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Abstract: Seven species of the carnivorous plant genus Heliamphora were studied in the wild across four
tepuis of the Venezuelan Guyana. All were found to exhibit UV-induced blue fluorescence in their young
and developing pitchers, the fluorescence being largely confined to the downward-pointing trichomes of
the pitcher interior, with a small contribution from the nectaries. Subsequent work on cultivated plants
confirmed the universality of this trait across all known members of the genus. Fluorescence microscopy
localised the blue emissions to the surface of the trichomes and unequivocally showed that it represents true
fluorescence. The phenomenon was found to be highly transient, generally being seen only in recently
opened pitchers. Whether it has a biological function or is an incidental property remains to be determined.
Possible roles in the attraction of prey and pitcher inquilines are discussed.

Introduction

Heliamphora is a Neotropical genus of pitcher plants found primarily in VVenezuela but whose range also
extends into neighbouring parts of Brazil and Guyana. The vast majority of the 23 currently recognised
species are restricted to the summit plateaus and upper slopes of the distinctive table-mountains (tepuis) of
the region, which are renowned for hosting a highly diverse and specialised plant community (McPherson
et al. 2011).

The above-ground vegetative parts of Heliamphora consist solely of the tubular leaves (pitchers), which
often bear an apical appendage (the lid or ‘nectar spoon’) wherein the nectaries are concentrated and
shielded from rain. In most species, the upper portion of the pitcher interior has a uniform covering of
downward-pointing non-glandular trichomes (retentive hairs). These range in size from microscopic to
several millimetres long, depending on the species. The trichomes are unicellular, their bases anchored in
raised portions of epidermis and underlying parenchyma (Lloyd 1942; Ptachno et al. 2007; Poppinga et al.
2010). Owing to their striate micro-ornamentation these hairs have anisotropic and hydrophilic properties
and, when wetted, capture insects by means of ‘aquaplaning’ (Bauer et al. 2013). A minority of species—
namely H. ceracea, H. chimantensis, H. glabra, H. macdonaldae, H. sarracenioides, and H. folliculata
(variably)—Ilack retentive hairs across the main trapping surfaces of mature pitchers (McPherson et al.
2011).! Of these, H. ceracea, H. glabra and H. macdonaldae instead have a conspicuous waxy coating
reminiscent of the ‘waxy zone’ found in Old World pitcher plants of the genus Nepenthes and Neotropical
carnivorous bromeliads of the genera Brocchinia and Catopsis (see Gaume et al. 2004; McPherson 2006).

Fluorescence, a form of photoluminescence, involves the absorption of electromagnetic radiation at
shorter wavelengths and almost immediate emission at longer wavelengths (with rare, likely non—
biologically relevant exceptions). Once the source of excitatory radiation is extinguished, so too is the
fluorescent emission, on a nanosecond timescale. In this it differs from phosphorescence, where the emitted
radiation persists much longer (milliseconds to hours) and which has a different underlying mechanism (see
Garcia-Plazaola et al. 2015). Fluorescence in plants has long been the subject of scientific inquiry (Lloyd

! Though mature pitchers of these species are glabrous throughout much of their interior, they nonetheless possess two features
apparently common to all species: a narrow band of hairs around the waterline and a zone of submerged hairs near the very
bottom of the pitcher tube, the function of which is unknown (McPherson et al. 2011). Often, a conspicuous ring of trichomes
also lines the margin of the pitcher mouth, as clearly seen in e.g. Heliamphora macdonaldae.
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1924) and the best-known example is undoubtedly that of chlorophyll a, which emits in the red to far-red,
though blue-green plant fluorescence is also common (Buschmann et al. 2000). No studies on fluorescence
in Heliamphora have previously been published, but Kurup et al. (2013) claimed to show that three other
carnivorous plant genera—Dionaea, Nepenthes, and the closely related Sarracenia—employ UV-induced
blue fluorescence as a visual lure to attract prey. The results were widely reported (Warwicker 2013;
Bloudoff-Indelicato 2013; Stromberg 2013), but concerns were soon raised about the study’s methodology
and conclusions (Hartmeyer et al. 2013; Jansen 2017). Clearly, more work is needed to elucidate the basis
and functional importance (if any) of this phenomenon.

Methods

Field observations

Field studies were carried out between January and February 2017 on eight taxa (seven species and one
non-autonymic variety) of Heliamphora across the summit plateaus of four tepuis: H. chimantensis on
Apacara-tepui (part of the northern Chimanta Massif complex); H. huberi, H. pulchella and H. uncinata on
Amuri-tepui (part of the southern Chimanta Massif complex); H. minor var. minor and H. minor var. pilosa
on Auyan-tepui; and H. purpurascens and H. sarracenioides on Ptari-tepui. Additionally, Catopsis
berteroniana was imaged on the lower slopes of Auyan-tepui, and Xyris sp. and an undetermined
Eriocaulaceae were photographed on the summit plateau of Ptari-tepui. Heliamphora huberi and H.
uncinata could only be studied in daylight owing to their inaccessibility; they therefore had to be artificially
shaded prior to being photographed. The UV-induced fluorescence of the five remaining Heliamphora
species (as well as the other tepui flora) was imaged at night. In all cases a tripod-mounted Nikon D810
was used, equipped with a Nikon AF-S Nikkor 24-120 mm /4G ED VR lens and Hoya HMC UV/(C) filter.
The source of the excitatory UV light was a Nitecore CU6 Chameleon hand torch (Sysmax Innovations
Co., Guangzhou, China) possessing a 3000 mW UV LED emitting a relatively narrow spectrum peaking at
365 nm. Though better in this regard than many of its competitors, this flashlight nonetheless emits an
appreciable amount of visible light in the blue end of the spectrum and so care was taken to distinguish true
blue fluorescence caused by excitatory UV radiation from mere reflections of bluish light (cf. Bazile 2013;
Hartmeyer et al. 2013). The white LED (CREE XP-G2) of the Nitecore CU6 torch was used for the white-
light photos taken in the field at night. White-light photos of cultivated plants were taken under “cool white”
(4000 K) fluorescent tubes. With the sole exception of the scorpion photo (which was heavily overexposed),
none of the images presented in this paper have been postprocessed with respect to colorimetric values,
having undergone only default in-camera RAW-to-JPEG conversion. Nevertheless, between-image
differences in fluorescence intensity should not be taken as biologically relevant, as they may simply reflect
varying exposure settings.

Readers wishing to run their own experiments are advised that the use of a high-power UV torch brings
with it important safety considerations, owing to both the intensity of the UV radiation and its
imperceptibility, with even reflections posing a potential risk. Misuse can easily lead to irreparable eye
damage! At the very least, appropriate eye (and preferably also skin) protection should be worn at all times.
For more information on UV-induced visible fluorescence photography, see Holovachov (2015a), Brecko
et al. (2016), Ingles-Le Nobel (2018), and Blum (2019).

Observations of cultivated plants

All remaining species of Heliamphora that could not be studied in the wild were observed as cultivated
specimens in the author’s live collection. To confirm fluorescence, plants were viewed under the same
Nitecore CU6 UV torch as before. Photographs were captured with a tripod-mounted camera (either Nikon
D810 or Nikon D7100). The UV torch was either mounted on a plamp (plant clamp) or, when a larger area
required illumination, handheld and moved across the subject to “paint’ it with UV radiation over the course
of a long exposure.
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Figure 1: Heliamphora chimantensis on Apacara-tepui: (A—B) a freshly opened pitcher under
white and UV illumination; here the majority of the inner pitcher surface lacks conspicuous blue
fluorescence, the trichomes being confined to the area just above the waterline and to a narrow
band lining the pitcher rim; (C) a pitcher in the process of opening; here the entire inner surface
is lined with hairs and shows uniformly strong blue fluorescence; (D) an older pitcher from the
same patch, showing no obvious UV-induced fluorescence (the pitcher is illuminated only by the
small amount of visible light emitted by the UV torch, which necessitated a longer exposure).
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Fluorescence microscopy

Small pieces of tissue were cut from a freshly opened Heliamphora pulchella (Amuri-tepui) pitcher from
the author’s collection. The tissue was viewed under a dissecting microscope and two types of slides
prepared: isolated hairs and hairs with surrounding tissue. Individual trichomes were plucked with tweezers,
while thin slices of tissue were taken with a scalpel blade. In each case the sample was placed on a glass
slide, covered in Citifluor antifadent mountant solution, and coverslipped. Nail polish was used to secure
the coverslips in place. The slides were then viewed under a Leica DM4 B fluorescence microscope. The
samples were imaged under bright-field illumination as well as four different fluorescence filter cubes:
DAPI (excitation range, EX: 325-375 nm; dichromatic mirror, DC: 400 nm; emission range, EM: 435-485
nm), GFP (EX: 450-490 nm; DC: 495 nm; EM: 500-550 nm), TXR (EX: 540-580 nm; DC: 585 nm; EM:
592-668 nm), and CR (custom filter cube for imaging Congo red fluorescence: EX: 497 nm; EM: 614 nm).

Results

All known Heliamphora exhibit UV-induced blue fluorescence in their pitcher interiors

Field observations confirmed the presence of UV-induced blue fluorescence in seven species and one
non-autonymic variety of Heliamphora (Figs. 1-7). Observations on cultivated plants of all remaining
Heliamphora species showed that some level of blue fluorescence is exhibited by all members of the genus,
though it is highly variable in its intensity, localisation, and persistence (Figs. 8-12). Significant
intraspecific variation was also observed: the fluorescence of H. minor var. pilosa, for example, is much
more conspicuous than that of H. minor var. minor (Fig. 3).

Figure 2: Heliamphora huberi on Amuri-tepui under ambient light (A) and a combination of artificial
shade and UV illumination (B), showing striking fluorescence in the interior of the newly opened
pitcher. Though appearing violet, this colouration is likely skewed by red light filtering through the
overlying sleeping bag (compare Fig. 11B).
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Figure 3: Heliamphora minor on Auyan-tepui: (A-B) H. minor var. minor under white and UV
illumination, the latter showing a fluorescing ring of trichomes just above the waterline and another
around the pitcher rim; (C—D) H. minor var. pilosa, showing widespread trichome fluorescence;
note the blue fluorescence of the nectaries on the underside of the lid and yellow fluorescence of
individual trichomes (presumably due to organic surface contaminants).
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Retentive hairs are the main source of fluorescence, followed by nectaries

Retentive hairs of all studied Heliamphora species were found to exhibit blue fluorescence. Under
fluorescence microscopy, the trichomes were the only sampled parts of the trapping surface to show
significant blue fluorescence under UV, with the surrounding epidermal tissue emitting no perceptible
fluorescence (Fig. 13). This situation was largely reversed when the excitatory light was changed to blue
and the emissions filtered to green, with the epidermal tissue showing strong green fluorescence in contrast
to the weakly visible trichomes (Fig. 14). Similarly, no trichome fluorescence was observed at the longer
excitatory wavelengths. These microscopy studies unequivocally showed that the blue emissions represent
true UV-induced fluorescence and not merely reflected blue light. Interestingly, trichomes that exhibit
strong blue fluorescence also look appreciably different under natural light, having a bright white lustre, as
compared to the markedly duller appearance of non-fluorescing trichomes (Fig. 2A).

Wild Heliamphora sarracenioides pitchers were found to fluoresce internally despite lacking retentive
hairs (Fig. 7). Subsequent observations revealed that Heliamphora pitcher nectaries also give off blue
fluorescence (Fig. 3D, 10B), as does the nectar itself (Fig. 12). In internally hirsute species, the retentive
hairs were identified as the primary source of blue fluorescence, with a small contribution from the
nectaries. Unsurprisingly, internally glabrous species exhibit far lower overall fluorescence intensities.

Figure 4: Heliamphora pulchella on Amuri-tepui. The strongest blue fluorescence corresponds to
the high density of trichomes near the fluid level.
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Trichome fluorescence is transient and strongest in young pitchers

Developing and freshly opened pitchers were found to be the most intensely blue-fluorescent due to
subsequent quenching of trichome fluorescence. This quenching appeared to progress very rapidly in most
species, with the fluorescent signal rendered clearly diminished to non-existent within likely no more than
a few weeks of pitcher opening. Of the species observed in the wild, this progression was most clearly seen
in Heliamphora chimantensis, owing to its vigorous clumping habit. In pitchers of this species in the process
of opening, the entire interior fluoresces brightly (Fig. 1C). Fully opened but still very young pitchers also
fluoresce, but this is mostly confined to the ring of long hairs just above the fluid level (Fig. 1B). Fully
pigmented adult pitchers (otherwise apparently completely functional) generally lack discernible
fluorescence under 365 nm (Fig. 1D). Consequently, only a small fraction of functional pitchers fluoresce
at any given time on any given plant (generally up to one pitcher per growth point and, in large clumps, as
few as one per several dozen pitchers, as was observed in wild H. chimantensis). This probably explains
why Hartmeyer et al. (2013) found H. minor to be non-fluorescing, despite viewing it under the same UV
band as used in the present study (but see Christmann 2016, who briefly commented on transient
fluorescence in Heliamphora).

Preliminary observations of cultivated material suggest that trichome fluorescence may be particularly
persistent in the stem-forming species of Amazonas state, namely Heliamphora neblinae, H. parva, and H.
tatei (Figs. 8-9, 11D; the fourth species of this group, H. macdonaldae, largely lacks retentive hairs).
Cultivated plants of H. parva displayed blue fluorescence throughout all their pitchers, including senescent
ones (Fig. 9), suggesting that at least in this species fluorescence can persist for months, if not longer.

Fluorescence in Heliamphora sarracenioides was also found to be restricted to freshly opened pitchers,
despite this species lacking retentive hairs (Fig. 7).

Figure 5: Fluorescent ring of hairs around the rim of a Heliamphora purpurascens pitcher on Ptari-
tepui. This was the only wild pitcher of this species in which conspicuous fluorescence was
observed, despite a number of young and developing pitchers being tested (but see Fig. 11C).
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Figure 6: Heliamphora uncinata at its type locality on Amuri-tepui. Strong blue fluorescence is
apparent in the freshly opened pitcher; note that the older adjacent pitcher exhibited no
perceptible UV-induced fluorescence whatsoever.
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Blue fluorescence is common to other tepui organisms

Preliminary observations revealed UV-induced blue fluorescence in a range of other tepui plants. On the
slopes of Auyan-tepui it was observed in the carnivorous bromeliad Catopsis berteroniana (Fig. 15) and,
on the mountain’s summit, blue-fluorescing sedges were found (Fig. 3D). On Ptari-tepui, strong blue
fluorescence was exhibited by an undetermined Eriocaulaceae and a species of Xyris (Fig. 17A-B). The
multicoloured fluorescence of arboreal lichens encountered on the route up Auyan-tepui was particularly
striking (Fig. 16). Fluorescence in lichens has been known for many years (Cernohorsky 1950), but its
function (if any) remains uncertain (Garcia-Plazaola et al. 2015).

By chance, a single scorpion was found in association with pitchers of Heliamphora purpurascens on
Ptari-tepui (Fig. 17C-D). It was initially stationary in the mouth of a dried pitcher, venturing out onto a live
pitcher once disturbed. It is likely to be the first scorpion ever recorded from the summit plateau of Ptari-
tepui and probably represents a previously undocumented species (C. Brewer-Carias, J.A. Ochoa & F.J.M.
Rojas-Runjaic, pers. comm.; see Ochoa & Rojas-Runjaic 2019). Scorpions, which have long been known
to exhibit brilliant cyan-green fluorescence under UV light (the function of which, if any, is unknown;
though see Gaffin et al. 2012), are not uncommon on tepui summits and are among the animals most likely
to be encountered during night-time fluorescence studies. Interestingly, scorpions occasionally fall prey to
Heliamphora (Jaffe et al. 1992).

Discussion

Retentive hair fluorescence in Heliamphora: a biosignal?

The brilliant blue fluorescence of the retentive hairs is instantly captivating (Fig. 18). Since retentive
hairs are the primary structures involved in prey trapping, the question naturally arises: might they also play
a role in prey attraction?

To be involved in biosignalling, the wavelengths of fluoresced light must lie within the sensitivity range
of the putative target species. Most insects are trichromats, having visual sensitivity maxima in the UV,
blue, and green wavebands, this being the ancestral state of the group (Briscoe & Chittka 2001; Song &
Lee 2018). However, when it comes to ants, which make up the bulk of prey caught by Heliamphora in the
wild (Gonzalez et al. 1991; Jaffe et al. 1992; Fleischmann & McPherson 2009), UV—green dichromacy
appears to be the norm, with some limited evidence for UV-blue—green trichromacy (Aksoy & Camlitepe
2018). This would argue against a role in prey attraction, at least of ants, though in any case ants would
seem an unlikely biosignalling target given their terrestrial nature and primary reliance on other sensory
modalities. Further casting doubt on this idea is the brief temporal window of fluorescent activity,
particularly when compared to the functional lifespan of an individual pitcher (many months to several
years; pers. observ.). On the other hand, assuming the ants can see the fluoresced wavelengths, early
attraction might be sufficient, with subsequent capture facilitated by pheromone-based foraging trails. If
the plant-ant interaction is a simple predator—prey relationship, attraction to blue fluorescence should not
be selected for (unless a form of aggressive mimicry is involved), but if at the level of the ant colony it
represents a mutually beneficial interaction (cf. Joel 1988) then this would be expected.

It is noteworthy that blue fluorescence seems to persist much longer in the stem-forming species of
Amazonas state, which appear to be specialised to catching flying prey. Jaffe et al. (1992) found that for
both Heliamphora tatei from Cerro Huachamacari and H. neblinae (then lumped with H. tatei) from Cerro
Aracamuni, flying insects constituted a higher proportion of prey than seems to otherwise be the norm in
the genus. Only in these taxa was the proportion of pitchers with ant prey lower or the same as the proportion
with non-ant prey. This is perhaps not surprising as these species are usually the tallest element in their
habitats (Jaffe et al. 1992). Attraction of flying insects by fluorescence seems more likely than that of
ground-dwelling insects such as ants, given its increased visibility from the air, where it could presumably
be detected from much greater distances (perhaps even as compared to other sensory modalities such as
olfaction; cf. Brewer-Carias 1972, 1973; Jaffe et al. 1995). Nevertheless, most visiting arthropods have
been observed to land directly on the nectar spoon or at least in its close vicinity (McPherson et al. 2011),
strongly implicating olfaction as the final cue.
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Figure 7: A freshly opened Heliamphora sarracenioides pitcher on the summit plateau of Ptari-
tepui, (A) showing modest UV-induced fluorescence throughout the hairless interior surface
(photo taken at 5:26 am local time). (B) The same clump photographed 14 minutes later (5:40 am
local time). At this point, ambient light is already beginning to overwhelm the fluorescent signal
(at least as perceived by human eyes).
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Figure 8: Heliamphora parva under white light and under UV in the dark. Note the modest blue
fluorescence from the hairs of the exterior pitcher midrib (D).
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Figure 9: Single growth point of Heliamphora parva, showing persistent blue fluorescence even
in senescing pitchers.
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Another possible function of retentive hair fluorescence might be early recruitment of pitcher inquilines.
Though comparatively little research has been done on the aquatic insect communities of Heliamphora, the
plants are known to commonly host mosquito (Wyeomyia spp.) and midge larvae, all of which are
apparently obligate pitcher inhabitants (Zavortink 1985; Barrera et al. 1989; Studnicka 2003). These likely
benefit the plant by making nutrients from captured prey more readily available as part of a mutualistic
relationship (Adlassnig et al. 2011). One can see how it might be advantageous for ovipositing insects to
be able to identify newly opened pitchers to ensure that their offspring (a) complete the aquatic stage of
their life cycle before conditions deteriorate due to pitcher senescence and (b) are able to exploit the higher
input of prey (and consequently increased number of lower-trophic-level inquilines) at the beginning of a
pitcher’s functional life and thereby avoid increased mortality associated with food limitation (cf. Bradshaw
1983). Likewise, the plant would presumably stand to benefit from having larval hatching coincide with
the onset of prey acquisition. Indeed, it has been shown that mosquito (but not midge) oviposition
overwhelmingly takes place in the very youngest Heliamphora leaves, even prior to the commencement of
prey capture (Barrera et al. 1989; Jaffe et al. 1992). A similar pattern has been consistently observed in the
North American Sarracenia purpurea (Fish & Hall 1978; Bradshaw 1983; Nastase et al. 1995; Bergland et
al. 2005; Miller & terHorst 2012), which also hosts a Wyeomyia species in its pitchers, though in S.
purpurea the inquiline mosquitoes are apparently attracted by chemical cues (Mogi & Mokry 1980; Istock
et al. 1983).2 Interestingly, colour appears to be a factor in the selection of ovipositional sites by at least
some bromeliad-breeding Wyemoyia (Frank 1986), and multiple studies have demonstrated the same for
other mosquitoes (see Allan et al. 1987). Mosquitoes, like most insects, are sensitive to blue light and could
therefore plausibly see blue fluorescence. Indeed, Williams (1962) showed that females of a certain North
American tree hole—breeding species (Aedes triseriatus, now Ochlerotatus triseriatus) were specifically
attracted to blue wavelengths when selecting sites for egg deposition.

Other sources of blue fluorescence in Heliamphora

External trichomes were also found to be blue-fluorescent (Fig. 8D), though to a far lesser degree than
retentive hairs. An ecological function seems unlikely, but perhaps the prominent tuft of white hairs found
on top of the nectar spoon in species such as H. ciliata and H. ceracea (the latter also highly UV-reflective;
cf. McPherson et al. 2011: fig. 54) serves as a visual guide, leading visitors to the nectar spoon in
complement with olfactory cues. It should be noted that if these trichomes are materially identical to the
retentive hairs and exhibit similar age-related fluorescence loss, then the latter could be expected to
commence much earlier in external hairs (i.e. prior to pitcher opening).

The blue fluorescence of Heliamphora is not limited to hairs, being also present in nectaries and in nectar
itself, these usually being largely confined to the nectar spoon. Blue autofluorescence of Heliamphora lid
nectaries has previously been noted in passing by Ptachno et al. (2007), and Moran (1991) noted the same
for Nepenthes lid and peristome nectaries. Blue nectar fluorescence is widespread among plants (Thorp et
al. 1975; Roshchina 2008) and it would seem unlikely to be biologically relevant in Heliamphora given its
small contribution to total emerging light. As such, species whose blue fluorescence is almost entirely
restricted to the nectar spoon, such as H. glabra and H. macdonaldae, are improbable candidates for
fluorescent biosignalling.

Heliamphora sarracenioides is unique in that it completely lacks a nectar spoon or analogous structures
(viz. the ‘nectar bubble’ of H. exappendiculata), instead having a roughly even distribution of relatively
large (<0.2 mm) nectar glands throughout the upper portion of its inner surface (Carow 2005; Carow et al.
2005). This species is also unusual in that the pitcher interior typically matures to a much darker (often
near-black) colour than the exterior (the reverse is true in most other pitcher plants; McPherson et al. 2011),
and its pitchers produce a distinct cocoa-like fragrance, quite unlike the honey-like scent of other
Heliamphora (Fleischmann & McPherson 2009). It is possible that the unusual structure and colouration of

2 |stock et al. (1983) argued against visual cues for inquilines in Sarracenia purpurea on the basis of simple tests involving
coloured paper hoods (green, green and purple-veined, and white) attached to the tops of jars, though they acknowledged that
these made for a “weak” experiment.
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the pitcher interior is an adaptation to maximise its efficiency as an osmophore: a large nectariferous surface
that absorbs as much visible light as possible and thereby effectively volatilises the overlying chocolatey
odorant. Again, the modest fluorescence of the inner surface (Fig. 7) seems likely to be incidental.

Figure 10: Heliamphora ceracea (A—B) and H. ionasi (C-D) under white and UV illumination,
showing nectary and trichome fluorescence, respectively.
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Figure 11: Fluorescence in cultivated plants of Heliamphora folliculata (A), H. huberi (B), H.
purpurascens (C), and H. tatei (D). Note the increasing contribution of red (likely chlorophyll-
derived) fluorescence towards the interior of the H. folliculata pitcher.
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Figure 12: Cultivated plant of Heliamphora nutans from Yuruani-tepui. This old pitcher lacked
trichome fluorescence but showed strong nectar-derived fluorescence. The photos were taken
under white light (A), a combination of white and UV light (B), and UV light alone (C).

Fluorescence in Heliamphora: a caveat

Caution should be exercised whenever attempting to assign ecological importance to fluorescent
phenomena, since it is tempting to view them solely through the prism of human visual perception, which
often differs markedly from that of the putative target species.® This is especially true when viewing UV-
induced visible fluorescence at night under a high-power UV source, rather than in a biologically relevant
context (Marshall & Johnsen 2017). The fluorescent ‘glow’ may appear impressive, but that is because the
powerful excitatory (UV) light is invisible to us and so the comparatively weak fluoresced light is
sensitising eyes accommodated to darkness; when viewed under natural light the fluorescence is likely to
become imperceptible (again, to us!).

The biological ‘impracticality’ of UV-induced visible fluorescence is down to both the inherent
inefficiency of the fluorescence conversion process and to the low intensity of UV radiation reaching the
Earth’s surface as compared to visible light (the photon flux density of the former being around 5% of the
latter; Garcia-Plazaola et al. 2015). It is also important to remember that since UV radiation is visible to
most insects, it can be utilised for biosignalling not only through fluorescence but also (much more
efficiently) through reflectance. Similarly, a biosignal in the visible spectrum could be created by simply
reflecting visible light. Indeed, Heliamphora pitchers exhibit clear UV contrast patterns, the bright (UV-
reflective) pitcher interior being conspicuous against the dark (UV-absorbent) exterior (Joel 1983; Joel et
al. 1985; Juniper et al. 1989; McPherson et al. 2011).* UV reflectance patterns have also been reported
from other pitcher plants, as well as from carnivorous plants more widely (Joel 1983; Joel et al. 1985;
Juniper et al. 1989; Moran 1991; Glossner 1992; Cross et al. 2019). Nepenthes, for example, have been
shown to employ UV patterns in their pitchers to attract prey (Moran 1996; Moran et al. 1999), these being
lost when alternative nitrogen sources are exploited (Clarke et al. 2011).

3 Even with respect to reflectance patterns, those in the UV range have often been singled out as being of particular importance in
the visual stimulation of insects, though in many cases they are likely no more significant than signals in the visible spectrum, the
particular attention afforded them being due to anthropocentric bias (Kevan et al. 2001).

4 Itis curious that it is the ostensibly UV-reflective part of Heliamphora pitchers that exhibits UV-induced fluorescence, the reverse
of the expected situation (and that in Nepenthes, where the comparatively UV-absorbent peristome fluoresces; Moran 1991). The
relationship between pitcher age and UV reflectance requires further study.
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Figure 13: Thin slice of the interior surface of a young Heliamphora pulchella pitcher. At least two
discrete size classes of trichomes are readily discernible. (A) As viewed under bright-field
microscopy. (B) The same piece of tissue viewed under fluorescence microscopy with a DAPI
filter cube (specimen excited by UV light and emitted light filtered to blue). It is clear that the
trichomes are the only structures exhibiting significant blue fluorescence under this UV excitation
range, the surrounding tissues remaining dark. Scale bars = 250 pm.
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Figure 14: Viewed under the GFP filter cube the situation is reversed, the fluorescence of the
epidermis being far more intense than that of the trichomes (which are illuminated by exogenous
green light rather than fluorescing themselves). Scale bar = 250 pum.

Of course, reflection and fluorescence signals need not be mutually exclusive, and it is possible that they
act in concert to enhance or broaden the range of emerging (reflected plus fluoresced) light that corresponds
to the visual sensitivity maxima of the intended recipients (cf. Guerrero-Rubio et al. 2020). Here it is
important to reiterate that intensely blue-fluorescent Heliamphora trichomes look qualitatively different
even under normal daylight illumination, though of course this could be due to factors other than blue
fluorescence (e.g. higher reflectance across the visible spectrum). Interestingly, the Heliamphora species
of the northern part of the Eastern Tepuis chain (viz. H. arenicola, H. elongata, H. ionasi, and H. nutans,
which form an exclusive clade; Liu & Smith 2020) often have golden retentive hairs, a trait apparently
unique to this group (pers. observ.). The reasons for this warrant further investigation.

Fluorescence in other carnivorous plants

Among carnivorous plants, UV-induced blue fluorescence has previously been reported from Dionaea,
Nepenthes, Sarracenia, certain Drosera, and Brocchinia reducta (Moran 1991; Kurup et al. 2013;
Hartmeyer et al. 2013; Williams & Hartmeyer 2017). In a widely reported study, the peristomes of selected
Nepenthes and Sarracenia species and the traps of Dionaea were found by Kurup et al. (2013) to exhibit
blue fluorescence under 366 nm UV light. The authors claimed to show that this fluorescence is key to
attracting arthropod prey and the study was cited by Marshall & Johnsen (2017) as one of the best-supported
examples of putative fluorescent biosignalling. However, their manipulation experiment with Nepenthes
khasiana (see Haridas 2014), which was claimed to show drastically reduced prey attraction upon masking
of blue fluorescence, failed to adequately control for confounding variables. Firstly, the authors did not
consider how the masking agent (an acetone extract of the internal ‘waxy zone”) might affect the plant’s
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other (well established) sensory cues, such as reflectance patterns (particularly in the UV part of the
spectrum, these not being readily apparent) and scent. Even assuming constancy of the attraction regime
absent blue fluorescence (extremely unlikely), there remains the problem that the authors did not directly
demonstrate a change in visitation rates, only in capture rates. Covering the peristome in a masking
substance undoubtedly altered its trapping efficiency by creating a physical barrier between the insects’
attachment organs and the peristome surface (which has a specialised microstructure conferring hydrophilic
and anisotropic properties; Bohn & Federle 2004; Bauer & Federle 2009), making prey counts wholly
unsuitable as a proxy for visitation frequency.

Kurup et al. (2013) also reported blue, UV-induced fluorescence in Nepenthes pitcher fluid, which
intensified greatly following chitin induction (simulating prey trapping). As pointed out by Hartmeyer et
al. (2013), this could simply be due to contamination by nectar from the peristome. Kurup et al. (2013) did
not make clear whether it is the nectar or the peristome tissue itself that fluoresces (Horner et al. 2018), but
Moran (1991), who was perhaps the first to document the UV-induced blue fluorescence of Nepenthes
peristomes, found it was localised primarily to the walls of parenchymal cells subjacent to the epidermis.

Kurup and colleagues even speculated about the possibility that Bornean Nepenthes known to form
mutualistic relationships with bats, rats and tree shrews (viz. N. hemsleyana, N. lowii, N. macrophylla, and
N. rajah) could be luring them with blue fluorescence (Kurup et al. 2013; Stromberg 2013). However,
experimental work to date has instead implicated colour contrast signals in the visible (especially green)
spectrum (Moran et al. 2012). In summary, the involvement of blue fluorescence in prey or mutualist
attraction by carnivorous plants has yet to be adequately demonstrated.

Figure 15: In the carnivorous bromeliad Catopsis berteroniana, the leaf bases show blue
fluorescence that contrasts sharply with the violet fluorescence of the overlying glaucous bloom.
This specimen was photographed on the way up Auyan-tepui.
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Figure 16: Striking yellow, auburn, green and blue fluorescence of assorted lichens growing on a
tree colonised by Catopsis berteroniana, on the lower slopes of Auyan-tepui.

Evidence for fluorescent biosignalling more generally

Studies of fluorescent biocommunication have thus far been largely confined to marine organisms,
including proposed examples among hydrozoans (Haddock et al. 2005; Haddock & Dunn 2015), mantis
shrimps (Mazel et al. 2004), and fishes (Michiels et al. 2008; Sparks et al. 2014) including sharks (Gruber
et al. 2016). With increasing water depth, ambient light becomes essentially monochromatic (blue) and
therefore fluorescence at longer wavelengths (e.g. green or red) is necessarily conspicuous, providing it is
within the visual sensitivity range of the target species (Bielmeier 2009). Demonstrating ecologically
relevant fluorescence in the chromatically complex terrestrial environment is far more difficult, though
there are putative or speculative examples from animals as phylogenetically disparate as spiders (Andrews
et al. 2007; Lim et al. 2007; Brandt & Masta 2017), scorpions (Gaffin et al. 2012), butterflies (Vukusic &
Hooper 2005), frogs (Taboada et al. 20173, b), salamanders (Lamb & Davis 2020), chameleons (Protzel et
al. 2018), parrots (Arnold et al. 2002), and flying squirrels (Kohler et al. 2019). The adaptive relevance of
many of these has been questioned as the associated studies often rely on only circumstantial evidence
(Johnsen 2012; Marshall & Johnsen 2017).

Fluorescent biosignalling in plants remains controversial. Though fluorescent patters are widespread in
flowers (Rarslett 2006; Fukui et al. 2017), and various fluorescing parts thereof—including nectar (Thorp
et al. 1975; Davies et al. 2005), petals (Gandia-Herrero et al. 20053, b) and their associated trichomes (Lam
et al. 1980), pollen, and anthers (Mori et al. 2018; Mori & Hirai 2019)—have been proposed as cues for
pollinators, this has been challenged on the grounds that the putative signals are too weak to be readily
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perceptible by pollinators in natural settings (Kevan 1976; Iriel & Lagorio 2010a, b; Lagorio et al. 2015;
van der Kooi et al. 2019). Having reviewed a variety of fluorescing species, Iriel & Lagorio (2010b)
concluded that floral fluorescence was unlikely to be ecologically relevant as its intensity was too low
compared to that of reflected light and likely to be overwhelmed by it. The highest fluorescence quantum
yield value calculated by the authors for any flower part was only 0.03 (i.e. only 3% as many fluorescence
photons emitted as excitatory photons absorbed). As a result, diffuse reflectance exceeded the intensity of
fluorescence peaks in the same spectral regions by at least ca. 20 times, and often by more than two orders
of magnitude (Iriel & Lagorio 2010b).

Nevertheless, proposals for fluorescence-based biocommunication in plants abound. Sabulal et al.
(2013) published a paper on UV-induced blue fluorescence in grasses, which they proposed might act as a
visual cue for pollinators, seed dispersers, or even seed predators. These speculations, for which the authors
provided no experimental support, are even more problematic than their conclusions regarding carnivorous
plants (see Holovachov 2015b). In another example, blue fluorescence in banana skin has been suggested
as an indicator of ripeness perceptible to frugivorous animals (Moser et al. 2008, 2009). Again,
experimental evidence is lacking. Mori et al. (2018) carried out studies with live honeybees that seemed to
support the involvement of fluorescence in pollinator biosignalling, though notably the authors did not
conduct behavioural assays with real plants but rather filter paper discs containing blue-fluorescing
chlorogenic acid (this being one of the main fluorescent phytochemicals identified in the species tested).
Even so, it has been shown that bees are capable of very fine colour discrimination (Dyer & Neumeyer
2005) and it is conceivable that under certain conditions fluorescence could function as a signal amplifier
or, if in a spectral region of very low reflectance, even as a signal in its own right (Iriel & Lagorio 2010b;
Guerrero-Rubio et al. 2020).

Figure 17: Blue-fluorescing flora and fauna on the summit plateau of Ptari-tepui: (A) an
undetermined Eriocaulaceae (note the comparatively inconspicuous Heliamphora purpurascens
pitchers to the left); (B) Xyris sp.; (C—D) a chactid scorpion, likely an as-yet undescribed species
of Taurepania, among pitchers of H. purpurascens, shown as originally found (C) and after being
disturbed (D); note the conspicuously hairy chelipeds (pincer-bearing forelimbs; inset).
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For fluorescence to be considered a potential biosignal it should be demonstrated that a) it corresponds
to the visual sensitivity range of the putative target species; b) the contribution of fluoresced light, under
natural conditions, is sufficient as a fraction of total emerging (reflected plus fluoresced) light in the relevant
waveband to be plausibly detected by the putative target species; and ¢) controlling for other variables, the
experimental removal or attenuation of said fluorescence alters the behaviour of the receiver in a way that
is disadvantageous to the emitter (cf. Marshall & Johnsen 2017; Mazel 2017; Macel et al. 2020). It is also
important to consider the relevant illumination regime. While fluorescence may constitute a negligible
fraction of emerging light in, say, a daylight scenario, this might not be so during night-time or twilight
(Johnsen et al. 2006, Taboada et al. 2017a).

Fluorescence in Heliamphora: other possible explanations

Fluorescence need not be ecologically relevant to have adaptive value. One possibility is that it is
photoprotective, converting damaging UV-A radiation into less energetic blue wavelengths. This has been
suggested to take place in leaves (Lang et al. 1992; Lichtenthaler & Schweiger 1998), including specifically
through blue-fluorescing trichomes (Lang & Schindler 1994), as well as in plant reproductive structures,
where mutagenesis would be particularly harmful (Sabulal et al. 2013; Mori et al. 2018). Alternatively,
blue fluorescence might enhance photosynthesis by ‘creating’ photosynthetically active radiation from
otherwise unproductive UV light (Hoque & Remus 1999). There is evidence for both of these processes in
corals (Schlichter et al. 1994; Salih et al. 2000) and it is quite possible that they work in tandem in various
green plants and lichens (Garcia-Plazaola et al. 2015). In Heliamphora, however, neither role seems likely
given the highly transient nature of the blue fluorescence and the small fraction of the total pitcher surface
that fluoresces.

Finally, it is important to remember that many natural compounds and materials autofluoresce as a by-
product of their chemical makeup. It is entirely possible that the observed fluorescence in Heliamphora is
merely an epiphenomenon: an incidental, non-adaptive property of phytochemicals that evolved to serve
some unrelated function.

Chemical basis of observed fluorescence

Blue fluorescence is common throughout the plant kingdom (Rost 1995; Roshchina 2008) and present
in both monocots and dicots, with the former generally showing greater emission intensities (Lichtenthaler
& Schweiger 1998; Johnson et al. 2000). Common plant constituents that exhibit blue fluorescence include
ferulic acid (emission maximum: 400-480 nm), rosmarinic acid (440-450 nm), p-coumaric acid (415-445
nm), chlorogenic acid (ca. 440 nm), and caffeic acid (432 nm) (Lagorio et al. 2015). Of these, all but p-
coumaric acid and caffeic acid have absorption maxima in the UV-A range (315-400 nm) (Lagorio et al.
2015) and might therefore be responsible for the fluorescence detailed herein. Ferulic acid in particular has
been identified as the primary source of blue fluorescence in leaves, where it is commonly found in
epidermal cell walls (Morales et al. 1996; Lichtenthaler & Schweiger 1998; Buschmann et al. 2000; but
see Chappelle et al. 1991; Morales et al. 2005). In addition, blue fluorescence from chlorophyll catabolites
is commonly associated with leaf senescence (Krautler et al. 2010; Jockusch et al. 2014) and banana
ripening (Moser et al. 2008, 2009), and blue-fluorescing trichomes have been reported from a range of plant
species (e.g. Lam et al. 1980; Lang & Schindler 1994). Further work is needed to determine the source of
blue fluorescence in Heliamphora and how it relates to similar optical phenomena in other plants.

Hartmeyer et al. (2013) proposed the intensely blue-fluorescent alkaloid coniine as the source of UV-
induced fluorescence in the nectar of Sarracenia (from which it was first isolated by Mody et al. 1976) and
possibly also Nepenthes (from which it has yet to be reported). Coniine has been variously proposed as an
insect paralysing agent or an insect attractant (Mody et al. 1976; Hotti et al. 2017). Its presence in
Darlingtonia is uncertain (Hotti et al. 2017); its possible occurrence in Heliamphora warrants investigation.
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Figure 18: A recently opened inflorescence-borne pitcher of a cultivated Heliamphora parva,
viewed under a UV torch.
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Quenching of fluorescence in Heliamphora

The observed loss of blue fluorescence may be attributable to chemical changes resulting from
photobleaching (i.e. true quenching). Alternatively, it might be due to surface contamination (i.e. apparent
guenching; see Lakowicz 1983). While organic surface contaminants were commonly observed on older
pitchers in the wild (including yellow-fluorescing substances; Fig. 3D), the rapid onset and uniform nature
of fluorescence loss points to a fundamental change in the chemistry of the trichomes, whether exogenous
(environmental) or endogenous (developmental or otherwise physiological). Perhaps also worth
considering is the so-called inner-filter effect, whereby increasing concentrations of a fluorophore can lead
to self-quenching as absorption and emission spectra increasingly overlap (see Mori et al. 2018).

Avenues for future research

Fluorescence as a biologically relevant phenomenon has been largely overlooked, especially in terrestrial
environments. To the author’s knowledge, this paper constitutes the first published demonstration of
fluorescence in Heliamphora or indeed any component of the specialised tepui flora. Further studies should
be undertaken to confirm the chemical source of the blue fluorescence, characterise the timing and
mechanism by which it is quenched, determine its excitation and emission spectra, and quantify the
contribution of fluoresced light to total emerging blue light under various irradiance scenarios. The latter
could then be related to known or inferred spectral sensitivities of ecologically relevant species (viz. prey
and inquilines) to establish whether a biosignalling role is plausible. Ultimately, behavioural studies
involving the putative target species would be needed to confirm fluorescent biosignalling. Potential non-
ecological functionality, such as in photoprotection or photosynthesis enhancement, should also be
investigated.
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