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Orchids are renowned not only for their diversity of floral forms, but also for their many and often highly
specialised pollination strategies. Volatile semiochemicals play a crucial role in the attraction of a wide
variety of insect pollinators of orchids. The compounds produced by orchid flowers are as diverse as the
pollinators they attract, and here we summarise some of the chemical diversity found across orchid taxa
and pollination strategies. We focus on compounds that have been experimentally demonstrated to
underpin pollinator attraction. We also highlight the structural elucidation and synthesis of a select
subset of important orchid pollinator attractants, and discuss the ecological significance of the
discoveries, the gaps in our current knowledge of orchid pollination chemistry, and some opportunities

rsc.li/npr for future research in this field.
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3.3 Other terpenoids The orchid family (Orchidaceae) is one of the most species-rich
4 Benzenoids and diverse of all plant families, with over 29 000 species."
11 Ce—-Co Orchids are also well known for the extraordinary diversity of
4.2 Ce—-C4 their interactions with animal pollinators, making use of
4.3 Ce—C, unusual and often highly specialized pollination strategies that
44 Ce-C3 go well beyond the typical exchange of nectar or pollen as food
4.5 Ce—Cy to pollinators for the transfer of gametes. Some orchids provide
5 Other compounds unusual rewards, such as perfumes to male euglossine bee
5.1 Nitrogenous compounds pollinators, which collect them to attract mates.> Many other
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orchids employ deceptive pollination strategies. For example,
many ‘food deceptive’ orchids mimic the visual and olfactory
signals of rewarding flowers, but do not provide a tangible
reward. Others have evolved even more complex means to
attract pollinators, such as mimicking sites for insects to lay
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eggs,® or even the mimicry of insects themselves. Some insect-
mimicking species emit alarm pheromones of aphids* or
honey bees® to attract predators of those species as pollinators,
and others emit aggregation pheromones to attract large
swarms of potential pollinators.® By far the most common
insect-mimicry pollination strategy amongst orchids is ‘sexual
deception’, whereby orchids mimic the sex pheromones and
appearance of specific female insects to sexually lure conspe-
cific males as pollinators. In these cases, pollination often
occurs during attempted copulation with the flower, high-
lighting the extreme effectiveness of this bizarre trickery.”*

Whether it is by honest signalling of reward or by deception,
orchid pollinator attraction is often dependent on volatile or
semi-volatile compounds. Indeed, orchids are the most well-
represented family in studies of plant volatiles, and are the
source of many unusual natural products.” Given the great
diversity of orchids and their numerous chemically mediated
pollinator interactions, orchids likely offer a treasure trove of
natural products remaining to be discovered.

While much progress has been made towards cataloguing
the diversity of known floral volatiles within orchids,’™ rela-
tively few studies have confirmed the ecological activity of the
compounds, and fewer still have elucidated the chemical
structures of potentially new-to-science compounds. When
done systematically, such studies provide valuable insights into
the diversity of compounds used by both plants and insects for
communication, and aid our understanding of the evolution of
plant-animal interactions.

In this review, we highlight the diversity of volatile and
semi-volatile natural products from orchid flowers that may be
relevant to pollination. We broadly follow the groupings
established in prior reviews of plant volatiles,”**** which class
compounds based on their likely biosynthetic origin into three
main groups - fatty acid derivatives, isoprenoids, and benze-
noids. We prioritise compounds for which credible evidence
for biological activity has been established. We regard experi-
mental confirmation of pollinator attraction in field bioassays
with reference compounds as the most compelling evidence for
the biological activity of a compound, while we recognise that
experiments with wind tunnels and/or olfactometers in the
laboratory may also provide such evidence. Many studies
report findings on the electrophysiological activity of the
compounds extracted from orchids to one or more species of
pollinator, based on coupled GC-Electroantennography
Detection (GC-EAD), or less commonly via electro-
antennography (EAG) or GC-Single Sensillum Recordings (GC-
SSR).** While electrophysiological activity of a compound does
not always translate to attractiveness in field experiments (see
final remarks, 7.1), antennal electrophysiology is often critical
for narrowing down the number of compounds of interest for
further experiments in the field. Therefore, we highlight elec-
trophysiological results where possible. Finally, we briefly
explore the methods used to elucidate and synthetically
prepare some orchid pollinator attractants, before discussing
what we see as some exciting opportunities in this expansive
field in the coming years.
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2 Fatty acid derivatives

Fatty acid derivatives are often shorter in chain length than
their precursor and may or may not retain a carbonyl moiety.
They are formed by oxidative cleavage and/or decarboxylation of
the fatty acid precursor.”” The biosynthesis of fatty acids from
condensation of acetic acid (C2) units is well known and is
catalysed by the enzyme fatty acid synthase. In animals and
fungi, this is a single large multifunctional protein, however in
plants and bacteria the individual steps are catalysed by an
assembly of discrete enzymes, allowing for much more diversity
in structure." These differences in biosynthesis make the plant
and bacterial enzymes attractive targets for herbicides and
antibacterials, respectively.'”'®

2.1 Alkanes and alkenes

Alkanes and alkenes are biosynthesised from fatty acid inter-
mediates through reduction to fatty aldehydes, followed by
decarbonylation via aldehyde decarbonylase enzymes that have
been found in both plants and insects.**** This pathway results
in the production of mostly odd-numbered hydrocarbons from
even-numbered fatty acid precursors. Unsaturation to form
alkenes is achieved earlier in the biosynthetic sequence by
desaturase enzymes acting on fatty acid derivatives, yielding
predominantly (Z)-configured compounds in both plants and
insects.”

Unbranched saturated hydrocarbons (n-alkanes),
unsaturated hydrocarbons (alkenes), are important constitu-
ents of the cuticular waxy layer of plants, which has a critical
primary function of protection against water loss, UV light,
pathogens, and pests.>** Cuticular alkanes and alkenes are also
widely found in insects, where they function as protection
against desiccation and also as signalling molecules.”**
Specific alkanes and alkenes or combinations are widely known
as sex pheromones and mate recognition cues across a range of
insect groups,” including the Hymenopteran pollinators of
some orchids. It is perhaps unsurprising, then, that alkanes and
alkenes have been demonstrated to play key roles in the polli-
nation of sexually deceptive orchids.

Using GC-EAD in combination with field bioassays, Schiestl
et al.”*® were the first to convincingly demonstrate female
insect sex pheromone mimicry in sexually deceptive Ophrys
orchids. The initial breakthrough was made in O. sphegodes,
pollinated by sexually attracted male Andrena nigroaenea bees. A
blend of 14 hydrocarbons (C;9-Cso, e.g. 1 and 2) that had been
found to be both EAD-active to the male bee pollinator and
shared between the orchid labellum and female bees, were also
sexually attractive in field bioassays.”® Later, in O. exaltata,
a specific blend of EAD-active alkenes and n-alkanes was found
to be attractive to male Colletes cunicularius bee pollinators, but
alkenes were also attractive alone (e.g. 3 and 4).> In both orchid
systems, alkene double bond configuration is pivotal for the
specific bee pollinator attraction ((2)-9, 11, and 12 in O. spheg-
odes, and (2)-7 and 9 in O. exaltata but with the (Z)-7-alkenes
being the most attractive).>”>°

and

This journal is © The Royal Society of Chemistry 2023
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Alkanes and alkenes are now widely implicated as key
components of the sex pheromone mimicry across bee-
pollinated European Ophrys (see detailed reviews in ref. 7 and
30-32). In particular, C,,;-Cs; n-alkanes and specific alkenes,
always in (Z) configuration, have been demonstrated to be EAD-
active to the bee pollinators of multiple Ophrys species.>” %3337
Shorter chain hydrocarbons, (Z)-8-heptadecene (5) and n-pen-
tadecane have been shown to be EAD-active in the wasp-
pollinated O. insectifera, although their role in pollinator
attraction remains unknown.*® Alkadienes, typically C,5-Cs;3
and all (Z), have also been detected in some Ophrys spp.,*****
including some that are EAD-active,” although their role in
pollinator attraction is also yet to be demonstrated.

D N P S 2 N
(Z)-8-heptadecene

MAAW
(6Z,92)-1,6,9-tricosatriene
(6)

Perhaps one of the most unusual examples of hydrocarbon sex
pheromone mimicry is found in the Australian orchid Pterostylis
orbiculata, which attracts its male Mycomya sp. fungus gnat
pollinator with a tri-unsaturated hydrocarbon.* Laboratory
bioassays with captive male gnats revealed that males responded
to a GC-derived fraction containing two unsaturated hydrocar-
bons subsequently identified as (62,92)-1,6,9-tricosatriene (6) and
(62,92)-6,9-tricosadiene. Field bioassays confirmed that male
gnats were sexually attracted to a synthetic blend of five
compounds in common between orchid labella and female gnats,
comprising the two unsaturated hydrocarbons and three C,;-C,s
n-alkanes. The triene alone was attractive, although gnats dis-
played weaker sexual behaviour than to the blend, and the blend
without the triene was unattractive. In related species, (3Z,6Z,9Z)-
3,6,9-tricosatriene (P. concava) and an unidentified tricosatriene
and tricosatetraene (P. vittata) were detected, suggesting polyenes
may be key to pollinator attraction in other Pterostylis species.**
Polyenes are not as common in nature as monoenes or dienes, but
are well known as type II moth sex pheromones* and have been
occasionally reported in other insects* and plants.**

Alkenes are also components of the pollinator-attracting
blend in the South American orchid Telipogon peruvianus,
pollinated by male Eudejeania tachinid flies. Only pre-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Natural Product Reports

copulatory behaviour is observed at the orchid flower in this
system,** and a more complex mechanism than sex pheromone
mimicry alone may be involved.** Nonetheless, the EAD-active
blend is dominated by (Z)-9-tricosene (4), along with other
C,0-C,5 saturated and monounsaturated hydrocarbons and the
aldehyde tetradecanal (14) in similar ratios to the female fly.**
Field bioassays with synthetic blends in both flower and female
fly ratios elicited pre-copulatory behaviour from male flies, but
attempted copulation was not observed.*

Alkenes and n-alkanes (C,3-Cjq, alkenes in (Z)-9 configura-
tion) also dominate the solvent extracts of another sexually
deceptive South American orchid Maxillaria lineolata (previ-
ously Mormolyca ringens).** Compared to fresh flowers, lower
amounts of C,5 and C,; (2)-9-alkenes and (92)-9,17-octadeca-
dienal were present in pollinated flowers that were unattractive
to male (drone) bee pollinators. Solvent extracts elicited elec-
trophysiological activity from antennae of male bees, although
it is unknown which specific compounds are EAD-active.*®

Alkenes have also been detected, but not yet shown to be
biologically active, in a range of other non-sexually deceptive
orchids (e.g Maxillaria, Anacamptis, Gymnadenia, Serapias,
Dactylorhiza, Himantoglossum, Platanthera, Neotinea**°) sug-
gesting alkene production in orchids is not unusual.

2.2 Alcohols

Several unbranched primary and secondary alcohols, and short
chain unsaturated alcohols have been found across a variety of
orchids, with evidence that some are involved in pollination. In
the compelling case of Dendrobium sinense, which is pollinated
by the predatory hornet Vespa bicolor, a synthetic mixture of
EAD-active 1-octadecanol (7), 1-eicosanol, and (Z)-11-eicosen-1-
ol (8), as well as 8 on its own, were attractive to the hornets in
a flight cage and in Y-tube choice tests.” This study was the first
to report 8 as a plant volatile, and further noted that this
molecule is a major component of the Asian and European
honey bee alarm pheromones. These findings, coupled with the
unusual observations of hornets ‘pouncing’ on the flowers and
thus picking up pollinia, led the authors to conclude that the
rewardless D. sinense mimics the honeybee alarm pheromone to
deceptively attract its hornet pollinator.

e ST e e S e e N
1-octadecanol
7
HO S e e e =
(2)-11-eicosen-1-ol

(8)

In another case of orchid pollination by predatory wasps,
a synthetic mixture of EAD-active (Z)-3-hexen-1-ol (9) with two
other green leaf volatiles, the esters hexyl acetate and (2)-3-
hexenyl acetate, was strongly attractive in Y-tube choice tests to
the Vespula pollinators of the nectar rewarding Epipactis helle-
borine.® It is thought that the orchid emits these green leaf
volatiles, usually associated with wounding by herbivorous
insects, as a deceptive signal to mimic the presence of herbiv-
orous prey species and attract its predatory wasp pollinator.
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In the mushroom-scented Dracula lafleurii, the mushroom
alcohol, 1-octen-3-ol (10), is emitted by the attractive labellum.
This compound is predicted to be a key attractant of the small
fly pollinators - although single compound bioassays have yet to
be conducted.>

In some food rewarding and food deceptive systems, the
short chain 1-heptanol (11), 1-octanol, and 1-decanol were EAD-
active,** while the longer chain 1-hexadecanol, 1-octadecanol
(7), and their unsaturated analogs were EAD-active components
of attractive orchid extracts in two sexually deceptive Ophrys
species.** However, the precise roles of these primary alcohols
in pollination remain to be more fully tested.

2.3 Aldehydes

Across the plant kingdom, aliphatic aldehydes are ubiquitous
floral and vegetative volatiles. It is not surprising that these
compounds have been reported across a wide range of orchid
species (for example ref. 54-59), yet a decisive role for aldehydes
in orchid pollination has rarely been confirmed. Lahondere
et al.*>* showed that the short chain aldehydes heptanal (12),
octanal, and nonanal (13) were emitted by Platanthera obtusata
and that 13 was critical to the attraction of its mosquito polli-
nators.* Mosquito pollination is unusual in this orchid genus,
with other species predominantly pollinated by moths, where
terpenes often play a key role in pollinator attraction (see
Section 3 for further details).

O~
heptanal
(12)

OW
nonanal
(13)

N O N
tetradecanal
(14)

Aldehydes (C,—-C,6) have been found to be present in many
species of sexually deceptive Ophrys species, and EAD-active in
several.****37662 Cuervo et al.*® found 20 EAD-active compounds in
common between orchids and associated female Eucera kullenbergi
bees, including seven aldehydes (C,—-C;6), as well as alcohols, fatty
acids, and hydrocarbons.® Synthetic blends of all EAD-active
compounds in females and orchids, as well as polar compounds
only, aldehydes only, and alkanes only, elicited more sexual
attraction than the control in field bioassays, but were not as
attractive as female bee and orchid extracts. The presence of alde-
hydes, in both females and orchids, their EAD-activity, and some
sexual attraction indicate a possible role as sex pheromone
components, although their importance in the overall blend
remains unclear.

Sexually deceptive Ophrys sphegodes exhibit
inflorescence variation in the relative amount of aldehydes
and esters produced, with the uppermost flowers producing less

within-
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of these compounds than the second uppermost flower and
consequently attract fewer Andrena nigroanea pollinators.*
Ayasse et al.,* however, showed that this reduction in visitation
could be avoided by applying aldehydes and esters to the
uppermost flowers, suggesting that bees may learn the scent of
individual flowers in part due to aldehydes and esters.

In Telipogon peruvianus, tetradecanal (14) is present in both
orchids and female Eudejeania sp. aff. browni tachinid flies, and
is the only non-hydrocarbon EAD-active to males.* The blend of
hydrocarbons and tetradecanal is sexually attractive in field
bioassays, although the role of tetradecanal alone has not been
reported.

2.4 Carboxylic acids

Carboxylic acids, with chain lengths between Cg¢ to Cig, are
relatively common floral volatiles,” and have frequently been
found in orchids.””***® Despite their prevalence, carboxylic
acids have rarely been shown to function in orchid pollinator
attraction, with two notable exceptions.

In a fascinating pollination system, Cymbidium floribundum
attracts swarms of the Japanese honeybee, Apis cerana japonica,
by emitting bee aggregation pheromones.® Sugahara et al.®
identified 3-hydroxyoctanoic acid (15) and 10-hydroxydec-(E)-2-
enoic acid (16) as attractive components from the flowers. They
also noted that 15 and similar unsaturated acids are known
mandibular gland components of A. cerana,” and that 16 is
a major component of royal jelly in A. mellifera.®® Interestingly,
neither compound was attractive alone, but instead a specific
blend of both compounds was required to attract the bees.

(0] OH

oA

3-hydroxyoctanoic acid
(15)

MOH
HO

10-hydroxydec-(E)-2-enoic acid
(16)

o OH
Ho)w

9-hydroxydecanoic acid
(17)

Ophrys speculum is a sexually deceptive, scoliid wasp-
pollinated species in an otherwise mostly bee-pollinated
genus. Eight EAD-active compounds are shared between the
flowers and associated female wasps.** These comprised
saturated (w-1)-hydroxy acids (e.g. 17) and (w-1)-oxo acids,
aldehydes and ethyl esters. In combination, at blend ratios
comparable to those found in the orchid and wasp, these
compounds elicited high rates of attempted copulation in field
bioassays.®® Notably, the enantiomeric composition of 7-
hydroxyoctanoic acid and 9-hydroxydecanoic acid (17) was
similar in orchids and wasps (R:S = 6:4), and this enantio-
meric ratio was essential for strong sexual attraction in the field
bioassays.

This journal is © The Royal Society of Chemistry 2023
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2.5 Esters

Esters are reported as floral volatiles across a range of orchids
with different pollination strategies, although few studies have
conclusively linked these molecules to orchid pollinator attrac-
tion. One important exception is the non-photosynthetic Gas-
trodia similis, which attracts its specific drosophilid fly pollinator,
Scaptodrosophila bangi, by emitting ethyl acetate (18), ethyl iso-
butyrate (19), and methyl isobutyrate (20).° The flies were
strongly attracted to a synthetic mix of the three esters, and each
compound on its own was also partially attractive.

0 0
? PN -
)ko/\ 0 0

ethyl acetate
(18)

ethyl isobutyrate
(19)

methyl isobutyrate
(20)

Another interesting case of specific chemical attraction of
pollinators by an ester is found in the Japanese orchid Luisia
teres, which sexually attracts male Protaetia pryeri pryeri
beetles.”””* Wakamura et al.”* showed that male beetles were
exclusively attracted to (R)-2,3-dihydroxypropyl isovalerate (21),
but not to the (S)-enantiomer or the racemate. The (R)-enan-
tiomer was also found in virgin female beetles but did not occur
in males, strongly suggesting that this compound is related to
sex signalling in this species.

)\/U\O/Y\OH

OH
(R)-2,3-dihydroxypropyl isovalerate
(21)

Several esters with relatively long parent alcohol and acid
chains are EAD-active in sexually deceptive Ophrys. Examples
include 2-nonyl dodecanoate (22) and dodecyl tetradecanoate in
O. sphegodes,®®* octyl and nonyl pentadecanoate (23) in O.
aymoninii,® and 2-nonyl hexadecanoate reported in O. iricolor,*
O. lupercalis,®® and O. fabrella.”

LA
MO
2-nonyl dodecanoate
(22)
(e}
o/\/\/\/\

octyl pentadecanoate
(23)
o

/\/V\)K/

methyl octanoate
(25)

L

octyl acetate
(24)
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Shorter ethyl- and methyl esters and acetates are reported in
several food rewarding and food deceptive species, but their role
in pollination also remains unresolved. Examples include C;,
Ci,, and C;, EAD-active alkyl and alkenyl acetates in the food
rewarding Gymnadenia conopsea,”” a series of Cgq to Cy6 alkyl
acetates (e.g. 24) in G. conopsea’ and the food deceptive Cypri-
pedium calceolus,” methyl octanoate (25) and methyl decanoate
in the food deceptive Orchis mascula,’* a series of Cyo to Cys
methyl and ethyl esters in the food rewarding Cremastra
appendiculata,”” and methyl hexadecanoate in the rewarding
Platanthera bifolia.”>””

Oil rewarding plants partake in highly specialized interac-
tions with ‘oil bees’, by secreting oils comprised of various
acylglycerols and free fatty acids as a reward for pollination. The
bees collect and use these oils for larval provisioning, brood cell
water-proofing, or food for adults.” Due to the low volatility of
floral oils, we do not focus on these here, however a related
volatile acetylated glycerol has been identified as a common
compound associated with oil rewarding plants that may
function as a signal of oil reward. 1,3-Diacetin (26) and both
enantiomers of 1,2-diacetin have been detected from many oil
rewarding plants, including several orchid species.”® Inter-
estingly, these compounds were shown to be electrophysiolog-
ically and behaviourally active in oil bees, but not detectable to
co-occurring non-oil bee species, suggesting that these
compounds might represent a ‘private communication channel’
between oil flowers and oil bees.”

)koﬁofo)k

1,3-diacetin
(26)

2.6 Lactones

In a remarkable demonstration of the potential of chemical
ecology, Cohen et al.®* were able to successfully identify the
sexual attractant from a single flower of the exceedingly rare
South African orchid Disa forficaria. Using GC-EAD and HRMS,
the authors identified a single active compound, (16S5,92)-16-
ethyl hexadec-9-enolide (termed disalactone, 27), that was
highly attractive and elicited prolonged copulatory behaviour
from male Chorothyse hessei longhorn beetle pollinators in field
bioassays. Further bioassays with individual isomers showed
that the (16R,9Z)-stereoisomer was only weakly attractive, and
(rac,9E)-16-ethyl hexadec-9-enolide and (rac,8Z)-16-ethyl
hexadec-8-enolide were also weakly attractive.®* While this is the
only macrolide presently known to play a role in pollination,
several macrolides are known insect pheromones,** suggesting
similar compounds may be more broadly exploited. We further
note that (w-1)-hydroxy acids (e.g. 17) such as those identified by
Ayasse et al.®® may readily cyclise to form macrolides.

Nat. Prod. Rep., 2023, 40, 819-839 | 823
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(0]
(0]
OH
disalactone drakolide
(27) (28)

In the rare Australian orchid Drakaea micrantha, a blend of
three compounds, likely from two separate biosynthetic
pathways, elicit strong sexual behaviour from male Zeleboria
sp. thynnine wasp pollinators. Similar to other Drakaea spp.,
two hydroxymethylpyrazines are part of the blend, however the
pyrazines are barely attractive on their own and a B-hydrox-
ylactone  (4-hydroxy-3-methyl-6S-(pentan-25-yl)-5,6-dihydro-
2H-pyran-2-one, termed drakolide (28)), is required to elicit
strong sexual behaviour.® Further investigations showed that
both the naturally occurring stereoisomer of 28 and a blend of
four stereoisomers prepared from racemic reagents elicited
strong sexual behaviour from male wasps in field bioassays
when presented in combination with the two hydrox-
ymethylpyrazines.** Field bioassays with six structural
analogues of drakolide featuring substituents at positions 3
and 6 revealed reduced sexual behaviour and varying levels of
attractiveness.®*

Several other lactones, such as the ‘Aerangis lactone’ ((55,65)-
6-pentyl-5-methyltetrahydropyran-2-one, 29)'*** and the
jasmine lactone ((2)-6-(pent-2-en-1-yl)tetrahydro-2H-pyran-2-
one, 30),*® have been identified as orchid volatiles. Noted for
their pleasant scents to humans, these may be important for
pollination, but their biological activities have not yet been
reported.

OKO;(\/\/ O, o =

Aerangis lactone jasmine lactone
(29) (30)

2.7 Tetrahydrofuran derivatives

Using bioassay-guided fractionation in combination with field
bioassays, Bohman et al® demonstrated that (S)-2-
(tetrahydrofuran-2-yl)acetic acid (31) produced by the sexually
deceptive Australian orchid Cryptostylis ovata, is attractive to
male Lissopimpla excelsa wasp pollinators.”” The ester deriva-
tives methyl (S)-2-(tetrahydrofuran-2-yl)acetate (32) and ethyl
(S)-2-(tetrahydrofuran-2-yl)acetate, present in small amounts in
the orchid, were similarly attractive to male wasps. However,
few landings and no attempted copulations were observed in
response to either orchid solvent extracts, 31, the ester deriva-
tives, or a combination of all three, indicating that additional
compounds or other non-chemical cues are required to induce
the strong copulatory behaviour observed at the flower.
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1D
HO

(S)-2-(tetrahydrofuran-2-yl)acetic acid
(31)

)(L/OQ
o

methyl (S)-2-(tetrahydrofuran-2-yl)acetate
(32)

2.8 Chiloglottones

In a first step towards understanding the chemical basis of sexual
pheromone mimicry in the many sexually deceptive orchids of
Australia, Schiestl et al.®® demonstrated that the sole EAD-active
compound in the male thynnine wasp pollinated Chiloglottis
trapeziformis orchid was 2-ethyl-5-propylcyclohexan-1,3-dione,
termed chiloglottone (33),*® which was also confirmed to be the
female sex pheromone of the pollinator species. In field bioassays,
synthetic 33 was equally as attractive as orchid extracts, whole
flowers, and female wasps. Subsequent investigations revealed
the presence of five additional related compounds in other
species of Chiloglottis, with compounds differing in the alkyl or
alkenyl chains at positions 2 and 5.*>*° Each of eleven Chiloglottis
species investigated was found to produce one or two chilo-
glottones, with some sharing of chiloglottones among allopatric
taxa and occasional sharing of chiloglottones among sympatric
taxa.’>* Chiloglottones have also been detected in the allied
Arthrochilus and Paracaleana, and are EAD-active in the latter
genus, although their role in pollination is yet to be confirmed.*

(e}

(0]
chiloglottone
(33)

3 Isoprenoids

Isoprenoids are a common group of hydrocarbon compounds
based on condensations of five-carbon (isoprene) building
blocks derived from dimethylallyl diphosphate (DMAPP) and
isopentenyl diphosphate (IPP).”> Isoprenoids represent the
largest class of natural products® and can be classified by the
number of isoprene units as monoterpenes (C;,), sesquiter-
penes (C;5), diterpenes (Cy), triterpenes (Cso), etc. Terpenoids
are terpenes that have been modified in some way, usually
through oxidation. They constitute a wide and structurally
diverse group of specialised metabolites produced by plants and
have many roles in defence and pollinator attraction.” Below we
include terpenoids within the respective group of terpenes.

3.1 Monoterpenes

Monoterpenes are among the most common of all floral vola-
tiles, being found across the plant kingdom and commonly

This journal is © The Royal Society of Chemistry 2023
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reported in orchid floral volatile profiles. Here we focus on
compounds shown via bioassays to be directly involved in
orchid pollination, but we note that given their prevalence,
monoterpenes likely play roles in pollination of many other
orchid species.

Of particular note, while limonene (34), (E)-ocimene (35), and
myrcene (36) are the three most commonly occurring floral
volatiles across studied plant families® and are also common in
orchid flowers, they have rarely been confirmed to be involved in
pollination. One exception is in the perfume rewarding pollina-
tion systems, where monoterpenes frequently appear in detailed
lists of compounds that are attractive to perfume-collecting male
euglossine bee pollinators.®** We discuss some of these
compounds here, but refer interested readers to these reviews
and references therein for a comprehensive account of the
compounds potentially®® or known to be*** involved.

W

(E)-ocimene
(35)

)\/\/L/

myrcene
(36)

limonene
(34)

3.1.1 Acyclic monoterpenes. Linalool (37), geraniol (38)
and nerol (39) are common orchid floral volatiles for which EAD
activity has been found in multiple cases.?>**7>7>" Linalool (37)
has also been confirmed to be active in field bioassays to the
euglossine bee pollinators of several perfume rewarding
orchids.?***7% Terpenoids 38 and 39 have also been confirmed
as behaviourally active to the male Eulama euglossine bee
pollinator of the orchid Sarcoglottis acaulis in field studies.
Interestingly, in this case the typical perfume collecting
behaviour was not observed at either the orchid flower or the
chemical baits, and instead pollinators appeared to forage for
nectar, despite the specific attraction of males.*”

AN
HO

HO geraniol
M (38)
linalool P
(37) =
HO nerol
(39)

Linalool (37) is also one of very few monoterpenoids to be
implicated in pollination by sexual deception. Borg-Karlson
et al* first showed that the (S)-enantiomer was attractive to
male Colletes cunnicularius bees, the pollinator of Ophrys exaltata,
whereas the racemate was less attractive. Mant et al.* also found
racemic linalool rarely induced attempted copulation. However,
in blends with 12 EAD-active hydrocarbons (odd chain lengths of
C,;-Cs; alkanes, alkenes, and one alkadiene), contacts increased,
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indicating linalool acts as a long-range attractant, while the
hydrocarbons are essential to induce sexual behaviour.

To our knowledge, the only other monoterpenoid shown to
play a key role in sexual deception is (S)-B-citronellol (40).*> In
Caladenia plicata, this compound in an optimal 1 : 4 blend with
2-hydroxy-6-methylacetophenone, secures pollination by male
Zeleboria sp. thynnine wasps. Field bioassays revealed neither
compound was active on its own,' while further field tests
confirmed replacements with (R)-B-citronellol and alternative
regioisomers of the acetophenone derivative were barely
attractive.'®”

/\)\/\)\
HO

(S)-B-citronellol
(40)

OH
AL

(R)-ipsdienol
(41)

Ipsdienol (41) has also been found from several perfume
rewarding orchids, and is known to play a key role in specific
attraction of perfume-collecting bees.”>'** Schorkopf et al.'®®
further showed that the (R)-enantiomer was attractive, but the
(S)-enantiomer was not.

3.1.2 Cyclic monoterpenes. Some early comprehensive
work on the chemical basis of pollinator attraction was con-
ducted on the food rewarding Platanthera bifolia, which is
pollinated by the silver Y moth, Autographa gamma.”®”” Several
benzenoids and terpenoid lilac aldehydes (42) were confirmed
to be EAD-active. However, despite the dominance of benzenoid
compounds in the headspace, a mixture of lilac aldehyde
isomers was equally attractive to the moths as the full blend of
EAD-active compounds, indicating one or multiple of these
isomers are the key attractive compounds. Indeed, while several
other benzenoids were partially attractive, the next most
attractive compound, methyl benzoate, elicited only half as
many contacts with the source of volatiles in behavioural
bioassays as did the mixture of lilac aldehyde isomers.

Nearly two decades later, another detailed and innovative
study focused on the pollination chemistry of Platanthera
species. Lahondeére et al.®® showed that in P. obtusata, the
unusual attraction of mosquitoes was achieved primarily via the
enhanced emission of nonanal (13) relative to lilac aldehydes
(42), and that related species not pollinated by mosquitoes had
much lower levels of 13 and much greater amounts of 42 and
linalool (37), as well as several other EAD-active monoterpenes.
The same study confirmed through behavioural and physio-
logical experiments that increasing the amount of 42 (a mixture
of three isomers) in a synthetic blend approximating the orchid
scents reduced attractiveness to mosquitoes.

In tandem, these studies of Platanthera species highlight the
complexity of plant-pollinator interactions mediated by chem-
istry, wherein one compound can be attractive to some polli-
nator species while deterring others. It remains unclear which
of the eight possible lilac aldehyde stereoisomers were impor-
tant to attraction or deterrence in each study, which may add
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further complexity given that pollinator antennae may respond
differently to each isomer.'®

O o,
Y
lilac aldehyde a-pinene B-pinene
(42) (43) (44)

Both o- and B-pinene (43, 44) are key components of the
oviposition site mimicry employed by Epipactis veratrifolia,
which mimics the volatile compounds of aphids to attract
several species of hoverflies as pollinators.* These hoverflies
seek to lay eggs near aphid colonies, as their larvae feed on
aphids. Stokl et al.* found that the floral volatiles of E. vera-
trifolia were very similar to those emitted as alarm pheromones
from the aphid Megoura viciae, comprising primarily 43, 44,
myrcene (36), and B-phellandrene, inducing the pollinator to lay
eggs near the orchid. EAD experiments showed that each of
these compounds were physiologically active in Episyrphus
balteatus antennae, and further showed that when these
compounds were added to bean plants, E. balteatus females laid
significantly more eggs on the dosed plants compared to
controls. A later study confirmed that a synthetic mixture of 43
and 44 alone was sufficient to attract hoverflies in field bioas-
says.'” The monoterpene 44 also attracted the hoverfly polli-
nators of Cypripedium subtropicum in field trapping
experiments.'*®

Carvone epoxide (45) stands out as one of the more unusual
monoterpenoids to be experimentally confirmed as a key to the
attraction of the perfume-collecting euglossine bee pollinators of
various orchids.'*'® Recently, Brandt et al.'* investigated the
relative attractiveness and prevalence of all four isomers of car-
vone epoxide, across five Catasetum species pollinated specifi-
cally by Eulama bee species. Only the (S,R,S)-(—)-trans-isomer was
produced in these species and this isomer elicited both the
strongest bee antennal response and the strongest attraction in
field bioassays when compared to the other isomers.

(e}
o (e}
S,R,S (-)-trans-carvone epoxide eucalyptol
(45) (46)

Eucalyptol (1,8-cineole, 46) has been known to be attractive
to euglossine bees for over 50 years.” It has also been confirmed
as an EAD-active component of attractive synthetic blends in
several food rewarding and food deceptive orchids,**”***> and
thus may warrant further attention in field bioassays.

3.2 Sesquiterpenes

Sesquiterpenes are composed of three isoprene units, and can
be further modified to produce a great diversity of floral volatile
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compounds. However, fewer sesquiterpenes have been shown
to be involved in orchid pollination than monoterpenes, and
their roles are often less well defined.

3.2.1 Acyclic sesquiterpenes. (E)-B-Farnesene (47) is a key
attractant of the hoverfly pollinators of the intriguing aphid
mimicking Cypripedium subtropicum.'® This orchid produces
white, hair-like tufts that visually mimic an aphid colony and
also act as a nutrient reward. Hoverfly attraction to this visual
mimic is facilitated by the emission of several terpenoids,
including geranyl acetone (53), 47, PB-citronellol (40), B-car-
yophyllene (49), a-humulene (52), and B-pinene (44). All
sampled aphid species co-occurring with C. subtropicum
produced (E)-B-farnesene (47) as the dominant compound.
Subsequent trapping experiments, using different compounds
detected in the flower headspace as baits, showed that
a synthetic mixture of all detected compounds was nearly as
attractive as the flower itself, and that 47 alone was only slightly
less attractive than the full mix of compounds. B-Pinene (44)
also attracted significantly more hoverflies than the pentane
control. Various isomers of farnesene have been reported in
other orchid species,>”*"* as has the related (E,E)-
farnesol'28,39,66,86,114

P S

(E)-B-farnesene
(47)

Oj\/\/\

farnesyl hexanoate
(48)

NS NS NS

Farnesyl hexanoate (48) is one of few terpenoids known to
play a role in sexual deception, where it acts as a repellent rather
than an attractant. Schiestl and Ayasse'** showed that Ophrys
sphegodes flowers exhibited a large increase in 48 after polli-
nation. Furthermore, addition of 48 to unpollinated flowers
substantially reduced their attractiveness to the male Andrena
nigroaenea pollinator,"™ in line with previous observations that
production of this compound by mated female bees lowers their
attractiveness to males.™®

3.2.2 Cyclic sesquiterpenes. The common cyclic sesquiter-
pene B-caryophyllene (49) has been found to be EAD-active and/or
a component of an attractive blend in several rewarding orchid
species, including Satyrium microrrhynchum,”” Chamorchis
alpina,"*> and Cypripedium subtropicum.**® Outside the orchids, B-
caryophyllene is more commonly associated with herbivore and
pathogen resistance than pollination,*#'* which may also be the
case for orchids as there are no reports of a definitive attractive
role of B-caryophyllene. Several other cyclic sesquiterpenes have
also been identified as orchid volatiles. Some have been shown to
be EAD-active to pollinators, such as y-amorphene (50),"” pB-
bisabolene (51),"* and o-humulene (52).°® For each of these
compounds, bioassays will be required to determine whether they
play any role in pollinator interactions.

This journal is © The Royal Society of Chemistry 2023
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B-caryophyllene
(49)

y-amorphene
(50)

a-humulene
(52)

B-bisabolene
(51)

3.3 Other terpenoids

Geranylacetone (53) has been found to be a major floral volatile
component of the aphid mimicking Cypripedium subtropicum
and is weakly attractive to its hoverfly pollinators in field trap-
ping experiments.'*® This compound has also been identified
from several other orchids.®***** 6-Methyl-5-hepten-2-one (sul-
catone, 54) has also been found in many orchid
species.’”366:120125 Tt jg EAD-active to the pollinators of Gym-
nadenia conopsea and Orchis mascula,”>”* but appears not to
have been tested in field bioassays.

A A

geranylacetone sulcatone
(53) (54)

Apocarotenoids are degradation products of C4o-carotenoids,
usually formed through oxidative cleavage of pigment
compounds.”® The products often play important signalling
roles (for example, the phytohormones abscisic acid and stri-
golactones), and several are known as floral volatiles. Relevant
examples of volatile apocarotenoids are ionones (e.g. 55) and
their derivatives, which are known to be responsible for the
smell of violets” and are common in some orchid species."
a-Ionone, B-ionone and o-irone (56) are known to be attractive
to perfume-collecting bees,**"*®* and B-ionone elicits strong
antennal responses from some perfume-collecting bees.”® 4-
Oxoisophorone (57) has been found to be EAD-active in polli-
nators of Cypripedium calceolus®® and has been detected in
several other orchid species,"”>'***** as have several ionone
isomers,’>*¢+12%133714% though their functions in pollination are
generally unknown.

(0] [e] (0]
X N
[¢]
a-ionone a-irone 4-oxoisophorone
(55) (56) (57)
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4 Benzenoids

Benzenoids are widespread plant volatile compounds and are
usually biosynthesized from the aromatic amino acid phenyl-
alanine, which itself is derived from the shikimate pathway.®
They can be classified based on the length of the main side
chain, (C¢—Cy_4, for side chains comprising 0-4 carbons) with
modifications such as methylation, hydroxylation, and acetyla-
tion leading to considerable structural diversity.*®

Several C¢-C; benzenoids, such as benzyl alcohol (60),
benzaldehyde (62), and benzyl benzoate (63) are amongst the
most common of all floral volatiles, being found in more than
half of the angiosperm families studied.® Unsurprisingly, these
compounds and many other benzenoids are well-represented
across the orchids, and some have been shown to be relevant
to pollination.

41 Cg-Cq

Some relatively common C4s-C, compounds found in orchid
flowers are the dimethoxybenzenes (e.g. 58). While each of
the isomers are known as orchid floral volatiles, to our
knowledge only the ortho and para compounds have been
confirmed as pollinator attractants in field bioassays. For
example, 1,4-dimethoxybenzene (58) has been confirmed to
be attractive in field bioassays to various perfume-collecting
bee species and is reported to be an abundant floral volatile
in members of the orchid genera Embreea, Gongora, and
Mormodes.** More recently, this isomer has also been shown
to elicit strong antennal responses from many other species
of perfume-collecting bees across several genera.”® The
related 1,2,4-trimethoxybenzene (59) has also been shown to
elicit antennal responses in several perfume-collecting bee
species.”®'?

T X
o/ \O 0/

1,2,4-trimethoxybenzene
(59)

1,4-dimethoxybenzene
(58)

Outside of perfume rewarding systems, Salzmann et al.***
found that the volatile profile of the bumblebee-pollinated
Anacamptis coriophora was dominated by benzenoids, most
notably 58 and 4-methoxybenzaldehyde. These two
compounds were the only compounds emitted by the orchid
found to elicit a response from Bombus terrestris queen
antennae.

42 CeCy

Benzyl alcohol (60) is emitted from many orchid species, and
has been shown to be attractive to various perfume-collecting
bee species.”*'® It has also been shown to be EAD-active to
pollinators of perfume rewarding,”® food rewarding,”””*** food
deceptive,” and sexually deceptive®® orchids, as well as to
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pollinators of the honeybee alarm pheromone mimicking Den-

drobium sinense.?
@\/OH &O
benzaldehyde

benzyl alcohol
(61)

(60)
OA© o~
OH
benzyl benzoate

methyl salicylate
(62) Y| Y

(63)

Similarly, the common benzenoids benzaldehyde
(61),50‘53‘73’77‘142’143 benzyl acetate,5'52*73~75'98'99*142'1“3 benzyl benzoate
(62),77°>'*% and methyl salicylate (63)”7°*°*''” have been found to
be EAD-active in several orchid pollinators.

4.3 CG_CZ

In an interesting study, Nunes et al.™** found that Dichaea
pendula almost exclusively emitted 2-methoxy-4-vinylphenol
(64). They further showed that this compound was not only
attractive to several perfume-collecting bee pollinator species,
but that it was even more strongly attractive to florivorous
weevils, potentially representing a major evolutionary trade-
off between beneficial and detrimental ecological
interactions.

Phenylacetaldehyde (65) has been demonstrated to be
attractive to moth pollinators of Gymnadenia odoratissima as
a trap bait in field tests'** and has been shown to be EAD-active
in several other lepidopteran orchid pollinators.”**?

Hoj©\/
(0] \O

2-methoxy-4-vinylphenol phenylacetaldehyde
(64) (65)

©\AOH ©\Ao)ok

2-phenylethanol
(66)

2-phenylethyl acetate
(67)

Other common Ce-C, compounds have also been shown to
be attractive to perfume-collecting bees in the field,* while 2-
phenylethanol (66)°>7>'** and 2-phenylethyl acetate (67)>>7>'**
are EAD-active in moth and bee pollinators. More recently,
Chapurlat et al.” also demonstrated that phenylacetaldehyde
(65), 66, 60, 67, and the phenylpropanoids methylisoeugenol
and eugenol, are EAD-active components of the floral scent of
Gymnadenia conopsea to two moth pollinators, Deilephila por-
cellus and Aglais urticae.
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4.4 Ce-C,

Methyl eugenol (68) is strongly attractive to the fruit fly polli-
nators of several Bulbophyllum orchid species.'** Isomers of 68
and eugenol have also been shown to be EAD-active in moth
pollinators of various food rewarding orchids,”>”*'** beetle
pollinators of Satyrium microrrhynchum,"”” and bee pollinators
of various perfume rewarding orchid species.?**%%%12

OH
©\/\/

methyl eugenol cinnamyl alcohol

(68) (69)
(0]
O =
X o7
o
methyl cinnamate O\
(70) elemicin
(71)

Cinnamyl alcohol (69) and its methyl ester, methyl cinna-
mate (70), are relatively common orchid volatiles. Both
compounds are known as attractants of perfume-collecting bees
and found in perfume rewarding flowers.****® The alcohol 69 is
weakly attractive to the moth pollinators of Platanthera bifolia,”
and is EAD-active in the moth pollinators of Gymnadenia con-
opsea” where emission rates are correlated with pollinator
activity."*® The ester 70 is also EAD-active in the bumblebee
pollinators of Orchis mascula.” Elemicin (71) is known to attract
the fruit fly pollinators of Bulbophyllum orchids'” as well as
perfume-collecting bees,”* and is EAD-active in moth’>”® and
beetle™” pollinators.

4.5 CeC,

Several phenylbutanoid compounds have been shown to be key
attractants in the well-studied ‘fruit fly orchids’. In a compel-
ling early study, Nishida et al.**® showed that male Zeugodacus
cucurbitae flies were attracted to and fed from a single spot on
a developed TLC plate separating the crude extract of Den-
drobium superbum petals. They further showed that the attrac-
tive compound, ‘raspberry ketone’ (4-(4-hydroxyphenyl)-2-
butanone, 72), was sequestered in the rectal glands of the
male flies, and was only present in rectal gland extracts of
males that fed on the flower. Raspberry ketone (72) was later
found in other Bulbophyllum species,"****> and a methoxylated
derivative,  ‘zingerone’  (4-(4-hydroxy-3-methoxyphenyl)-2-
butanone, 73), has been identified as a fruit fly attractant
from several Bulbophyllum species as well."**"*** Other studies
have found these and related phenylbutanoids such as anisyl
acetone (74), zingerol, rhododendrol, and 4-(4-methoxyphenyl)-
2-butanol as significant components of the floral scent of Bul-
bophyllum species,**®**? all of which were also attractive to
some extent to male Zeugodacus cucurbitae flies in laboratory
bioassays.**’
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5 Other compounds
5.1 Nitrogenous compounds

The nitrogen atom in organic compounds usually originates
from an amino acid.® In many alkaloids, building blocks
from the acetate, shikimate, and terpene pathways are often
also incorporated leading to a diverse group of natural
products.

Indole (75) is a particularly common nitrogenous plant
volatile, being derived from the same pathway as the amino acid
tryptophan.® While known as an attractant and modifier of
perfume rewarding orchid fragrances,”*'* 75 has not been
directly shown to be responsible for pollinator attraction in any
other orchid species. However, it has been found to be EAD-
active in several orchid pollinators,*»”** and is present widely
in orchids with a variety of pollination strategies.>*3>131,13%135,156
It has been implicated in oviposition site mimicry® and has been
detected in a few orchids with this strategy.’*'*” However,
a direct role in orchid pollinator attraction has not yet been

established.
LD o
@[/} = 0
2-aminobenzaldehyde

indole
(75) (77)

benzyl nitrile
(76)

Other nitrogenous compounds commonly found in orchids
include benzyl nitrile (76),>>**3113¢ 2-aminobenzaldehyde (77),”
and several aldoximes,>>*3>136155158159 Byt to our knowledge
their roles in orchid pollination have not been established.
However, these and many other nitrogenous compounds are
known to be EAD- and behaviourally active in various other,
non-orchid pollination systems (e.g. ref. 160-162), which indi-
cates likely roles in orchid pollination as well.

Pyrazines are volatile heterocyclic nitrogenous
compounds predicted to be derived from oxidative dimer-
isation of a-aminocarbonyls derived from amino acids. They
are widely distributed in plants, insects, fungi and bacteria,
but to date, their biosynthesis has only be established in
bacteria.*®®
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2-butyl-3,5-dimethylpyrazine 2-hydroxymethyl-3,6-diethyl-5-methylpyrazine

(78) (79)
N
HO =
\(i;[\ j\
N

2-hydroxymethyl-3-(3-methylbutyl)-5-methylpyrazine
(80)

(0]
M N
(@) = |
Xy
N
(2,5- dimethylpyrazin-3-yl)methyl 3-methylbutanoate
(81)

The sexually deceptive orchid genus Drakaea attracts male
thynnine wasp pollinators primarily using various tetrasub-
stituted pyrazines. In Drakaea glyptodon, three alkyl pyrazines
and one hydroxymethylpyrazine are EAD-active to its male
Zaspilothynnus trilobatus thynnine wasp pollinator. Only two of
these compounds, 2-butyl-3,5-dimethylpyrazine (78) and 2-
hydroxymethyl-3,6-diethyl-5-methylpyrazine (79), in a 3 : 1 ratio,
are required to elicit rates of sexual behaviour in field bioassays
comparable to the flower.'** The related species D. micrantha
elicits sexual behaviour from its male Zeleboria sp. thynnine
wasp pollinator with a combination of drakolide (28) and two
hydroxymethylpyrazines.®

In a D. livida ecotype pollinated by male Zaspilothynnus nig-
ripes thynnine wasps, 2-hydroxymethyl-3-(3-methylbutyl)-5-
methylpyrazine (80) is EAD-active and present in both orchids
and female wasps.'® In another D. livida ecotype pollinated by
male Catocheilus sp. thynnine wasps, four tetrasubstituted
and (2,5-dimethylpyrazin-3-yl)methyl 3-methyl-

166

pyrazines
butanoate (81) have been shown to be EAD-active.

5.2 Sulfurous compounds

Natural compounds containing sulfur are generally derived
from cysteine or methionine amino acid building blocks with
cysteine being the major sulfur donor for thiosulfinates and
glucosinolates. A large portion of volatile sulfurous compounds
are the result of enzymatic decomposition of these latter
biosynthetic products.'®” (Methylthio)phenols have been iden-
tified from Caladenia and Drakaea orchids and found to act as
pollinator attractants in two sexually deceptive Caladenia spider
orchids. A set of four (methylthio)phenols were found to be used
by C. crebra to sexually deceive its thynnine wasp pollinator
Campylothynnus flavopictus. Three of the four semiochemicals
had not previously been found as natural products.'*® Two of
these compounds (82 and 83) have also been confirmed to
attract another Campylothynnus sp. pollinator to Caladenia
attingens.'® More recently, all three previously unknown
(methylthio)phenols have also been identified in one of the
ecotypes of Drakaea livida, although no function has yet been
reported.'”
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1O T
OH OH
2-(methylthio)benzene-1,4-diol  4-hydroxy-3-(methylthio)benzaldehyde
(82) (83)

Dimethyl disulfide (84) and dimethyl trisulfide (85) are
strongly correlated with oviposition site mimicry, and are
frequently emitted from flowers utilizing this pollination
strategy.® Surprisingly, to our knowledge these compounds have
only twice been reported in orchids, without any confirmation
of function.'®*” Several other sulfurous compounds have also
been identified from orchids, again without any confirmed
function, such as 3-(methylthio)-1-hexanol (86)"** and 3-(meth-
ylthio)propanal (87)."*°

\S/S\ /S\S/S\

dimethyl disulfide dimethyl trisulfide

(84) (85)
s
N N
HO/\)\/\ o~ s

3-(methylthio)-1-hexanol
(86)

3-(methylthio)propanal
(87)

6 Methods

Deciphering the chemical basis of pollinator attraction is no
easy task. The floral volatile signals involved are often a complex
blend with many of the components stored and emitted in sub-
microgram amounts against a background of tens to hundreds
of other compounds. For headspace sampling, detection may be
hampered by slow release rates, while solvent extractions may
fail to find compounds that are emitted as soon as they are
produced. Even in highly specialised pollination systems, where
just one or a few active compounds are involved in pollinator
attraction, pinpointing candidate compounds can be chal-
lenging. Furthermore, in such cases the compounds involved
are often unusual, making them challenging to identify without
detailed structural elucidation.

Here, we highlight studies that illustrate some of the key
methods that have facilitated new chemical discoveries and
broadened the field of pollination chemistry. We commence
with an overview of methods for isolation, before covering
identification and data analysis. We conclude this section by
covering some of the synthetic methods that have made it
possible to confirm the identity and activity of unusual specific
compounds in selected studies.

6.1 Isolation

To date, most studies of wild orchids have not attempted
isolation of pure compounds directly, due to limited availability
of flowers, and the generally low abundance of semiochemicals.
Much more commonly, gas chromatography with mass spec-
trometry (GC-MS) is used to separate and analyse the
compounds, with gas chromatography coupled with
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electroantennographic detection (GC-EAD) frequently used in
parallel to narrow down the candidate compounds.

Sampling of volatiles has generally been done with solvent
extraction or headspace collection methods. Solvent extractions
involve direct immersion of floral tissue in solvents of various
polarities, and are particularly useful for analysing less volatile
compounds, stored compounds, and to quickly answer ques-
tions about tissue specificity of volatiles. Headspace sampling
captures volatile compounds from the air surrounding flowers
by adsorption or absorption onto one of a variety of stationary
phases, and is particularly useful for assessing the composition
of volatiles emitted by flowers and that might realistically be
encountered by pollinators in the environment. Headspace
methods utilise either static sampling (e.g. Solid Phase Micro-
extraction, SPME), or dynamic sampling, where volatiles are
actively pumped onto adsorbents, and subsequently eluted with
solvents or desorbed in a heated GC inlet.

The effectiveness of these techniques depends on the vola-
tility, solubility, and polarity of each compound, which is often
unknown at the outset. There are often large qualitative and
quantitative differences between headspace analysis and solvent
extraction. Generally, headspace analysis is most effective when
relatively large amounts of volatiles are released from the plants,
while solvent extraction is superior for plants that have large
storage of semiochemicals and low release rates. For example,
Gervasi et al.'* isolated a range of electrophysiologically active
long-chain hydrocarbons by dichloromethane extraction of Oph-
rys insectifera, while Bohman et al.*® employed SPME to extract
shorter C;5- and Cy,-hydrocarbons from the same species that
were also found to be EAD-active to the pollinator Argogorytes
mystaceus. Similarly, studies utilising both headspace and solvent
extractions often find limited overlap between the results of each
method.*”*”> On the other hand, SPME has been unsuccessful for
isolation of bioactive compounds from Australian Drakaea
flowers despite multiple attempts (B. Bohman, pers. comm.),
possibly due to low release rates of semiochemicals, while solvent
extraction with dichloromethane has yielded the compounds of
interest for several species.?>'**'* Another option to sample less
volatile floral compounds with a non-destructive method is to
sample floral tissue surfaces by rubbing with SPME fibres.**”*

Adsorption of pheromone components from glass surfaces
followed by desorption by a solvent such as diethyl ether is
another effective way of isolating semiochemicals emitted at
low rates and quantities. Wakamura et al.”* used this method to
isolate sufficient amounts of 2,3-dihydroxypropyl isovalerate
(21) to obtain 2D-NMR data using a cryoprobe following column
chromatography, and identified this ester as the sex pheromone
of the sexually deceived scarab beetle Protaetia pryeri pryeri.”* In
short, the beetles were placed in a stainless steel net cage inside
a closed glass beaker not allowing the beetles to touch the glass.
Later, the cage was removed and the beaker rinsed with diethyl
ether. Some studies of orchids pollinated by oil collecting bees
have also used traditional natural product isolation procedures
with column chromatography and NMR spectroscopy to iden-
tify less volatile compounds such as triterpenes and glycosides,
although whether these compounds are involved in pollination
remains to be confirmed."*
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For sexually deceptive orchids in particular, there are excel-
lent examples of detailed chemical studies involving preparative
chromatography methods."”® One example is the study by
Cuervo et al.® that fractionated extracts of the European Ophrys
leochroma, pollinated by Eucera bees. These authors found that
polar fractions eluted from a silica column with chloroform,
dichloromethane, and diethyl ether, were more attractive to the
bee pollinators than non-polar fractions of hexane elutions.
This finding, together with the work of Ayasse et al.* on wasp-
pollinated Ophrys, show that both these orchids lure their
sexually deceived pollinators with polar compounds. In
contrast, the vast majority of studies of Ophrys have only used
non-polar solvents such as hexanes, with hydrocarbons
predominantly identified as pollinator attractants.’

Three recent Australian studies report using semi-preparative
gas chromatography to isolate bioactive floral compounds for
NMR analysis (using a microprobe) and bioassays. These studies
involve three diverse pollinator taxa; fungus gnats,* ichneumo-
nid wasps,*” and thynnine wasps.*® Hayashi et al.** collected
fractions from Pterostylis orbiculata for laboratory choice-
bioassays with Mycomya fungus gnats, in order to successfully
isolate the unsaturated hydrocarbons (6Z,92)-6,9-tricosadiene
and (62,92)-1,6,9-tricosatriene (6) present in the flowers that
elicited attraction. Bohman et al® used SPME and semi-
preparative gas chromatography concurrently to determine the
set of long-range tetrahydrofuranyl acid derivatives 31 and 32 as
attractants for the ichneumonid wasp Lissopimpla excelsa that
pollinates Cryptostylis ovata. Thynnine wasp attractants have also
been isolated with semi-preparative GC methods. Here, the
hydroxymethylpyrazine 79 was initially identified as a candidate
from Drakaea micrantha to attract its Zeleboria sp. pollinator,
while the second component of the blend was unknown. By
testing a combination of 79 and different GC-fractions of the
orchid extract until a single fraction containing one main
compound was confirmed as attractive to the thynnine polli-
nator, the first drakolide (28) was isolated.®

6.2 Identification and data analysis

In most cases, especially for less specific pollination systems,
candidate compounds are tentatively identified by GC-MS data
comparisons with increasingly comprehensive databases.
Commercially available reference libraries now provide EI-MS
and retention index data for several hundred thousand
compounds, and synthetic standards can often be readily ob-
tained for confirmation. Nonetheless, it can still be difficult to
distinguish between compounds with very similar properties
based only on mass spectrometric fragmentation and retention
time data. Furthermore, recently discovered compounds,
including known pollinator attractants, will not be present in
the commercial databases. Thus, their identification is often
only possible by careful interpretation of GC-MS data after
detection with electroantennography or isolation with prepar-
ative chromatography. For example, Bohman et al.***'*® tenta-
tively identified novel hydroxymethylpyrazines from Drakaea
livida and D. glyptodon, attracting thynnine wasp pollinators, by

extrapolating mass fragmentations from other known
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pyrazines, in combination with GC retention data. These iden-
tifications were then confirmed by comparison with synthesised
compounds. Similarly, Cohen et al.** identified a novel macro-
lide, 27, that attracts the cerambycid beetle pollinator of the
exceptionally rare South African orchid Disa forficaria with GC-
MS alone, and confirmed this identification by synthesis.

Additional techniques such as GC-FTIR**'’® are useful to
differentiate between isomers while purification and NMR**-*4”
are helpful in elucidating new natural products when a suffi-
cient amount of floral material is available - although this can
be particularly challenging when the orchid species is rare. For
example, the amount of sample required for a '"H NMR is at
least a thousand-fold higher than for a routine GC-MS analysis,
and more comprehensive 2D-experiments require even higher
amounts of isolated compound.

Differentiating between many possible structural isomers of
certain compounds often requires additional methods to
unambiguously assign a structure. Derivatisation with dimethyl
disulphide (DMDS) is frequently used to determine alkene
double bond positions, and while the studies that developed
these techniques for volatile and semi-volatile compounds (ref.
177 and 178) are regularly cited, often very little experimental
detail about the analysis is described. It should be noted that in
the original papers, each candidate compound was synthesised
and derivatised to enable direct comparison with derivatised
biological extracts. The adduct formation upon treatment of
alkenes is far from straightforward, particularly for complex
extracts and for compounds containing more than one double
bond or other functional groups, such as alcohols or
carbonyls.”® Consequently, it would be advisable to provide
more detailed experimental data when these experiments are
carried out, such as clearly stating whether synthetic
compounds have been derivatised and co-injected,’® and
whether other isomers were ruled out. Including mass spectra
and retention indices of adducts on which the identification is
based would also provide the reader greater confidence in the
identifications, as is common practice for identification of
natural products by GC-MS. If semi-preparative GC is available,
the analysis can be simplified by fractionating before treating
each fraction with DMDS.*®

More generally, it is also important to be aware that obtaining
synthetic standards and confirming retention times and mass
spectra may not be sufficient for unambiguous identification if
other structurally similar compounds cannot be ruled out. For
example, in the identification of drakolide (28),* several struc-
tural analogues were synthesised and exhibited virtually identical
GC-MS retention and mass spectral data. Furthermore, two of
these isomers (differing in branching within a sidechain)
required comparison across four GC-columns before they could
be separated and the natural product confirmed. (Ref. 83 and B.
Bohman pers. comm). Unfortunately, not even biological activity
is always proof of a correctly identified natural product, as
structural analogues may also show very similar activity.®*'**
Overall, multiple GC-columns of differing stationary phase and
carefully optimised methods should be employed in order to
adequately compare retention data and mass spectra between
natural products and synthetic standards.
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Chiral semiochemicals also require additional identification
efforts. Wakamura et al” used HPLC with a chiral-phase
column to separate the two enantiomers of 2,3-dihydrox-
ypropyl isovalerate, while chiral monoterpenes, pyrazines and
drakolides have been easily separated by chiral-phase GC.*%*'%
In order to determine the absolute configuration, chromato-
graphic separation of stereoisomers (usually using a chiral
stationary phase) in combination with methods such as X-ray
crystallography or measurement of the optical rotation or

View Article Online
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electronic circular dichroism (ECD) of synthetic standards can
be applied. Then, the peak of the natural product can be aligned
chromatographically with the corresponding peak of the fully
characterised synthetic standard. This methodology was used in
the confirmation of the absolute configuration of the sexually
attractive drakolide from Drakaea micrantha.®

Chemical analysis may also involve comparative analysis of
the recorded data. (Semi)automated analysis of GC-MS data
with peak-deconvolution and alignment software, statistical
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Scheme 1 Examples of synthetic routes to orchid pollinator attractants: (A) (82,202)-nonacosadiene from Ophrys exalata, (B). chiloglottone
from Chiloglottis spp., (C). hydroxymethylpyrazines from Drakaea livida, (D). drakolide (28) from Drakaea micrantha, (E). (methylthio)phenols from

Caladenia crebra, (F). disalactone (27) from Disa forficaria.
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treatment, and graphical visualisation of data have undergone
rapid development over the last decade, largely due to the
expansion of the field of metabolomics.'®*'** These develop-
ments have facilitated comparative studies of comprehensive
floral volatilomes, which complement structural elucidation of
new specific semiochemicals to enable new insights into the
roles of chemical communication. Such “chemical phenotyp-
ing” studies have, for example, revealed relationships between
chemical composition and the phylogeny in taxa of perfume
rewarding orchids,>**>*** disentangled visual and olfactory
signals in mushroom-mimicking Dracula orchids,”* showed
correlations between floral cuticular hydrocarbon compositions
and fly pollinators in Neotinea,"” and distinguished chemotypes
of sexually deceptive Drakaea orchids.””® Here, it is important to
note that to identify any specific compounds revealed by such
analyses as potentially biologically relevant, comparison of
retention data and mass spectral fragmentations with those of
fully characterised reference compounds is critical.

6.3 Synthesis

Many of the unusual compounds found in orchids, particularly
from the highly specialised sexually deceptive orchid taxa, have
required the development of new routes of synthesis.
Excellent examples of earlier work in preparing orchid natural
products by enantioselective methods include the suite of papers
by Kitahara and coworkers,'®* who synthesised candidate
stereoisomers of a range of natural products from orchids, and
confirmed the absolute configuration with chiral-phase GC. Both
enantiomers of ethyl 3-methyloctanoate (88) were prepared in
nine steps from methyl 3-hydroxy-2-methylpropanoate.
Comparing both enantiomers by chiral-phase GC revealed that
the natural product in the African Aerangis spp. orchid studied
had S-configuration.”®® Methyl cis(Z)-dihydrojasmonate (89) was
determined to have (2S,3R)-configuration in the Asian
Cymbidium goeringii after synthesis of all four stereoisomers from
an in-house available intermediate in eight steps.**” Similarly,
(E)-3-methyl-4-decenoic acid (90) and derivatives were prepared
to determine the configuration of a range of European and Indo-
Australian orchids' and both enantiomers of cis-3-methyl-4-
decanolide were synthesised in eight steps from (1S,5R)-2-
oxabicyclo[3.3.0]-oct-6-en-3-one (29).'*

O\
/\/\)\).1 u R{
o
O/ 9"(//
0 k/\
NN
(2S,3R)-methyl (Z)-dehydrojasmonate

(89)
/\/\/\)\)i
X OH

(E)-3-methyl-4-decenoic acid
(90)

methyl 3-methyloctanoate
(88)

In the case of the many European Ophrys studies, few have
reported the detailed synthesis of alkenes. The more unusual
(8z,20Z)-nonacosadiene, found in O. exaltata, was however
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prepared in five steps from the commercially available 10-
bromo-1-decanol, viea Lindlar hydrogenation of the corre-
sponding alkyne (Scheme 1A). Chromatography on silica
provided the (Z)-alkene in 94% purity.® Another unusual
unsaturated hydrocarbon, (62,92)-1,6,9-tricosatriene (6), found
in Australian Pterostylis orbiculata, was identified, synthesised
in five steps from propargyl alcohol, and confirmed to be
a sexual attractant to the male fungus gnat pollinator.**

A nice example where orchid chemistry has motivated the
modification of existing methods is provided by Delle-Vedove
et al., who developed a new stereoselective method for
synthesis of (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT). An
aqueous Wittig-Horner-Emmons reaction in combination with
a Cu-catalysed decarboxylation to complement the classic
Wittig-approach yielded a 38/62 (Z/E) ratio of the product (as
determined by NMR) allowing the determination of the
configuration of the natural product.’®

Chiloglottones, which were the first orchid pollinator
attractants to be identified in Australia,*® have been synthesised
by multiple methods. Initially, a condensation approach
between ethyl 3-oxohexanoate and ethyl (2E)-hex-2-enoate was
taken to prepare chiloglottone (33).*> This protocol was later
replaced by a more general route from 1,3-dimethoxybenzoic
acid, via resorcinol derivatives, allowing a greater flexibility of
substituents (Scheme 1B)."*°

Several semiochemicals from Drakaea orchids have also
been synthesised via alternative routes, with the new refine-
ments improving flexibility. For hydroxymethylpyrazines, two
synthetic methods have been reported. In the earlier work,
Kumada-Corriu cross-couplings were combined with Boe-
kelheide hydroxylations to prepare for example 2-
hydroxymethyl-3-(3-methylbutyl)-5-methylpyrazine (80) from
2,5-dimethylpyrazine in six steps.'®® Later, a more convenient
four-step method was used based on Minisci-type chemistry
(Scheme 1C).***'** Drakolide (28), was prepared from (S)-2-
methylpentanal and ethyl-2-methyl-3-oxobutanoate (Scheme
1D), with the resulting diastereoisomers separated with HPLC
and enantiomeric purity enhanced with chiral-phase HPLC. The
absolute configuration of 28 was determined with X-ray crys-
tallography of the synthetic stereoisomer and confirmed to
match the natural product by chiral-phase HPLC and GC.*
Another recent example from Australia is the synthesis of three
(methylthio)phenols, used as wasp pollinator attractants by
spider orchids such as Caladenia crebra. 4-Hydroxy-3-
(methylthio)benzaldehyde (83) was prepared from 2-methox-
ythiophenol through an S-methylation, Vilsmeier-Haack for-
mylation, and O-demethylation. The corresponding alcohol (82)
was formed through a sodium borohydride reduction. 2-
(Methylthio)benzene-1,4-diol was prepared by oxidising the
commercially available 2-methylthiophenol using Fremy's salt
(Scheme 1E).**®

Most recently, Katte et al.*** have provided good examples of
orchid semiochemical synthesis by preparing ‘syringerone’ (4-
(4-hydroxy-3,5-dimethoxyphenyl)-2-butanone), ‘raspberry
ketone’ (72) and its acetate from Bulbophyllum fruit fly orchids
of Asia. In South Africa, Cohen et al.®* synthesised the macrolide
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27 found in Disa forficaria in five steps from (9Z)-16-hydroxy-
octadec-9-enoic acid (Scheme 1F).

7 Final remarks
7.1 The importance of behavioural bioassays

There are no shortcuts in establishing the biological role of
particular compounds in specific orchid-pollinator interac-
tions. Instead, behavioural bioassays are required to determine
which compounds are relevant, and to what extent.

Often there are tens to hundreds of compounds present in
floral extracts, and so for simplicity it may be tempting to draw
conclusions about the function of chemical compounds in one
system based on their function in another. Specifically, when
compounds are known to be key to pollinator attraction in one
orchid, finding them in another might suggest a similar role. In
some cases this may indeed be a valid inference, but there are
also many examples in which attractive compounds in one
system are seemingly unimportant or play contrasting roles in
another. As a case in point, two studies on Platanthera species
show that shared compounds do not always have the same
function for pollinator attraction even in related orchids. Plepys
et al”” showed that lilac aldehydes (42) were key floral attrac-
tants to the hawkmoth pollinators of P. bifolia, while Lahondere
et al.>® showed that lilac aldehydes (42) reduced attraction of the
mosquito pollinators of P. obtusata. These studies highlight the
need for behavioural investigations of pollination chemistry to
determine function, and both provide good examples of
behavioural and physiological investigations to understand the
chemical basis of pollinator attraction.

Measuring electroantennographic physiological activity
(EAG or GC-EAD) has proven a powerful tool for pinpointing
only the compounds perceptible to pollinators, but does not in
itself provide information about the function of those
compounds. For example, in the hornet pollinators of Den-
drobium sinense, benzyl acetate and benzyl alcohol (60) are the
most strongly EAD-active compounds from the orchid volatile
profile, but are not required to attract pollinators.® Similarly,
Huber et al'* found that benzaldehyde (61), phenyl-
acetaldehyde (65), 2-phenylethyl acetate (67), benzyl acetate,
eugenol, and 1-phenyl-2,3-butanedione were emitted from
Gymnadenia odoratissima and were EAD-active to their pyralid
moth pollinators, but only phenylacetaldehyde (65) was attrac-
tive in the field.

It is worth noting that EAD-active compounds that do not
appear to be involved in pollinator attraction may still warrant
closer research attention, since they may play roles beyond
pollinator attraction. For example, the alkanes and alkenes may
be particularly interesting in this context. Given their preva-
lence in orchid extracts and their very wide use as insect sig-
nalling compounds, it is plausible that some chemical
information could be encoded by these compounds. For
example, honey bees and bumblebees are known to be able to
detect hydrocarbon ‘footprints’ from conspecifics present on
flowers and avoid visiting these flowers, thereby saving time
that might be wasted visiting a flower that had recently had
nectar or pollen resources collected.”"*> While there is
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currently no evidence that hydrocarbons play this role in
orchids, it serves as a reminder that there may be many subtle
cues perceptible to pollinators that are as yet unknown.

7.2 Considering absolute configuration

The absolute configuration of semiochemicals, including orchid
pollinator attractants, is often fundamental for biological activity.
As a result, it is often important to analyse samples enantiose-
lectively and to test stereoisomers separately in bioassays in order
to accurately determine any biological activity. For example,
Schorkopf et al.'® assessed pollinator discrimination between
enantiomers of ipsdienol, a monoterpene alcohol known from
several perfume rewarding species.'**"** Male Euglossa cyanura
bees were attracted to the (R)-enantiomer (41) and the racemate,
but showed virtually no attraction to the (S)-enantiomer. They
further showed that male E. cyanura antennae were consistently
more responsive to the (R)-enantiomer, potentially contributing
to the difference in behavioural response.

Similar observations, but with the (S)-enantiomer and race-
mate rather than the (R)-enantiomer and racemate being active
have been reported in an analysis of the field activity of B-citro-
nellol (40) to the thynnine wasp pollinator of Caladenia plicata.*
In other cases, while one enantiomer is attractive, the presence of
the other reduces or completely prevents attraction to the race-
mate. For example, Williams and Whitten** described baiting
with both enantiomers of a-pinene, and found that while the
(—)-enantiomer (1S,5S) was attractive to Eulama nigrita, the
(+)-enantiomer (1R,5R) was not. Furthermore, the racemate was
also unattractive, suggesting that the (+)-enantiomer was either
actively repellent or masked the effect of the (—)-enantiomer to
this species. More recently, Wakamura et al.”* showed that male
Protaetia beetles were exclusively attracted to the (R)-enantiomer
of 2,3-dihydroxypropyl isovalerate (21), but were not attracted to
the (S)-enantiomer or to the racemate, again suggesting that the
presence of the (S)-enantiomer prevents attraction to the (R)-
enantiomer. These findings highlight the critical importance of
not ruling out the attractiveness of compounds based on bioas-
says using mixtures of stereoisomers. Instead, pure stereoiso-
mers are required for unambiguous evaluation of biological
activity.

7.3 Lessons from sexual deception

The chemistry of pollination by sexual deception has been
frequently highlighted throughout this review. Indeed, there
has been remarkable progress on this topic in the 20+ years
since Schiestl et al* first confirmed the chemical sexual
mimicry of female Andrena bees by Ophrys orchids, and this
research continues to grow. Since 2016, the chemistry of sexual
deception has been confirmed in diverse Australian
genera,*'*>'*® and for the first time in Africa,** Asia,”* and South
America.”® These recent chemical discoveries include the first
examples from sexually deceptive systems pollinated by
Diptera**** and Coleoptera.”"®" Notably these ‘solved’ cases
represent a small fraction of the hundreds of known cases of
sexual deception, meaning that there are many more discov-
eries to be made.

This journal is © The Royal Society of Chemistry 2023
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The ongoing progress in this area is likely because sexually
deceptive systems are particularly amenable to investigations of
pollination chemistry. They often have somewhat simpler floral
volatile profiles than more generalist systems, and in some
studies the dominant volatiles are the active ones (e.g. ref. 41
and 102). The strong sexual responses of males to sex phero-
mones also make them particularly amenable to experimental
bioassays in the laboratory and field, as there are typically many
rapid responses to the ‘correct’ compound or mixture of
compounds. Finally, investigations of sexually deceptive
orchids often integrate multiple lines of evidence and methods
to establish active chemical compounds. For example, the
ability to reduce the number of candidate compounds by
comparing chemical extracts of active and non-active floral
tissues with extracts of the female of the pollinator being
mimicked has proven powerful. The addition of GC-EAD and/or
semi preparative techniques, particularly when combined with
iterative field and/or lab bioassays further helps to pinpoint the
compounds involved.'”®

While sexual deception is undoubtedly among the most
highly specialised of all plant pollination strategies, the
dependence of an orchid species on just a few pollinator species
is common." It follows that the strategies used to disentangle
the chemistry of sexual deception can be applied to many
hundreds or even thousands of other orchid species. Other
types of mimicry-based pollination strategies are particularly
ripe for investigation. Indeed, this review has highlighted
several cases where the chemistry of unusual plant-pollinator
interactions has been solved by integrating information from
the orchid, the pollinator, and the putative model (e.g. mimicry
of honeybee alarm pheromones,” mimicry of green leaf vola-
tiles® etc.).

In less specific pollination systems, where a wider variety of
species are attracted to general scents indicative of a food
reward, the particular compounds responsible for attraction
can be more challenging to reliably elucidate than in more
specialised cases. Here, attraction is often due to a large
‘bouquet’ of compounds, each contributing partially to polli-
nator attraction. For this reason, studies attempting to disen-
tangle the effects of individual compounds in food rewarding
and food deceptive systems are comparatively rare (but see ref.
53, 77 and 143). We predict that a chemical phenotyping
approach, where taxonomic units are compared, and diagnostic
compounds are subsequently identified, could be the first steps
towards a more comprehensive understanding of the role of
chemistry in diverse pollination systems. Examples of this
approach have already been successfully applied in perfume
rewarding and sexually deceptive pollination systems.*”*13517
Chemical phenotyping may also provide important clues about
the evolution of pollination strategy shifts and the evolution of
novel semiochemicals. Thus, we recommend this approach as
a potentially fruitful area for further research.

8 Conclusion

This review has demonstrated that orchids are a rich source of
interesting and unusual natural products. Yet, despite many

This journal is © The Royal Society of Chemistry 2023
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decades of interdisciplinary studies, we have most likely only
identified a very small fraction of the compounds pivotal for
pollination of orchids. Given the huge number and great
diversity of orchid species, the opportunities for new discoveries
in this space are near endless.
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