL1 and ODOT1 copies. Therefore, the F1 will be heterozygous
for active copies of all three genes. The GC-MS results clearly
show that methylbenzoate production is restored in the F1,
confirming complementation (Figure 6C). Note, however, that
methylbenzoate is produced in the F1 at around 10% of the level
in P. axillaris (Figures 2C and 6C). Full complementation to
P. axillaris levels must therefore require additional components
that are present in P. axillaris but neither in P. inflata nor in
P. exserta. The reduced volatile emission may be attributed to
reduced levels of active ODO7, CNL1, and BSMT transcripts as
well as additional unidentified factors, e.g., the QTL on chromo-
some Il [9].

DISCUSSION

In this work, we have shown that the increase in volatile emission
during the shift from ancestral bee pollination to the hawkmoth
pollination syndrome involved cis-acting mutations that turn on
BSMT and BPBT expression. Moreover, moderate upregulation
of most structural genes in P. axillaris, most likely by an unknown
transcription factor, appears to be responsible for the increase in
the overall amount of volatiles. Therefore, the gain of function
proceeded through mutations in cis-acting and transacting reg-
ulatory mutations in a preexisting pathway.



>

130.6K

140 -
120
100 -
80 - 60.6K

38.6K

(in thousands)

40.3K

0 | 24.9K 34.9K

Normalized read count

15.5K
0.4K i 0.6K

4.7K
=

0.0K 0.0K

I ~. inflata
[ | P. axillaris
[ P. exserta

0.0K

Figure 6. Differential Expression of Structural
Genes Explains the Difference in Scent Emission
between Bee-Pollinated P. inflata and Hawk-
moth-Pollinated P. axillaris

(A) RNA-seq analysis shows moderate upregulation of
CNL and ODO1 and de novo expression of BPBT2 and
BSMT in P. axillaris compared to P. inflata. Note that
BSMT and BPBT2 are expressed in non-scented
P. exserta, but not in P. inflata. Significance-level p sta-
tistics were calculated using DESeq2 and adjusted for
multiple testing with the Benjamini-Hochberg procedure
to control for false discovery rate. All gene expression
differences between the species are significantly
different, p < 0.001, except the difference between
P. axillaris and P. exserta BSMT1, p < 0.01, and the dif-

43.9K

3.2K
=

CNL1 ODO1 BPBT2 BSMT1

Il ~. inflata allele
[ ] P. axillaris allele

4,551

3,072 2,886

1,156
1,209

ol (1T

Read count
(in thousands)

264

017 (= 0.52

0.44

ference between P. axillaris and P. inflata ODO1, which is
not significant. Bars show means + SD; n = 3. For addi-
tional results for scent-related genes, see Table S4.

(B) cis-acting mutations downregulate BSMT and BPBT in
P. inflata. ASE analysis was conducted on the F1 from a
cross between P. axillaris and P. inflata. BSMT1, BSMT2,
and BPBT2 are expressed predominantly from the
P. axillaris allele. Bars show means + SD for reads map-
ped over 8, 9, 3, 14, and 11 SNPs in BPBT2, BSMT1,
BSMT2, CNL1, and ODO1, respectively. For CNL1,
BPBT2, BSMT1, and BSMT2, expression was signifi-
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mosome |l and, together with the previously identified MYB
transcription factor ODO1 [9], accounts for the loss of scent
during the shift from hawkmoth to hummingbird pollination
syndrome. During this transition, CNL1 was inactivated in three
ways: the transcription of the gene is reduced to background
levels, the peroxisomal targeting sequence is inactivated,
and a stop codon deletes the C-terminal part of the protein.
The stop codon is present in all but one of the P. exserta pop-
ulations, and would by itself probably suffice to obliterate gene
function. Whatever the primary inactivating event, it appears

BSMT2

MS volatile analysis of a 1-day-old open detached flower.
Volatiles were collected for 4 hr. Bars show means + SEM;
n = 3. nd, not detected.

that the gene has degenerated subsequent
to losing its functionality. The severe degener-
ation of CNL1 is in stark contrast to MYB-FL,
the gene responsible for the loss of UV-
absorbing flavonols in P. exserta [52]. MYB-
FL also sustained a nonsense mutation but
appears to encode an otherwise functionally
intact protein and is expressed at the RNA
level. This suggests that MYB-FL inactivation
is a more recent event that happened after
the inactivation of CNL7. We have previously
argued that, due to metabolic competition, it
is unlikely that P. exserta re-acquired its
intense red color in the presence of MYB-FL
[62]. Therefore, we tentatively order the steps
in the shift of advertising floral traits as (1) loss of scent, (2) loss
of flavonols, and (3) gain of visible color.

CNL1 presents yet another case of a change in a single
gene that has a major effect on pollinator preference [9]. This
leads to one of the key questions in evolutionary biology, namely
whether such large-effect mutations are rare exceptions possible
only in specialized pathways of secondary metabolism, or
whether they are a common response to strong selection pres-
sure [56-58]. A related question is: why CNL7 was selected as a
target of evolutionary change rather than one of the other struc-
tural and regulatory genes in the pathway? An obvious answer
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is that CNL catalyzes the first committed step of the Cg-C;
pathway, and therefore loss of CNL function abolishes the pro-
duction of the volatiles that are key attractants of the hawkmoth
pollinator M. sexta [35, 37, 59]. Absence of scent is unlikely to
help attract hummingbirds but may reduce metabolic costs for
P. exserta, which grows in a shaded, N-rich environment and
therefore is probably carbon limited. Perhaps more important,
volatiles are “open communication channels” that also attract
unwanted visitors such as herbivores [29-31, 60]. If this idea is
correct, exposing the two introgression lines IL3-272N (Petunia
axillaris N) and IL3-27-¢* to the herbivore community in the natural
environment of P. exserta should show more herbivory on the
scented than on the unscented line. Alternatively, it could be
that CNL loss caused the least collateral damage.

Loss of floral color during the transition from bee to hawkmoth
pollination involved loss of function in AN2, presumably because
AN2’s only known function is to induce the expression of the ter-
minal enzymes of the anthocyanin biosynthetic pathway [20, 21].
The topology of the phenylpropanoid/benzenoid biosynthetic
pathway is more complex than anthocyanin biosynthesis, and
may allow even fewer opportunities for major change without un-
wanted side effects. Modification of transcription factors that
have been proposed as preferred evolutionary targets [61] may
also be problematic in this case due to the complex interactions
of presently known genes [44, 62—-64]. The finding that the loss of
floral scent during the transition from outcrossing to selfing in the
genus Capsella was also caused by loss of CNL function sug-
gests that CNL may be a preferred target across the angio-
sperms (see the accompanying paper by Sas et al. [65]), giving
us a remarkable example of parallel evolution identified at the
molecular level.

EXPERIMENTAL PROCEDURES

All wild and laboratory accessions are described by Sheehan et al. [52]. Com-
plete marker and mapping information for IL3-1 can be found in Hermann et al.
[43]. Cleaved amplified polymorphic sequence (CAPS) markers EOBII, LO2-
02, cn9140, and ODO1 were used in the breeding process (http://www.
botany.unibe.ch/deve/caps/index.html). Plants were grown in growth cham-
bers as described by Klahre et al. [9]. Genotyping and marker regression anal-
ysis details can be found in the Supplemental Experimental Procedures.

Proton transfer reaction mass spectroscopy (PTR-MS) data collection
was done as described by Klahre et al. [9]. MS does not separate eugenol
and isoeugenol, and therefore they were analyzed as a single compound.
For volatile measurement in the transient expression analysis experiment,
see the Supplemental Experimental Procedures.

For volatile headspace analysis, we used flowers 1 day after anthesis that
were harvested 1 hr before dark. Volatile collection was done for 4 hr essen-
tially as described by Verdonk et al. [44]. The GC-MS protocol was as
described by Shaipulah et al. [66].

For gRT-PCR analysis and RNA-seq, flower limb samples were collected
1 day after anthesis at 15:00 hours. Detailed experimental procedures for
gRT-PCR, RNA-seq, and ASE analysis can be found in the Supplemental
Experimental Procedures.

Constructs for transient expression analysis were assembled with Gibson
Assembly mix (New England Biolabs). The CNL coding regions, cauliflower
mosaic virus (CaMV) 35S promoter, and the vector pGreenll were PCR ampli-
fied, and fragments were assembled according to the manufacturer’s recom-
mendations. Vectors were introduced into Agrobacterium tumefaciens strain
GV3101. For transformation assays and volatile analysis, see the Supple-
mental Experimental Procedures.

All RNA-seq data have been deposited in the NCBI Sequence Read Archive
under BioProjects SRA: PRUNA344710 and PRINA344560. All P. axillaris and
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P. inflata gene sequences are available on the Sol Genomics Network at
https://solgenomics.net with the annotation numbers provided in Table S1.
P. exserta CNL1 gene sequences are GenBank: KX925198. All primer details
are in the Supplemental Experimental Procedures.

ACCESSION NUMBERS

The accession numbers for the RNA-seq data and P. exserta CNL1 gene
sequences reported in this paper are NCBI SRA: PRJNA344710 and
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Supplemental Experimental Procedures
Genotyping and marker association analyses

Genotyping of IL3-2 accessions for marker regression analysis was performed with the EOBII CAPS
marker. Genotypic classes were not normally distributed (Shapiro-Wilk test), so tests for association of
means with EOBII genotype were carried out using the Kruskal-Wallace one-way analysis of variance in R.
Wild accessions were genotyped using Sanger sequencing with AA001 & AA004 primers (see
Oligonucleotides Table below). Progeny of putative hybrid wild accessions were genotyped using a CNL1
CAPS marker based on a polymorphism located 18 bp upstream of the nonsense mutation. All details for
CAPS markers can be found on http://www.botany.unibe.ch/deve/caps/index.html

Quantitative RT-PCR

Flower limb samples were collected one day after anthesis at 15:00, from three plants representing three
biological replicates. RNA extraction was carried out using the RNeasy Plant Mini Kit (Qiagen). After
extraction, RNA samples were treated with DNAse I (Sigma-Aldrich) to remove any remaining genomic
DNA, and the quality of the RNA was subsequently measured on a 2100 Bioanalyzer (Agilent). Samples
with RNA Integrity Numbers (RIN) less than 7.5 were discarded. First strand synthesis was performed
using Transcriptor Universal cDNA Master (Roche) containing random hexamer primers, according to the
manufacturer’s recommendations. Quantitative RT-PCR experiments were performed using a
LightCycler® 96 Real-Time PCR System (Roche) with FastStart Essential DNA Green Master qPCR Kit
(Roche), according to the manufacturer’s recommendations. Reactions were run in triplicates for each gene.
Primers are given in the Oligonucleotides Table. Cycle of quantification (Cq) thresholds and normalization
calculations were determined by the LightCycler® 480 Software (v.1.1.0.1320; Roche). Each biological
replicate of each species was analyzed on a separate PCR plate and a single P. axillaris 15:00 sample from
one biological replicate was included in each plate as a normalizer. Integration of data from biological
replicates was conducted manually. Standard curves were performed to determine the PCR efficiency of
each set of primers. No reverse-transcription controls were performed for each sample. Previously
identified reference genes [S1] were tested for stability of expression across different P. axillaris and P.
exserta samples and NormFinder [S2] was used to perform stability tests. EF/a and SAND were shown to
be the most stable reference genes and were included for each sample.

RNA sequencing

For all experiments, three biological replicates were used for each genotype, and flower limb tissue was
harvested one day after anthesis around 14:50 (at 15:00 is the transition from light to dark). For experiment
one (comparisons of P. axillaris, P. exserta and IL3-2), biological replicates of P. axillaris, P. exserta, IL3-
2Paxi T3-2k¢" and 1L3-27" were sequenced. One of the P. exserta replicates was proven to be
contaminated and was discarded from further analysis. For experiment two RNA was sequenced from P.
axillaris, P. inflata, P. exserta and P. axillaris x P. inflata F1. RNA extraction was carried out using the
RNeasy Plant Mini Kit (Qiagen).

RNA was sequenced in the Lausanne Genomic Technologies Facility (Lausanne, Switzerland). Quality of
RNA was checked using a Fragment Analyzer (Advanced Analytical). For experiment one, RNA Quality
Numbers (RQN) ranged from 5.9 to 8.8; for experiment two, RQN ranged from 6.6 to 9.8. Cluster
generation was performed with the sequencing libraries using the Illumina TruSeq PE Cluster Kit (v.3).
Samples from experiment one were paired-end sequenced and samples from experiment two single-end
sequenced for 100 bp. Sequencing data were processed using the [llumina Pipeline Software v.1.82. For all
samples, raw reads were checked for contamination by aligning them against rRNA sequences from P.
axillaris, the Escherichia coli genome and the human transcriptome using bowtie2 (v.2.2.1) [S3]. Reads
aligning to mentioned sequences were discarded. FastgMcf (v.1.1.2-686; http://code.google.com/p/ea-
utils/wiki/FastqMcf) was used to remove Illumina adapter sequences and trim low quality regions. After
trimming, reads shorter than 60 bp were discarded. These pre-processed reads were mapped against the
draft reference genome of P. axillaris (v.1.6.2) [S4] using the SNP-tolerant and splice-aware aligner
GSNAP (v.2015-06-12) [S5]. To allow for variation between reference and reads, the “—m” option was set
to 0.04. Variant calling was carried out in GATK (v.3.4.0) [S6] according to GATK best practices for
RNA-seq data. After duplicate marking and splitting reads with N in their CIGAR string, local realignment



around indels was undertaken, and base quality scores were recalibrated, using a set of high quality SNPs
determined by an initial run of the GATK HaplotypeCaller. Those SNPs were used to determine genes
being inside or outside of the introgressed region in IL3-2. Only exonic positions with maximal upstream
distance of 100 bp from start codon and maximal downstream distance of 100 bp from stop codon were
considered to detect allele-specific expression.

Differential expression analyses

Reads mapping to the genes of interest were counted using HTseq (v.0.6.1) in the union mode. Differential
expression analysis was performed in R (http://www.R-project.org/) using DESeq2 (v.1.8.1) [S7] with the
default parameters, including the Cook’s distance treatment to remove outliers. Normalized read counts are
presented in figures. Allelic coverage for variant positions was detected with ASEReadCounter
implemented in GATK [S6,S8]. Analyses of allelic imbalance were conducted in R (http://www.R-
project.org/) with the package MBASED (v.1.2.0) [S9]. Parameters of read count overdispersion were
estimated with a custom R script provided by the author of the MBASED package (available on request).

Transient expression experiment

Transformation assays were done according to Van Moerkercke et.al 2011 [S10]. One-day-old flowers
were syringe-infiltrated and two days later flower limbs were harvested. Tissue of four flowers were
combined and homogenized in liquid nitrogen and transferred to a glass vial containing 2 ml of 1M NaCl
60°C. Immediately and following a short vortex samples were analyzed with PTR-MS for 30 cycles with an
air inlet of approximately 20 L/h. Values were averaged and normalized to tissue weight before statistical
analysis.



List of primers

Purpose Gene/element Primer name Primer sequence (5’ to 3’) Reference

Quantitative RT-PCR, SAND SAND-F CTTACGACGAGTTCAGATGCC [S1]

reference gene

Quantitative RT-PCR, SAND SAND-R TAAGTCCTCAACACGCATGC [S1]

reference gene

Quantitative RT-PCR, EFla EFla-F CCTGGTCAAATTGGAAACGG [S1]

reference gene

Quantitative RT-PCR, EFla EFla-R CAGATCGCCTGTCAATCTTGG [S1]

reference gene

Quantitative RT-PCR CNL qCNL_UF GGGTACTTCAAGAATGACAAGGC

Quantitative RT-PCR CNL qCNL_UR CACCTAGGATGTGGCATGGC

Genotyping by CNL1 CNL1 AA001 TTCCGGCCAGTAAGTTATGG

sequencing

Genotyping by CNL1 CNL1 AA004 TGTTGAAGTGTCTGACTGGTCA

sequencing

P. axillaris/P.exserta CNL1 cdsCNL_F ATGGACGAGTTACCAAAATGTGG

sequence

P. axillaris sequence CNL1 cdsCNL_R CTACAGACGAGCTGGCAAAT

P. exserta sequence CNL1 exsCNL1_R3 TCTGGGACGTTTGATTTGCA

Gibson Assembly CNL1 cds B470 CAACAAACAACATTACAATTTACTATTCTAGTCGAATGG
ACGAGTTACCAAAATGTG

Gibson Assembly P. axillaris B471 AGCTCAGACTAGGTGGATCTCTACAGACGAGCTGGCAA

CNL1 cds
Gibson Assembly P. exserta CNL1 B570 CTCAGACTAGGTGGATCTCTAGTAGTGACACATTGAATC
cds TGG

Gibson Assembly 35S promoter B468 GGCCTCTTCGCTATTACGCCAGACTAGAGCCAAGCTGAT

Gibson Assembly 35S promoter B469 CATAGTTTGCTCCACATTTTGGTAACTCGTCCATTCGACT
AGAATAGTAAATTGTAATGTTG

Gibson Assembly pGreenll vector  B477 GTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGG
ATGGCAAGATCCTG

Gibson Assembly pGreenll vector  B473 GCAAAGGAGATCAGCTTGGCTCTAGTCTGGCGTAATAG
CGAAGAG

Gibson Assembly pGreenll vector  B472 AGATTCTTGATTTGCCAGCTCGTCTGTAGAGATCCACCT
AGTCTGAG

Gibson Assembly pGreenll vector  B478 GTGATTTTGATGACGAGCGTAATGGCTGGCCTGTTGAAC
AAG

Gibson Assembly pGreenll vector  B569 CCAGATTCAATGTGTCACTACTAGAGATCCACCTAGTCT

GAG
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