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Abstract Floral signaling, especially through floral scent, is
often highly complex, and little is known about the molecular
mechanisms and evolutionary causes of this complexity. In
this study, we focused on the evolution of “floral scent genes”
and the associated changes in their functions in three closely
related orchid species of the genus Gymnadenia. We devel-
oped a benchmark repertoire 02,571 expressed sequence tags
(ESTs) in Gymnadenia odoratissima. For the functional char-
acterization and evolutionary analysis, we focused on eugenol
synthase, as eugenol is a widespread and important scent
compound. We obtained complete coding complementary
DNAs (cDNAs) of two copies of putative eugenol synthase
genes in each of the three species. The proteins encoded by
these cDNAs were characterized by expression and testing for
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activity in Escherichia coli. While G. odoratissima and
Gymnadenia conopsea enzymes were found to catalyze the
formation of eugenol only, the Gymnadenia densiflora pro-
teins synthesize eugenol, as well as a smaller amount of
isoeugenol. Finally, we showed that the eugenol and
isoeugenol producing gene copies of G. densiflora are evolu-
tionarily derived from the ancestral genes of the other species
producing only eugenol. The evolutionary switch from pro-
duction of one to two compounds evolved under relaxed
purifying selection. In conclusion, our study shows the mo-
lecular bases of eugenol and isoeugenol production and sug-
gests that an evolutionary transition in a single gene can lead
to an increased complexity in floral scent emitted by plants.

Keywords ESTs - Eugenol - Floral scents - Gymnadenia -
Isoeugenol - Pollination - VOC

Introduction

Many insect-pollinated plants communicate with their pollina-
tors through a number of floral signals, such as fragrance,
unique flower shape, and color (Delle-Vedove et al. 2011;
Huber et al. 2005; Salzmann et al. 2007; Salzmann and Schiestl
2007; Schiestl and Glaser 2012; Streinzer et al. 2010; van der
Niet et al. 2011a, b; Vereecken and Schiestl 2009). Floral scents
are among the key signals in many plant-pollinator systems for
attracting pollinators from both short and long distances
(Brodmann et al. 2008; Huber et al. 2005; Majetic et al.
2007; Miyake and Yafuso 2003; Negre et al. 2003; Plepys
et al. 2002) and play a vital role in the reproductive success
of night-flowering plants, wherein visual cues are usually of
minor importance for mediating interactions with pollinators
(Balao et al. 2011; Détterl and Jiirgens 2005; Gupta et al. 2012;
Kondo et al. 2006; Wilti et al. 2009). In addition, several
studies have established that floral volatiles can serve multiple
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functions, such as attracting pollinators and deterring the nectar
thieves simultaneously (Junker and Bliithgen 2010;
Shuttleworth and Johnson 2009; Theis 2006; Theis et al.
2009). In plant signaling, volatile blends derived from vegeta-
tive tissues are generally assumed to enhance predator-
mediated defenses, whereas floral-based chemicals are strictly
considered insect attractants (Heil 2008; Pichersky and
Gershenzon 2002; Raguso 2008; van Dam 2009). Increasing
evidence, however, suggests that floral-specific chemical sub-
stances can also play a central role in guarding the reproductive
organs from the antagonists (Kessler and Baldwin 2007,
Kessler et al. 2013; Schiestl et al. 2011).

Gymnadenia odoratissima, Gymnadenia conopsea, and
Gymnadenia densiflora rarely hybridize despite being sym-
patrically distributed (Lonn et al. 2006; Schiestl and Schliiter
2009; Soliva and Widmer 1999). Therefore, besides
postzygotic isolation barriers, floral scent has been argued to
be one of the most crucial factors to maintain reproductive
isolation among these species (Huber et al. 2005; Schiestl and
Schliiter 2009). Although three Gymnadenia species emit
quantitatively and qualitatively different blends of approxi-
mately 50 volatile compounds to attract different suits of pol-
linators, eugenol and benzyl acetate are the only two shared
active compounds among the scent bouquets of these species
(Huber et al. 2005; Schiestl et al. 2011). However, in addition to
these active compounds, other compounds found in blend can
also influence plant performance. For example, Schiestl et al.
(2011) uncovered that the key active compounds (e.g., eugenol
and phenylacetaldehyde) emitted by G. odoratissima are pos-
itively associated with fitness. However, “non-active” com-
pounds, such as (Z)-isoeugenol, limonene, and o-pinene are
negatively correlated with fitness, possibly by interaction with
blends of active volatile compounds that altogether can reduce
pollinator visitations or increase florivores attractiveness.

In orchids, most of the previous molecular studies have
predominantly made progress either in identifying MADS-
box genes for flower development (Aceto and Gaudio 2011;
Mondragon-Palomino and Theilen 2009; Mondragon-Palo-
mino and Theien 2011; Mondragon-Palomino and Theissen
2008; Xu et al. 2006) or in molecular phylogeny (Bellusci
et al. 2008; Douzery et al. 1999; Inda et al. 2012; Mant et al.
2002; Soliva et al. 2001; van der Niet et al. 2011b). Our
current knowledge of biosynthetic pathways that produce
scent compounds in orchids, however, is still in its infancy.
The food rewarding Gymnadenia species emits a large amount
of different scent compounds, and therefore, it provides an
excellent model system to understand the evolutionary pro-
cesses underlying striking scent variability and to study the
genes responsible for scent biosynthesis. Surprisingly, to date,
nothing is known about the scent biosynthesis in this species.

Despite the increasing number of expressed sequence tags
(ESTs) and genomic resources for several orchid species in
public databases, sequence information for G. odoratissima
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had remained elusive until the present study (Chan et al. 2011;
Fu et al. 2012; Hsiao et al. 2006, 2011; Monteiro et al. 2012;
Panetal. 2012; Sedeck etal. 2013; Teh et al. 2011). Therefore,
to characterize genes involved in floral- and scent-related
pathways, we have constructed one standard and one
subtracted complementary DNA (cDNA) library and devel-
oped a benchmark EST resource of 2,571 sequences from
G. odoratissima. The floral scent compounds, eugenol and
isoeugenol, which constitute a group of phenylpropene com-
pounds, are structurally distinguished from each other only by
the double-bond position of the propene side chain (Koeduka
et al. 2006, 2008). These compounds have also received
historical attention due to their flavoring and antimicrobial
properties (Ahmed et al. 2000; Koeduka et al. 2006; Moleyar
and Narasimham 1992; Sangwan et al. 1990). Enzymes re-
sponsible for the synthesis of eugenol, isoeugenol, and related
compounds have been functionally characterized in model
plants, such as Petunia (Koeduka et al. 2008), Clarkia
(Koeduka et al. 2006, 2008), Ocimum (Koeduka et al.
2006), and Anise (Koeduka et al. 2009). All of these studies
confer that eugenol and isoeugenol are catalyzed by two
different types of enzyme (Koeduka et al. 2006, 2008). How-
ever, there is still a lack of comprehensive knowledge about
evolution of such scent producing genes in plants. In this
study, with the use of functional genomics and evolutionary
approaches, we investigate a G. odoratissima EST resource as
a starting point and further address about eugenol and
isoeugenol emission in naturally occurring three Gymnadenia
species, and also about the identification, expression, and
evolution of the genes underlying their synthesis.

Methods
Plant materials

G. odoratissima, G. conopsea, and G. densiflora flowers and
leaves were harvested from natural populations of Ofenpass
(G. odoratissima), Albulapass (G. conopsea), and Miinstertal
(G. densiflora) in Switzerland. These samples were imme-
diately frozen in liquid nitrogen and stored in a —80 °C
freezer until subsequent analyses. Total RNA was isolated
from these floral and leaf materials using RNeasy mini kit
(Qiagen AG, Hombrechtikon, Switzerland). The neces-
sary permits for all collection locations were obtained
from the Amt fiir Natur und Umwelt, Chur, Switzerland,
for the described field studies.

Standard cDNA library construction
Approximately 1-2 mg of poly(A)" RNA from G. odoratissima

flowers was obtained using Oligotex mRNA isolation kit fol-
lowing the manufacturer’s instructions (Qiagen AG,
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Hombrechtikon, Switzerland). The Creator smart cDNA li-
brary construction kit (Clontech, Palo Alto, CA, USA) was
employed for the construction of one standard cDNA library,
and larger than 1 kb inserts were selected using Zymoclean™
Gel DNA Recovery Kit (Zymo Research, Orange, CA, USA)
instead of using the size selected columns provided with cDNA
library kit (Clontech, Palo Alto, CA, USA). Prepared
oligo(dT)-primed inserts were spliced into pDNR-LIB
vector (Clontech, Palo Alto, CA, USA). Subsequently,
the ligation mixture was transformed in to XL-10 gold
Kan" ultra-competent cells of Escherichia coli (Strata-
gene, La Jolla, CA, USA). White colonies were screened
to ensure the efficiency of prepared library and insert size
range through colony PCR reactions. The library was
preserved for long-term storage at —80 °C with the addi-
tion of 20 % (v/v) of glycerol in a final concentration and
delivered to Purdue University sequencing platform, West
Lafayette, IN, USA, for sequencing.

Suppressive subtractive hybridization cDNA library
construction

G. odoratissima first-strand cDNA was prepared from 2 pg of
poly(A)" floral RNA (tester population) and leaf (driver pop-
ulation) following Smart PCR cDNA synthesis kit specifica-
tions (Clontech, Palo Alto, CA, USA). The subtraction was
based on Clontech kit (Clontech, Palo Alto, CA, USA) and
was performed as described in the PCR-Select cDNA subtrac-
tion kit user manual. Subsequently to this step, resulting
c¢DNA pool was used for size selection (>1 kb) as described
above. The gel purified cDNA was end-repaired using DNA
terminator kit (Lucigen Corporation, Middleton, WI, USA),
and blunt end-polished cDNA fragments were cloned into
pSMART HC kan vector (Lucigen Corporation, Middleton,
WI, USA). The resulting ligation mixture was transformed
into XL-10 gold ultracompetent cells (Stratagene, La Jolla,
CA, USA). One suppressive subtractive hybridization (SSH)
cDNA library (flower vs leaf) was constructed and delivered
for sequencing as described above.

Bioinformatic tools

In this study, one standard (flower specific) and one SSH
(flower vs leaf) cDNA libraries were constructed from
G. odoratissima. Altogether, 2,571 ESTs from the total pool
0f 3,456 cDNA clones were achieved with a high confidence
base call. Among these high-quality ESTs, 1,376 ESTs were
generated from SSH library, whereas 1,195 ESTs were obtain-
ed from standard library. The chromatograms retrieved from
sequencing platform were analyzed using the Phred base-
calling program with default parameters (Ewing et al. 1998).
Sequences were subjected to remove vector sequences with
the use of Cross-match program. Masked sequences were

filtered out from the pool of total sequences. We analyzed
these sequences with their corresponding quality files pro-
duced from Phred analysis for generating a tentatively unique
gene (TUG) set from each library. These sequences were used
for Phrap assembly program using default parameters. Clus-
tering step estimated sequence redundancy in libraries. BlastN
searches against “other EST database” and protein similarities
(BlastX) against non-redundant (nr) protein database
(Altschul et al. 1990) were analyzed with an E-value cutoff
of <¢ ' and <e”®, respectively.

Assignment of gene ontology terms

Unigenes from both the libraries were annotated with gene
ontology terms using Blast2GO software (Conesa et al. 2005).
These unigenes were annotated using BlastX search against
GenBank nr database. The best 20 hits were evaluated for
assigning the gene ontology (GO) terms with an E-value
cutoff of <e °.

Volatile collection for quantitative eugenol and isoeugenol GC
analysis

A total of 14 to 20 G. odoratissima (Ofenpass), G. conopsea
(Albulapass), and G. densiflora (Miinstertal) individuals were
chosen for scent collections. All volatile collections were
sampled during the day time (between 11 AM and 5 PM)
between July and August 2008 in the field. Each undamaged
whole inflorescence was separately covered with an oven
roasting bag (Toppits®, Cafresco frischhalteprodukte GmbH
& Co., Minden, Germany), and these bags were subsequently
closed with a plastic wire at both ends. A battery-operated
pump (PAS-500 Personal Air Sampler, Spectrex, Redwood
city, California, USA) was employed for each setup to absorb
the volatile compounds into glass tubes prepared with 100 mg
of Tenax TA (Gerstel GmbH & Co., Miilheim an der Ruhr,
Germany). Each volatile collection was carried out for 30 min.
In addition to Gymnadenia volatile collections, control sam-
ples were also collected in order to determine the possible air
contaminants in the surrounding environment. After sealing
both ends of each glass tube with Teflon tape, each sample
was kept in a Gerstel TDS storage tube (Gerstel GmbH & Co.,
Miilheim an der Ruhr, Germany) and stored at —20 °C.
Collected scent samples were processed within 5 days
using a gas chromatograph (GC, Agilent 6890 N) fitted with
both a HPS column (30-mx0.32-mm internal diameterx
0.25-um film thickness) and an Agilent 5975 mass selective
detector connected to a thermal desorption system (TDS2,
Gerstel, Mithlheim, Germany) for scent analysis. The TDS
temperature was programmed to rise from 30 °C (0.5-min
hold) to 240 °C (1-min hold) at 60 °C/min. The cold injection
system (CIS) temperature was programmed to rise from
=50 °C (0.5-min hold) to 150 °C (0.5-min hold) at 16 °C/s
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and to 250 °C (0.5-min hold) at 12 °C/s. The oven temperature
ofthe GC6890 was adjusted to rise from 50 °C (3-min hold) to
230 °C at 8 °C/min. Agilent ChemStation and MSD
ChemStation E.02.00.493 (Agilent Technologies, Palo Alto,
CA, USA) software were not only used for identification of
peak but also for retention time. Synthetic eugenol (Sigma-
Aldrich, Switzerland) and isoeugenol (Sigma-Aldrich,
Switzerland) standards were analyzed to compare the reten-
tion time and for calibration of the peak area. Quantification of
eugenol and isoeugenol amounts were performed in terms of
nanograms per liter of air sampled. To statistically compare
amounts of eugenol and isoeugenol emitted by plants of the
three species, we used a one-way ANOVA with LSD post hoc
tests. Correlations between eugenol and isoeugenol were
assessed by Pearson product moment correlations (SPSS
Inc., Chicago).

Isolation of full-length Gymnadenia eugenol cDNAs
and preparation of constructs

Several partial sequences showing high similarities with eu-
genol synthase genes from standard and subtracted EST li-
braries were initially screened for the isolation of full-length
G. odoratissima eugenol synthase genes. The largest sequence
among these partial sequences was further used to design
gene-specific forward and reverse primers. Two full-length
cDNA sequences encoding G. odoratissima eugenol
synthasel (GoEGS1) and G. odoratissima eugenol synthase2
(GoEGS?2) were isolated using SMART-RACE cDNA ampli-
fication kit (Clontech). Amplified cDNA fragments were li-
gated into the pPSMART HC kan vector (Lucigen Corporation,
Middleton, WL, USA). Cloned sequences were verified using
the ABI Prism Big Dye terminator cycle sequencing kit on
ABI automated sequencers (Applied Biosystems) following
the manufacturer’s instructions. The complete coding regions
were obtained for G. conopsea eugenol synthasel (GcEGSI),
G. conopsea eugenol synthase? (GcEGS2), G. densiflora
(iso)eugenol synthasel (GdIEGSI), and G. densiflora
(iso)eugenol synthase? (GdIEGS?2) based on the GoEGSI
and GoEGS2 sequences. RT-PCR reactions were set up for
amplifying coding regions (ORFs) of GoEGSI, GoEGS?2,
GcEGSI1, GeEGS2, GdIEGSI, and GdIEGS?2 from flower
cDNA using forward and reverse primers but without stop
codons in the end of sequences (Supplementary Table 1). The
PCR conditions were as follows: 2 min initial denaturation at
94 °C, 30 cycles of 1 min at 94 °C, 1 min at 55 °C and 2 min at
72 °C. The final primer extension cycle was extended to
9 min. The amplified Gymnadenia coding regions were
spliced into the expression vector using pEXP-CT/Topo TA
expression kit according to the manufacturer’s instructions.
The orientation of all prepared constructs was confirmed by
complete sequencing.

@ Springer

Biochemical test for activity in E. coli

The expression vectors with the cDNAs were transferred to
E. coli cells, and the cells were grown as previously described
(Koeduka et al. 2006). After induction and the addition of
coniferyl alcohol, cells were grown overnight. Thereafter, the
medium was collected and assayed for the presence of euge-
nol and isoeugenol (Koeduka et al. 2006).

Semi-quantitative RT-PCR analyses

To test gene expression patterns between flower and leaf
tissue, two individuals each from natural populations of
G. odoratissima (Ofenpass), G. conopsea (Davos), and
G. densiflora (Miinstertal) were selected. Total RNA followed
by mRNA isolation from these individuals was performed as
described above. About 1 g of poly(A)" RNA was reverse-
transcribed using Omniscript RT kit (Qiagen AG,
Hombrechtikon, Switzerland). The cDNA amplification was
performed in a Biometra thermocycler (Biometra GmbH,
Germany) following these PCR conditions: 2 min initial de-
naturation at 94 °C, 38 cycles of 1 min at 94 °C, 1 min at
55 °C, and 2 min at 72 °C, followed by final primer extension
for 5 min at 72 °C. Amplification of the cDNA coding for the
putative G. odoratissima glyceraldehyde-3-phosphate
dehydrogenase (GADPH), a ubiquitously expressed gene,
served as a control for cDNA synthesis and PCR efficiency
in all samples (Supplementary Table 1). Seven microliters of
the amplified PCR products from each sample was electro-
phoresed on 1.5 % TAE agarose gels and stained with
ethidium bromide.

Phylogeny reconstruction and selection analysis

GoEGS?2 gene sequence was exploited for searching its ho-
mologous sequences from NCBI using BlastN algorithm (nt/
nt database) with the “somewhat similar sequences” option
(Max target sequences 100, expect threshold 10, world size
11, and match/mismatch scores 2—-3). These sequences were
added to the pool of six Gymnadenia eugenol gene sequences
and other functionally characterized eugenol or isoeugenol
synthase genes. The sequence alignments were manually per-
formed by employing BioEdit v7.0.5, and poorly aligned
sequences were not taken into account for subsequent analy-
ses. Mr. Modeltest 2.3 (Nylander 2004) and MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003) were applied for determin-
ing the best substitution model and approximating the poste-
rior probabilities of the phylogenetic tree by employing Mar-
kov chain Monte Carlo (MCMC) method, respectively.
BaseML, a part of PAML 4.4 package (Yang 2007), was
implemented for optimizing the branch lengths of resultant
consensus tree. In addition, CodeML was further applied for a
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codon-based model for calculating the synonymous and non-
synonymous substitution rates.

Results
G. odoratissima EST library overview

Of the 2,571 high-quality G. odoratissima EST sequences,
1,195 and 1,376 EST sequences were retained after vector
clipping, adaptor removal, and trimming of poor-quality se-
quence from the standard and subtraction cDNA libraries,
respectively. Table 1 illustrates the summary statistics for the
produced EST sequences from each library. Altogether, the
success rate for obtaining sequences of high-quality sequence
data was 76.4 %. The average sequence length for both
libraries was 541 bp with the proportion of observed redun-
dancy of 33 % (standard library) and 66 % (subtraction
library).

Unigene blast searches with the publically available database

Our BLASTX results suggest that 12.09 % (standard) and
17.37 % (subtraction) of the unigenes represent no signif-
icant similarities with other plant sequences, indicating
that these sequences may have a specific role in
Gymnadenia and other closely related plant species. Fur-
thermore, BlastN similarity searches against EST others db
yielded 61.97 and 59.11 % unigenes similarities from
standard and subtracted EST libraries, respectively. Sup-
plementary Tables S2 and S3 summarize the most abun-
dant ESTs from standard and subtraction EST collections,
and these transcripts possess at least eleven or more over-
lapping sequences in each contig with its putative identi-
fication determined by BLASTX analysis.

Table 1 Gymnadenia odoratissima EST sequence summary

Total EST sequenced from both libraries 3,456
Number of cleaned EST sequences 2,571
Total EST sequences from standard library 1,920
Number of cleaned EST sequences from standard library 1,195
Numbers of contigs from standard library 306
Numbers of singlets from standard library 496
Total EST sequences from subtraction library 1,536
Number of cleaned EST sequences from subtraction library 1,376
Numbers of contigs from subtraction library 275
Numbers of singlets from subtraction library 197

Gene ontology annotations for standard and subtraction
libraries

Of the total 802 Gymnadenia standard library unigenes, 556
unigenes (69.33 %) were defined by biological process terms,
518 (64.59 %) were defined by cellular component terms, and
572 (71.32 %) were defined by molecular function terms
using Blast2GO. Relative frequencies from both libraries were
determined and compared using GO terms (Supplementary
Fig. S1). In total, 802 unigene sequences of standard library
were annotated in 4,500 GO terms. We also estimated that a
total of 266 unigenes from standard library were having
enzyme code, whereas for subtraction library, only 144
unigenes were having enzyme code. To examine relative
differential expression of transcripts between both libraries,
we also compared the gene ontology annotations between
standard and subtraction libraries (Supplementary Fig. S1).
A total 0f 291 (61.65 %), 255 (54.03 %), and 239 (50.64 %)
unigenes from subtraction EST libraries were defined by
molecular function, biological process, and cellular compo-
nent, respectively. Altogether, 472 unigenes from substraction
library were annotated in 2,113 GO terms.

Emission of eugenol and isoeugenol in Gymnadenia species

In the three investigated species, eugenol was produced by
G. odoratissima and G. densiflora, but only in trace amounts
in a few individuals of G. conopsea (F46=23.02, P<0.001;
Table 2). Isoeugenol was found predominantly in G. densiflora
and only in trace amounts in some individuals of the other two
species (F246=11.14, P<0.001; Table 2). There was a strong
positive correlation between eugenol and isoeugenol in
G. densiflora (r=0.75, P=0.001).

Identification of Gymnadenia cDNAs encoding enzyme
capable of synthesizing eugenol and isoeugenol

Two complete coding cDNA sequences of 984-bp long were
identified and named as GOEGS1 and GoEGS2. Both nucle-
otide sequences encoded a peptide sequence of 328 aa with a
calculated molecular mass of 36.2 kDa and 6.13 pl (isoelectric
point). The deduced proteins of GoEGS1 and GoEGS2
showed 55 and 54 % amino acid identity with Clarkia
EGS2 and Petunia EGS1, respectively (Supplementary
Fig. S2). A total of four complete coding regions each with
984-bp long were isolated from G. conopsea and G. densiflora
species and designated as GcEGS1, GeEGS2, GAIEGS|1, and
GdIEGS2 with calculated molecular masses of 36.25, 36.21,
36.33, and 36.33 kDa, respectively. All these sequences were
nearly identical, varying by 1 to 12 amino acids between same
species. Since it has been established that E. coli cells growing
on coniferyl alcohol will take up this compound and convert it
to coniferyl acetate, the substrate of both eugenol and
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Table 2 Quantification of eugenol and isoeugenol emission from intact inflorescences of three Gymnadenia species

Species Population Total number of individuals sampled Eugenol Isoeugenol

G. odoratissima Ofenpass 20 60.5£13.96 (n=19) 1.27+£0.34 (n=15)

G. conopsea Albulapass 14 0.53+0.36 (n=4) 0.28+0.28 (n=1)

G. densiflora Miinstertal 15 839.47+178.25 (n=15) 196.66+62.63 (n=15)

Eugenol and isoeugenol compounds were collected from each sample for 30 min and identified by dynamic headspace method using GC-MS. The mean
volatile emission are shown with standard errors, and volatile were collected in nanograms per liter of air sampled. The number of individuals (1)

produced volatile are indicated in brackets

isocugenol synthases (Koeduka et al. 2006), we tested the
activity of the Gymnadenia enzymes by expressing them
in E. coli cells. These cells expressing GoEGS1, GoEGS2,
GcEGS1, and GcEGS2 and growing in the presence of
coniferyl alcohol produced only eugenol, whereas the
E. coli cells expressing GAIEGS1 and GAIEGS2 produced
eugenol, as well as a trace amount of isoeugenol (Figs. 1
and 2; Supplementary Fig. S3 and Supplementary
Table S4).

Gene expression in Gymnadenia floral and leaf tissue

All the EGS and IEGS genes are expressed in floral
tissues that are the key source for fragrance emission
in Gymnadenia species (Stpiczynska 2001). None of the
Gymnadenia EGS showed any expression in leaf tissue,
indicating that all functionally characterized EGS and
IEGS in this study are florally expressed (Supplementary
Fig. S4).

Fig. 1 Pathway for biosynthesis
of eugenol and isoeugenol in
Gymnadenia species
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Evolutionary analysis

Altogether, 56 sequences were used for evolutionary analysis.
All the functionally characterized Gymnadenia eugenol gene
sequences form one distinct clade together with two monocot
sequences (Supplementary Fig. S5). Furthermore, our phylo-
genetic analysis is also consistent with the previous study
showing that ChIGSI, ChEGSI, PhiGSI, PaAlS1, and
ObEGS] are closely related and clustered into a single clade
(Koeduka et al. 2009). Our results further determine that
CbEGS?2 and PhEGS] are only distantly related to all other
functionally characterized eugenol and isoeugenol producing
genes and belong to completely separate clade. Our selection
analysis revealed significant relaxed purifying selection (w=
0.48; P=0.024) acting only on the GdIEGSI] and GdIEGS2
clade, while no other functionally characterized GoEGS]I,
GoEGS2, GcEGS1, and GeEGS2 genes showed evidence for
selection (Supplementary Fig. S5, Supplementary Tables S5
and S6). Furthermore, our evolutionary analyses also indicate
that Petunia EGS1 is under purifying selection.

£GS
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Fig. 2 A representative GC-MS 0] GeEGS1
profile of volatiles extracted from
Gymnadenia conopsea and
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Discussion

In this study, we identified the genes encoding eugenol and
(iso)eugenol synthase in the orchid genus Gymnadenia. We
show that a single enzyme, (iso)eugenol synthase in
G. densiflora catalyses eugenol together with trace amounts
of isoeugenol and this double-function is evolutionarily de-
rived from the single-product enzyme. Although it was previ-
ously known that single scent enzymes can produce several
different scent compounds (Falara et al. 2011; Garms et al.
2010; Martin et al. 2004), we demonstrate here that the in-
creased functional complexity evolved under relaxed purify-
ing selection. The production of more than one compound by
a single enzyme may contribute to the reproductive biology
and/or defence system of the plant.

Besides other sequenced ESTs from orchid genera, such as
Phalaenopsis, Oncidium, Ophrys, and Vanda using Sanger or
next-generation sequencing approaches (Chan et al. 2011;
Hsiao et al. 2006, 2011; Sedeek et al. 2013; Tan et al. 2005;
Teh et al. 2011), our study reports a significant resource of
2,571 ESTs derived from floral tissue of Gymnadenia
odoratissima (Orchidoideae, Orchidinae). Floral tissues were
preferred for libraries construction to cover the large range of
genes involved in flower senescence, flower pigmentation,
and fragrance-related attributes. The primary objective of
these EST generations was to identify the floral- and
fragrance-related genes in our focal species. In the standard
Gymnadenia library, transcripts that had third highest expres-
sion were found to be homologous to phenylacetaldehyde
synthase gene. Fragrance-related transcripts further served as

LR R RN R R R R R R R R R RN R ER

T
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Retention time (min)

the basis for gene characterization in Gymnadenia species.
Identified putative genes are the first representation of “scent
genes” in Gymnadenia. On the other hand, a highly expressed
transcript found in our subtraction library was cytochrome
P450, which is not only entailed in primary/secondary metab-
olism, but probably also in promoting longer survival ability
(Hsiao et al. 2011). Despite the small number of sequences
generated for G. odoratissima, it was striking that EST se-
quences corresponded to all important categories of gene
ontology terms. Altogether, it verifies that our small number
of ESTs build up an important resource for future molecular
research in orchids.

To date, NADP-dependent reductases that produce eu-
genol, isoeugenol, and t-anol have only been identified in
eudicot species (Koeduka et al. 2006, 2008, 2009). Al-
though some orchids produce copious amount of these
compounds, no monocot NADP-dependent phenylpropene
enzyme has been reported up to now (Huber et al. 2005;
Johnson et al. 2007; Nishida et al. 2004; Schiestl et al.
2011). The four GoEGS1, GoEGS2, G¢cEGSI, and
GcEGS2 are responsible for formation of eugenol, as
evidenced by our functional characterization. Considering
the high levels of sequence similarities among all the
characterized Gymnadenia enzymes, it was expected that
GdIEGS1 and GdIEGS2 will also catalyze the formation
of eugenol only. However, these enzymes catalyze a mix-
ture of eugenol and isoeugenol. It is common for terpene
synthases to be able to form multiple products from a
single prenyl diphosphate substrate (Chen et al. 2011).
Whereas terpene synthases often show multiple products,
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as also recently shown in orchids, Vanda Mimi Palmer
(Song et al. 2012) and Phalaenopsis bellina (Hsiao et al.
2008), previously characterized eugenol synthase and
isoeugenol synthase made only one product. Koeduka
et al. (2008) has shown that the amino acids at positions
84 and 87 in ChIGS1 and similar positions in other func-
tionally characterized proteins, are crucial for specifying
either eugenol or isoeugenol production.

We also show that the Gymnadenia enzymes share a high
degree of protein identity with Clarkia and Petunia EGSs
(Koeduka et al. 2008). Moreover, the two sequences from
G. odoratissima, G. conopsea, and G. densiflora were nearly
identical, and it is as yet not clear whether they represent two
different alleles of the same locus or two duplicated gene
copies. Interestingly, we found an evolutionary switch from
the enzymatic production of one scent compound in
G. odoratissima and G. conopsea, to the production of two
compounds in G. densiflora. Since we also found significant
values of selection for this evolutionary switch, we interpret
this transition, leading to the production of an additional
scent compound, to be mediated by relaxed purifying selec-
tion (w=0.48). At present, it is, however, unknown what
could be the possible fitness impact of the additional volatile
production. We suggest two hypotheses that may account for
the evolution of isoeugenol emission in G. densiflora:

1. Better discrimination by pollinators: Although G. conopsea
and G. densiflora are very similar in their floral color and
morphology, they may be incompatible due to different
genome size and ploidy levels at least in some populations
(Travnicek et al. 2011). Enhanced differences in floral
scent may increase prezygotic isolation by pollinators and
thus increase reproductive success in mixed populations.
However, there is evidence for little prezygotic, pollinator-
mediated isolation among the two Gymnadenia species
(Jersakova et al. 2010).

2. Better defense: Isocugenol has been shown to be under
negative directional selection mediated by pollinators in
G. odoratissima, suggesting it can deter insects from
flowers (Schiestl et al. 2011). Similarly, in Petunia,
isoeugenol emission has recently been shown in reducing
the floral damage from its florivores by 50 % (Kessler
et al. 2013). Isoeugenol may thus play a role in reducing
insect-mediated damage to flowers, and eventually bene-
fit plant fitness.
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