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Abstract 

Background  The major floral scent compounds of Arabidopsis thaliana flowers are terpenes. Although A. thaliana 
is generally considered to be a self-pollinating plant, there are natural variation in terpene volatile emission from flow-
ers. However, the genetic mechanisms underlying the natural variation in Arabidopsis floral scents remain limited.

Results  Here, we screened 116 natural accessions of A. thaliana and observed a substantial variability in the levels 
of terpene emission across these accessions. A genome-wide association study (GWAS) uncovered a genomic region 
associated with the observed variability in myrcene, one of monoterpene compounds. We then performed high-
throughput genetic mapping using two representative accessions: Col-0 and Fr-2, which emit low and large amounts 
of floral terpenes, respectively. Next-generation mapping and RNA sequencing analyses revealed that the natural pre-
mature stop codon of CYP706A3 of Fr-2, located at the 98th codon, confers high emission of sesquiterpene from flow-
ers. We also found an independent mutation of CYP706A3 of Np-0 in different position, leading to increased sesquit-
erpene emission. Interestingly, the expression levels of defense-related genes in Fr-2 were lower than those in Col-0 
flowers, which suggests that terpene volatiles are potentially linked to floral defense.

Conclusions  The natural variation in Arabidopsis floral scent emission was partially explained by one natural allele 
of CYP706A3. Since some natural accessions harboring a functional allele of CYP706A3 still emit the large amount 
of floral sesquiterpene, it is possible that rare variants located on other loci increase scent emission.

Keywords  AT5G44620 (CYP706A3), AT5G44630 (TPS11), Cytochrome P450, Floral scent, Natural variation, 
Sesquiterpene, Terpene synthase

Background
Terpenes are the most diverse floral scent compounds 
in seed plants. These volatiles play essential roles in 
attracting pollinators, repelling florivores, and affect-
ing microbe composition [1–3]. Arabidopsis thaliana 
emits terpenes as its major floral scents, and their bio-
synthetic enzymes have been elucidated since the early 
2000s. For instance, terpene synthase 14 (TPS14) and 
TPS24 are the cyclases for producing monoterpenes 
including pinene or linalool [4]. TPS21 is responsible 
for synthesizing a subset of sesquiterpenes categorized 
as Group A: β-caryophyllene and humulene, while 
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TPS11 synthesizes sesquiterpenes categorized as 
Group B: barbatene, cis-thujopsene, and β-chamigrene 
[4, 5]. The terpene can be oxidized to soluble terpene 
by cytochrome P450 (CYP) enzymes [6, 7]. TPS and 
accounting CYP genes are often clustered in close prox-
imity [8, 9]. In A. thaliana, TPS11 and CYP706A3 are 
clustered within five kilobases. CYP706A3 was found to 
suppress the emission of sesquiterpene and monoter-
pene by solubilizing terpenes into oxidized form [7].

Although A. thaliana is commonly assumed as a self-
pollinating plant, their flowers are visited by several 
insects in the natural populations [10]. Terpene oxides 
deter insect larvae from feeding on A. thaliana flow-
ers [6]. Furthermore, the amount of terpene and its 
oxides is related to floral microbial populations. Loss of 
CYP706A3 is associated with shift in bacterial commu-
nities [7], and loss of TPS21 in A. thaliana eliminate the 
major volatile (E)-β-caryophyllene from flowers, lead-
ing to greater microbial pathogen infection on stigma 
[3]. Likewise, in Solanaceae flowers, inter-organ terpe-
noid transport, which is called natural fumigation, was 
also proposed to protect reproductive organs against 
microorganisms [11].

To understand intraspecific phenotypic differences 
and their fitness value in nature, genetic variation in A. 
thaliana accessions has been investigated since 1990s 
[12–14]. Variation in floral scent profiles also have been 
studied among accessions; for example, flower volatiles 
of 37 accessions were surveyed [5]. Herbivory-induced 
volatile emissions varied among 27 accessions [15], which 
uncovered non-functional alleles of terpene synthases. 
Recently, the 1001 Genomes Consortium deposited 
the genomes of 1,135 A. thaliana accessions, providing 
a valuable resource for various genome-wide analyses 
[16–18].

In this study, to identify genetic variants determin-
ing intraspecific phenotypic variation of floral vola-
tile amounts, we screened flower scent profiles of over 
100 natural accessions of A. thaliana. The analysis of 
genome-wide association study (GWAS) identified the 
loci associated with myrcene and additional non-signifi-
cant loci related to Group B sesquiterpene emission. To 
identify loci underlying the amount of Group B sesquiter-
penes, we constructed F2 mapping populations between 
representative accessions Col-0 and Fr-2, which emit 
none or all of Group B sesquiterpene, respectively. Next-
generation mapping and RNA sequencing analyses show 
that the natural loss-of-function allele of CYP706A3 
induces the high levels of Group B sesquiterpene emis-
sion from Fr-2 flowers. We also identified that a similar 
non-functional allele of CYP706A3 occurred in another 
accession that emits large amount of sesquiterpenes from 

flowers, suggesting that this is one of the natural alleles 
that increase floral terpene emission in Arabidopsis.

Results
Fr‑2 has the most scented flowers among A. thaliana 
accessions
To assess intraspecific phenotypic variation of A. thali-
ana floral volatiles, we analyzed flower headspace vola-
tile profiles over 100 accessions. Floral scents were 
collected from four to five flowers using silicone tubing 
located above the flowers. The result showed that (E)-
β-caryophyllene, known as a major flower volatile of A. 
thaliana flowers, was detected from most accessions; 
approximately 90% of the accessions emit this sesquit-
erpene (Fig.  1). Pinene and myrcene were also detected 
from more than 70% of the accessions, followed by lin-
alool and cis-thujopsene, which were detected from 
approximately 60% of the accessions. We found that some 
accessions emit all reported types of terpenes, while oth-
ers emit only a subset or produce them at low intensity; 
for instance, Fr-2 flowers produced all reported sesquit-
erpenes at detectable levels. Although Col-0 has been 
chosen as a reference accession in several studies regard-
ing floral terpenes, its flower was one of the least scented. 
Majority of Group B sesquiterpenes such as barbatene 
and cis-thujopsene were detected in samples collected 
from several accessions, but these terpenes were not well-
detected in Col-0 flowers in our analysis. In addition, ses-
quiterpenes were not detected in some accessions, such 
as Zdarec, Brunn, and Drahonin. This suggests that these 
accessions either do not emit sesquiterpene, or produce 
limited amounts of sesquiterpenes that cannot be easily 
detected using the same procedure.

The Group B sesquiterpene phenotype observed in Fr‑2 
is inherited in a recessive manner
To identify the locus associated with terpene emis-
sion, we firstly performed genome-wide association 
analyses via easyGWAS [18]. We found that a single 
nucleotide polymorphism (SNP) upstream of TPS21 is 
weakly associated with (E)-β-caryophyllene emission 
(Fig. S1), though the association is not statistically sig-
nificant. This suggests that few accessions may exhibit 
changes in the activity of TPS21, its transcript levels, 
or the expression of nearby genes. We also found two 
genomic regions weakly but not significantly associ-
ated with pinene and five genomic regions significantly 
related to myrcene emission (Figs. S2, S3). However, 
those regions did not include any promising candi-
dates within 100 kilobase intervals. In addition, we 
could not find any loci significantly associated with the 
emission of linalool and cis-thujopsene (Figs. S4, S5). 
Therefore, we designed alternative strategy to identify 
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the causal genomic regions that explain the variation 
of Group B sesquiterpenes including cis-thujopsene. 
We chose Fr-2 as a representative accession among 
Group B sesquiterpene-rich accessions and Col-0 as a 
representative accession emitting less sesquiterpenes. 
We generated F2 mapping population for next genera-
tion mapping (NGM) studies by crossing those two 
accessions [19].

Flowers of all F1 plants emitted volatiles similar to 
Col-0 flowers, indicating that Fr-2-like scent profile 
seemed to be recessive (Figs.  2A, C). We propagated F1 
plants to the F2 generation, and massively screened over 
200 plants for measuring their floral volatiles. Fr-2- and 
Col-0-like phenotypes were segregated. As presented in 
Fig.  2B, for example, some F2 plants showed Col-0-like 
scent profiles (F2 #1), but others were similar to Fr-2 (F2 
#3). The genetic loci affecting amount of Group A and B 
sesquiterpenes appeared to be unlinked, because some F2 
plants emitted large amount of Group A sesquiterpene 
and, at the same time, less amount of Group B sesquiter-
pene (F2 #2). Regarding the Group B sesquiterpene emis-
sion, the ratio of Col-0-like to Fr-2-like phenotype was 
close to 3:1 in the F2 generation, suggesting that this pho-
notypic variation is determined by a single genetic locus 
or tightly linked loci (Fig. 2C).

The difference of Group B sesquiterpene emission 
between Fr‑2 and Col‑0 flowers is associated 
with the TPS11‑CYP706A3 gene cluster
As Group B sesquiterpene emission was linked with 
one locus, we adopted NGM pipeline to map candidate 
causative region (Fig. 3A). Genomic DNA was extracted 
from F2 individuals which emitted large amount of Group 
B sesquiterpenes, and the pooled samples were sub-
jected to Illumina sequencing. Paired-end reads were 
mapped to the TAIR10 release of the Arabidopsis Col-0 
genome, then SNPs were called. The resultant vcf file was 
uploaded on the NGM website and analyzed, revealing 
that Fr-2-like SNPs were enriched in the region on chro-
mosome 5, where the TPS11 (AT5G44630)-CYP706A3 
(AT5G44620) gene cluster is located, with calculated dis-
cordant chastity over 0.96 (Table S3). However, we found 
no detrimental SNPs, which might cause the premature 
stop codon in that region based on the public vcf files.

Fig. 1  Screening flower scent profiles of 116 A. thaliana accessions. 
The heatmap shows flower scent profiles from 116 A. thaliana 
accessions, involving all groups of terpenes. Color gradients reflects 
total ion counts (TIC), which were normalized by the number 
of flowers used for the experiment. Red boxes denote two accessions, 
Frankfurt (Fr-2) and Columbia (Col-0), which respectively represent 
a terpene-rich and a terpene-scarce group in this study

◂
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We next hypothesized that the expression of candidate 
genes differs among A. thaliana accessions. To evaluate 
differentially expressed genes (DEG) in flowers, we ana-
lyzed floral transcriptome of the two accessions using 

RNA sequencing. 1,036 genes in Col-0 and 388 genes in 
Fr-2 were more expressed compared to the other (Fig. 3B, 
Table  S4). Upregulated genes in Col-0 flowers were 
related to glucosinolate biosynthesis and plant-pathogen 

Fig. 2  Group B sesquiterpene phenotype of Fr-2 is recessive and segregated into 3:1 ratio in F2 generation. A Flowers of F1 plants emit similar 
scent profiles to Col-0 flowers, suggesting highly scented phenotype of Fr-2 flowers is recessive trait. Numbers denoted on chromatogram are 
floral sesquiterpenes. The names and chemical structures of sesquiterpenes matched to each number is presented. B The chromatograms show 
that some of F2 plants exhibited Fr-2-like scent profiles while others emit like Col-0 flowers. C F2 progenies resulting from crossing Col-0 and Fr-2 
display a segregation ratio of 3:1 with respect to their floral bouquet profiles, thus following Mendelian laws of segregation. This was determined 
based on a two-sided chi-square test
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interactions, while the genes upregulated in Fr-2 flow-
ers were involved in photosynthesis and other metabolic 
pathways (Fig. S6A). Among the DEG, 43 genes were 
located in the candidate region identified by NGM pipe-
line (Fig. 3B, Table S4), and CYP706A3 was one of them 
expressed less in Fr-2 flowers (Fig. S6B).

TPS11 in Fr‑2 does not enhance sesquiterpene emission
As the TPS11-CYP706A3 gene cluster was found in the 
causative region, we firstly checked whether the TPS11 of 
Fr-2 is more active than that of Col-0. Expression level of 
TPS11 was similar between the two accessions (Fig. S6B), 
therefore we verified SNPs in TPS11 by Sanger sequenc-
ing. As predicted in the 1001 genome vcf files, Fr-2 has 4 
amino acid substitutions in TPS11, which could result in 
structural change (Fig. 4A).

To test whether Fr-2 TPS11 is more active in synthe-
sizing Group B sesquiterpenes than Col-0 TPS11, we 
transiently expressed two forms of TPS11 in Nicotiana 
benthamiana and analyzed headspace volatiles from the 
infiltrated N. benthamiana leaf disks. Fr-2 TPS11 emit-
ted slightly more sesquiterpene than Col-0 TPS11, but 
there was no significant difference (Fig. 4B). Additionally, 
we introduced each amino acid substitutions in Col-0 
TPS11 and infiltrated into N. benthamiana, but neither 
of them improved the Col-0 enzyme efficacy (Figs.  4C, 
S7). Although those SNPs in TPS11 seemed to be preva-
lent among other accessions based on vcf files (Figs. 4D, 
E), the existence of those SNPs was not correlated with 
sesquiterpene emission amount (Fig.  1). Therefore, we 
concluded that TPS11 is not the causative gene that 
enhances sesquiterpene emission in Fr-2 flowers.

CYP706A3 in Fr‑2 encodes a truncated enzyme, which 
increases sesquiterpene emission
We next examined whether CYP706A3 is responsible 
for Group B sesquiterpene variations. RNA sequenc-
ing analysis revealed that Fr-2 flowers express less 
CYP706A3, which is a solubilizing oxidase for sesquiter-
penes (Fig. S6B). There were numerous ambiguous bases 
in Fr-2 CYP706A3 coding sequence in the public vcf file 
(Fig.  5A), thus we verified SNPs by Sanger sequencing 
(Fig. 5B). We found a 1 bp deletion in 234th base of Fr-2 
CYP706A3 gene among the total 1,560 bases of CDS, 
resulting in a premature stop codon. The low mRNA 
levels of CYP706A3 in Fr-2 could be explained by the 
premature stop codon, which presumably activates non-
sense-mediated mRNA decay pathway.

To confirm that the lack of CYP706A3 activity in 
Fr-2 flowers increases the emission of Group B ses-
quiterpenes, we expressed Col-0 version of CYP706A3 
in the Fr-2 background. We found that overexpress-
ing CYP706A3(Col-0) significantly reduced the amount 
of floral sesquiterpene emission in four independent 
transgenic lines (Figs.  5C, S8). Therefore, expression of 
functional CYP706A3 was sufficient to restore the Col-0 
phenotype in the Fr-2 background, indicating that the 
natural loss of CYP706A3 resulted in high sesquiterpene 
emission in Fr-2 flowers.

Another accession with high amount of floral 
sesquiterpenes lost CYP706A3 function
As we found that the CYP706A3 mutation increased flo-
ral scents in Fr-2 flowers, we next examined whether this 
phenomenon is prevalent among other accessions. We 
chose 8 accessions which emitted large amount of Group 
B sesquiterpene in the previous screening (one acces-
sion does not have public dataset), and firstly checked 

Fig. 3  Next generation mapping (NGM) pipeline designated the causal genomic region, which contains TPS11-CYP706A3 gene cluster. 
A Schematics of NGM analysis conducted in this study. Genomic DNA was extracted from F2 progenies showing Fr-2-like volatile profile 
and sequenced. The candidate region was located in chromosome 5, which contains around five hundred genes including the TPS11-CYP706A3 
gene cluster as illustrated. B To compare the overall transcriptome of two accessions, RNA sequencing was performed on Col-0 and Fr-2 flowers. 
A Venn diagram revealed that 1,036 genes were expressed more in Col-0 flowers, while 388 genes were expressed more in Fr-2 flowers. Among 
the genes located within the candidate region identified by the NGM pipeline, thirty genes and thirteen genes were expressed more in Col-0 
flowers and Fr-2 flowers, respectively
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Fig. 4  The activity of TPS11 in Fr-2 is similar to that in Col-0. A Sanger sequencing of the coding sequence of TPS11 confirms the SNPs previously 
characterized by the 1001 genome project. TPS11 of Fr-2 differs from that of Col-0 in four amino acids. B Leaf disks of N. benthamiana that were 
infiltrated with two forms of TPS11 emitted similar amounts of their major products, α-barbatene and cis-thujopsene. Two-tailed Student’s t-test; n.s., 
not significant. C The efficacy of Col-0 TPS11 was not found to differ when amino acid residues were substituted with those of Fr-2. One-way ANOVA 
followed by Tukey’s multiple comparisons; n.s., not significant. D Four amino acid variants were also found in other accessions, not correlated 
with the emission amounts of sesquiterpenes from their flowers. Red boxes denote the positions of amino acid residues, which are different 
from those of Col-0. E Phylogenetic trees constructed from protein sequences of TPS11 did not reveal any significant divergence between the two 
groups. The blue group represents accessions with high sesquiterpene emission levels
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their CYP706A3 coding sequences in vcf files (Fig. S9). 
Among them, Np-0 was predicted to have a premature 
stop codon in this gene, and others were not. We further 
validated their sequences by Sanger sequencing (Fig. 5D), 
and found that Np-0 had a premature stop codon in 
CYP706A3.

Discussion
A. thaliana accessions that emit large amount of floral 
Group B sesquiterpene have mutations in CYP706A3 gene
A. thaliana emits monoterpene and sesquiterpene from 
their flowers as well as vegetative tissues, which can 
serve as potential defensive molecules against patho-
gens or insects [3, 20]. Such metabolites involved in 

Fig. 5  Loss of CYP706A3 increases floral sesquiterpene emission in two natural accessions. A CYP706A3 coding sequence of Fr-2 harbored 
uncharacterized SNPs in the vcf file. B SNPs were verified by Sanger sequencing. A 1 bp deletion resulted in premature stop codon in CYP706A3 
of Fr-2. C Overexpression of CYP706A3(Col-0) in Fr-2 was sufficient to decrease sesquiterpene emission comparably to Col-0. One-way ANOVA 
followed by Tukey’s multiple comparisons. D Accessions whose flowers emit sesquiterpene harbor SNPs in CYP706A3 coding sequence. Nieps 
(Np-0) also has premature stop codon in 368th codon, verified by Sanger sequencing
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ecological interactions are under selection pressures in 
various natural conditions, thus profiles of them tend 
to be diverse within a species. To elucidate the genetic 
basis of intraspecific variation in terpene emission, sev-
eral research groups have used tens of A. thaliana natural 
accessions for decades. Absence of sesquiterpene in some 
accessions was reported to be resulted from mutation of 
TPS genes [5]. Additionally, insect-induced terpene emis-
sions were found to vary among accessions. Investiga-
tion on those phenotypic variation helped characterizing 
loss-of-function alleles of two terpene synthases in some 
accessions, which resulted in lack of induced emission of 
terpene [15].

In this study, we analyzed flower volatiles over one 
hundred natural accessions of A. thaliana. We found 
that several accessions emit large amount of flower ses-
quiterpene compared to Col-0. GWAS analysis identi-
fied one SNP upstream of TPS21 that was weakly, but 
not significantly, associated with the emission of (E)-β-
caryophyllene, a major sesquiterpene of Group A. This 
suggests that the variability of caryophyllene emission, 
though not for all accessions, may be partially explained 
by this locus. In addition, some genomic regions were 
associated with monoterpene emission, but no prom-
ising candidate genes were identified in their vicinity. 
In our GWAS analysis, we were unable to identify loci 
associated with Group B sesquiterpenes, likely due to 
the incompleteness of the dataset. The very low levels of 
Group B sesquiterpenes in some accessions may not be 
detected due to the sensitivity constraints of mass spec-
trometry. Another possibility is that multiple rare loci 
may affect the scent trait, requiring a larger number of 
accessions to identify significantly associated loci. Since 
we were unable to specify the loci responsible for sesquit-
erpene emission via GWAS with the number of acces-
sions used in the study, we performed next generation 
mapping experiments and RNA sequencing analyses. 
These approaches allowed us to identify a loss-of-func-
tion mutation of CYP706A3 in Fr-2. We also identified 
another accession harboring the mutation in CYP706A3 
gene. This allele differed from that of Fr-2, suggesting that 
the mutated alleles emerged independently.

Fr-2 complemented with the functional allele of 
CYP706A3 emitted less sesquiterpenes, which was 
comparable to Col-0 flowers. In addition, the Group 
A sesquiterpene such as (E)-β-caryophyllene also 
decreased in the CYP706A3-overexpressing Fr-2, sug-
gesting that the loss of CYP706A3 might increase other 
major floral sesquiterpenes (Fig.  5C). This result also 
supports the previous findings that CYP706A3 is the 
promiscuous oxidase [7]. However, (E)-β-caryophyllene 
emission of F2 generation flowers were distributed con-
tinuously between two accessions (Fig. S10). This result 

indicates that (E)-β-caryophyllene emission could be a 
quantitative trait that is under the control of multiple 
loci, which may involve CYP706A3 and the promoter 
region of TPS21.

We found that the TPS11-CYP706A3 gene cluster 
emerged in the family Brassicaceae [7] was decoupled 
in two Arabidopsis accessions: Fr-2 and Np-0, resulting 
in more scent emission. However, we also observed that 
other accessions, which emit large amount of sesquiter-
pene, still retain functional CYP706A3. It suggests the 
existence of other mechanism boosting floral sesquit-
erpene emission. We hypothesize that there could be 
other redundant oxidases homologous to CYP706A3 or 
supplementing mechanisms for sesquiterpene produc-
tion, which still remains to be investigated.

The global transcriptome of Fr‑2 flowers suggests 
a potential connection between defense mechanisms 
and oxygenated sesquiterpenes
The reason why some of Arabidopsis accessions lost 
the coupling of TPS11-CYP706A3 gene cluster remains 
further explored. It can be possible that the loss-of-
CYP706A3 allele increases the visibility of flowers to 
thrips, which can deliver pollens to other plants. In 
addition, our results indirectly support the previous 
hypothesis that terpene oxides in A. thaliana flowers 
serve as protections against visiting insects [6, 7]. In 
accordance with the latter hypothesis, Col-0 flowers 
with functional CYP706A3 globally expressed defense-
related genes more than did Fr-2 flowers. Genes associ-
ated with plant-pathogen interactions and glucosinolate 
biosynthesis were highly expressed in Col-0 flowers. In 
contrast, Fr-2 flowers were likely to express more genes 
involved in core metabolic pathways, suggesting that 
there are some trade-off between synthesizing soluble 
defense molecules and core metabolism in A. thaliana 
flowers [21, 22]. However, further studies are required 
to evaluate the fitness of two accessions in the context 
with the flower visitors.

Conclusions
In summary, we investigated floral scent profiles of 116 
A. thaliana accessions to find intraspecific variations 
on amounts of emission. We first performed GWAS to 
demonstrate genetic architecture of the scent variation; 
few genomic regions were found to be associated with 
(E)-β-caryophyllene and myrcene, but not for other 
sesquiterpenes. Through NGM analysis, we designated 
that CYP706A3 is one of the loci that confers variability 
of floral scent amounts.
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Methods
Plant growth
A. thaliana ecotype Columbia-0 (Col-0) and Frank-
furt-2 (Fr-2) seeds were sown on half-strength 
Murashige and Skoog (MS) medium after sterilized 
with 75% ethanol supplemented with 0.05% Triton 
X-100. Seeds were stratified for 3  days in 4 ℃ dark, 
then grown in growth chamber for one week. Seedlings 
were transplanted into a soil mixture in 6 cm diameter 
pots, and cultivated in growth room under long day 
conditions (16-h light, 8-h dark cycle) at 25 ℃. Nico-
tiana benthamiana seeds were sown on a soil mixture 
and grown in the same condition for four weeks before 
infiltrated.

Flower headspace volatile analysis
We followed silicone tubing (ST) preparation and 
TD-GC–MS method as described in previous stud-
ies [23, 24]. Briefly, we prepared 1  cm long ST pieces 
(Cat. 9555.1, Carl Roth, Karlsruhe, Germany) which 
were tightly sealed in clean vials after baked. An inflo-
rescence with four to five open flowers was excised 
from each A. thaliana ecotype, and was placed in a 
2  mL clear vial containing 200 μL of distilled water. 
To collect the flower headspace volatiles, a 1  cm long 
ST piece was situated over the inflorescence for nine 
hours (from AM 11 to PM 8). STs were harvested after 
absorption, and stored in clean vials at −20 ℃. One day 
before TD-GC–MS analysis, STs were kept at room 
temperature for equilibration. STs were then placed 
into thermal desorption (TD) sampler tubes (Supelco) 
and volatiles were desorbed using a TD‐30 thermal 
desorption unit (Shimadzu). Samples were then sent 
to a gas chromatography–mass spectrometry Nexis 
GC-2030–QP2020 NX (Shimadzu) for analysis. Gas 
chromatography unit was equipped with a SH-Rtx-
5MS column (30  m long, 0.25  mm inner diameter, 
0.25 μm film thickness, Shimadzu). GC separation and 
MS detection followed the oven program (40  °C for 
5  min, ramp to 185  °C with 5  °C/min, ramp to 280  °C 
with 30  °C/min, hold for 0.83  min) and MS settings 
(240  °C interface, 220  °C ion source, full scan from 33 
to 400 m/z) described in the previous method [23]. We 
identified sesquiterpenes based on their retention times 
and electron ionization mass spectra, which were com-
pared with NIST library. We also referred to previously 
published Arabidopsis flower sesquiterpenes [4, 5, 7]. 
To normalize the quantity of volatiles, total ion counts 
of each compound were divided by the number of flow-
ers, or the surface area of leaf disks, and the duration of 
scent absorption.

Next Generation Mapping (NGM) analysis
To map causative loci of Fr-2 phenotype, we followed 
NGM procedure described previously [19]. F2 genera-
tion between Col-0 and Fr-2 ecotypes were generated 
and screened for their flower volatile phenotypes. 
Genomic DNA was extracted and pooled, from 44 
individual plants which emitted less sesquiterpene 
from their flowers among the F2 generation. DNA 
library was constructed using TruSeq DNA PCR-Free 
Kit (Illumina, San Diego, CA, USA) and sequenced 
based on Illumina platform (150 PE). Sequencing 
reads were quality-trimmed via cutadapt [25], result-
ing in adapter-free reads which were verified by fastqc 
[26]. Reads were mapped to the A. thaliana reference 
genome (TAIR10) by implementing BWA-MEM algo-
rithm (v 0.7.17), and the resultant SAM file was con-
verted to BAM file which was then sorted and indexed 
by the SAMtools (v 0.1.19) [27, 28]. We used SAMtools 
mpileup command to generate raw variant calls with 
the -E –ugf options, followed by BCFtools view com-
mand with –bvgN options to return the vcf file. This vcf 
file was processed into.ngm file based on a beta script 
provided by the previous study (http://​bar.​utoro​nto.​
ca/​NGM/​scrip​ts/​BCF2N​GM.​pl) [19]. The final.ngm 
file was uploaded and analyzed on the NGM website 
(http://​bar.​utoro​nto.​ca/​NGM/​cgi-​bin/​emap.​cgi), which 
revealed several SNP annotations enriched in chromo-
some 5.

RNA sequencing analysis
To assess differentially expressed genes between 
Col-0 and Fr-2 flowers, five open flowers (including 
sepals) were pooled per each replicate. Total RNA was 
extracted using RNeasy Plant Mini Kit (Qiagen, Hilden, 
Germany) from two biological replicates. Sequencing 
libraries were constructed based on TruSeq Stranded 
Total RNA Library Prep Plant Kit following manufac-
turer’s instructions, thereafter sequenced on Illumina 
platform (100 PE). Sequencing reads were trimmed via 
fastp [29], subsequently verified by fastqc. Trimmed 
reads were mapped to the A. thaliana TAIR10 ref-
erence genome (ENSEMBL annotation) with STAR 
aligner (v 2.7.9) [30]. Aligned reads were quantified by 
RSEM (v 1.3.0), and the resultant count data containing 
gene expression values were used for downstream anal-
ysis [31]. Tables of expected counts were used as inputs 
for edgeR, which identified differentially expressed 
genes by glm method after filtration and normalization 
[32]. Genes with false discovery rates (FDR) < 0.05 were 
considered significant, which were used for gene ontol-
ogy (GO) enrichment analysis [33]. Functional enrich-
ment analysis was conducted using g:Profiler with 

http://bar.utoronto.ca/NGM/scripts/BCF2NGM.pl
http://bar.utoronto.ca/NGM/scripts/BCF2NGM.pl
http://bar.utoronto.ca/NGM/cgi-bin/emap.cgi
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default options, with default threshold (0.05) and g:SCS 
method [34].

Generation of vector constructs
For ectopic expression of genes under 35S promoter, cod-
ing sequences (CDS) of AtTPS11 or AtCYP706A3 from 
each ecotype were introduced into pH2GW7-derived 
binary vector. For site-directed mutagenesis of AtTPS11, 
partial fragments of AtTPS11 CDS were amplified using 
primers that create intended substitution and the ampli-
fied fragments were ligated to plasmid backbone based 
on Gibson assembly technique. For the detailed primer 
information used in this study, see Table S1. To generate 
transgenic plants, Agrobacterium tumefaciens (GV3101) 
harboring desired constructs were introduced into both 
ecotypes (Col-0 and Fr-2) using the floral dipping method 
[35, 36] without significant modifications. Briefly, open 
flowers from both ecotypes were removed the day of dip-
ping, and the aerial part of plants were dipped in Agro-
bacterium (GV3101) cell suspension which harbors the 
desired construct, in 5% (w/v) sucrose solution supple-
mented with 0.02% Silwet L-77. Plants were then covered 
with plastic bag for one day, and after removal of the bag, 
they were grown to get seeds.

Nicotiana benthamiana infiltration for evaluating AtTPS11 
efficacy
Transient expression of AtTPS11 in N. benthamiana 
was conducted as described previously [37]. Briefly, A. 
tumefaciens (GV3101) harboring constructs of inter-
est or P19 protein were incubated at 28 ℃, respectively. 
When an OD600 reaches approximately 1.0 ~ 2.0, the cul-
tured bacterial cells were harvested by centrifugation and 
resuspended in infiltration solution (10 mM MES pH 5.6, 
10  mM MgCl2, and 150  μM acetosyringone) to achieve 
OD600 0.3 for P19 (RK19) and OD600 0.5 for AtTPS11 in 
mixed suspension. After left on bench for 2  h at room 
temperature, infiltration solution was injected into the 
abaxial side of a leaf using a 1  mL syringe. Plants were 
returned to growth room. At 3  days post-infiltration 
(dpi), a 9 mm diameter leaf disk (punched near the infil-
trated scar) was placed in an 8 mL glass vial, and head-
space volatiles emitted from the disk were trapped by a 
1 cm long ST piece. ST pieces were located over the leaf 
disk for eight hours (from 11 AM to 7 PM). After vola-
tile collection, leaf disks were harvested to extract total 
RNA using RNeasy Plant Mini Kit (Qiagen) following 
manufacturer’s instruction. cDNA was synthesized using 
RNA to cDNA EcoDry Premix (Takara, Tokyo, Japan). 
To compare the expression level of each construct, rela-
tive transcript level of transiently expressed AtTPS11 was 
determined by quantitative RT-PCR (2^-ΔΔCt method), 
using NbEF1a as a reference gene.

Comparing SNPs in At5g44620 and At5g44630
Vcf files were downloaded from 1001 Genomes Project 
website, or each pseudogenome was downloaded from 
the website and parsed into FASTA file to contain GOI, 
which represent reference calls combined with vari-
ants including indels (https://​1001g​enomes.​org/​data/​
GMI-​MPI/​relea​ses/​v3.1/) [16]. Since the nucleotide 
sequences contained several bases with uncertainty 
(N), their protein sequences were predicted assuming 
that the Ns encode the corresponding number of bases. 
To verify the sequence, we performed Sanger sequenc-
ing targeting CDS of each gene. Primers spanning CDS 
were designed and used to amplify the regions. PCR 
was conducted using Phusion DNA polymerase (Ther-
mofisher, Waltham, MA, USA) in order to generate 
amplicons used for Sanger sequencing.

GWAS
Among 12 measured terpenes, five compounds that 
were detected from more than 50 accessions were 
selected for GWAS: alpha-pinene, beta-myrcene, beta-
caryophyllene, linalool, and (Z)-thujopsene. The GWAS 
was performed on easyGWAS website (https://​easyg​
was.​ethz.​ch/) using 1001 Genome dataset and TAIR 10 
annotation [16, 18]. The normalized emission values 
were log10 transformed to be used as input phenotype 
values (Supplementary Table  S2). EMMAX algorithm 
was selected for association mapping [38]. Loci that 
passed a Bonferroni-corrected threshold (p = 0.05) were 
considered to be significantly associated with the trait.
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