RESEARCH ARTICLES

EVOLUTION

Infrared radiation is an ancient
pollination signal

Wendy A. Valencia-Montoyal?*, Marjorie A. Liénard®, Neil Rosser®,
Michael Calonje®, Shayla Salzman®, Cheng-Chia Tsai’, Nanfang Yu’,
John R. Carlson®, Rodrigo Cogni®, Naomi E. Pierce!*+

Nicholas W. Bellono?*t

Color and scent are well-known pollinator cues. Some plants
also produce heat, but its role remains unclear. Here, we report
that plant-generated thermal infrared radiation serves as a
pollination signal and describe the underlying mechanisms of
heat production and infrared detection. Mitochondrial
adaptations heat plant reproductive structures in a circadian
pattern, radiating infrared that is sufficient to attract beetle
pollinators. Beetle antennae contain infrared-activated
neurons with thermosensitive ion channels that are structurally
tuned to match host plant thermogenesis. Comparative analyses
revealed that infrared is among the earliest pollination signals,
and indicate a deep-time transition from infrared-based to
color-dominated signaling in flowering plants. Our findings
uncover an ancient sensory modality shaping the early
evolution of pollination, one of the world's most vital processes
linking plants and animals.

Plants have evolved an astonishing repertoire of cues to attract pol-
linators. Although color, scent, and humidity are well-appreciated
pollination signals (7-3), some plants also produce heat (). Similar
to endothermic animals, thermogenic plants generate heat as a by-
product of cellular respiration (5). Thermogenic plants can achieve
cellular respiration rates comparable to that of a “hummingbird in
flight”, leading to an increase in temperature to more than 35°C
above ambient temperature (4, 6). Plant thermogenesis has been linked
to preventing frost tolerance (7), enhancing scent volatilization (5, 8),
and providing a warm shelter for pollinators (9). However, it may also
function as a direct cue (10), because thermogenesis occurs exclu-
sively in reproductive organs such as cones (gymnosperms) and flow-
ers (angiosperms), with immense variation in thermal patterns
reminiscent of other pollination signals such as color.

Heat produced by flowers and cones can spread through conduction,
convection, or infrared radiation (IR). Unlike conduction and convec-
tion, IR could represent an effective signal for pollinators because it
emanates in all directions and does not require contact. Thermal IR is
a sensory cue used by many animals to locate the warm bodies of prey.
Snakes, vampire bats, blood-sucking mosquitoes, fire beetles, and flat
bugs use IR to localize their endothermic prey, hosts, or forest fires.
Considering that most thermogenic plants begin to heat at dusk and
are pollinated at night, when IR is especially conspicuous (5, 11), we
investigated whether pollinators could use IR as a foraging signal.

Cycads are the oldest living lineage of seed plants pollinated by ani-
mals and collectively account for more than half of all known thermo-
genic plant species (12-16). These gymnosperms have distinct male
and female reproductive organs that are produced on separate plants
and engage in daily cycles of volatile emissions that trigger beetle
pollinator movement between male (pollen) and female (ovulate)
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cones (12). Extensive fossil evidence suggests that cycad interactions
with beetle pollinators are highly specialized and date back at least to
the early Jurassic, around 200 million years ago (Ma) (17). We therefore
focused on cycads and beetles as a model system to investigate the
role of thermal IR in plant-pollinator signaling and the early evolution
of pollination mutualisms.

Molecular basis of thermogenesis in cycads

We first took thermal images of the cycad Zamia furfuracea to confirm
that heat production occurs primarily in the sporophylls of pollen-
shedding cones (Fig. 1, A to C). Plant thermogenesis is controlled by
mitochondrial respiration. During this process, carbohydrates or lipids
fuel heat production through alternative oxidase (AOX) or uncou-
pling proteins, which bypass adenosine 5'-triphosphate (ATP) synthesis
to dissipate redox energy as heat (13, 18—20). Accordingly, we found
that sporophylls from the cycad Z. furfuracea contained more mito-
chondria compared with nonthermogenic tissues and up-regulated
AOXT just before and during thermogenesis (Fig. 1, D and E, and fig. S1,
D to H). We also observed up-regulation of genes related to carbohy-
drate transport and starch metabolism, as well as numerous starch-
filled amyloplasts in sporophyll tissues that were depleted after
thermogenesis (Fig. 1, D and E; fig. S2; and tables S1 and S2). These
results highlight AOXT as a major regulator for respiration across cycads
that uses starch as the primary substrate for thermogenesis.

‘We also found that cones up-regulated circadian clock genes during
thermogenesis, including REVEILLE (RVE) transcription factors,
which are involved in afternoon and early evening rhythms (Fig. 1E)
(21). Indeed, measuring thermogenic activity over time uncovered a
strong circadian pattern with a single daily burst of heat production
starting in the afternoon and peaking in the early evening (Fig. 1F).
We then extended our sampling of thermogenic patterns across the
major lineages of the genus Zamia, the largest neotropical radiation
of cycads, to find that all sampled species were thermogenic and under
circadian control (Fig. 1, G and H, and table S3). Thus, thermogenesis in
Zamia is conserved, energetically expensive, tightly time regulated, and
only observed in plant organs involved in pollination (Fig. 1, B and C).

IR is a pollination signal
Cycads are dioecious, with separate male and female plants. We found
that in all sampled Zamia species, pollen (male) and ovulate (female)
plants exhibited distinct circadian dynamics (Fig. 2, A to D, and fig. S3,
A to C). Male cones of Z. furfuracea heated first and then cooled, whereas
female cones entered peak thermogenesis ~3 hours later (Fig. 2D and
fig. S3C). This observation led us to investigate the relationship between
plant thermogenesis and pollinator behavior. We tracked the move-
ment of Rhopalotria furfuracea, the beetle pollinator of Z. furfuracea,
in an open-field experiment in which female and male plants were
placed 50 m apart. By marking beetles with ultraviolet (UV)-fluorescent
dyes to track their visits, we discovered that beetles were preferentially
drawn to the warmest regions of pollen cones, suggesting that cone ther-
mal patterns might serve as pollination guides (Fig. 2C and figs. S3D
and S4). Next, we monitored beetle movement in controlled cages and
found that occupancy of male and female cones correlated with the rise
and fall of sex-specific cone temperature (Fig. 2D). In fact, we hypoth-
esized that decreases in cone temperature could act as a dynamic
signal for the beetles to leave the pollen cones and visit the ovulate cones
(Fig. 2D). These experiments demonstrated that beetles actively move
between male and female cones during thermogenic events.

In cycads, this “push-pull” pollination mechanism was thought to
be primarily driven by the emission of species-specific cone volatiles
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Fig. 1. Thermogenic plants have mitochondrial adaptations to heat their reproductive structures during pollination. (A) An open cone of a cycad plant. Cones are the
reproductive structures of cycads. (B) Thermal infrared image of a cycad male cone heating during pollen release. (C) Sporophylls of the cycad Z. furfuracea are the primary
thermogenic organs. (D) Transmission electron micrograph section of a cone sporophyll depicts the densely populated mitochondria (Mt) and starch granules (s) in thermo-
genic tissues. (E) Differential gene expression analysis between nonthermogenic (left) and thermogenic (right) cones. Blue points indicate transcripts with at least a twofold
change in expression (|log2FC| > 2); red points indicate transcripts meeting this threshold and also showing statistical significance (-logio P > 20). n = 6 sporophylls per
condition. (F) Temperature above or below ambient of a cycad cone releasing pollen over several days. (G) Map showing the distribution of all major lineages of Zamia, the most
diverse genus of neotropical cycads. (H) Cone temperature above ambient for 17 different Zamia species across all major clades of the Zamia radiation *(89 described species)
and for the outgroup Microcycas calocoma. Colors are the same as for the distributions of Zamia clades in (G).

(12, 22). However, the volatiles themselves and other signals, including
humidity, can also correlate with plant thermogenesis (2, 22). To tease
apart the contribution of heat among these multiple pollination sig-
nals, we scanned cycad cones and conducted experiments with arti-
ficially heated three-dimensional (3D) models (Fig. 2, E and F). We
placed model cones near real cycad plants bearing female or male
cones and heated them to match either the average temperature of
Z. furfuracea cones during thermogenesis or the ambient temperature
(Fig. 2, E and F, and fig. S3G). To prevent thermal conduction, models
were coated with odorless tangle trap so that beetles would be stuck
to cones upon visiting and could not use touch to discern temperature
differences between the 3D models; this ensured that temperature
was the only variable differing between 3D cones. We found that wild
beetle pollinators were more attracted to heated female and male
cone models compared with ambient temperature controls (Fig. 2G).

These results suggest that emanating thermal signals such as IR could
act as a short- to midrange pollination cue. To further control for con-
vective heat transfer, we devised an enclosure experiment to transmit
only thermal IR by covering the heated 3D cones with a polyethylene
film (~99% transparent to IR) positioned ~1 cm from the cone surface.
In this controlled environment, pollinators preferentially landed on
heated female and male cones emitting higher IR, confirming that IR
is a pollination signal (Fig. 2H).
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Beetle pollinators use specialized antennae to sense IR
‘We next reasoned that if cycads and their beetle pollinators have evolved
a species-specific communication channel, then beetles should also
have sensory adaptations for detecting thermal IR. In insects, sensilla
are the basic unit of sensory reception, and their morphology and dis-
tribution correlate with function (23). Most thermosensitive neurons
in insects are housed in peg-in-pit coeloconic sensilla, which are small
cuticular pits containing sensory pegs (24). Therefore, we surveyed coe-
loconic sensilla in two beetle species, R. furfuracea and Pharaxonotha
floridana (Fig. 3, A to E), both of which are pollinators of thermogenic
cycads (15, 25, 26). In both species, we found that the most distal an-
tennal segment was enriched in sensilla that were morphologically con-
sistent with a thermosensitive function (Fig. 3, A to F, and fig. S5, Ato G).
We first used single-sensillum electrophysiology to confirm that
sensilla at the antennal tip of the beetle pollinator P. floridana were
indeed thermosensitive. Heat elicited responses from two morphologi-
cally distinct coeloconic sensilla: the first housed a neuron that re-
sponded instantly to increased temperature (Fig. 3, G and H), and the
second consisted of two classes of neurons that were activated and
inhibited by heat (Fig. 3, G and H, and fig. S5, J and K). By contrast,
hair-like mechanosensory sensilla responded to touch but not tem-
perature (Fig. 3, G and H). To investigate whether these thermosensi-
tive structures are important for thermal IR sensation, we measured

1165

GZ0Z ‘TT Jequess uo A1seAlun pleArH T BI0°80us 105 MMM//SANY WO | papeo Jumod



RESEARCH ARTICLES

D Male cone temperature Female cone temperature
==Beetle occupancy M cone == Beetle occupancy F cone
) o 2
c 10 103 &
g o o °
o2 o c
®© o
R 5 0.6 068 8
T g 56
g - 0.2 £ E
=2
2702 23
15115 18:00 20:50 23:30

Time (hh:mm)

Vo AT
:“ 4
N Ny

'

0.75 050 025 0
Proportion of beetles

1 075 050 025 0 1
Proportion of beetles

Fig.2. Thermal IR is a pollination signal for specialized beetle pollinators. (A) Male
cones of the cycad Z. furfuracea releasing pollen marked with UV-fluorescent dyes to
track beetle movement. (B) A beetle pollinator (R. furfuracea) covered in pollen and
UV-fluorescent dyes while carrying pollen from male to female plants. (C) Female cone
of Z furfuracea showing marks of fluorescent dyes left by beetle pollinators during pollen
transfer. (D) Beetle occupancy of male and female cones during thermogenesis.n =
570 beetles in male cones; n = 278 beetles in female cones. (E) Field experiments using
heated (left) and nonheated (right) 3D-printed models of female cones. (F) Beetle
pollinator visits to artificially heated 3D-printed cones (left) versus those at ambient
temperature (right). (G) Proportion of beetles visiting heated (left) and nonheated
(right) 3D-printed models of male and female cones in field experiments. Female cones:
n =25 experiments, n = 1025 beetles, P < 0.0001. Male cones: n = 31 experiments,n =
518 beetles, P < 0.0001. (H) Proportion of beetles visiting heated (left) and nonheated
(right) 3D-printed models of male and female cones in cage experiments controlling
for conductive and convective heat. Female cones: n = 26 experiments, n = 1187 beetles,
P < 0.0001. Male cones: n= 25 experiments, n = 1154 beetles, P < 0.001. Boxplots
represent the interquartile range, and midlines represent the median.

the behavioral responses of immobilized beetles to thermal IR and
used a cone odorant (methyl salicylate) as a positive control (Fig. 31
and figs. S5L and S6). Beetles responded to both cues, but only thermal
IR responses were abolished by microdissection of the thermosensitive
antenna tip (Fig. 3, I and J). These results suggest that beetles detect
IR using specialized sensilla at the tips of their antennae.

Science 11 DECEMBER 2025

TRPA1 underlies IR sensing in beetles

To determine the molecular basis of IR sensation, we first performed
transcriptome analysis in beetle antennae and other reference organs
from P. floridana. Transcripts from candidate thermosensitive genes
were enriched in the antennae, including GR28b (Gustatory Receptor
28b), IR21a (Ionotropic Receptor 21a), and several splice variants of
TRPAI (Transient Receptor Potential Ankyrin 1) (Fig. 4A). In situ hy-
bridization showed that beetle TRPAI was restricted to distinct sensory
neurons in the most distal antennal segment, which is required for IR
sensation (Fig. 4, B and C). GR28b and IR21a, which detect heating
(27) and cooling (28), respectively, were not coexpressed with TRPAI
(fig. S7, A to D). Instead, GR28b and IR21a colocalized within different
sensilla, consistent with functional measurements demonstrating two
neurons with contrasting responses to temperature (figs. S5K and S7,
A to D). Opsins can colocalize with TRPAI to facilitate thermal IR sensa-
tion in mosquitoes (29), but we did not detect opsin expression in the
beetle antenna (fig. S9A).

TRPAI contributes to IR perception in snakes and mosquitoes
(29, 30), suggesting that it has a convergent role as a thermal IR sen-
sor across diverse taxa. Because transcripts for a short isoform (B)
of TRPAI were the most highly expressed in the beetle antenna, we
further investigated its putative function as a thermoreceptor using
patch-clamp electrophysiology (Fig. 4D). Heterologous expression of
P. floridana TRPAI(B) exhibited robust responses to temperatures
even just slightly above ambient (Fig. 4D and fig. S7). To determine
whether TRPAI(B) contributes to beetle IR sensation, we exploited
the observation that TRPA1(B) has ancestral electrophile sensitivity
and screened 30 putative antagonists of TRPAI(B) using calcium
imaging. Whereas common antagonists of vertebrate, fly, and mos-
quito TRPAI failed to block beetle TRPAI, we identified AM-0902 as
a potent blocker of beetle TRPAI (fig. S7, F to I). Ectopic application
of AM-0902 to the beetle antennae abolished behavioral responses
to thermal IR, but did not affect responses to cone odorants (Fig. 4E
and fig. S7E).

We reasoned that if beetle TRPA1(B) is specialized for IR sensation,
then it should exhibit structural adaptations that enhance thermal
sensitivity. To determine the structural basis of heat sensitivity in
beetle TRPAI(B), we leveraged comparative analysis with TRPAI(A),
the second most highly expressed isoform in beetle antennae (Fig. 4A).
Sequence analysis and AlphaFold (31) modeling revealed that the iso-
forms only differed in a relatively small region, with TRPA1(B) having
a shorter N terminus (Fig. 4F). Despite exhibiting only this subtle
difference, TRPA1(B) had significantly greater thermosensitivity com-
pared with TRPAI(A) (P < 0.0001; Fig. 4G). R. furfuraceae, a distantly
related beetle species that is also a pollinator of thermogenic cycads,
also had TRPAI(B) that exhibited enhanced thermosensitivity relative
to its TRPAI(A) (Fig. 4G). Isoform-specific differences in TRPAI ther-
mosensitivity are also present in fruit flies and mosquitoes (32), and
our findings in beetles suggest that TRPAI splicing evolved at least
300 Ma. Additionally, selection analyses of insect TRPA1(B) revealed
that the N terminus is a hotspot for adaptive evolution (Fig. 4H). Even
among beetle pollinators of thermogenic plants, the N terminus ex
hibited the highest divergence, highlighting its potential role as a
modulatory region controlling thermosensitivity properties.

If TRPAI(B) is involved in sensing plant species-specific IR signals
for pollination, then we hypothesized that species-specific activation
ranges would reflect temperature profiles reached by their respective
thermogenic host plants. Indeed, P. floridana TRPA1(B) exhibited robust
heat-evoked activity to temperatures in the thermal range of its thermo-
genic host plant (Zamia integrifolia; Fig. 4, 1 and J). Similarly, TRPAI(B)
from the beetle R. furfuraceae exhibited a distinct thermal activation
range that was differentially tuned to its specific host plant (Z. furfuracea)
temperature range during thermogenesis (Fig. 4, I and J). These bee-
tle pollinators, from families separated by >140 Ma (33), are both at-
tracted to IR signals, suggesting that IR detection may be a widespread
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Fig. 3. Pollinators of thermogenic plants have specialized organs at the tip of their antennae to sense thermal radiation. (A) Scanning electron micrograph (SEM)
images of the beetle pollinator R. furfuracea, which pollinates the thermogenic plant Z. furfuracea. (B) SEM image of an antenna from the beetle pollinator P. floridana, which
pollinates the thermogenic plant Z. integrifolia. (C) SEM image of the last three antennal segments of P. floridana showing the sensory organs (sensilla). (D) Magnified view

of sensilla diversity in the terminal antennal segment of P. floridana. (E) SEM image showing the morphology of a thermosensitive coeloconic peg-in-pit sensillum in the terminal
antennal segment of P, floridana. (F) Number of thermosensitive sensilla (“thermosensilla”) in different insect species. (G) Left, neuronal responses to heat radiation from a
single thermosensitive sensillum located in the terminal antennal segment of the beetle P. floridana. Right, neuronal responses to heat radiation and touch from a mechanosen-
sitive sensillum in the terminal antennal segment. (H) Changes in firing rate from different antennal sensilla in response to heating from ~20° to ~30°C (P < 0.0001 for
thermosensitive sensilla responses to heat, n = 6 to 7 sensilla; boxplots represent interquartile range, and midlines represent median). (I and J) Antennal movements of beetle
pollinators with (control) and without the last antennal segment (tip removed) in response to heat radiation and cone scent. Colors represent different time frames indicating
antennae movement. n = 40 to 67 beetles. Error bars represent the 95% confidence interval, and midpoints represent the mean.

strategy among pollinators of thermogenic plants. Thus, our data sug-
gest that TRPAI(B) might play an important role in IR sensation and
mutualistic plant-pollinator signaling, in contrast to IR detection be-
ing previously associated with predation or parasitism (29, 30).

IR signaling predates flower colors
Flowers and cones serve as “billboards” using multiple signals to lure
pollinators (7). These signals can be effective hierarchically at different
spatial and temporal scales (7). Floral scent, a long-range signal widely
used across seed plants (fig. S8), can attract pollinators over meters
(3). However, scent becomes uninformative at close range without
additional short-range cues such as colors that guide pollinators to
nectar (7, 3). We discovered that IR is effective at short- and midrange
distances, advertising cones that release and receive pollen. Given the
dominance of color as a cue in these ranges, we investigated, in a com-
parative framework, whether it complements or is redundant to ther-
mal IR by mapping both signals across seed plants.

If ancient plant-pollinator interactions rely on metabolic signals
rather than color, then flower and cone colors would probably exhibit

Science 11 DECEMBER 2025

lower chromatic contrast under vision models of early pollinators. To
investigate beetle color vision, we mined opsins from our transcrip-
tome dataset, identifying a UV and a long-wavelength (LW) opsin (figs.
S9 and S10A). Using heterologous expression and spectrophotometry,
we found that the UV and LW opsins showed maximum absorbance
spectra (Amax) at ~374 nm (UV) and ~490 nm (green) (Fig. 5, A and B).
This dichromatic visual system in cycad pollinators is consistent with
beetles having lost the short-wavelength opsin from a trichromatic
insect ancestor (34) (fig. S9).

We next evaluated whether cones and flowers present salient visual
signals to key pollinators, including beetles, bees, and butterflies. We
recorded reflectance spectra of cones from 23 cycad species (Fig. 5C
and fig. S10C) and gathered reflectance spectra data across 1000 spe-
cies of flowering plants from the FReD database (35) (fig. S10B). We
mapped both cone and flower reflectance spectra into the respective
color space models of the different pollinators (Fig. 5, D to F). Cone
spectra did not overlap with beetle opsin sensitivities, suggesting poor
discrimination under beetle vision (Fig. 5C). By contrast, flowers ex-
hibited higher chromatic contrast under the visual model of more
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Fig.4. Molecular basis of IR sensing in pollinators of thermogenic plants. (A) Left, beetle tissue samples used for comparative transcriptomics. Right, expression of
candidate thermosensitive genes in different organs of the beetle pollinator P. floridana. (B) SEM image of a beetle antennae. Scale bar, 100 pm. (C) Insitu hybridization of the
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marker orco. (D) Temperature-dependent currents of heterologously expressed TRPAI(B).n =9 cells, P < 0.0001. (E) Antennal movement of beetle pollinators to heat radiation
and cone scent for beetles untreated and treated with the TRPAI antagonist AM-0902. n = 32 beetles, P < 0.0001. (F) TRPAI(B) and TRPAI(A) splice isoforms. Colored blocks
represent exons that are alternatively spliced (top). AlphaFold structure highlights in color the position of the amino acids encoded by the exon, which is unique to the TRPA1(B)
variant. (G) Temperature-dependent currents of TRPAI(B) and TRPAI(A) compared across two beetle pollinators (P. floridana and R. furfuracea).n = 6 to 9 cells, P < 0.0001.
(H) Selection analysis of TRPA1(B) across >50 species from different insect orders. (I) Thermogenic profiles of plants pollinated by P. floridana (Z. integrifolia, lower temperature,
pink) and R. furfuracea (Z. furfuracea, higher temperature, green). Data are representative of n = 4 to 25 plants. (J) Heat responses of TRPAI(B) channels from P. floridana
(pollinates lower-temperature cones, pink) and R. furfuracea (pollinates higher-temperature cones).n = 3 to 9 cells. Error bars represent standard error of the mean.

recent pollinators such as bees and butterflies (Fig. 5, E and F, and fig.
S10D). These findings support a shift from ancient metabolic signaling
to the diversification and stunning elaboration of color signals charac-
teristic of flowering plants today (Fig. 5H).

To test this pattern, we mapped thermogenesis and color diversity
across major families of seed plants. We surveyed the literature (35-38)

Science 11 DECEMBER 2025

and the TRY Plant Trait Database (39) and developed an Al pipeline to
extract large-scale color data from community-science platforms. We
found that thermogenesis has evolved independently in cycads and
angiosperms and is disproportionately represented in early-diverging
lineages of seed plants (Fig. 5, G and H, and fig. S12), consistent with
the fossil evidence (40). By contrast, more recently diversified lineages,
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Fig. 5. Thermogenesis is an ancient pollination signal exhibiting a trade-off with color diversity. (A and B) Absorbance spectra of the two purified beetle opsins, UV and
LW. (C) Absorbance spectra of the two beetle visual opsins UV and LW with the reflectance spectra of cycad cones pollinated by beetles (n = 115 cones, n = 5 samples across

23 species). The cones above the plot are representative of the color variation across species. (D to F) Reflectance spectra of >1000 species of cycads and flowering plants as
modeled with the dichromatic visual system of a cycad beetle pollinator (D), the trichromatic visual system of a bee pollinator (E), and the tetrachromatic visual system of a
butterfly pollinator (F). Each point represents a cone or flower color projected into the pollinator’s perceptual space. Distances between points indicate perceptual contrast; the
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families represents 25 lineages.

such as the rosids and asterids, exhibit diverse colors and are charac-
terized by metabolic investments in a broad range of floral pigments
(Fig. 5G). Maximum likelihood models revealed a negative correlation
between thermogenesis and color diversity (P = 1.14 x 10~; figs. SIOE
and S11 and table S6), indicating an evolutionary trade-off whereby
seed plant families that exhibit thermogenesis show low color diversity
and vice versa. This negative trade-off is likely mediated by functional
redundancy of pollination signals, different metabolic costs associated
with heat and color pigment production, and the exploitation of sen-
sory biases of diverse primary pollinator groups.

To further explore the shift from IR- to color-based pollination, we
estimated the origin of thermogenesis and gathered fossil data on
thermogenic plants and insect pollinators. Because cycads are the
oldest living plants pollinated by animals, we first performed ancestral
state reconstruction of thermogenesis in this group to pinpoint the
evolution of this pollination strategy (fig. S13). We then surveyed
family-level fossil records of thermogenic plants (40) (table S7) and
recent Bayesian estimates of diversification rates for major pollinator
insect orders (41, 42) (Fig. 5H and table S8). Collectively, these data
support that: (i) thermogenesis evolved at the base of Cycadales in the
early Permian (~275 Ma) and represents one of the most ancient
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pollination syndromes (figs. S12 and S13 and tables S7 and S8); (ii)
beetles were ancestrally nocturnal, dichromatic, and among the earli-
est pollinators of seed plants (17, 40, 43) (Fig. 5H, figs. S9 and S14, and
table S8); and (iii) beetle diversification predated the rise of polychro-
matic pollinator lineages such as bees and butterflies, which evolved
largely concurrently with the adaptive radiation of modern flowering
plants, particularly after 50 Ma (41, 42) (Fig. 5H, fig. S9, and table S8).
These findings point to an evolutionary shift in pollination signaling
strategies that coincided with changes in dominant pollinator groups,
each characterized by distinct sensory biases.

Discussion

The evolution of pollination reflects the interplay between plant sig-
nals and pollinator sensory abilities. Early pollinator interactions
likely recruited ancient molecular machinery already present in plant
metabolism and pollinators’ senses. Here, we found that the molecular
bases of thermogenesis and IR sensing involve the ancient proteins
AOX1 and TRPA1, respectively. Although widespread in plants (44)
and animals (45), the up-regulation of these proteins supports special-
ized adaptations for heat production and detection. The regulatory
nature of these adaptations likely contributed to their evolution, with
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AOX1-driven thermogenesis emerging independently in nonflower-
ing and flowering plants (13, 19, 20) and TRPAl-mediated IR sensa-
tion evolving in distantly related beetle pollinators, mosquitoes (29),
and snakes (30). Thus, thermogenesis and IR sensing represent re-
markable cases of convergence, where selection repeatedly coopted
the same molecular toolkit to enhance thermal signaling and percep-
tion across diverse lineages.

Once sensory biases for metabolic cues such as heat evolved in gym-
nosperm pollinators, early pollinators may have exploited similar cues
in nascent groups of flowering plants. Although cycads are currently
the most threatened plant order (46), they were considerably more
diverse and ecologically dominant during the Mesozoic (47), coexisting
with early-diverging lineages of angiosperms. Fossil evidence from
the mid-Cretaceous supports host plant shifts of cycad beetle pollina-
tors to basal angiosperm lineages such as water lilies (Nymphaeaceae)
(43), which, like cycads, are thermogenic. This early establishment
of thermogenesis and IR signaling between gymnosperms and beetles
likely set the stage for efficient, insect-mediated pollination at the
onset of flowering plants.

Although the earliest flowers were mostly thermogenic and visually
inconspicuous (40, 48), color-based syndromes now dominate modern
ecosystems. This transition in signaling did not coincide with the ori-
gin of flowers (41). Instead, this shift occurred alongside the expansion
of major groups of diurnal pollinators such as bees and butterflies (41),
which have retained and elaborated trichromacy. Beetle pollinators of
thermogenic plants are dichromatic, yet recent radiations of beetle
groups that visit flowers show opsin duplications with putative tri- and
tetrachromatic visual systems but only in diurnal species (49). These
large-scale patterns underscore how pollinator sensory systems are
primary drivers shaping the evolution of floral traits. Indeed, as differ-
ent plant lineages rose to ecological dominance, their signals evolved
to tap into the preexisting sensory biases of the widespread pollinator
groups. More broadly, our results suggest that metabolic cues such as
IR played a pivotal role in the early evolution of biotic pollination, one
of the most transformative mutualisms for ecosystems in Earth’s history.
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