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Abstract

Chemically mediated floral volatile signals are crucial for 
pollinator attraction across angiosperms. However, beyond 
model plant systems, the molecular mechanisms underpin-
ning their tissue-specific biosynthesis, regulation, and emis-
sion are still poorly understood. In this study of a food-
deceptive insect-pollinated orchid (Caladenia denticulata), 
we elucidated the molecular basis of α-pinene biosynthesis—
the major floral volatile emitted by this species and diverse 
lower abundance monoterpenes and sesquiterpenes. To 
achieve this, we combined comparative transcriptomics 
between active glandular trichome-rich sepal tips and label-
lum and non-active remaining flower tissues, floral volatile 
headspace profiling, phylogenetic analysis of a multigene 
family, and protein functional assays. We found (i) multi-
ple branch points of the terpene synthase (TPS) biosynthetic 
pathway were highly expressed and coordinately upregu-
lated in the active floral tissues compared to non-active ones, 
(ii) the monoterpene synthase CdTPS-b3 underpinning α-
pinene biosynthesis and a bona fide promiscuous TPS CdTPS-
b4 that may contribute to the diverse array of low-abundance 
mono- and sesquiterpenes found in its flowers, and (iii) dual 
localization (plastid and cytosol) of CdTPS-b3 and CdTPS-b4. 
Our findings highlight metabolic pathway specialization at 
multiple TPS pathway branch points supporting the biosyn-
thesis and emission of α-pinene in C. denticulata flowers that 
are implicated in its generalist pollinator attraction. Further-
more, the complexity of diverse floral terpenes in Caladenia
is likely mediated by finely tuned TPS gene expression, func-
tional promiscuity, and subcellular localization. We predict 

that the combination of these three mechanisms underpin 
the evolution of multiple deceptive pollination strategies in 
Caladenia.
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Introduction

Many flowering plants have evolved diverse strategies to com-
municate with and attract animal pollinators. Compared to 
other plant families, unusual and/or highly specialized decep-
tive pollination strategies are particularly widespread in the 
hyperdiverse orchid lineage (Jersáková et al. 2006). Recent 
estimates suggest that up to half of all orchids (approxi-
mately 10–15 000 species) employ deceptive pollination strate-
gies (Ackerman et al. 2023). The false advertisement of 
food resources (generalized food deception) by rewardless but 
brightly coloured food deceptive (FD) species is by far the most 
common deceptive pollination strategy (Schiestl and Johnson 
2013, Dormont et al. 2019). Flowers of many deceptive orchids 
have evolved complex means to entice and then defraud their 
insect pollinators (Jersáková et al. 2006).

The typical floral visual and olfactory signals involved in 
this deception involve plant specialized metabolites (PSMs) 
(Perkins et al. 2023, Wong et al. 2023). In many plants including 
orchids, accumulation of PSM pigments, especially flavonoids 
(Liang et al. 2020, Zhang et al. 2020, Wong et al. 2024) and 
carotenoids (Liu et al. 2019, Li et al. 2020), confer the showy 
flower colours. Spatiotemporal regulation of pigments further 
underpins the intricate colour patterns (e.g. spots, blotches, 
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lines, and venation guides) on highly elaborate floral structures 
such as insectiform labellum of some orchids (Vignolini et al. 
2012, Wong et al. 2022a). Beyond pigments, PSM also under-
pin a plethora of volatiles that are estimated to be in tens 
of thousands of compounds (Pichersky and Lewinsohn 2011, 
Schilmiller et al. 2012).

In orchids, unusual volatile natural products often under-
pin the cases of specific pollinator attraction; however, com-
mon floral compounds in unusual blends are also a common 
feature (Wong et al. 2017b, Perkins et al. 2023). Numerous 
fatty acid derivatives (e.g. alkanes and alkenes, alcohols, alde-
hydes), isoprenoids (e.g. cyclic/acyclic mono-/sesqui-terpenes), 
benzenoids (e.g. phenethyl, phenylpropanes), and potentially 
amino acid derivatives (e.g. nitrogenous and sulfurous com-
pounds) have been reported as relevant for orchid pollinator 
attraction. However, while the genetic or biochemical basis for 
their biosynthesis has been predicted for some cases (Wong 
et al. 2017a, 2019, Guo et al. 2018), it has only been confirmed 
for a handful of examples (Schlüter et al. 2011, Sedeek et al. 
2016, Xu et al. 2017, Huang et al. 2021). Lineage-specific evolu-
tion involving molecular mechanisms such as gene duplication 
(and divergence), spatiotemporal changes of gene expression, 
alteration of enzyme activities or subcellular compartmental-
ization (Ono and Murata 2023) among other mechanisms, likely 
underpin the ability of orchids to evolve novel and/or fine-tune 
existing PSM pathways (Schlüter and Schiestl 2008, Schiestl and 
Schlüter 2009).

The Australian orchid genus Caladenia (>350 species) is the 
only known predominately sexually deceptive (SD) genus to 
also contain food deceptive (FD) and food rewarding species 
(Phillips et al. 2009, Weston et al. 2014). Furthermore, there 
are two recent, parallel radiations containing both FD and SD 
species within the largest subgenus, Calonema (200+ spp.), and 
the smaller subgenus, Phlebochilus (70+ spp.) (Peakall et al. 
2021, O’Donnell et al. 2024). Consequently, species exhibit dra-
matic floral morphology, colour, and volatile/scent (to humans) 
differences, providing a unique opportunity to explore PSM 
diversity. In particular, FD Caladenia species secure pollina-
tion by generalized floral mimicry, often involving several dif-
ferent pollinator species (Phillips et al. 2009). Flowers of FD 
Caladenia species are often strongly scented (to humans) and 
display brightly coloured (mostly pink, blue/purple, white) 
hues underpinned by tissue-specific pigmentation chemistry 
(George et al. 1973, Wong et al. 2024). In contrast, SD Caladenia
species are dull-coloured (green or maroon) mimics of female 
insects, have extremely specialized pollinator specificity, often 
with just a single species of pollinator. Such extreme specificity 
is largely achieved by sex pheromone mimicry of the female 
pollinator (Bohman et al. 2016, Peakall et al. 2020, Peakall
2023).

Multidisciplinary approaches bridging chemical and molec-
ular ecology have revolutionized our understanding of the 
extraordinary diversity of PSM involved in plant–pollinator 
interactions (Frachon et al. 2021, Wong et al. 2023). Despite 
its diversity, the molecular basis of PSM implicated in semio-
chemical and pigment biosynthesis of Caladenia orchids has 

so far only been successfully explored in the male thynnine 
wasp-pollinated SD Caladenia plicata and bee-pollinated FD 
Glossodia major, respectively (Xu et al. 2017, Wong et al. 2024). 
For example, in C. plicata the biosynthesis of (S)-β-citronellol 
(one of two active pollinator attractant) proceeds from the pre-
cursor geranyl diphosphate (GPP) in three steps and involves 
a monoterpene synthase (CpGES1), an alcohol dehydrogenase 
(CpADH3), and a double-bond reductase (GpGER1) (Xu et al. 
2017).

Here, we focus on Caladenia denticulata, an uncommon ter-
restrial orchid nestled in the subgenus Phlebochilus. Caladenia 
denticulata is thought to employ a generalized food deception 
strategy with hoverflies, small wasps, and native bees as pollina-
tors (Phillips et al. 2009). As the first step toward a systems-level 
understanding of the volatile chemical diversity and molecular 
basis of floral scent in C. denticulata, we leveraged multi-tissue 
transcriptomes and floral headspace volatile profiling to ask 
the following questions: (i) What biochemical pathways are 
differentially expressed and enriched in the active glandular 
trichome-rich sepal tips (Tip) and labellum (Lab) tissues ver-
sus non-active floral remains (FR)? (ii) What floral volatiles are 
emitted and do they mirror the active biochemical pathways 
of tissue-specific floral transcriptomes? (iii) What are the con-
ditions associated with the evolution of complex floral volatile 
bouquets of FD orchids? Through subsequent functional char-
acterization, our findings allow us to propose the molecular 
mechanism underpinning C. denticulata floral volatile bouquet 
and discuss the implications of such findings for the evolution 
of FD and SD in Caladenia.

Results

Assembly of a high-quality, tissue-specific floral 
transcriptome for C. denticulata
RNA sequencing followed by the removal of adapter and 
low-quality sequences yielded a combined total of over 140 
million paired-end (2 × 150 bp) reads across the sequenced 
FR and two glandular trichome-rich tissues—the labellum 
(Lab), and tip (Tip) libraries. De novo transcriptome assembly, 
redundancy removal, and evidence-based gene set prediction 
yielded over 28 000 high-quality gene sets from over 198 000 
transcripts. Benchmarking Universal Single-Copy Ortholog 
(BUSCO) assessments with the Embryophyta lineage database 
(1614 BUSCOs evaluated) indicated high completeness scores 
for the full Trinity transcriptome assembly (92.2%) as well as the 
reduced Evidential gene sets (>91%) containing predicted pri-
mary transcripts or valid alternates (Fig. 1a). Of the 28 703 pre-
dicted primary transcripts, 27 103 were sufficiently expressed 
and thus amenable for further downstream statistical analyses 
as our ‘reference floral transcriptome’ (Supplementary data S1 
& S2).

Further evaluation of the reference floral transcriptome 
based on phylogenetically informed orthogroups across orchids 
and coalescent-based species tree inference revealed topolo-
gies consistent with recent orchid phylogenomic analysis that 
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Figure 1. Transcriptomic analysis of Caladenia denticulata floral tissues. (a) Gene space completeness of C. denticulata floral transcriptomes encom-
passing floral remains (FR), labellum (Lab), sepal tips (Tip) tissues. BUSCO scores of the full assembly (FA), predicted gene sets of the full assembly 
(FA + Evg) and final representative primary gene models of the latter [FA + Evg(P)] are shown. (b) The placement of C. denticulata on a shortcut 
coalescent (ASTRAL) species tree of the Orchidaceae (spanning 5 subfamilies, 13 tribes, 21 subtribes and 49 genera) and an outgroup Asparagales 
taxon. CALAdentL indicate C. denticulata assemblies from the leaf (Peakall et al. 2021) while CALAdentF are those obtained from the flowers 
(this study). Colors indicate orchid subfamily grouping of included genera (see top-left inset). Branch labels indicate local posterior probability 
(localPP) scores <1. (c) Principal component analysis of the C. denticulata floral transcriptome encompassing dissected FR (green), labellum (red), 
and tip (orange) tissues based on a final set of 27 103 expressed genes. (d) Volcano plot depicting the distribution of differentially expressed genes 
between putative active labellum (LabVSFR)—and tip (TipVSFR) vs non-active FR tissue contrast and associated log2FC and scores (−log10FDR). 
Significant upregulation, downregulation (FDR < 0.01), and no differential expression in respective comparisons are indicated by purple, green, 
and orange colours, respectively. (e) Summary of generalized plant biological processes (Mapman BIN v4 categories) enriched (FDR < 0.01) in 
significantly up (red) and down (blue)-regulated genes identified in LabVSFR and TipVSFR comparisons in (d). Circle size and opacity illustrate 
the number of annotated genes and enrichment significance of a given enriched category, respectively. (f) Venn diagram summary of unique and 
common differentially expressed genes in labellum (LabVSFR)- and tip (TipVSFR) vs FR tissue contrast and their enriched (FDR < 0.01) Mapman 
BIN v4 functional categories as in (e). 
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also span representatives of the subtribe Caladeniinae where 
C. denticulata belongs (Peakall et al. 2021, Wong and Peakall 
2022, O’Donnell et al. 2024). They include the pairing of refer-
ence floral transcriptome (this study) and previously assembled 
leaf transcriptome from the same site (Peakall et al. 2021). As 
expected, C. denticulata which belongs to the subgenus Phle-
bochilus was sister to members of subgenus Calonema with high 
confidence (localPP of 1) (Fig. 1b).

Tissue-specific floral transcriptome comparisons 
and their enriched pathways
Principal component analysis of the C. denticulata reference 
floral transcriptome showed a clear separation of the samples 
based on tissue type (PC1: 55% and PC2: 25%) with respec-
tive samples of FR, Lab, Tip tissues forming distinct groups 
along both axes (Fig. 1c). Two tissue-specific comparisons/con-
trasts were prioritized in this study—between non-active FR 
and active glandular trichome-rich Lab (i. Lab–FR) and Tip (ii. 
Tip–FR). From the total 27 103 expressed genes, 1509 genes (656 
upregulated, 853 downregulated) in Lab–FR contrast and 2126 
genes (915 upregulated, 1211 downregulated) in Tip–FR con-
trasts were differentially expressed (FDR < 0.01) (Fig. 1d, Sup-
plementary data S3). Many PSM-related pathway genes were 
differentially expressed in the tissue-specific contrasts and con-
tributed to the distinctive signatures of enriched (FDR < 0.05) 
Mapman BIN v4 categories (Fig. 1e and f, Supplementary data 
S4).

In the Lab–FR contrast, amino acid metabolism, lipid 
metabolism, specialized metabolism, and RNA biosynthesis 
were enriched in upregulated genes. In the Tip–FR contrast, 
enrichment of lipid metabolism and specialized metabolism 
were particularly relevant for upregulated genes while phyto-
hormone action and RNA biosynthesis were for downregulated 
genes. Thus, it is not unexpected that unique and/or down- 
and upregulated differential expression (DE) gene intersects of 
such categories are also enriched (Fig. 1f). Nonetheless, biologi-
cal processes beyond those directly implicated in plant volatile 
pathways were also enriched in DE genes. These include photo-
synthesis, redox homeostasis, cellular respiration, cell division, 
cytoskeleton organization, and cell wall organization (Supple-
mentary data S4).

Spatial dynamics of candidate isoprenoid precursor 
pathway in the flower
In plants, the plastidial 2-C-methyl-d-erythritol 4-phosphate 
(MEP) pathway and the cytoplasmic-/endoplasmic reticulum-
/peroxisomal-localized mevalonate (MVA) pathway are two 
well-established biosynthetic routes supplying the main build-
ing block of all terpenoids, the two 5-carbon building 
blocks isopentenyl/isoprenyl diphosphate (IPP), and its isomer 
dimethylallyl diphosphate (DMAPP) (Pichersky and Raguso 
2018, Zhou and Pichersky 2020a). Many genes occupying the 

specialized metabolism terpenoids category (BIN9.1), specifi-
cally MVA (BIN9.1.1), MEP (BIN9.1.2), and isoprenyl diphos-
phate (BIN9.1.3) biosynthesis branch, were DE in both Lab and 
Tip compared to FR (Fig. 2, Supplementary data S4).

The MVA pathway candidate genes included one acetyl-
CoA C-acetyltransferase (CdAACT), one 3-hydroxy-3-
methylglutaryl-CoA synthase (CdHMGS1), two 3-hydroxy-
3-methylglutaryl-CoA reductases (CdHMGR1/2), one MVA 
kinase (CdMVK), one phospho-MVA kinase (CdPMK), and one 
diphospho-MVA decarboxylase (CdMPDC). All but CdMVK
were differentially expressed (Fig. 2, Supplementary data S5 and 
S6). CdAACT, CdHMGS1, CdHMGR1, and CdPMK were coor-
dinately upregulated while CdHMGR2 was downregulated in 
both Lab and Tip compared to FR, respectively. CdMPDC was 
downregulated and upregulated in the Lab and Tip, respectively, 
compared to FR. Interestingly, expression of genes encoding the 
first three steps were among the most highly expressed genes in 
the Tips (CdAACT, CdHMGS1, CdHMGR1), while only CdHMGR1
was highly expressed in the Lab (Fig. 2).

A total of eight candidate genes encoding MEP pathway 
enzymes were identified (Fig. 2, Supplementary data S5 and S6). 
They include two 1-deoxy-d-xylulose 5-phosphate (DXP) syn-
thases (CdDXS1/2), one DXP reductoisomerase (CdDXR), one 
2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase (CdM
CT), one 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol ki
nase (CdCMK), one 2-C-methyl-d-erythritol 2,4-cyclodiphosph
ate synthase (CdMDS), one 4-hydroxy-3-methylbut-2-enyl-diph
osphate (HMBPP) synthase (CmHDS), and one HMBPP reduc-
tase (CmHDR). Of the eight, only CdCMK was downregulated in 
the Lab while CdDXS1, CdCMK, and CdHDS were upregulated in 
Tip compared to FR. Nonetheless, CdHDR was among the most 
highly expressed genes in both Lab and Tips.

IPP and DMAPP produced from the MVA and MEP path-
ways are enzymatically interconvertible. The maintenance of 
this equilibrium is generally performed by IPP isomerase (IDI) 
which is known to be localized to multiple subcellular compart-
ments (e.g. mitochondria, peroxisome, and plastid). However, 
emerging studies point towards the involvement of IP kinase in 
the generation of IPP and DMAPP from IP and DMAP, respec-
tively, in the cytosol, while specific NUDIX hydrolase (NUDX) 
catalyses the dephosphorylation of IPP and DMAPP (Zhou and 
Pichersky 2020a). In this study, three IDIs (CdIDI1/2/3), one 
IPK (CdIPK), and two NUDX (CdNUDX1/3) homologs were 
found—all of which are predicted to be localized to the cyto-
plasm except for CdIDI2/3 (plastids) (Supplementary data S6). 
Interestingly, only CdIDI2 was specifically upregulated in the Tip 
compared to FR and was also among the top highly expressed 
genes in this contrast (Fig. 2).

In plants, the biosynthesis of geranyl diphosphate (GPP) 
typically occurs in the plastid, farnesyl diphosphate (FPP) in 
the cytosol, and geranylgeranyl diphosphate (GGPP) across 
multiple subcellular compartments. Furthermore, short-chain 
prenyl-PP synthases encoded by gene families (e.g. GPPS, FPPS, 
GGPPS) are typically involved in the addition of IPP(s) to the 
primary substrate, DMAPP. Here, three plastidial-predicted 
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Figure 2. Schematic of putative terpene precursor biosynthesis pathways in C. denticulata. Enzymes (bold letters), precursors/products (circles) 
of the plastid-localized (yellow-green background) methylerythritol phosphate (MEP) and the cytosolic-localized (beige background) meval-
onate (MVA) pathway, the two routes for supplying the two 5-carbon building blocks IPP and its isomer DMAPP for various terpenoid-related 
(e.g. C5 , C10 , C15 , C20 , C25 , C40 , etc.) compound biosynthesis in plants are indicated. Significant upregulation (light-to-dark blue) and down-
regulation (light-to-dark red) in the Lab (L), Tip (T), or both (LT) are indicated by different coloured arrows. Grey arrows indicate no differential 
expression. Asterisk denotes whether their respective gene expression (expressed as FPKM) are within the top 1% of genes with the highest expres-
sion (i.e. very highly expressed) in respective labellum (left)/tip (right) tissue transcriptome. Abbreviations—MVA pathway: AACT, acetyl-CoA 
C-acetyltransferase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; MVK, MVA kinase; 
PMK, phospho-MVA kinase; MPDC, diphospho-MVA decarboxylase. MEP pathway: DXS, 1-deoxy-d-xylulose 5-phosphate (DXP) synthase; DXR, 
DXP reductoisomerase; MCT, 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase; CMK, 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol 
kinase; MDS, 2-C-methyl-d-erythritol 2,4-cyclodiphosphate synthase; HDS, 4-hydroxy-3-methylbut-2-enyl-diphosphate (HMBPP) synthase; HDR, 
HMBPP reductase. IPP and DMAPP: IPK, isopentenyl phosphate kinase; NUDX, NUDIX hydrolase; cytIDI, cytoplasmic-localized isopentenyl 
diphosphate isomerase; chlIDI, chloroplastic-localized IDI; G/FPPS, geranyl/farnesyl diphosphate synthase; GPPS, geranyl diphosphate synthase; 
GGPPS, geranylgeranyl diphosphate synthase. SSU I, type I small subunit of GPPS; SSU II, type II small subunit of GGPPS; CPT, cis-prenyltransferase. 
Others: ABCG, adenosine 5′-triphosphate-binding cassette transporter (subfamily G). 
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candidate genes encoding the Arabidopsis homolog of the 
large (CdGGPPSa/b/c_LSU) and one small (CdGGPPS_SSU) 
subunit of the heterodimeric GGPP synthase were identi-
fied in C. denticulata, respectively. One potential bifunctional 
GPP/FPP synthase (Conart et al. 2023) homolog predicted to 
localize in the cytosol (CdG/FPPS) was also identified. How-
ever, only CdGGPPSb_LSU was coordinately upregulated in the 
Lab and Tip tissues compared to FR (Fig. 2, Supplementary
data S6).

Spatial dynamics of candidate TPS gene expression 
in the flower
Plant TPS are broadly classified into at least eight subfami-
lies (TPS-a to TPS-h) based on lineage distribution, sequence 
homology, and function, among others (Chen et al. 2011, Zhou 
and Pichersky 2020a, Bergman and Dudareva 2024). Phyloge-
netic analysis of candidate CdTPSs alongside functionally char-
acterized plant TPS across a wide range of angiosperms in vari-
ous well-established groups indicate that (i) CdTPS-c1, belongs 
to the TPS-c clade, (ii) CdTPS-e/f1, belongs to the TPS-e/f clade, 
(iiii) CdTPS-a1/a2, belong to the TPS-a clade, and (iv) CdTPS-
b1/b2/b3/b4, belong to the TPS-b clade (Fig. 3a, Supplementary 
data S7). Expression analysis of the eight candidate TPS genes 
revealed that CdTPS-c1, CdTPS-b1, and CdTPS-b2 were lowly 
expressed regardless of tissue type while CdTPS-b3 and CdTPS-
b4 were among the most highly expressed genes in both Lab 
and Tip. CdTPS-b4 was upregulated in the Tip, while CdTPS-
b3 was upregulated in both Lab and Tip tissues compared to 
FR (Fig. 3b). As such, CdTPS-b3 and CdTPS-b4 serve as prime 
candidates for terpene production in C. denticulata flowers.

Functional characterization of C. denticulata
CdTPS-b3 and CdTPS-b4 in vitro
The proteins encoded by CdTPS-b3 and CdTPS-b4 (without the 
predicted transit peptide) were produced in E. coli and TPS 
functions were tested in vitro using GPP, NPP, E,E-FPP, Z,Z-FPP, 
or GGPP as substrates (Fig. 4). Functional assays revealed that 
CdTPS-b3 mainly catalysed the formation of α-pinene (peak 1) 
from GPP or NPP and had no activity with E,E-FPP, Z,Z-FPP, or 
GGPP. Nonetheless, CdTPS-b3 could also catalyse GPP and/or 
NPP into a series of minor monoterpene constituents com-
posed of β-pinene (peak 2), β-myrcene (peak 3), d-limonene 
(peak 4), trans-β-ocimene (peak 5), cis-β-ocimene (peak 6), 
linalool (peak 7), α-terpineol (peak 8), geraniol (peak 9), and 
nerol (peak 10) (Fig. 4, Supplementary data S8).

In contrast, CdTPS-b4 showed activity on all tested sub-
strates including GGPP (Fig. 4). For example, major products 
formed using GPP include β-myrcene (peak 3), cis-β-ocimene 
(peak 6), and geraniol (peak 9) while NPP produces β-myrcene 
(peak 3), α-terpineol (peak 8), and nerol (peak 10), among 
others. α-Farnesene (peak 11) was the only major product pro-
duced when supplied with E,E,-FPP while diverse sesquiterpenes 
putatively matching zingiberene (peak 12), α-bergamotene 
(peak 13), (E)-β-farnesene (peak 14), β-sesquiphellandrene 

(peak 15), β-himachalene (peak 16), β-curcumene (peak 17), 
1,4,7,-cycloundecatriene (peak 20) were produced with Z,Z-FPP. 
An unknown diterpene was also produced with the addition of 
GGPP in vitro. Thus, CdTPS-b4 bears hallmarks of a promiscuous 
TPS (Fig. 4, Supplementary data S8).

Subcellular localization of C. denticulata CdTPS-b3 
and CdTPS-b4 proteins
To determine the subcellular localizations of CdTPS-b3 and 
CdTPS-b4, respective N-terminus encompassing the first 100 
codons were fused to the N-terminus of eYFP and transiently 
expressed in Nicotiana benthamiana leaves (Fig. 5). Dual local-
izations of CdTPS-b3 and CdTPS-b4 were observed in both 
plastid and cytosol albeit a weaker cytosolic signal was often 
seen for CdTPS-b3. Transient expression of CdTPS-b3-GFP and 
CdTPS-b4-GFP in Arabidopsis thaliana protoplasts consistently 
exhibit dual localization in both plastid and cytosol (Supple-
mentary Fig. S9). However, it is noteworthy that localization of 
CdTPS-b4 in the cytosol often appears speckled.

Floral volatile profiles of C. denticulata in the 
natural environment
Caladenia denticulata floral headspace collections were
obtained (Fig. 6) and putative terpenoid volatile organic com-
pounds (VOCs) were tentatively identified by comparing the 
mass spectra obtained from gas chromatography-mass spec-
trometry (GC-MS) against several reference spectra databases 
(e.g. NIST-17) and standards where possible. The monoter-
pene, α-pinene was the dominant headspace floral VOC 
(48.1 ± 3.17%), however, a series of mono- and sesquiter-
penes were also present in very low (∼1–2%; i.e. α-pinene 
oxide, terpinen-4-ol, 4-thujanol) or trace quantities (<0.1%; 
i.e. sabinene, β-pinene, β-myrcene, limonene, verbenone, aro-
madendrene, α-bergamotene, α-farnesene). Together, the rela-
tive abundance of terpenoid-associated VOCs was ∼54%. These 
findings coincide with not only the tissue-specific differential 
upregulation and enrichment of plant specialized metabolism 
pathways involving terpenoids (Figs. 2 and 3) but also the 
potential spectrum of mono- and sesquiterpene compounds 
catalysed by CdTPS-b3 and CdTPS-b4 (Fig. 4). However, it 
is noteworthy that other classes of VOCs, especially phenyl-
propanoid/benzenoids (ca. 22%) and fatty acid derivatives (ca. 
20%) were also part of the floral bouquet of C. denticulata.

Comparative analysis of functionally characterized 
CdTPS-b3 and CdTPS-b4 and their homologs in C. 
plicata
Presently, the only other multi-tissue floral transcriptomes in 
Caladenia is for C. plicata, a SD species that belong in the largest 
subgenus Calonema (Xu et al. 2017). Mining its transcriptomes 
revealed a candidate TPS, C. plicata TPS-b3 (CpTPS-b3) shar-
ing 96.3% amino acid similarity with CdTPS-b3 (Supplementary 
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Figure 3. Caladenia denticulata TPS gene family. (a) A maximum-likelihood IQTREE phylogeny of putative floral-expressed C. denticulata TPS and 
functionally characterized plant TPS (including other orchids). Colour shading indicate TPS-c (green), TPS-e/f (blue), yellow (TPS-g), purple (TPS-
a), salmon pink (TPS-b) clades, respectively and grey indicating an outgroup (out.). Asterisks denote C. denticulata putative TPS. Scale bar indicates 
amino acid substitutions per site. See Supplementary data S7 for associated accession and publication details. (b) Gene expression of putative 
floral-expressed C. denticulata TPS in the floral remains (FR), labellum (Lab), and tip (Tip) tissue. Gene expression in each tissue is expressed as 
FPKM. Orange bars with asterisks indicate significant upregulation in the labellum and/or tip compared to FR tissues. Borders indicate the top 
1% ranked of genes with the highest expression in respective tissue transcriptome (i.e. very highly expressed). 

data S10). CpTPS-b3 mainly catalysed the formation of α-
pinene from GPP and NPP and had no activity with E,E-FPP, Z,Z-
FPP, or GGPP (Fig. 4). Transient expression of CpTPS-b3 in N. ben-
thamiana leaves also revealed dual localization in both plastid 
and cytosol (Supplementary data S11). Furthermore, we found 
that the closest C. plicata homolog of CdTPS-b4 that encodes 
the functionally characterized geraniol synthase (CpGES1) (Xu 
et al. 2017), sharing 95.2% amino acid similarity with CdTPS-
b4 (Supplementary data S10) could also catalyse the formation 

of additional monoterpenes such as β-myrcene (peak 3), d-
limonene (peak 4), α-terpineol (peak 8), nerol (peak 10) using 
NPP and putative sesquiterpenes α-bergamotene (peak 18), 
limonen-6-ol, pivalate (peak 19), and 1,4,7,-cycloundecatriene 
(peak 20) using Z,Z-FPP. No activity with E,E-FPP, or GGPP 
was observed for CpGES1/CpTPS-b4 (Fig. 4). Unlike CdTPS-b4, 
transient expression of CpGES1/CpTPS-b4 in N. benthamiana
leaves exhibited exclusive plastid localization (Supplementary 
data S11). Interestingly, CpTPS-b4/CpGES1 was the most highly 
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Figure 4. GC–MS analysis of the products formed in vitro by the enzymatic activities of Caladenia TPS proteins (CdTPS-b3, CdTPS-b4, CpTPS-b3, 
and CpTPS-b4/CpGES1). Enzymes were incubated with GPP, NPP, E,E-FPP, Z,Z-FPP, and GGPP and products were analysed as described in the 
‘Materials and Methods’ section, m/z = 93 was monitored for terpene products. Reaction products were identified by comparing their mass 
spectra and retention indices to authentic standards and NIST libraries: 1, α-pinene; 2, β-pinene; 3, β-myrcene; 4, d-limonene; 5, trans-β-ocimene; 
6, cis-β-ocimene; 7, linalool; 8, α-terpineol; 9, geraniol; 10, nerol; 11, α-farnesene; 12, zingiberene; 13, α-bergamotene; 14, (E)-β-famesene; 15, 
β-sesquiphellandrene; 16, β-himachalene, 17, β-curcumene; 18, α-bergamotene-like; 19, limonen-6-ol, pivalate-like; 20, 1,4,7,-cycloundecatriene-
like, 21, unknown diterpene. Potential nonspecific products include α-terpineol (peak 8). Mass spectra of the terpene products can be found in 
Supplementary data S8. GPP, geranyl diphosphate; NPP, neryl diphosphate; E,E-FPP, trans-farnesyl diphosphate; Z,Z-FPP, cis-farnesyl diphosphate; 
GGPP, geranylgeranyl diphosphate; TPS, terpene synthase; CdTPS-b3, C. denticulata TPS-b3; CdTPS-b4, C. denticulata TPS-b4; CpTPS-b3, C. plicata
TPS-b3; CpTPS-b4/CpGES1, C. plicata TPS-b4, N.C., negative control. 
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Figure 5. Representative subcellular localization of C. denticulata TPS proteins. The first 100 codons of C. denticulata (a) TPS-b3 and (b) TPS-b4 
were fused to a downstream YFP and transiently expressed in N. benthamiana leaves. (C) Unfused YFP construct was used as control. Images were 
taken by confocal laser scanning microscopy. Each panel (from left to right) depict the autofluorescence from chloroplasts (red), the location of 
YFP fluorescence of each fusion protein (green), bright field under visible light (grey), and their overlays (merged channels), respectively. A dual 
localization of CdTPS-b3 and CdTPS-b4 are indicated. Bars, 10 μm. 
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Figure 6. VOCs profile of C. denticulata flowers. (a) Representative clump of flowers for headspace collection. (b) Representative total ion chro-
matograms of C. denticulata floral headspace collections extracted in DCM and analysed with GC-MS. Putative terpenoid compounds identified 
in the headspace samples of C. denticulata and associated information on retention time in minutes (Rtmin), observed (RIobs), and literature aver-
age (RIlit. avg.) retention index as follows: 1. α-pinene* (6.54, 934, 935), 2. sabinene (7.35, 974, 973), 3. β-pinene (7.41, 978, 978), 4. β-myrcene (7.69, 
991, 990), 5. limonene (8.47, 1030, 1030), 6. 4-thujanol (9.3, 1070,1065), 7. α-pinene oxide (9.89, 1100, 1097), 8. terpinen-4-ol* (11.5, 1182, 1179), 
9. verbenone (12.1, 1212, 1208), 10. aromadendrene (16.3, 1444, 1438), 11. α-bergamotene (17.1, 1496, n.a.), 12. α-farnesene (17.3, 1509, 1506). * 
Confirmed with synthetic standards on the same instrument. RI literature values possibly come from a mix of positional isomers. 

expressed and upregulated TPS-encoding gene in the swollen 
glandular sepal tissue that produces citronellol compared to 
column while CpTPS-b3 was lowly expressed, up to 30-fold 
lower than CpTPS-b4/CpGES1 (Supplementary data S12).

Discussion

The diversity of orchid floral volatiles is staggering with 1000s 
of compounds spanning diverse biochemical classes (Knudsen 
et al. 2006). Deciphering the chemical and molecular basis of 
this diversity is often challenging and best achieved by multidis-
ciplinary collaborations across chemistry, ecology, and genetics 
(Dötterl and Gershenzon 2023, Perkins et al. 2023, Wong et al. 
2023). Chemically mediated orchid floral volatile signals for pol-
linator attraction often involve numerous compound classes 
and unique blends, and require finely tuned spatiotemporal 
regulation of biosynthesis, storage, and/or emission of volatiles 
(Wong et al. 2017b, Perkins et al. 2023).

New insights into a highly active, tissue-specific 
terpenoid metabolism pathway of C. denticulata
flowers
In combination with floral volatile chemical knowledge, new 
access to several high-quality orchid reference genomes (Zhang 
et al. 2022) and multi-tissue transcriptomics datasets (rang-
ing in the hundreds to thousands) spanning diverse gen-
era across the orchid family (Wong and Peakall 2022; G. 
Zhang et al. 2023b) offer unprecedented potential for plant 
volatile pathway discovery. In particular, floral tissue tran-
scriptome analysis has enabled the initial prioritization, and in 

some cases confirmation, of diverse volatile-related biochemi-
cal pathways involved in the biosynthesis of alkanes and alkenes 
(Sedeek et al. 2013, 2016), apocarotenoid degradation products 
(Wang et al. 2022), fatty-acid-derived 2,5-dialkylcyclohexane-
1,3-diones (Wong et al. 2017a, 2018, 2019, 2022b), methyl 
jasmonates (Xu et al. 2019), mono-/sesqui-terpenes (Xu et al. 
2017, Chuang et al. 2018a, Huang et al. 2021, Wang et al. 
2021), phenylalanine-derived aroma compounds (Gupta et al. 
2014, Rao et al. 2014, Yang et al. 2017) as well as volatile 
emission-related genes (Chang et al. 2023).

In plants, the plastidial MEP are firmly established biosyn-
thetic routes supplying precursor building blocks for the biosyn-
thesis of monoterpene and diterpene while cytoplasmic-/endo-
plasmic reticulum-/peroxisomal-localized MVA pathways are 
pivotal for sesquiterpene terpenoids (Pichersky and Raguso 
2018, Zhou and Pichersky 2020a). In floral organs, they are 
often spatiotemporally regulated in a cell-, tissue-, develop-
mental stage-, and rhythmic-specific manner (Livingston et al. 
2020, Zhou and Pichersky 2020b, Bechen et al. 2022, Szen-
teczki et al. 2022, Ling et al. 2023). In this study, we found that 
most MVA pathway genes were co-ordinately upregulated in 
both Lab and Tip while MEP pathway genes often showed Tip-
specific upregulation compared to FR tissues (Fig. 2). Similar 
findings characterize the swollen glandular sepal tips of C. pli-
cata flowers that accumulate the sex pheromone mimic and 
pollinator attractant, β-citronellol (a monoterpene alcohol) 
and 2-hydroxy-6-methylacetophenone (Xu et al. 2017).

Distinct ultrastructural characteristics are often observed 
at full bloom in terpenoid-rich scent-producing floral tissues 
of diverse orchids, particularly those with extensive papillae 
or glandular trichome structures (Hsiao et al. 2006, Arévalo-
Rodrigues et al. 2021, Casique et al. 2021, Lipińska et al. 2021, 
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Reposi et al. 2021). These include dense cytoplasmic lipid bod-
ies, plastids rich in starch grains and plastoglobules, an elevated 
number of mitochondria, and unique endoplasmic reticulum 
profiles, among others. However, the precise mechanisms by 
which these ultrastructural properties contribute to specific 
substrate pools for terpenoid biosynthesis remain unclear in 
many plant systems (Markus Lange and Turner 2013, Lange 
2015, Schuurink and Tissier 2020, Hancock et al. 2024). In our 
Caladenia study species, where we have identified highly active 
MEP and MVA pathways in the glandular terpenoid-producing 
floral tissues, future studies still require additional experiments 
to clarify their carbon supply, particularly towards potential 
MVA-derived GPP for monoterpene biosynthesis. These may 
include, but not limited to, histochemical, ultrastructural, 
MEP/MVA pathway inhibitor, and isotope labelling experiments 
(Gonçalves-Souza et al. 2017, Maiti and Mitra 2017, Gupta et al. 
2024, Zhang et al. 2025). Further multi-omics interrogation of 
general metabolic pathways (e.g. starch and/or lipid degrada-
tion, glycolysis, and the citrate-malate-pyruvate shuttle system) 
within glandular floral tissues is also warranted (Balcke et al. 
2017).

New insights into unique terpene synthases 
underpinning floral terpenoid volatile biosynthesis 
of C. denticulata
The capacity of TPS enzymes to catalyse single-to-multi-
product reactions from a single substrate, their common pres-
ence as medium-to-large gene families in genomes (sometimes 
more than 100 encoded genes), and their spatiotemporal reg-
ulation in specific cells, tissues, organs, and/or development 
stages are well-established factors influencing the generation 
of terpenoid chemodiversity in plants (Pichersky and Raguso 
2018, Zhou and Pichersky 2020a, Bergman and Dudareva 2024). 
Presently, between 6 and 60 candidate TPS genes have been pre-
dicted in fewer than a handful of sequenced orchid genomes 
(Cai et al. 2015, Zhang et al. 2017, Yang et al. 2021) and tran-
scriptomes (Xu et al. 2017, Huang et al. 2021, Wang et al. 2021), 
indicating there will also be much TPS gene diversity across the 
orchids. In this study, eight candidate genes spanning subfami-
lies TPS-a/-b/-c/-e/-f/ and -g (Chen et al. 2011) were identified, 
two of which were very highly expressed in the Lab and Tip 
(CdTPS-b3/-b4), and only CdTPS-b3 was strongly induced in 
both tissues compared to the FR (Fig. 3).

In vitro biochemical assays confirmed that CdTPS-b3 and 
CdTPS-b4 were functional, generating diverse monoterpene 
and sesquiterpene compounds with a variety of substrates 
tested (Fig. 4). Notably, CdTPS-b3 encodes a monoterpene 
synthase, producing α-pinene from GPP and NPP while 
CdTPS-b4 alone was capable of catalysing the formation 
of various monoterpenes (approximately 10 with GPP/NPP), 
sesquiterpenes (approximately 10 with E,E,-FPP/Z,Z,-FPP), and 
an unknown diterpene (with GGPP) in vitro. Our findings with 
CdTPS-b3 and CdTPS-b4 further support the growing evidence 
that plant TPS enzymes may readily accept cis-prenyl substrates 
(e.g. NPP and Z,Z-FPP), challenging the historical view that 

trans-prenyl diphosphates (e.g. GPP and E,E,-FPP) were their sole 
physiological substrates (Zhou and Pichersky 2020a, Bergman 
and Dudareva 2024).

While most members of the angiosperm-specific TPS-b sub-
family often catalyze a single monoterpene product, emerging 
studies show that some catalyse multi-product reactions from 
a single substrate and even possess multi-substrate promiscuity 
(Johnson et al. 2019, Bao et al. 2020, 2023, Li et al. 2021). CdTPS-
b4 possesses such properties that are indicative of a bona fide
promiscuous TPS—a first example of its kind for the Orchi-
daceae also. In other plant families, floral-expressed LoTPS4
and LoTPS7 from Lathyrus odoratus (Fabaceae) encode enzymes 
producing multiple monoterpenes (5 and 11) and sesquiter-
penes (6 and 13) from the standard precursors GPP and E,E-FPP, 
respectively. Unexpectedly, they also showed similar activity 
with the related cis-prenyl diphosphates NPP and Z,Z-FPP (Bao 
et al. 2020).

Beyond enzyme activities, CdTPS-b3 and CdTPS-b4 were 
further experimentally determined to be dual-localized to 
the plastid and cytosol (Fig. 5). While such a finding is not 
unprecedented, it nonetheless raises the possibility of cytoso-
lic monoterpene biosynthesis in plants that defies conven-
tional subcellular compartmentalization (Sun et al. 2016). 
Indeed, such discoveries appeared more prevalent for short-
chain terpene biosynthesis (Zhou and Pichersky 2020a). To date, 
cytosolic-localized α-pinene synthases are known in strawber-
ries (Aharoni et al. 2004), Freesia species (Bao et al. 2023), and 
roses (Li et al. 2024, Shang et al. 2024) and in most cases, their 
expression underpins species/cultivar-specific fruit and floral 
α-pinene accumulation. Other examples of cytosolic-localized 
mono-/sesqui-TPS include i. the biosynthesis of the monoter-
pene linalool (FaNES1) in strawberry receptacle tissues (Aharoni 
et al. 2004), geraniol (LdGES) in Lippia dulcis leaves and flow-
ers (Dong et al. 2013), β-ocimene (SlTPS25) in tomato flowers 
(Zhou and Pichersky 2020b), among others. Further supporting 
such an unconventional route (vs. MEP-derived GPP) in flo-
ral organs is the recent discovery of a potentially widespread 
MVA-derived GPP precursor supply pathway involving cytoso-
lic bifunctional geranyl/farnesyl diphosphate synthase (G/FPPS) 
activities in roses (Conart et al. 2023, Li et al. 2024). Alterna-
tively, inter-compartmental transport mechanisms of various 
terpene precursors (e.g. prenyl mono-/di-phosphates—IP, IPP, 
DMAPP) that are yet to be established but long predicted (Zhou 
and Pichersky 2020a), may also be pivotal for α-pinene biosyn-
thesis in C. denticulata flowers. Taken together, it is likely that 
both plastidial and cytosolic route are essential for CdTPS-
b3-catalyzed α-pinene biosynthesis—the major floral volatile 
emitted by C. denticulata flowers (Fig. 6).

Although CdTPS-b4 exhibits promiscuous catalytic activ-
ity and dual localization in plastids and the cytosol (Figs. 4 
and 5), the lack of diverse CdTPS-b4-catalysed terpenoid prod-
ucts (present only in trace amounts or absent altogether) in 
C. denticulata floral headspace suggests a scarcity of avail-
able prenyl diphosphate substrates in the floral tissues. Indeed, 
CcTPS1 from the Himalayan mint shrub (Colquhounia coccinea, 
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Lamiaceae) possessed one of the most promiscuous plant TPS 
known to date and is capable of accepting GPP, FPP, GGPP, and 
GFPP to form a diverse array of corresponding mono-/sesqui-
/di-/sester- terpenoids in vitro, respectively (Li et al. 2021). How-
ever, as often with promiscuous TPS enzymes (Bergman and 
Dudareva 2024), only select products (i.e. sesquiterpenes and 
diterpenes) are present in Colquhounia coccinea leaf and floral 
extracts. While subcellular localization and in vitro TPS func-
tional characterization were conducted in routine heterologous 
model systems, these findings require in planta confirmation in 
Caladenia or in other orchid systems. Further studies will also be 
required to identify candidate short-chain prenyl-diphosphate 
synthases and confirm which are functional, especially for the 
supply of trans vs cis-prenyl diphosphates, and to which subcel-
lular compartment they are localized.

Putative roles of C. denticulata terpenoid floral 
volatiles to potential pollinators
The role of olfactory signals involved in generalized food decep-
tion can vary dramatically between orchid species and is by far 
more challenging to reliably elucidate due to the diversity of 
VOCs underlying the floral bouquet and potential pollinator(s) 
involved (Perkins et al. 2023). Attraction in these systems often 
results from a mixture of compounds, each partially contribut-
ing to pollinator attraction. Here, we draw upon the rich chemi-
cal ecology literature of plants, but with particular emphasis on 
orchids, to suggest the potential role of α-pinene that stood out 
from the complex headspace collections of C. denticulata.

The monoterpene, α-pinene has been implicated in several 
orchid–pollinator interaction (Perkins et al. 2023). For some 
generalist insect pollinators such as Bombus terrestris (bumble 
bee) that pollinate FD Orchis mascula (Dormont et al. 2020), α-
pinene was electroantennographic physiologically active (EAD-
active). Furthermore, α-pinene (along with β-pinene) is a key 
floral VOCs emitted by Epipactis veratrifolia orchids to mimic 
aphid alarm pheromones for the attraction of various hover-
fly (e.g. Eupeodes corollae and Episyrphus balteatus) pollinators 
(Stökl et al. 2011, Jin et al. 2014). Both α- and β-pinene are EAD-
active to their E. balteatus pollinator (Stökl et al. 2011) and field 
bioassays using synthetic mixtures of both compounds were 
attractive to hoverfly pollinators (Jin et al. 2014). Furthermore, 
field bioassays with the (−)-enantiomer of α-pinene was also 
attractive to the male euglossine bee Eulama nigrita, a key polli-
nator of scent-rewarding Stanhopea costaricensis and S. ecornuta
orchids (Williams and Whitten 1983).

It is noteworthy that the diverse mixture of low abundance 
mono- and sesquiterpenes emitted by C. denticulata (Fig. 6) 
are among the most commonly occurring floral volatiles across 
angiosperms as well as orchids (Knudsen et al. 2006, Schiestl 
2010). Although evidence for their role in orchid pollination is 
limited, these compounds have key roles in pollinator attrac-
tion across multiple insect orders (e.g. Coleoptera, Diptera, 
Hymenoptera, Lepidoptera) and diverse pollination strategies, 
including both rewarding and deceptive systems (Dötterl and 

Gershenzon 2023). Interestingly, the floral headspace VOC col-
lections of C. denticulata bears strong parallels (i.e. rich in 
monoterpenes) with those already reported for the FD C. long-
icauda (Salzmann et al. 2006). In the case for C. longicauda, 
these VOCs are likely pivotal for attracting a range of native 
flies, beetles, bees, and wasps that are frequent visitors and 
probable pollinators of C. longicauda (Phillips et al. 2009, Brun-
drett 2019). Future studies will require behavioural assays to 
firmly establish the exact compounds involved in this generalist 
orchid–pollinator interaction in Caladenia.

Potential genetic mechanisms underpinning the 
evolution of floral volatile bouquets in Caladenia
Our findings indicate that in addition to the finely tuned TPS 
functional promiscuity and subcellular localization plasticity, 
gene expression differences are another key mechanism under-
pinning the complex terpenoid VOC production associated 
with the evolution of deceptive pollination strategies in Calade-
nia. Common floral scent constituents especially terpenoids 
were either present at very low levels or absent entirely in the 
flowers of SD species in the subgenus Calonema that are known 
to employ uncommon/novel semiochemicals such as citronel-
lol and 2-hydroxy-6-methylacetophenone in C. plicata (Xu et al. 
2017) and (methylthio)phenols in C. crebra (Bohman et al. 
2017) and C. attingens (Bohman et al. 2018). In contrast, emis-
sion of profiles of FD C. longicauda (subgenus Calonema) flowers 
are rich in monoterpenes, especially α/β-pinene derivatives 
such as α-pinene epoxide, cis-/trans-verbenol, and verbenone 
(Salzmann et al. 2006).

A comparison of functionally characterized CdTPS-b3/b4 
with their Caladenia plicata (subgenus Calonema) homologs 
reveals strong conservation of catalytic function and subcellu-
lar localization across both subgenera, especially for the TPS-b3 
homologs (Figs. 4 and 5). However, regulatory control often dif-
fered between the subgenera (Supplementary data S12). There-
fore, we predict that strong Caladenia TPS-b3 homolog expres-
sion is one of the few key enabling mechanisms for the gain of 
terpenoid VOCs observed across both subgenera. In FD C. den-
ticulata (subgenus Phlebochilus), strong labellum and/or sepal 
tip-specific CdTPS-b3 expression appear to be associated with 
floral volatile profiles rich in pinene-related compounds. A sim-
ilar involvement of TPS-b3 homologs is envisaged for flowers 
of FD C. longicauda. Conversely, the low expression of CpTPS-
b3 corresponds with the absence of α-pinene derivatives in 
C. plicata flowers, which exhibit high expression of plastid-
localized CpTPS-b4/CpGES1 for the production of geraniol, a key 
precursor for the accumulation of citronellol (Xu et al. 2017).

The differential expression between Caladenia TPS 
homologs also points to a pivotal role of TFs in the regulation 
of TPS and production of diverse floral terpenoid VOCs. Indeed, 
diverse transcription factors orchestrate the terpenoid pathway 
(Chuang et al. 2018b, Dong et al. 2022, Yeh et al. 2022; C. Zhang 
et al. 2023a) across multiple levels—beginning with precursor 
supply through to dedicated biosynthesis, decoration/modifi-
cation, degradation, storage, and even emission. Interestingly, 
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some of these TFs also orchestrate pigment metabolism path-
ways (Cna’ani et al. 2015, He et al. 2023, Raymond et al. 2018, 
Shan et al. 2020; C. Zhang et al. 2023a). In the generalized 
FD orchid genus Phalaenopsis (Xiaohua et al. 2012, Pramanik 
et al. 2020), interspecific variation of floral monoterpene biosyn-
thesis is common and potentially contributes to different bee 
pollinator attraction (Hsiao et al. 2006). The gain/loss of flo-
ral monoterpenes between scented (P. bellina) compared to 
unscented or weakly scented (e.g. P. equestris, P. aphrodite, and P. 
javanica) species is largely influenced by the regulation of TPS5
and TPS10 (geraniol and linalool synthase) (Huang et al. 2021) 
and precursor biosynthetic pathways by diverse TFs especially 
bHLH4 (Chuang et al. 2018b).

Conclusion

In summary, we combined transcriptomic analysis between 
glandular trichome-rich sepal tips and labellum and non-
active flower tissues, phylogenetic analysis of the terpene syn-
thase (TPS) gene family, protein functional assays, and volatile 
headspace profiling. This comprehensive approach allowed us 
to investigate the chemical and genetic basis of the strongly 
scented floral bouquet of pale white/yellow-flowered C. den-
ticulata for the very first time. Our findings include: (i) the 
metabolic pathway specialization for the biosynthesis of com-
monly occurring floral terpenoids in headspace collections, 
and (ii) the discovery of dual-localized (plastid and cytosol) 
monoterpene synthase (CdTPS-b3) that underpins α-pinene 
biosynthesis—the major floral volatile emitted by this species 
and a bona fide promiscuous TPS (CdTPS-b4) that potentially 
contribute to diverse low-abundant floral mono- and sesquiter-
penes. Comparative analysis of TPS-b3 and TPS-b4 homologs in 
C. denticulata (subgenus Phlebochilus) and C. plicata (subgenus 
Calonema), two species with distinct deceptive pollination 
strategies, further revealed stark differences in gene expression 
regulation despite strong conservation of catalytic function and 
subcellular localization, particularly for TPS-b3 homologs. We 
predict that the combination of fine-tuned TPS gene expression, 
functional promiscuity, and subcellular localization at multi-
ple pathway branch points, may have been key players in the 
evolution of diverse pollination strategies in Caladenia.

Materials and Methods

Orchid sampling
Caladenia denticulata (commonly known as the Yellow spider orchid) is 
endemic to Western Australia and grow in a range of habitats from coastal to 
mostly inland areas with three nominate subspecies/morphs (i.e. denticulata, 
albicans, rubella) with distinctive tissue-specific floral colouration (Jones 2021). 
Subspecies denticulata is the most common and bear pale yellow petals and 
sepals. Conversely, subspecies albicans and rubella have white and maroon petal 
and sepal colours, respectively. All floral morphs share a common white label-
lum with maroon-coloured radial stripes and somewhat dark maroon or black 
petal and sepal tips.

Flowers of C. denticulata subspecies denticulata (yellow morph) from single 
populations within the Bulbarnet nature Reserve (WA, Australia) were collected 

for RNA extraction (2014) and floral volatile extraction (2019 and 2021) dur-
ing its peak flowering season (Sep—Oct) between 10 am and 2 pm on a warm 
sunny day (> 20∘C). For RNA extraction, freshly picked flowers were presented 
in sunny and warm conditions (8.30–10.30 am) prior to dissection into the label-
lum, glandular sepal and petal tips, and all other remaining tissues (i.e. column, 
sepal, and petal remains; hereafter FR), and immediately snap-frozen in liquid 
nitrogen and stored in −80∘C until further use.

RNA extraction, library construction, and RNA 
sequencing
Molecular methods prior to RNA sequencing were performed as previously 
described with minor modifications (Xu et al. 2017, Wong et al. 2017a, 2019). 
In this study, the inactive FR as one component and the putative pollinator-
attracting labellum (Lab) and glandular sepal and petal tips (Tip) were the 
targets for transcriptomic analysis. Briefly, total RNA was extracted from ground 
tissues (i.e. pooled from five random flowers) using the RNeasy plant mini 
kit (QIAGEN, Australia) following the manufacturer’s protocol. Two biological 
replicates (as pools) were obtained for each tissue type (6 samples—2 × Lab, 
2 × Tip, 2 × FR).

RNA quantitation and quality confirmation were performed on an Agilent 
2100 Bioanalyzer (Agilent, USA). Poly(A) mRNA isolation was achieved with the 
NEBNext Poly(A) mRNA Magnetic Isolation Module and the construction of 
respective cDNA libraries were enabled with the NEBnext Ultra RNA Library 
Prep Kit for Illumina (NEB, Australia), both following the manufacturer’s guide-
lines. Paired-end (2 × 150 bp) sequencing on an Illumina HiSeq 2500 platform 
(Illumina Technologies, USA) was performed at the Biomolecular Resource 
Facility (BRF), The Australian National University.

Transcriptome assembly, annotation, and 
evaluation
Bioinformatics methods were performed as previously described with minor 
modifications (Wong et al. 2022a, 2024). Briefly, raw PE reads were subjected 
to a range of quality checks such as adaptor removal, sliding-window trim-
ming, as well as length and quality filtering using fastp v0.23.0 (Chen et al. 
2018) with default options except the following: -w 16 -W 10 -M 20 -l 100. De 
novo transcriptome assembly was performed using Trinity v2.13.2 with default 
options (Haas et al. 2013). Evaluation of gene space completeness was com-
pleted with BUSCO v5 (Waterhouse et al. 2018) with default settings except 
the following: -l embryophyta_odb10 (lineage database) and -m transcriptome 
(assessment mode). Assembly redundancy filtering, protein-coding prediction, 
prioritization of accurate gene sets to generate a consensus (reference) assem-
bly was performed using EvidentialGene tr2aacds4 pipeline (Don Gilbert 2013) 
and default settings and retaining only filtered transcripts categorized as ‘okay-
sets’. Functional annotation of the reference assembly was performed with 
MapMan4 functional BIN categories using Mercator4 with default settings 
(Schwacke et al. 2019) and supplemented with the universal protein knowledge-
base (UniProtKB) best-blast hits using the ultra-sensitive option of DIAMOND 
blastx (Buchfink et al. 2014). Phylotranscriptomic evaluation of the reference 
assembly was performed as previously described (Wong and Peakall 2022) 
based off the identification of phylogenetic-informed orthogroups species using 
OrthoFinder (Emms and Kelly 2019), maximum-likelihood gene tree inference 
using IQ-TREE v2 (Minh et al. 2020), and coalescent-based species tree inference 
using ASTRAL-III (Yin et al. 2019). Tree visualization was performed with iTOL 
v4 (Letunic and Bork 2019).

Transcriptome differential expression analysis
Indexing of the reference assembly was performed using bowtie2 (Langmead 
and Salzberg 2012) followed by end-to-end paired-end read alignment with 
default options except the following: -end-to-end, -no-mixed, -no-discordant. 
Read counts summarization was performed using FeatureCounts (Liao et al. 
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2014) with default options except the following: -B -C -d 100 -P -p—count read 
pairs. DE analysis between treatments (i.e. Lab–FR and Tip–FR contrasts) fol-
lowing the quasi-likelihood F-test framework was performed in R (http://www.
r-project.org) using the edgeR package (Robinson et al. 2009). Up- (log2FC > 0) 
and down- (log2FC < 0) regulated genes satisfying a false discovery rate (FDR) 
threshold < 1% is deemed differentially expressed in respective contrasts. For 
visualization, the Fragments Per Kilobase of transcript per Million mapped reads 
(FPKM) were used as the unit of gene expression. Enriched MapMan4 functional 
BIN functional categories (FDR < 0.05) in up- and down-regulated genes of 
respective contrasts were determined based on a hypergeometric distribution 
adjusted with FDR in R as previously described (Wong et al. 2024).

Isolation of full-length TPS, recombinant protein 
production, and enzymatic assays
The full-length C. denticulata TPS (CdTPS-b3 and CdTPS-b4) open reading 
frames were amplified from the Lab and Tip cDNA libraries with gene-specific 
PCR primers (Supplementary data S13) using the Phusion® High-Fidelity DNA 
Polymerase according to manufacturer’s guidelines (NEB, Australia). For C. pli-
cata, Escherichia coli codon-optimized versions of CpTPS-b3 (NCBI GenBank: 
MF037225) and CpTPS-b4 were synthesized by GENEWIZ (China). Recombi-
nant protein production and enzymatic assays were performed as previously 
described with minor modifications (Xu et al. 2017, Zhou and Pichersky 2020b). 
Briefly, N-terminal truncated TPS cDNAs were cloned into pMAL-c5X plasmid 
to enable the expression of an N-terminus MBP-tagged TPS recombinant pro-
tein. Plasmid constructs were then transformed into E. coli Rosetta2(DE3)pLySs 
cells (Novagen, USA) and grown in LB broth at 37∘C. Induction of recombi-
nant proteins was achieved with an overnight incubation using 0.1 mM IPTG 
at 16∘C. Purification of recombinant proteins was achieved using amylose resin 
(NEB, USA) according to the manufacturer’s instruction. TPS enzyme assays 
were conducted in a reaction mixture containing 20 μg affinity-purified MBP-
tagged enzyme, 50 mM HEPES, pH 7.0, 5 mM DTT, 100 mM KCl, and 7.5 mM 
MgCl2 , containing 20 μM of substrates (GPP, NPP, E,E-FPP, Z,Z-FPP or GGPP) in 
a final volume of 0.2 ml. Assays were incubated for 60 min at 30∘C and reac-
tion products were extracted with methyl tert-butyl ether and analysed on a 
Shimadzu QP-2020NX GC-MS system (Shimadzu, Japan) fitted with a Rxi-5Sil 
column (30 m length, 0.25 mm i.d., and 0.25 μm film thickness; Restek). Assays 
containing purified MBP-tag only (empty vector) recombinant protein were 
used as negative control.

Phylogenetic analysis
Multiple sequence alignment of predicted C. denticulata TPS and a collection of 
functionally characterized plant TPS proteins (retrieved from NCBI GenBank) 
was performed using MAFFT v7 (Katoh and Standley 2013) with the L-INS-I 
option. Maximum-likelihood phylogenetic tree inference was performed with 
IQ-TREE v2 (Minh et al. 2020) and branch support were obtained with the ultra-
fast bootstrap approximation (Hoang et al. 2018) based off 1000 iterations. Tree 
visualization was performed with iTOL v4 (Letunic and Bork 2019).

Subcellular localization
Nicotiana benthamiana and Arabidopsis protoplast transformation and con-
focal microscopy were performed as previously described (Falara et al. 2011, 
Zhou and Pichersky 2020b). Briefly, the region corresponding to the first 100 
codons of CdTPS-b3 and CdTPS-b4 ORFs were amplified with the primer pairs 
(Supplementary data S13), digested accordingly, and ligated into the pCNHP-
eYFP and pA7-YFP vector to create an in-frame C-terminal fusion with eYFP 
(CdTPS-ORFloc-eYFP). Agrobacterium tumefaciens strain GV3101 was trans-
formed and used for infecting N. benthamiana mesophyll cells as reported 
(Zhou and Pichersky 2020b). Arabidopsis mesophyll protoplasts were trans-
formed by PEG-mediated method as described before (Zhou and Pichersky 
2020b). Three independent transient expression experiments were performed. 

Fluorescence signals (i.e. 500–530 nm for eYFP and 680–720 nm for chloro-
plast autofluorescence) were visualized using a Leica SP5 laser scanning confocal 
microscope as described previously (Falara et al. 2011). Subcellular localization 
prediction for candidate proteins was performed with TargetP using the Plant 
(Organism group) option (https://services.healthtech.dtu.dk/services/TargetP-
2.0/).

Metabolite analysis & data processing
Floral headspace analysis broadly followed the approach of Salzmann et al. 
(2006) with modifications. Briefly, sampling was performed on clumps of flow-
ers (min. 12 individuals/clump) in their natural environment at temperature 
between 20–22∘C where floral scent is detectable to the human nose (smelling 
sweet). PorapakQ volatile traps (117 mg, 5 mm diameter, 30 mm length, SKC 
inc., Australia) were used with a calibrated a flow rate of 200 mL/min flow rate 
for 2–5 h. Similarly, control air samples were collected at the same time adja-
cent to the sampled clumps. Traps were eluted twice with 500 μl DCM, and 
then again with 1000 μL DCM. Elutions were concentrated to approximately 
50 μl prior to analysis. Gas chromatography-mass spectrometry (GC-MS) was 
used to separate and identify compounds present in headspace of C. denticu-
lata. Samples were injected in pulsed splitless mode with inlet held at 250∘C 
into an 8860 Gas Chromatography system connected to a 59 778 Mass Selec-
tive Detector (Agilent Australia) equipped with a HP-5 MS UI capillary column 
(30 m × 0.25 mm × 0.25 μm film thickness; Agilent Australia). Samples were 
analysed with a constant flow rate of 1.2 ml/min of Helium, with column oven 
temperature programming as follows: 40∘C for 1 min, followed by 7.5∘C/min 
ramp to 325∘C, held for 6 min, resulting in a 45 min total run time. The MSD 
transfer line temperature was 250∘C, MS source 230∘C, and Quadrupole temp 
150∘C. Data were collected in scan mode, with a scan range of 50–550 m/z. A 
series of n-alkanes from C8 to C44 (Agilent Australia, 10 ng/μl) were used to 
determine retention indices of detected compounds. MassHunter Qualitative 
Analysis Software Version 10.0 (Agilent Australia) was used to detect and iden-
tify compounds. Compounds were tentatively identified by comparison of mass 
spectra and retention indicies with data from the NIST17 library, and some com-
pounds were confirmed by direct comparison to synthetic standards. The area 
counts from integrated TICs were then used to calculate the relative propor-
tions of all detected compounds. Prior to determining relative amounts, area 
counts of compounds detected in controls were subtracted from the samples. 
Additionally, the literature average Retention Index (RI) values were calculated 
by using the webchem package (Szöcs et al. 2020) in R to compile all comparable 
RI values available on the NIST web database (https://www.nist.gov/).
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