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A B ST R A CT 

Bulbophyllum is the most species-rich orchid genus. Recent molecular data groups certain of its species into a monophyletic ‘Cirrhopetalum al-
liance’. Within this alliance are a monophyletic section Cirrhopetaloides and a non-monophyletic section Cirrhopetalum. Floral morphology and 
scent are partially conserved phylogenetically compared to the molecular data. Here, floral morphology, histochemistry, anatomy, and floral 
volatile organic compounds (VOCs) of selected Bulbophyllum species are analysed to assess whether there are structural or chemical differ-
ences that support separation into the two sections, to update available VOC data from this genus, and to consider evolutionary adaptations 
in the ‘Cirrhopetalum alliance’. We found that ‘Cirrhopetalum alliance’ flowers differ from some sections of Bulbophyllum in the structure of cells 
lining the longitudinal groove on the labellum or lip and report, for the first time in Bulbophyllum, a type of atypical oleiferous trichome prob-
ably involved in VOC production. We show a clear difference in floral VOC profiles between B. bicolor (sect. Cirrhopetaloides) and four other 
Bulbophyllum species, three previously assigned to sect. Cirrhopetalum, but VOC profiles do not support separation into the two sections. The 
lack of congruence between already established molecular phylogeny, floral anatomy, and VOC data suggests that VOC differences are due to 
recently and independently evolved pollinator specificity. We therefore show that there is no clear separation of these sections based on floral 
anatomy, histochemistry, or VOC profiles.

Keywords: Bulbophyllum; DNA analysis; fragrance; labellum; micromorphology; Orchidaceae; sect. Cirrhopetaloides; sect. Cirrhopetalum; 
ultrastructure; VOC analysis

I N T RO D U CT I O N
Bulbophyllum Thouars is the largest orchid genus comprising an 
estimated 2200 species. Distributed throughout the tropics from 
Africa, Asia, Australia, New Zealand, and the tropical Pacific is-
lands as far east as Tahiti to the Neotropics, the main centres 
of distribution are Madagascar (200 species) and New Guinea 
(600 species) (Pridgeon et al. 2014). The genus represents an ex-
cellent model system to study the evolution of plant–pollinator 
interactions and to understand the drivers of rapid plant diversi-
fication (Hu et al. 2020).

The most comprehensive recent taxonomic study of 
Bulbophyllum is presented in a chapter by de Camargo Smidt, 

Fischer, Gravendeel, and Vermeulen in Genera Orchidacearum 
Vol. 6 (Pridgeon et al. 2014), which lists 68, 12, and six sections 
of Bulbophyllum occurring in Asia, continental Africa, and the 
Neotropics, respectively. These authors distinguish between 
sections Cirrhopetalum (Lindl.) Rchb.f. (nine species) and 
Cirrhopetaloides Garay, Hamer & Siegerist (19 species) (see 
Supporting Information, Table S1). Many Asian species cur-
rently assigned to these two sections, including all those studied 
here (Table 1), were previously united in the former genus 
Cirrhopetalum Lindl. (Garay et al. 1994), as they share a range 
of vegetative and floral morphological features. Many of the 10 
species investigated here are currently accepted as belonging to 
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Analysis of the ‘Cirrhopetalum alliance’ • 3

section Cirrhopetalum (Lindl.) Rchb.f., with as many as five spe-
cies possibly belonging to sect. Cirrhopetaloides Garay, Hamer 
& Siegerist. However, owing to the paucity of published infor-
mation, which species ought to be assigned to each of these two 
sections is unclear. Hu et al. (2020) grouped them all into the 
‘Cirrhopetalum alliance’, adding that ‘the homogeneous morph-
ology of vegetative characters and homoplastic flowers, even 
between distantly related Cirrhopetalum species, renders sec-
tional taxonomy problematic, even for specialists’. Similarly, al-
though recent phylogenetic analyses have classed Bulbophyllum 
as monophyletic (Chase et al. 2015), the large number of spe-
cies contained therein complicate the inference of precise 
infrageneric relationships. Two successive classifications have 
been suggested (Garay et al. 1994, Vermeulen et al. 2014), but 
further work (Wang et al. 2017) based on a larger number of 
markers yielded contrasting results. More recently, a phylogeny 
constructed for the ‘Cirrhopetalum alliance’ based on four DNA 
markers, onto which floral characters were mapped (Hu et al. 
2020), strongly supports this alliance as a monophyletic group, 
and divides it into four major clades and seven subclades. Note 
that this new phylogeny includes the section Desmosanthes, not 
previously considered part of Cirrhopetalum s.l. Attempts have 
also been made to compare phylogeny from sequence analysis 
to VOC profiles (Nakahira et al. 2018) although, so far, only a 
limited number of species has been investigated.

The pollination of many Bulbophyllum spp. has been well 
documented. Flowers of Bulbophyllum are among the most mor-
phologically diverse of all orchids (Gravendeel et al. 2004), and 
their pollination mechanisms among the most intricate (van 
der Cingel 2001). Bulbophyllum species are entomophilous, and 
most conform to the fly-pollination syndrome (van der Cingel 
2001), being either myophilous or sapromyophilous. Pollinators 
include Diptera such as fruit flies, Drosophilidae (Ong 2011, Ong 
et al. 2011 and references therein, Ong and Tan 2012); blow-
flies, Calliphoridae; and flesh flies, Sarcophagidae of both sexes 
(Ong and Tan 2011,        Ong 2012; Stpiczyńska et al. 2018a,        b); as 
well as other dipterans, such as Platystomatidae, Milichiidae, 
Chloropidae, Sciridae, Tachinidae, and Tephritidae (Pridgeon et 
al. 2014); together with Hymenoptera, such as bees, Apidae, and 
wasps, including stingless bees and ctenuchid wasps ( Johansson 
1974, cited in Dressler 1990, 1993, van der Cingel 2001), and 
even some foraging Coleoptera. Pollinator specificity is common 
(Chen and Gao 2011, Humeau et al. 2011), with mimicry per-
haps occurring in certain Bulbophyllum species (Knerr 1981, 
Koehler and Davenport 1983, Christensen 1994). Attraction 
of insect pollinators to the Bulbophyllum flower is achieved by 
a combination of flower colour (usually dull cream or yellow-
green to purple-brown and frequently spotted); mobile floral 
parts, such as hinged labella and appendages; epidermal hairs, 
papillae and glands; and floral rewards such as oil and nectar, as 
well as potent floral scents (Silva et al. 1999).

Floral-food rewards, however, are relatively uncommon 
among orchids and of these, nectar is the most common, al-
though oil and resin-like secretions are also frequently present 
(van der Pijl and Dodson 1969,        van der Cingel 2001,        Davies and 
Stpiczyńska 2008 and references therein). Floral-food rewards 
have only rarely been documented for Bulbophyllum (Pohl 1935, 
Jongejan 1994, van der Cingel 2001), but in the last few years, a 
number of studies have demonstrated histochemically that the Sp
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labella of several African, Asian, and Neotropical representatives 
of this genus produce lipid- and/or protein-rich, viscid secre-
tions, sometimes together with sugar, whereas others produce a 
mainly sugar-rich secretion or nectar (Davies and Stpiczyńska 
2014, Nunes et al. 2014, 2015, 2017a,        Stpiczyńska et al. 2015, 
2018a, Stpiczyńska and Davies 2016, Stpiczyńska et al 2018b) 
which Drosophila and Bactrocera fruit flies drink from the longi-
tudinal, median labellar groove, or sulcus (Ong 2011, Ong et al. 
2011 and references therein, Ong and Tan 2012).

Only rarely has the anatomical basis of food rewards and fra-
grance production been investigated for Bulbophyllum (       Davies 
and Stpiczyńska 2014, Nunes et al. 2014, Kowalkowska et al. 
2015, Nunes et al. 2015, Stpiczyńska et al. 2015,        Stpiczyńska 
and Davies 2016       , Kowalkowska et al. 2017, Nunes et al. 2017a,               
Stpiczyńska et al. 2018a, b). In many families, including 
Orchidaceae, floral scents are produced in complex secre-
tory, specialized glands called osmophores (Esau 1965,        Vogel 
1990). It is known that phenylpropanoid compounds present 
in the fragrance of some Bulbophyllum species are used by male 
flies for boosting their defence system and synthesizing phero-
mones that attract females (Tan and Nishida 2000, 2005, Tan et 
al. 2002). Difficulties in obtaining volatile organic compound 
(VOC) profiles from small-flowered Bulbophyllum species has 
led to the use of extraction methods using alcohol (e.g. Tan 
and Nishida 2000, Katte et al. 2020), high pressure Soxhlet ex-
traction using CO2 followed by microhydrodistillation or solid 
sample injection (Silva et al. 1999). More recently, solid phase 
microextraction has also been applied (Humeau et al. 2011). 
Similar fragrance compositions are now considered more indi-
cative of shared pollinators than shared phylogeny (e.g. Nunes 
et al. 2017b). Conversely, different ecotypes of the same orchid 
species offering either nectar or oil as reward have been shown to 
have similar floral scents, and species of the same genus sharing 
the same pollinator can have different scents (Powers et al.  
2020,               Castañeda-Zárate et al. 2021). Evolutionary changes in 
VOC profile may occur with a change in pollinators in sexu-
ally deceptive orchids (Ayasse et al. 2011), but are less well 
studied in other orchid clades. Bulbophyllum floral fragrance 
composition has revealed distinct VOC abundance patterns 
correlated with pollinators. Chen et al. (2005) listed >60 con-
stituents for the genus, including flavonoids, phenylpropanoids, 
and stilbenoids (the last typically present in most species), 
including phenanthrenes, dihydrophenanthrenes (including 
dimeric forms), and bibenzyls. Of these stilbenoids, five from 
Bulbophyllum andersonii (cited as Cirrhopetalum andersonii) 
were unique to Bulbophyllum, including the phenanthrene 
cirrhopetalin, the dihydrophenanthrene cirrhopetalanthridin, 
and the bibenzyls cirrhopetalidin, cirrhopetalinin, and 
cirrhopetalidinin (Majumder and Basak 1990, 1991a, b). 
However, more recent and more sensitive methods for VOC 
analysis, such as thermal desorption gas chromatography time-
of-flight mass spectrometry, that can discriminate subtle differ-
ences in plant VOC profiles (e.g. in peach fruit, Sirangelo et al. 
2022), have not to our knowledge been applied to Bulbophyllum 
and could provide useful information on VOC profile differ-
ences in relation to morphology.

The currently accepted separate grouping of many similar 
species in either sect. Cirrhopetalum (including the sectional 
type species B. longiflorum) or sect. Cirrhopetaloides, previously 

combined in Cirrhopetalum Lindl., warrants further investiga-
tion. Therefore, the aim of this work was to ascertain whether 
separation of these species into two sections is justified on the 
basis of floral anatomy, histochemistry and VOC analyses. A 
further aim was to provide an updated study of VOCs and 
micromorphology/anatomy from selected Bulbophyllum species 
of the ‘Cirrhopetalum alliance’, in the context of their phylogeny, 
taxonomy, and possible evolutionary adaptations.

M AT E R I A L S  A N D  M ET H O D S

Plant material
The morphology, micromorphology, anatomy, and histochem-
istry of 10 greenhouse-grown Bulbophyllum species once con-
sidered to belong in Cirrhopetalum Lindl. and obtained from 
various sources (Table 1) were investigated. Of these, four, 
B. eberhardtii (Gagnep.) Seidenf., B. longiflorum Thouars, B. 
pecten-veneris (Gagnep.) Seidenf., and B. picturatum (Lodd.) 
Rchb.f. have since been assigned to sect. Cirrhopetalum, and 
three, B. bicolor Lindl., B. rothschildianum (O’Brien) J.J. Sm. 
and B. sanguineopunctatum Seidenf. & A.D. Kerr, are now con-
sidered to belong in sect. Cirrhopetaloides. Two other species, B. 
longibrachiatum Z.H. Tsi and B. ornatissimum (Rchb.f.) J.J. Sm., 
probably belong in sections Cirrhopetalum and Cirrhopetaloides, 
respectively, whereas B. fascinator (Rolfe) Rolfe, has, at various 
times, been assigned to both sections (Table 1). Note that B. 
longiflorum is the type species for sect. Cirrhopetalum and occurs 
both in Asia and continental Africa.

Phylogenetic analysis of DNA from analysed leaf material was 
employed to confirm the taxonomic identity of five of the spe-
cies investigated.

Spirit-preserved, voucher material of each accession was de-
posited at the herbarium of the Royal Botanic Gardens, Kew, 
UK under the general accession number Davies 2022 1-10. 
Abbreviations for authors of plant names follow Brummitt and 
Powell (1992) throughout.

Microscopy and histochemistry
Intact flowers of each species were tested with glucose-sensitive 
sticks (Diastix, Bayer). Sufficient surface secretion was pro-
duced in each case to test directly for glucose without having 
to collect labellar washings. The flowers were subsequently im-
mersed in histochemical stain solutions, both to detect putative 
secretory tissues and to ascertain their chemical composition 
and that of any surface secretion present. These stains included 
saturated ethanolic Sudan III solution to detect lipids, aqueous 
0.05% (w/v) ruthenium red (RR) solution for pectins and muci-
lage (        Jensen 1962), and 0.25% (w/v) Coomassie Brilliant Blue 
R 250 (CBB) in 7% (v/v) acetic acid (Fisher 1968) for pro-
teins. Stained flowers were examined using a Nikon SMZ1000 
stereoscopic microscope. Secretory tissues were subsequently 
examined using light microscopy or Nomarski differential inter-
ference microscopy. Semi-thin sections of material fixed in 2.5% 
(v/v) glutaraldehyde/4% (v/v) formaldehyde in 0.1 M phos-
phate buffer pH 7.4 were stained (i) for general histology using 
a 1:1 mixture of 1% (w/v) aqueous methylene blue: 1% (w/v) 
aqueous azure II (MB/AII), (ii) insoluble polysaccharides using 
the periodic acid-Schiff reaction ( Jensen 1962), (iii) for lipids 
with 0.3% (w/v) ethanolic Sudan Black B solution or a saturated 
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ethanolic solution of Sudan IV, and (iv) for volatile terpenoids 
with 1% (w/v) aqueous solution of OsO4 (Stern et al. 1986). 
Fixed, hand-sectioned floral material was also stained with 
CBB for proteins, IKI (aqueous iodine-potassium iodide solu-
tion) for starch, an ethanolic solution of Sudan IV for lipids and  
RR for mucilage. Micromorphology and ultrastructure of the 
floral parts were investigated with scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM), respect-
ively, as described previously (              Davies and Stpiczyńska 2014,        
Stpiczyńska et al. 2015, Stpiczyńska and Davies 2016).

Epifluorescence microscopy (FM) of fixed material using a 
Nikon Eclipse Ni-U upright microscope equipped with a Prior 
200 W lamp (Prior Scientific Instruments Ltd) and UV-2B cube 
filter 355/50 (330–380 nm excitation filter; a 400 nm (LP) 
dichroic mirror; and a 435 nm (LP) barrier filter) was under-
taken to detect autofluorescence of cell walls, cuticle, and epi-
cuticular waxes. The presence of volatile oils in hand-sectioned 
material was investigated by staining floral parts with neutral red 
(NR) and examining them under UV light (Kirk 1970), or with 
auramine O (       Gahan 1984, Ruzin 1999) and examining under 
blue light using a fluorescein isothiocyanate-Nikon cube filter to 
investigate the structure of the cuticle.

Micrometry and photomicrography were accomplished using a 
DS-Fi1 digital camera (Nikon, Japan) and NIS-Elements BR software, 
and a high-resolution digital camera (CCD MORADA, SiS-Olympus, 
Germany) for light microscopy and TEM images, respectively.

For SEM, floral parts were dehydrated in acetone and subjected 
to critical-point drying using liquid CO2 before being sputter-
coated with gold and examined using a LEO 1430VP (Zeiss) or a 
Hitachi S-4700 (Hitachi, Tokyo, Japan) scanning electron micro-
scope, at accelerating voltages of 30 and 20 kV, respectively.

VOC analysis
VOCs were collected from the headspace of flowers from 
five species of Bulbophyllum: Bulbophyllum bicolor Lindl., B. 
longiflorum Thouars, B. pecten-veneris (Gagnep.) Seidenf., B. 
picturatum (Lodd.) Rchb.f., and B. rothschildianum (O’Brien) J.J. 
Sm. (Table 1), as previously described (Spadafora et al. 2016). 
Inflorescences of each specimen were placed into a nalophan bag 
(medium size, Lakeland), and left for 30 min to equilibrate. A 
total of 2.5 L of headspace was collected onto SafeLok thermal 
desorption tubes (Tenax TA, Sulficarb, Markes International) 
using a manual grab pump (Easy-VOC, Markes International). 
Air samples were also collected as blanks for each sample.

Samples were desorbed from the tubes in a TD100 (Markes 
International) for 5 min at 120°C followed by 5 min at 280°C 
with 50 mL/min nitrogen onto the trap at 25°C. The trap 
was desorbed at 300°C for 3 min with 7 mL/min helium. The 
compounds were separated in a GC9000 (Agilent) on a 60 m, 
0.32 mm ID, 0.5 μm Rtx-5ms capillary column (Restek) with 
1.5 mL/min helium at constant flow. The temperature pro-
gramme started with 2 min at the initial temperature of 40°C fol-
lowed by a linear gradient of 5°C/min to 280°C and a post run 
of 5 min at 300°C.

Compounds were detected using a BenchTOFtx time-of-
flight mass spectrometer (Markes International) operated at 
280°C transfer line temperature and 240°C ion source tempera-
ture with 4600 scans/scan-set from m/z 35 to 650. A retention 
index standard (C8—C20, 40 mg/L, Supelco) was analysed 

under the same conditions after injection of 1 μL of standard dir-
ectly onto a TD tube.

Data were inspected in Chemstation (Agilent) and analysed 
in AMDIS v.2.72 (NIST). AMDIS was used to deconvolute 
traces. A retention indexed mass spectral library was constructed 
in AMDIS from searches in the NIST mass spectral library. 
Compounds were included as ‘putatively identified’ if they showed 
a match factor > 80% in mass spectrum and matched RI (±20). 
Components that returned match factors > 80% but no matching 
RI were included as e.g. ‘alkane’. Compounds that recurred at the 
same RI between samples, consistently showed the same mass 
spectrum but yielded no library hit were included as ‘unknown’. 
Aligned data were checked for consistency in RI (relative standard 
deviation < 1%) across samples. Components present in blanks 
and known contaminants were removed and areas normalized for 
further analyses. Areas were normalized to the total VOC area for 
each sample, providing a relative abundance for each VOC in each 
sample. The square root of the relative abundance was used for 
further data analysis to reduce the weighting of highly abundant 
VOCs. Zero values were replaced with an arbitrary value of one-
tenth of the minimum value for the whole dataset reflecting the 
fact that these compounds were below the limit of detection of the 
mass spectrometer but not necessarily completely absent, which a 
zero value would incorrectly imply.

Data analysis was conducted using the ‘adonis’ function in 
the package ‘vegan’ (Oksanen et al. 2013) and ‘CAP-discrim’ 
function in the package ‘BiodiversityR’ (Kindt and Coe 2005) 
of R v.3.5.2. These were used to perform permutational multi-
variate analysis of variance (PERMANOVA) (Anderson 
and Legendre 1999) and canonical analysis of principal co-
ordinates (CAP) (Anderson and Willis 2003), respectively. 
Metaboanalyst v.4.0 (Chong et al. 2018) was used to perform 
random forest analysis as a supervised machine-learning algo-
rithm (Pang et al. 2020).

DNA extraction, amplification, and sequencing to verify  
identification of samples

DNA extractions were carried out on samples from the same five 
species (Bulbophyllum bicolor, B. longiflorum, B. pecten-veneris, 
B. picturatum, and B. rothschildianum) used for VOC analyses, 
using an Extract-N-Amp PCR kit (Sigma-Aldrich). Small por-
tions, maximum 0.5 cm across, were removed from the edges 
of fresh leaves from each sample, stored at −80°C, and placed in 
250 µL PCR tubes containing 40 µL of extraction buffer. Tubes 
were centrifuged in a Minispin Eppendorf microcentrifuge for 
30 s at 13 500 rpm. Each sample was then ground in the ex-
traction buffer using a sterile 200 µL pipette tip. The samples 
were placed in a Veriti thermal cycler (Applied Biosystems) 
and heated to 95°C for 10 min. Samples were allowed to cool to 
room temperature, before 40 µL of dilution buffer was added. 
Samples were then mixed, centrifuged for 2–5 min to pellet leaf 
debris, and the resulting lysate was used for subsequent PCR 
reactions.

PCR primers 390F (5ʹ‐CGATCTATTCATTCAATATTTC‐3ʹ) 
and 1326R (5ʹ‐TCTAGCACACGAAAGTCGAAGT‐3ʹ) (              
Cuénoud et al. 2002) were used to amplify ~900 bp of the matK 
gene, and primers ITS4 (5ʹ–TCCTCCGCTTATTGATATGC) 
and ITS5 (5ʹ– GGAAGTAAAAGTCGTAACAAGG) (       White  
et al. 1990) to amplify ~700 bp of the ITS region. PCR reactions 
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comprised 1.25 µL of DNA extract, 5 µL of 5× green Go Taq flexi 
buffer (Promega, Madison, WI, USA), 2 µL of 25 mM MgCl2 
(Promega, Madison, WI, USA), 1 µL each of the primers (at 9 
µM), 0.5 µL of 10 mM dNTPs, 0.125 µL of Go Taq flexi DNA 
polymerase (Promega, Madison, WI, USA), and 14 µL of sterile 
water. PCRs were amplified on a Veriti thermal cycler (Applied 
Biosystems) as follows for matK primers: 94°C for 4 min, 35 
cycles of 94 °C for 1 min, 48°C for 30 s, and 72°C for 1 min, with 
a 7 min final extension at 72°C. For ITS primers, amplification 
was 98°C for 5 min, 38 cycles of 98°C for 45 s, 50°C for 45 s, and 
72°C for 2 min, with a 10 min final extension at 72°C. PCR suc-
cess was verified by electrophoresis on agarose gels.

PCR products were purified using a QIA Quick PCR 
Purification kit (Qiagen, Crawley, UK) according to the 
manufacturer’s instructions and sequenced by Eurofins gen-
omics using both forward and reverse primers. Sequences 
were deposited in the GenBank database (accession num-
bers for matK: KLD 201711: OM687356; BN: OM687357; 
MP2: OM687358; KLD 201318: OM687359; KLD 201712: 
OM687360; MP3: OM687361; KLD 201322: OM687362; ac-
cession numbers for ITS: OP451904, OP451905, OP451906, 
OP451907, OP451908).

Phylogenetic trees
Forward and reverse DNA sequences from each sample were 
aligned using Bioedit software v.4.0.6.2 and aligned using the 
ClustalW multisequence alignment tool, to produce consensus 
sequences. Additional sequences were obtained from the Entrez 
NCBI database for ITS [B. bicolor (KY022455, KY966430, 
KY966431, KY966432), B. picturatum (EF195939), B. pecten-
veneris ( JN619418, KY966471, KY966470), B. longiflorum 
(EF196024, EF196023) and B. rothschildianum (KX455819)], 
and matK [B. bicolor (KY966722 and KY966723), B. pecten-
veneris (KY966761 and KY966762) and B. rothschildianum 
(KX455835)]. matK and ITS GenBank sequences from 
Dendrobium officinale (MG760737 and MH244306, respect-
ively) were selected as the outgroup. Sequence alignment was 
performed in Mega software v.7 (Kumar et al. 2016) using the 
Muscle plugin. A phylogenetic tree was produced using the max-
imum likelihood approach implemented in IQ-Tree2 (       Minh et al. 
2020) on a devoted web server (Trifinopoulos et al. 2016), with 
5000 ultrafast bootstrap replications (Hoang et al. 2018) to de-
termine branch support. The modelfinder approach in IQ-Tree2 
was used to determine the best fitting model of sequence evolu-
tion, including ‘freerate’ rate heterogeneity (       Kalyaanamoorthy et 
al. 2017).

R E SU LTS

Floral morphology, micromorphological, anatomical, and 
histochemical investigations

In the present study, gross morphology, micromorphology, 
anatomy, ultrastructure, and histochemical investigations of 
the flowers of Bulbophyllum eberhardtii (Fig. 1A), B. fascinator 
var. semi-album (Fig. 1B), B. longibrachiatum (not shown), B. 
longiflorum (Fig. 1C, D), B. pecten-veneris (Fig. 1E), B. ornatissimum 
(Fig. 1F), B. picturatum (Fig. 1G), B. sanguineopunctatum (not 
shown), B. rothschildianum (Fig. 1H), and B. bicolor (Fig. 1I), all 
members of the ‘Cirrhopetalum alliance’, were undertaken.

Characteristic features of these species, as described in the lit-
erature and confirmed here, are that they possess subumbellate 
inflorescences and their flowers have (i) dorsal sepals and petals 
that frequently bear clavate projections or multicellular, flag-like 
appendages called paleae, and thus appear fringed (       Fig. 1A–H); 
(ii) significantly elongated lateral sepals that are twisted and con-
nate for at least part of their length, such that their abaxial sur-
faces are uppermost and initially remain fused to each other to 
form a shallow longitudinal groove along which the lateral sepals 
later separate (Fig. 1A–I); and (iii) a mobile or rocking labellum 
with a relatively deep, median longitudinal groove or sulcus (       Fig. 
1A–I). Paleae (Fig. 1J), and other epidermal structures, such as 
fimbriae and laciniae, contain oil droplets, and often occur along 
the margins of perianth segments. However, a remarkable feature 
of B. pecten-veneris, not previously reported for any other species 
of Bulbophyllum to our knowledge, is the presence of atypical, 
multiseriate, multicellular trichomes that are distributed along 
the margins of the dorsal sepal and petals (Fig. 2A–D). These 
possess a striate cuticle (Fig. 2D) and contain large, intravacuolar 
lipid droplets (Fig. 2E–G). Sunken trichomes are also present 
basally on the dorsal sepal and petals of this species. By contrast, 
the atrichomatous epidermal cells and the ground parenchyma 
cells of both these organs, contain numerous, very small lipid 
droplets, greater quantities occurring in the marginal epidermal 
cells (Fig. 2H). Viscid secretions or silvery secretory residues 
occur within and along the labellar sulcus, often less copiously 
on the abaxial surface (now uppermost) of the lateral sepals. In 
some species, this secretion is so copious that it obfuscates the 
topography of the labellar epidermis (e.g. B. eberhardtii—Fig. 
3A). The morphological and anatomical characteristics of each 
individual species are summarized in Table 2.

Transverse sections through the labellum of all investigated 
species, as exemplified here by B. fascinator var. semi-album 
(Fig. 3B), reveal that the sulcus is lined with cuboidal to rect-
angular epidermal cells below which occur 1–3 subepidermal 
layers. The cells of both epidermis and subepidermal layers 
are secretory and contain varying quantities of lipid droplets 
of various sizes (e.g. B. longibrachiatum—Fig. 3C), which also 
occur in the marginal epidermal cells and trichomes of the la-
bellum (e.g. B. longiflorum and B. rothschildianum—Fig. 3D–F). 
These are also present in the other perianth segments, predom-
inantly in the abaxial epidermal cells of the lateral sepals (e.g. B. 
rothschildianum—Fig. 4A), which are uppermost owing to the 
twisting of the sepals, but sometimes also in the dorsal sepal and 
petals (e.g. B. rothschildianum). The size variation in these drop-
lets indicates that some may represent droplets of volatile oils. 
The latter are usually much smaller and much more numerous 
than typical lipid droplets and tend to occur mainly in marginal 
epidermal cells and trichomes, with the larger lipid droplets per-
haps acting as precursors in the formation of volatile oil droplets. 
The surface secretion of perianth segments, such as occurs on 
the lateral sepals, also contains lipid, whereas that of the labellum 
sometimes also contains protein. The occurrence of intracellular 
lipid droplets and the distribution of surface secretion are sum-
marized in Tables 2 and 3.

No typical, specialized osmophores (relatively complex, 
multicellular, fragrance-producing epidermal structures or 
glands) are present (B. picturatum, B. rothschildianum, and B. 
bicolor). Instead, volatile oil droplets are produced by relatively 
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Figure 1. Inflorescences and gross floral morphology of representatives of the ‘Cirrhopetalum alliance’. A, Habit of flowers of Bulbophyllum 
eberhardtii (KLD 201208) arranged on a subumbellate inflorescence. B, Lateral view of flower of B. fascinator var. semi-album (KLD 201820) 
showing floral parts. Note the verrucose, fused lateral sepals, distinctly grooved labellum and purple paleae on the dorsal sepal and petals. C, 
D, Subumbellate inflorescences of B. longiflorum showing variation in flower colour. C and D represent inflorescences and flowers of accessions 
KLD 201414 and KLD 201802, respectively. E, The inflorescence of B. pecten-veneris (KLD 201318) is more compact than those of the other 
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unspecialized epidermal cells of the perianth segments that se-
lectively stain with NR, Sudan stains, and osmium tetroxide. 
These cells occur on the lateral sepals (Fig. 4A), and to a lesser 
degree, on the dorsal sepal projections or appendages, and oc-
casionally on petals (Fig. 2H). Most, however, occur on the la-
bellum (Figs 3C–F, 4C), and regardless of organ, usually have a 
marginal distribution, again perhaps facilitating the diffusion of 
fragrance. Unlike the palisade-like secretory labellar epidermal 
cells found in many species of Bulbophyllum studied to date (e.g. 
Davies and Stpiczyńska 2014, Stpiczyńska et al. 2015, 2018a, b,        
Stpiczyńska and Davies 2016), those of the ‘Cirrhopetalum alli-
ance’ are cuboidal or only slightly elongate, with the exception of 
B. longibrachiatum (Fig. 3C), where somewhat more palisade-like 
cells sometimes occur. The epidermis and subepidermal tissue 
enclose the central ground parenchyma which contains collat-
eral vascular bundles (Fig. 3B) and idioblasts with raphides. The 
cuticle overlying the epidermal secretory cells lining the sulcus 
often becomes distended and blistered as secretion accumulates 
between it and the outer tangential cell wall of the epidermis be-
fore becoming deposited on the surface of the labellum (Figs 3A, 
4B, C). Cuticular blistering and surface material were also ob-
served for the lateral sepals of some species (Table 3).

The epidermal cells lining the median longitudinal groove 
of the labellum, together with subepidermal tissue have an or-
ganelle complement typical of lipid-secretory cells (Fig. 4E, 
F), generally with abundant arrays of endoplasmic reticulum 
[mainly smooth endoplasmic reticulum (SER)], mitochon-
dria, secretory vesicles, multivesicular bodies, dictyosomes 
(Golgi bodies), and plastids (mainly chromoplasts) with typ-
ical plastoglobuli and starch grains. Lipid droplets (precursors 
of fragrance production) are also abundant in both the labellum 
and labellar trichomes (Fig. 4D, E). The irregular or undulating 
outline of the plasmalemma (Fig. 4E, F) in some species is in-
dicative of granulocrine secretion. Whereas the mitochondria 
contain abundant cristae (Fig. 4E), typical of highly metabolic 
secretory cells, the plastids often contain well-developed internal 
membranes, starch grains, and typical plastoglobuli. Highly or-
ganized arrays of rough endoplasmic reticulum and SER are 
often present (       Fig. 4E, F). SER is usually the more predominant, 
often displaying distended cisternae, and is associated with 
small secretory vesicles that gather in the peripheral cytoplasm 
and become associated with the plasmalemma, or occur in the 
periplasmic space (Fig. 4F). Lipid droplets are also frequent 
both here and in subepidermal cells, and are probably derived 
from plastoglobuli, whereas dictyosomes (Golgi bodies) are 
often associated with both SER and secretory vesicles, together 
forming the Golgi–endoplasmic reticulum–lysosome (GERL) 
complex (Fig. 4E). The close juxtaposition of the various organ-
elles forming the GERL complex indicates that they are together 

involved in lipid biosynthesis. Multivesicular bodies are also 
frequent in epidermal and subepidermal cells. Furthermore, 
the enormous numbers of free ribosomes present are typical of 
highly metabolic protein-producing cells. TEM investigations 
of the epidermal and subepidermal cells of the labellum of B. 
rothschildianum revealed that the cell walls are irregularly thick-
ened or have undulating contours (Fig. 4F), thereby increasing 
the surface area for secretion. Numerous primary pit fields with 
abundant plasmodesmata present in several species are indica-
tive of efficient symplastic transport, and in B. rothschildianum, 
secretory vesicles, as well as gathering in the parietal cytoplasm 
of the labellum and becoming associated with the plasmalemma, 
also gather in labellar trichomes, as also occurs in B. bicolor (Fig. 
4D). The thick cuticle overlying the labellar trichomes of both 
these species contains numerous micro-channels (Fig. 4D) 
that are probably involved in the passage of secretion onto the 
labellar surface.

Analysis of VOC profiles for five Bulbophyllum species
A phylogenetic analysis based on two markers (matK and ITS) 
was used to putatively verify species identity of the samples 
used for VOC analysis (Fig. S1 in the Supporting Information). 
Maximum likelihood phylogenetic analysis grouped most sam-
ples with available ITS sequences by species (including available 
sequence data from GenBank), and was in agreement with the 
established phylogeny of Hu et al. (2020). However, the newly 
obtained B. rothschildianum sequences were divergent from the 
database sequence. The matK based phylogeny was broadly in 
agreement, but with overall lower resolution and bootstrap sup-
port values.

A total of 44 VOCs were detected across all Bulbophyllum 
species sampled: B. bicolor, B. longiflorum, B. pecten-veneris, 
B. picturatum, and B. rothschildianum (Tables S2 and S3 in the 
Supporting Information). The profile across all the species com-
prised alkanes (20), terpenes (six), alcohols (five), esters (four), 
ketones (three), aldehydes and aromatic compounds (two of 
each), and free acids (one). The highest number of VOCs was 
detected in B. rothschildianum (15) followed by B. picturatum 
and B. pecten-veneris (10 in each), B. bicolor (seven), and B. 
longiflorum (five). 1-Butanol was the VOC present in most spe-
cies (only absent from B. picturatum), and no individual VOC 
was present in all species tested. In B. picturatum and B. pecten-
veneris, the VOC family with the highest relative abundance was 
the alkanes, while in B. rothschildianum and B. bicolor, terpenes 
dominated the profile, and in B. longiflorum alcohols were most 
abundant. However, there were few statistically significant dif-
ferences in the relative abundance of VOC families among the 
different species (ANOVA, P < 0.05): the only differences were 
a greater relative abundance of alkanes in B. rothschildianum 

species investigated and the delicate flowers inserted almost vertically on it. F, Subumbellate inflorescence and flowers of B. ornatissimum (KLD 
201821) showing stages in the separation of the lateral sepals. G, Detail of flowers of B. picturatum (KLD 201714) showing grooved mobile 
labellum and terminal, clavate projection to the dorsal sepal. H, Flowers of the brown form (KLD 201713) of B. rothschildianum. The tongue-
like labellum is distinctly grooved and mobile, the dorsal sepal and petals bear elongate paleae, and the twisted lateral sepals are clearly seen to 
be fused along their margins. I, Flowers of B. bicolor (KLD 201711). Note the mobile, grooved lip and that the lateral sepals are no longer fused 
together. J, Whole mount of individual paleae of petal of B. fascinator var. semi-album (KLD 201820), as viewed using Nomarski differential 
interference microscopy. Scale bars: A–F, I, 10 mm; G, H, 5 mm; J, 100 µm. KEY: ac = anther cap; c = column; ds = dorsal sepal; la = labellum; 
ls = lateral sepal; pe = petal; s = stelidium.
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E FE
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BA
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Figure 2. Structure and histochemistry of floral parts of Bulbophyllum pecten-veneris (KLD 201318). A, SEM of dorsal sepal showing terminal 
tuft of appendages and marginal, multiseriate, multicellular trichomes. B, C, Detail of marginal, multiseriate trichomes of dorsal sepal and petal, 
respectively. D, Detail of striate cuticle of marginal trichome of dorsal sepal. E, Margin of petal with bases of multiseriate, oleiferous trichomes 
treated with Sudan IV. Note that this reagent selectively stains intravacuolar lipid bodies in the trichomes (arrows). F, G, Detail of apex and 
stalk of multiseriate, oleiferous trichome, respectively, treated with Sudan IV. Note the large intravacuolar lipid bodies (arrows) and minute 
lipid droplets on the external wall surface of the terminal cells. H, Detail of petal surface, treated with Sudan IV, showing numerous, small lipid 
bodies (arrows). Scale bars: A, 1 mm; B, 200 µm; C, 100 µm; D, 10 µm; E, 50 µm; F, G, H, 20 µm.
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compared to B. bicolor, and of aromatic compounds in B. bicolor 
and B. picturatum compared to B. rothschildianum.

Using all 44 VOCs, profiles showed a significantly different 
pattern of relative abundance of the VOCs across the species 

(PERMANOVA, P < 0.05, R2 = 0.011). Using linear discrim-
inant plots from canonical analysis of principal coordinates 
(CAP), VOCs discriminated B. bicolor from all other species, 
and also discriminated between B. longiflorum and B. picturatum, 

A
ad su

vb
se

gp

ab

B

D

FE

C

Figure 3. Floral anatomy and histochemistry of Bulbophyllum eberhardtii, B. fascinator var. semi-album, B. longibrachiatum, B. longiflorum, and B. 
rothschildianum. A, Detail of papillose adaxial surface of labellum of Bulbophyllum eberhardtii (KLD 201208), as seen using SEM, obfuscated 
by residues of secreted material. B, Transverse section of labellum of B. fascinator var. semi-album (KLD 201820) stained with MB/AII showing 
typical labellar anatomy, with hirsute adaxial epidermal cells, subepidermal parenchyma, and ground parenchyma in which occur vascular 
bundles and often, idioblasts containing bundles of raphides. The adaxial, median longitudinal groove or sulcus is flanked by keels and lined 
with secretory epidermal cells. C, Labellar epidermal cells of B. longibrachiatum (MP1) containing numerous droplets of volatile compounds 
(arrows), stained with Sudan IV. D, Adaxial labellar epidermis of B. longiflorum (KLD 201414) stained with NR and viewed under UV, showing 
distribution of lipid droplets (arrows). E, F, Marginal trichomes of labellum of B. rothschildianum (KLD 201712) stained with Sudan IV (E), 
and both TBO and osmium tetroxide (F) for droplets of volatile compounds (arrows). Scale bars: A, C–F, 20 µm; B, 1 mm. KEY: ab = abaxial 
epidermis; ad = adaxial epidermis; gp = ground parenchyma; se = subepidermis; su = sulcus; vb = vascular bundle.
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but were not able to discriminate B. rothschildianum from B. 
pecten-veneris, B. longiflorum, or B. picturatum (Fig. 5A). It was 
also not possible to discriminate between B. longiflorum and B. 

pecten-veneris on the basis of the whole VOC profile. Some of 
the lack of discrimination may be due to the variability across 
replicates of B. rothschildianum seen in the larger 95% confidence 

L

L

L

d

SER

cw
cu

m

A B

D

FE

C

*

cu

L
m

L

cw

cw

L

Figure 4. Floral histochemistry of B. picturatum and B. rothschildianum, and ultrastructure of B. bicolor and B. rothschildianum. A, Epidermal 
cells of lateral sepal of B. rothschildianum (KLD 201712) stained with Sudan IV to show intracellular droplets of volatile compounds (arrow). B, 
SEM of labellar epidermal cells of B. picturatum (KLD 201714) showing cuticular blisters (arrows). C, Adaxial labellar epidermal cells (median 
groove) of B. rothschildianum stained with NR and observed under UV. Note the large yellow droplet of volatile oil on the adaxial labellar 
surface (asterisk) and numerous smaller intracellular droplets (arrows). D, TEM of adaxial labellar epidermal trichome cell of B. bicolor (KLD 
201711) showing relatively thick, striate cuticle with feint micro-channels (arrow), together with smooth endoplasmic reticulum, lipid bodies, 
dictyosomes (Golgi bodies) and mitochondria. E, TEM of labellar epidermal cell of B. bicolor (KLD 201711) containing large lipid droplets, 
numerous vesicles, and smooth endoplasmic reticulum profiles, together with mitochondria and dictyosomes. Note the undulating profile of 
the plasmalemma and the close juxtaposition of dictyosome (Golgi body), smooth endoplasmic reticulum, and vesicles to form the GERL 
complex. F, TEM of labellar epidermal cell of B. rothschildianum (KLD 201712). Note the presence of small lipid droplets (arrows) in the 
periplasmic space, and the undulating plasmalemma overlying the cell wall projections. Scale bars: A–C, 10 µm; D, 2 µm; E, 1 µm; F, 0.5 µm. 
KEY: cu = cuticle; cw = cell wall; d = dictyosome (Golgi body); L = lipid droplet; m = mitochondrion; SER = smooth endoplasmic reticulum.
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Figure 5. Discrimination of Bulbophyllum species based on VOC profiles. A, Canonical analysis of principal coordinates (CAP) based on 
whole profile of 44 VOCs. B, CAP based on the top eight VOCs identified in random forest analysis. C, Random forest analysis identifying the 
top 10 VOCs providing the greatest discrimination across species. D, Optimal hierarchical clustering of whole VOC profile using Flashclust 
in R. Ellipses in A and C represent the 95% confidence interval. Percentage of correct classifications for A, 83% (P = 1), m = 3 and C, 78% 
(P = 1), m = 5. 
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ellipse for this species (Fig. 5A) and the distribution of the repli-
cates across the hierarchical tree (Fig. 5D). Hence, random forest 
algorithms were used to assess whether a subset of the VOCs 
had greater discriminatory power (Fig. 5C). The top 15 discrim-
inatory VOCs based on random forest analysis comprised eight 
alkanes, four terpenes, one ester, ketone, and alcohol. The eight 
most discriminatory VOCs still showed discrimination among 
Bulbophyllum species (PERMANOVA P < 0.05, R2 = 0.017), 
and linear discriminant profiles based on CAP also showed dis-
crimination among most Bulbophyllum species, but not between 
B. rothschildianum and B. longiflorum (Fig. 5B).

D I S C U S S I O N
Vermeulen (in Pridgeon et al. 2014) lists the morphological 
characters that distinguish members of sections Cirrhopetalum 
and Cirrhopetaloides (summarized in Supporting Information, 
Table S1). One character in particular has been considered 
useful in this respect—the presence of a tooth on the adaxial sur-
face of the stelidia in members of sect. Cirrhopetalum. However, 
this account also states that for Cirrhopetalum, a tooth may or 
may not be present along the upper and/or lower margin of the 
stelidia, and that for Cirrhopetaloides, there is usually a tooth or 
wing along the upper and lower margins. Given such variation 
and overlap of characters, let alone their small size, we consider 
the sole use of the adaxial tooth, to the exclusion of other po-
tentially useful characters, to distinguish between these sections, 
unsafe, especially in small-flowering species. Indeed, the speci-
mens of B. ornatissimum that we examined possessed only poorly 
defined stelidia (Table 2), and had there even been any adaxial 
tooth present, it would have been extremely difficult to detect. 
We therefore recommend that the adaxial tooth be used for tax-
onomy only in conjunction with other characters, preferring 
the approach adopted by Hu et al. (2020) of grouping all these 
species into one ‘Cirrhopetalum alliance’, an approach that is sup-
ported both by comparative anatomy and VOC analyses.

Regardless of differences in gross floral morphology, gen-
erally the floral anatomy of the ‘Cirrhopetalum alliance’ resem-
bles that of other sections of Bulbophyllum, Asian, African, and 
Neotropical. The labellum possesses a longitudinal median 
groove or sulcus, a single-layered adaxial and abaxial epidermis, 
together with a several-layered subepidermal region overlying 
ground parenchyma (sometimes approaching aerenchyma) 
containing collateral vascular bundles and often idioblasts with 
bundles of raphides (       Davies and Stpiczyńska 2014, Nunes et al. 
2014, 2015, 2017a, Stpiczyńska et al. 2015, 2018a, b, Stpiczyńska 
and Davies 2016, Wiśniewska et al. 2018, 2019). The sulcus 
is lined with secretory, adaxial epidermal cells, which, in the 
‘Cirrhopetalum alliance’, are usually cuboid to slightly rectangular 
in transverse section. However, in contrast to the other spe-
cies of Bulbophyllum examined here, this secretory tissue, in B. 
longibrachiatum, occasionally contains somewhat more elongate 
epithelial cells approaching the palisade-like secretory cells of 
species of the Asian sect. Racemosae (Davies and Stpiczyńska 
2014), African B. schinzianum (sect. Ptiloglossum—Stpiczyńska 
et al. 2015), and Neotropical sect. Napelli (Nunes et al. 2015), 
thus indicating parallelism and reflecting a degree of secretory 
tissue specialization. In most sections of Bulbophyllum studied 
to date (including the ‘Cirrhopetalum alliance’), the secreted 

material from these cells mainly contains lipid (e.g. Nunes et 
al. 2014, 2015, Kowalkowska et al. 2015, 2017, Stpiczyńska et 
al. 2015, 2018b), although that of sect. Racemosae is unusual 
in that it comprises protein-laden mucilage, and lipid is absent 
(Davies and Stpiczyńska 2014, Stpiczyńska and Davies 2016). 
Remarkably, unlike the other taxa investigated, secreted, lipid-
rich material on the labella of B. eberhardtii and B. longiflorum 
also contains small quantities of protein, strengthening the hy-
pothesis that these two taxa may be conspecific, as asserted by 
some authorities (e.g. WCSP 2022), or at least indicate that their 
respective secretory biochemical pathways have evolved along 
similar routes. The labellar cuticle is often blistered, and cuticular 
micro-channels may sometimes be present, as recorded for other 
representatives of the genus (e.g. Davies and Stpiczyńska 2014, 
Nunes et al. 2014, 2015, 2017a, Kowalkowska et al. 2015,        2017, 
Stpiczyńska et al. 2015, 2018a, b, Stpiczyńska and Davies 2016,        
Wiśniewska et al. 2018, 2019). Furthermore, projections may 
also be present on the cell wall, as first observed by Kowalkowska 
et al. (2015).

One noteworthy character, described here for the first time, 
is the abundantly oleiferous, marginal trichomes of the dorsal 
sepals and petals of B. pecten-veneris. These were not seen in 
other species investigated. Although copiously oleiferous trich-
omes have previously been described for the African species 
B. schinzianum (Stpiczyńska et al. 2015) and B. saltatorium (       
Stpiczyńska et al. 2018b, both members of sect. Ptiloglossum), 
they occur on the labellum, and are unicellular (and capitate in 
B. saltatorium), whereas those of Asian B. pecten-veneris are atyp-
ical, multiseriate, and multicellular. It is proposed that the intra-
cellular lipid droplets of both types of trichome may function 
as precursors of volatile compounds and/or as food rewards. 
However, the marginal distribution of trichomes would perhaps 
favour the former hypothesis.

Although we have been able to identify VOC-producing cells 
and tissues, typical, true osmophores (multicellular, fragrance-
producing glandular structures), as described by Vogel (1990), 
an anatomical term which has been frequently misapplied, are 
seemingly lacking. However,        Kowalkowska et al. (2015) have 
proposed that the clavate appendages borne terminally on peri-
anth segments are in fact osmophores, their cuticle becoming 
blistered. Indeed, the clavate appendages and paleae associated 
with the perianth segments of our material also contained lipid 
droplets, but these were relatively few and small compared with 
those of labellar and lateral sepal tissue, indicating that it is these 
last organs that are probably the primary source of volatile com-
pounds. The hinged labellum and various appendages to the peri-
anth segments have been referred to as ‘flickering bodies’ from 
the German Flimmerkörper, or ‘vibratile bodies’ (Vogel 2001,        
Kowalkowska et al. 2015) since they move in the slightest breeze 
or air currents, and have long been claimed to be involved in the 
attraction of insect pollinators. Similarly, the paleae also move 
in air currents and perhaps help disperse volatile compounds, as 
perhaps do other floral oleiferous epidermal structures such as 
fimbriae and laciniae, especially those along the margins of peri-
anth segments.

Despite published differences in the gross floral morphology of 
sections Cirrhopetalum and Cirrhopetaloides, the floral anatomy/
micromorphology of sect. Cirrhopetalum, as currently circum-
scribed, lacks any characters or combination of characters unique 
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to this taxon. Indeed, many of these characters are shared by spe-
cies currently assigned to sect. Cirrhopetaloides, and by members 
of other sections native to Asia, Africa, and the Neotropics (e.g. 
Davies and Stpiczyńska 2014, Nunes et al. 2014,        2015, 2017a, 
Stpiczyńska et al. 2015,        2018a, b), and are indicative of conver-
gence or parallelism. This indicates the need for further taxo-
nomic revision based on a more biochemical approach.

VOC profiles among the Bulbophyllum species investigated
Previous investigations have shown that the VOC profiles of 
Bulbophyllum species can vary considerably. For example, ke-
tones, aldehydes, alcohols, and aromatic compounds dominate 
those of fly-pollinated species, whereas bee-pollinated spe-
cies emit more terpenes (       Silva et al. 1999). VOC profiles can 
also differ between fly-pollinated orchids (              Silva et al. 1999), 
and ‘daciniphilous’ Bulbophyllum orchids can be divided into 
three groups based on whether methyl eugenol, zingerone 
[4-(4-hydroxy-3-methoxyphenyl)-2-butanone], or raspberry 
ketone [(4-(4-hydroxyphenyl)-2-butanone] is the major com-
ponent of their respective VOC profile (Tan and Nishida 2000, 
2005, Nakahira et al. 2018), thus reflecting pollination by dif-
ferent fly species. Acetic, butyric, 2-methylbutyric, and valeric 
acid occur in other species, in conjunction with N-methyl and 
N,N-dimethyl derivatives of acetamide and formamide, which 
contribute to the malodorous ‘stench’ of B. graveolens (       Kaiser 
1993). Butyric acid is also a component of the carrion-like odour 
produced by the labellum of B. fascinator, whereas caryophyllene 
epoxide contributes to a pleasant woody scent associated with 
the sepals, caryophyllene being a major component (55%) of 
the overall gas chromatography with mass spectrometry profile 
(Kaiser 1993). The fragrance of B. lobbii contained 28 com-
ponents, mainly linalool and (E)-ocimine and its derivatives, 
whereas that of Bulbophyllum gracillimum comprised acetic acid, 
geranylacetone, (Z)-3-hexenol, (Z)-3-hexenyl tiglate, indole, 
isoleucine methyl ester, and nonanal (Kaiser 1993).

Perhaps, owing to the combination of collection of head-
space VOCs onto TD tubes and the use of a highly sensitive 
time-of-flight gas chromatography with mass spectrometry 
system, a larger number of VOCs were detected in the species 
investigated here compared to previous studies of VOCs from 
the genus Bulbophyllum (       Kaiser 1993,        Silva et al. 1999, Tan and 
Nishida 2000, Tan et al. 2002, Humeau et al. 2011, Nakahira 
et al. 2018, Katte et al. 2020). A few VOCs detected here were 
also found in the aroma profiles of other Bulbophyllum spe-
cies, including caryophyllene and humulene, also found in B. 
variegatum (Humeau et al. 2011). Overall, fewer VOCs (five) 
were found in the aroma of B. longiflorum than in the other spe-
cies tested here, consistent with the lack of perceived fragrance 
for the flowers of this species. Few VOCs were also detected in 
the profile from flowers of B. bicolor: some of them are described 
as having a woody/spicy odour (α-copaene and humulene), 
while others have a fruity fragrance (butyl acetate) that would 
fit with the sweet fragrance described previously. Although the 
profiles across the five species analysed were not completely 
distinct, the whole VOC profile clearly discriminated between 
B. bicolor and the other four species. Moreover, statistical ana-
lyses indicated that subsets of VOCs were able to discriminate 
across most of the species. This might suggest different pollin-
ator assemblages for these species, as previously described for 

other closely related Bulbophyllum species (Tan and Nishida 
2000, Nakahira et al. 2018). They might also provide a rapid 
method for discriminating between taxa such as certain species 
of Ophrys that possess very similar floral morphology (       Mant et 
al. 2005,        Stökl et al. 2009), with the caveat that fragrance profile 
can change with the age of the flower and diurnally, as well as 
relative to geographic ranges, drought, and global and other en-
vironmental changes, both across spatial and temporal scales  
(              Farré-Armengol et al. 2013, Burkle and Runyon 2017, Delle-
Vedove et al. 2017, Jaworski et al. 2022).

The discrimination of species according to VOC profiles dif-
fered from the phylogeny inferred from the DNA markers (Hu 
et al. 2020). Bulbophyllum bicolor was clearly distinct from the 
other species both using the whole VOC profile and a subset of 
VOCs, whereas according to               Hu et al. (2020), it belongs in the 
same clade as B. rothschildianum. The VOC profile of B. pecten-
veneris, which according to Hu et al. (2020) is the most distantly 
related species to the other four considered here, and the only 
species to possess atypical oleiferous labellar trichomes, was, by 
contrast, not discriminated from that of B. rothschildianum or B. 
longiflorum. These marked differences between the VOC dis-
tinctness and sequence-based phylogenies are consistent with 
a recent diversification, and indicate that differences in pollin-
ator assemblages have driven change in VOC profile across this 
closely related group of species.

VOC composition, as well as reflecting divergent evolutionary 
pathways, may also be due to pollinator specificity and age of 
the flower. Furthermore, floral morphology is also closely re-
lated to pollinator specificity and Pansarin and Pansarin (2011) 
and        Aguiar et al. (2012) have demonstrated that geographically 
widely distributed orchid species may also display very different 
pollination syndromes, involving different pollinator species, 
and this is reflected both in the composition of the food rewards 
and the fragrances that they produce.

In conclusion, neither the anatomical nor VOC analyses of 
this study support the separation of sect. Cirrhopetalum and 
sect. Cirrhopetaloides. Expanded taxon sampling for VOCs along 
with detailed information on pollinator species will be required 
to achieve a comprehensive understanding of the evolution of 
pollination syndromes in Bulbophyllum. Until then, there is little 
evidence to justify the distinction between sect. Cirrhopetalum 
and sect. Cirrhopetaloides based on these characters, amplifying 
previous calls (       Hu et al. 2020) that the ‘Cirrhopetalum alliance’ is 
in need of revision.
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