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Self-assembled, disordered structural color from fruit

wax bloom

Rox Middleton"?*, Sverre Aarseth Tunstad’, Andre Knapp3, Sandra Winters', Susan McCallum®,

Heather Whitney'*

Many visually guided frugivores have eyes highly adapted for blue sensitivity, which makes it perhaps surprising
that blue pigmented fruits are not more common. However, some fruits are blue even though they do not contain
blue pigments. We investigate dark pigmented fruits with wax blooms, like blueberries, plums, and juniper cones,
and find that a structural color mechanism is responsible for their appearance. The chromatic blue-ultraviolet
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reflectance arises from the interaction of the randomly arranged nonspherical scatterers with light. We reproduce
the structural color in the laboratory by recrystallizing wax bloom, allowing it to self-assemble to produce the blue
appearance. We demonstrate that blue fruits and structurally colored fruits are not constrained to those with blue
subcuticular structure or pigment. Further, convergent optical properties appear across a wide phylogenetic
range despite diverse morphologies. Epicuticular waxes are elements of the future bioengineering toolbox as
sustainable and biocompatible, self-assembling, self-cleaning, and self-repairing optical biomaterials.

INTRODUCTION

Blueberries are observably blue; however, the pigments found in
blueberries are not. Recent work demonstrates explicitly that the
color variation of blueberries does not predominantly depend on
pigmentation (I). The anthocyanins, contained in high concentra-
tions in these fruits, generally have dark red scattering profiles. How
then do fruits like blueberries and sloes produce their blue color? In
many biological materials, nanostructures of nonabsorbing molecules
interact with light via wave interference to reflect bright, highly satu-
rated colors, creating “structural color” (2). Here, we analyze how
the nanostructure of epicuticular wax, which arises by self-assembly
(3), produces the coloration of a diverse group of “bloom fruits” We
find that the appearance is dominated by scattering from the random
assembly of nonspherical particles and, unlike the coherent inter-
ference found in other structurally colored fruits that rely on periodic
lengthscales within the material, is dominated by form factor contribu-
tion. We define bloom fruits as those with dark pigmentation and an
epicuticular wax crystal coating, referred to as “bloom.”

Having a high discriminatory sensitivity to blue light is extremely
common across vertebrates with color vision (4) and, in particular,
visually guided frugivores, making blue discriminable or “chromati-
cally salient” and therefore a valuable signaling color (5). However,
identification of blue fruits is rare; in a broad global-scale study, blue
fruits constituted a group so small that they were classed as outliers
(6). This is in part explained by the relatively rare deployment of
blue biological pigments (7). Blue-reflective pigments require absorp-
tion of lower energy photons by large, energetically expensive mole-
cules (8). Blue pigment-derived color exists in plants, especially in
flowers (9), and in some fruits such as Dianella tasmanii (10). However,
these molecules are energetically costly, and structural color can offer
a less costly route to blue color. A handful of other known blue fruits
have been identified as structurally colored (see Fig. 1) (11-18).
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Blue-reflective fruits might be less rare than currently documented,
as bloom fruits have been overlooked in color surveys, perhaps because
their strong anthocyanin pigmentation develops with ripeness (19)
but, reflecting red/black, does not determine their blue ultraviolet
(UV) color appearance (I, 20).

Plant epicuticular waxes are self-ordering and self-repairing (21)
surface coatings that can determine properties of the plant surface
such as self-cleaning, wettability (22), and resistance to insect and
microbial pathogens. Plant waxes share with biomaterials like cellu-
lose a very wide and multifaceted range in biological function (21).
An extensive body of work on epicuticular wax crystals exists. It is
largely focused on hydrophobicity properties but has identified epicu-
ticular wax crystals as developing external to the plant cuticle
through self-assembly from crystallization (23, 24), which can be
reproduced in many (but so far not all) instances in the laboratory
(3), including complex coiled structures.

The optics of epicuticular waxes has been the focus of surprisingly
little analysis. An exception is a demonstration of thin-film interference
producing a gold sheen on Tradescantia leaves (25). High UV re-
flectance in Picea pungens was reported in 1975 (26) along with
the reflectance spectrum and later the UV reflectance from other
leaves (27). Although the P. pungens mechanism was not discussed by
the authors of that paper, it has since been generally attributed to
Rayleigh scattering (28). Rayleigh, Tyndall, and Mie scatterings refer
to single-particle scattering effects, with different degrees of precision
(29). While all nonmolecular, non-iridescent color effects were once
generally attributed to this mechanism (30, 31), the imprecision of
its application in dense biomaterials [in comparison to dilute suspen-
sions and atmospheres, where it is well understood (32)] has meant
that many of these assumptions have been overturned (33). Despite
the general assumption, the color of bloom fruits was not previously
listed prominently in biomaterials attributed to Rayleigh scattering.

Mie scattering, the analytical result for single scattering from
spheres and infinite cylinders 4(34), has attracted particular interest,
in part because of its analytic solution but also because of its application
in producing vibrant spherical-colloid colorant materials (35). Mie
resonance in spherical particles produces coloration corresponding
to particle diameter, allowing peaks across the optical spectrum.
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Fig. 1. Structural color in wax bloom produces blue appearance on fruits across a wide phylogeny. (A) Undamaged highbush blueberries growing on the plant.
(B) Blueberry with (i) unmodified wax, (ii) mechanical wax removal, (iii) chloroform wax removal, (iv) surface application of (almost) index-matching oil n = 1.518, (v)
surface application of water, (vi) outer skin peeled to reveal flesh, and (vii) underside of peeled skin. (C) Transmission optical microscopy of peeled blueberry skin from
internal edge showing red pigmentation in epidermal cells. Scale bar, 200 pm. (D) (i and ii) A selection of plum (Prunus domestica) fruits with different cell pigmentation,
(i) with wax intact and (ii) with wax removed. (E) Confirmed occurrence of bloom disseminules across phylogeny. Previously known structurally colored (multilayer)
fruits are shown in dark blue: Delarbrea michieana (11), Elaeocarpus angustifolia (12), Pollia species (13, 14), Margaritaria nobilis (15), Viburnum species (16, 17), and

Lantana strigocamara (18).

Theoretical analysis of Mie scattering has investigated the transition
between single-particle scattering and assemblies with resonance or
multiple scattering, as dense thick assemblies transition to sparse
thin ones (36).

Study of Mie assemblies as disordered photonic glasses have shown
that the optical response can be broken down into a “form factor”
contribution from individual particles, and a “structure factor” contri-
bution from their spatial relationships to one another. Although
negligible in photonic crystals, a form factor contribution appears in
photonic glasses due to departure from strictly periodic scattering
centers. Analysis of this has shown that form factor, as a minority
contribution to overall reflectance, limits purity of non-blue colors
(37). It is known that although multiple scattering is important, in
the low-scattering limit of very thin samples, the spectral response
from individual particles can qualitatively predict spectral shape
(38). Analyzing the interaction of light with epicuticular wax expands
our understanding of the materials, advancing their potential for
application. Biomaterials have huge value in sustainable and biologi-
cally compatible bioinspired engineering applications. For example,
research into the optical and self-assembly properties of cellulose
has led to an explosion in innovation in coatings, sensors, and colo-
rants (39). Epicuticular waxes show particular promise due to the
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wide range of morphologies (40) the self-assembled crystals take, as
well as the range of biological adaptation in environment and function.

RESULTS

Epicuticular waxes produce structural color across a wide
phylogenetic range

Highbush blueberry (Vaccinium corymbosum) fruit is used in Fig. 1
(A to C) to demonstrate the epicuticular wax bloom characteristics.
The fruit appears blue in trichromat human vision (Fig. 1, A and
Bi), but the color is removed by mechanical abrasion of the surface
(Fig. 1Bii), rinsing with chloroform (Fig. 1Biii), and application of
immersion oil (n = 1.5) (Fig. 1Biv), while wetting with water leaves
it unaffected (Fig. 1Bv). The pigment in the epidermal cells is very
dark (Fig. 1Bvi) but, when released by cell breakage as juice, appears
red over the whitish flesh (Fig. 1Bvii). Transmission optical micros-
copy under very high intensity light confirms the red color (Fig. 1C)
of the epidermal cell pigment, although its strong absorption makes
the macroscopic appearance of ripe dewaxed blueberry surface
black. The dissolved epicuticular wax is transparent in (chloroform)
solution over the visible range. Spectrophotometry shows a strong
absorption in UV below 300 nm for blueberry wax, absent in other
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species (fig. S1), which accounts for a sub-300 nm reflectance drop-
off observed only in blueberries. Color arising from structure is
nonabsorptive and, therefore, semitransparent. Wax bloom, in com-
mon with other structural color, therefore requires an underlying
absorptive background to be the sole source of coloration. Reflectance
from dewaxed surfaces and exposed pigmented skin is shown in
fig. S2. It also produces mixed colors in conjunction with non-black
pigmentation, as seen in a range of plum cultivars in Fig. 1D. In
many such cases, wax bloom still contributes substantially to the
overall color. This is important both in fruits, in which strong color
mixing occurs, and in the transition of appearance of unripe fruits,
which generally develop from mixed green-UV through red-UV to
blue-UV during maturation (fig. S3). We identified these traits of
bloom fruits in fruits (and in conifers, cones) from species across
seven phylogenetic orders, which are indicated in Fig. 1E.

For each species, we examined the morphology of the epicuticular
wax crystals by scanning electron microscopy (SEM), for which a
range of species are shown in Fig. 2. Epicuticular wax crystal mor-
phologies vary widely between genera according to chemical compo-
sition and are commonly categorized by shape (41, 42). Here, we
used four shape categories (“ring,” “rod,” “slab;” and “tube”) to capture
the characteristic dimensions plotted in fig. S4. Figure 2 (M to P)
shows surface optical reflectance spectra grouped by wax morphology.
Despite the major differences in the particle shape, the spectra share

a monotonic inverse relationship between reflectance intensity and
wavelength. The same or similar optical spectra are produced by
waxes from diverse families of wax morphologies. The phenomenon
shows apparent convergence in spectral reflectance across the phylo-
genetic range, despite morphological variation in the wax particles.

Epicuticular wax spectra are dominated by random
scattering from particles rather than periodic or
quasi-periodic structure.

The comparison of bloom reflectance spectra with other spectral
signatures, as in Fig. 3A, shows a clear distinction between bloom
and other characteristic reflectance spectra. Other kinds of biological
pigmentary color, and structural color (both ordered and disordered),
show a peak in the visible wavelength range (corresponding in general
to the dominant visual appearance). Contrastingly, bloom spectra,
in common with the spectrum of the blue sky (produced by Rayleigh
scattering), have a monotonic inverse relationship between wave-
length and reflectance (29).

Spectral peaks from structural color arise from constructive inter-
ference of light waves with nanostructure arrays that have a charac-
teristic lengthscale corresponding to the reflected peak wavelength.
In photonic crystals, this characteristic lengthscale occurs on crystal
planes and produces angle-dependent coloration (2). In photonic
glasses, directional disorder occurs between scattering loci, but a
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Fig. 2. Wax morphologies differ strongly between species, but spectral signatures do not. (A to L) SEM images of wax bloom crystals; scale bar, 2 pm. Photo insets:
(A) Damson P. domestica. (B) Sloe, Prunus spinosa. (C) Victoria plum P. domestica, ssp. Intermedia. (D) Grape Vitis vinifera "Hamburg (E) Flowering currant, Ribes sanguineum

Pursh. (F) Bilberry Vaccinium myrtillus. (G) M. aquifolium. (H) Barberry, Berberis darwinii. (1) Juniperus occidentalis. (J) Juniperus virginiana. (K) Abies koreana. (L) Blueberry

V. corymbosum “Rocio.” (M to P) Average spectra from each species by morphology group. (M) Ring spectra. (N) Slab spectra. (O) Rod spectra. (P) Tube/blueberry spectra.
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Fig. 3. Epicuticular wax shows no visual-wavelength peak but is visually salient in both blue and UV channels for avian frugivores, indicating potential value in
chromatic contrast. (A) Normalized reflectances compare spectral shape. Structural color [highly ordered Pollia, quasi-ordered Cotinga cotinga (28)] and pigment (phy-
cocyanin) compared to sloe bloom and irradiance measured from blue sky. Sunlight at ground level explains the blue-sky cutoff below 300 nm. (B) (i to iv) All spectra
(solid lines) and 90% confidence intervals (shaded areas) are shown along with the single-particle scattering model (thicker dotted/dashed lines) from FDTD scaled to the
peak intensity measured. In (iv), the blueberry model also includes the absorption below 300 nm measured in blueberry wax, as shown in fig. S1. The scattering profiles
from FDTD are scaled to match the intensity of the measured spectra, by slab: 3 x 10" ring: 5 X 10" rod: 3x 10'>; blueberry: 3 x 10", Further variation of model parameters
isin fig. S6. (C) (i and ii) Projection of the bloom fruits with (i) wax intact and (ii) removed, into tetrachromat Turdus merula (Blackbird) visual space. (D) (i and ii) Projection
of the bloom fruits with (i) wax intact and (ii) removed, into trichromat human CIE color space. Outlines show the range in the other plot. (E) (i and ii) Color from calibrated
photos of five fruit surfaces are plotted in CIE space. (i) Bound of points from the photographed fruit body. (ii) Each fruit’s average. The range contains the palest blue
reflectance point, plotted from specular reflectance in (Di), and also shows the resultant full visible color range. (F) Chromatic and achromatic just noticeable differences
(JNDs) (62) show the discriminability of fruits with wax intact (bloom-leaf, shown in blue) and wax removed (pigment-leaf, shown in green) against green foliage. One JND
(discriminable in bright lighting) and three JND (discriminable across lighting conditions) thresholds are indicated with gray dashed lines.
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characteristic inter-locus distance is preserved, and thus, construc-
tive interference and a reflectance peak is also preserved but without
angle dependence (43). The analysis of disordered photonic glasses
(37) has shown that the disorder introduces additional scattering,
designated form factor. This depends on individual scatterers, rather
than their relationship to each other, which constitutes the structure
factor. Form factor corresponds to the scattering of light by individual
nonspherical particles of sub- or near-wavelength size. In dilute sys-
tems, single-particle scattering has been identified since the late
19th century as “Rayleigh” scattering or as a “Tyndall” phenomenon
in which a monotonic relationship between wavelength and scattering
is observed, where shorter wavelengths are scattered more (29). As
the analog in dense biomaterials, single-particle scattering as form
factor contributions in photonic glasses also has this bias, with high
relative reflectance in blue wavelengths therefore limiting the non-
mixed color palette of photonic glasses to blue (37). Other colors of
photonic glasses may be produced, but where disorder makes it a
“glass” rather than a crystal, the color is usually mixed, appearing
light or nonsaturated rather than saturated (44).

The lack of a reflectance peak in bloom reflectance spectra is no-
table because it indicates a lack of constructive interference in the
material, in turn a sign of no characteristic lengthscale order (2). We
made Fourier transforms and structure measurements from the EM
measurements of bloom wax in cross section and normal to the surface.
These indeed showed no sign of short- or long-range order. Wax
crystals have different uniform stereotypical shapes, distributions,
sizes, and thicknesses depending on species (fig. S4), but none show
evidence of characteristic spacing between adjacent particles.

To understand the case in which coherent interference could never-
theless explain the result (i.e., to construct a plausible structure factor
model depending on packing of the regular particle dimensions), we
constructed a one-dimensional (1D) model of multiple scattering from
very tight, disordered packing of ring particles. In this model, a peak
in the reflectance spectrum could occur at sufficiently low wavelength
that is not measured, and the measured spectral tail is interpreted as
a monotonic spectrum. With assumption of very close packing and
actual dimensions smaller than measured (i.e., assuming strong pres-
ence of artifacts in measurement), the closest fit model shows a loose
approximation to the observed spectra for ring particles (fig. S5),
although it has a flattened profile at low wavelengths, which is not
observed. Furthermore, such packing would only be feasible with some
(high symmetry) crystal shapes, despite experimentally similar mea-
sured optical responses between different bloom wax crystal morpho
logies. We used the same approach to confirm that the conformation of
thin-film fringes predicted by the parameters measured do not provide
adequate explanation of the effect (also fig. S5).

Since we could identify no contribution from a periodic structure
factor of the highly disordered nanostructure, we modeled the spectra
as arising from form factor contributions, as modeled in previous low-
scattering approximation (38). We used a Monte Carlo approach, aver-
aging over many single-particle scattering events, modeled using
computational Maxwell equation solver [finite-difference time-domain
(FDTD)]. This approximation requires the assumption of small scatter-
ing cross section and thin layer thickness so that the impact of scattering
events on the EM field is negligible with respect to the incident wave.

For the low-multiple scattering regime, the structure thickness
must be smaller than or similar to the transport length or distance
traveled by light through the material without scattering. This assump-
tion is suggested by previous work on a similar system in which

Middleton et al., Sci. Adv. 10, eadk4219 (2024) 7 February 2024

multiple-scattering models break down for thin films with thickness
less than the transport length of the material (36). In the work
referenced, a dense Mie particle assembly of polystyrene spheres
between 94 and 138 nm in diameter is analyzed. The transport
length can be calculated analytically for spherical particles and was
found in that work to be ~8 pm. Reflectance from a film thickness of
6 pm was found to depart from multiple-scattering assumptions.

Taking this transport length as a starting point, polystyrene has a
refractive index of around 1.6 (slightly larger than the refractive index
for wax assumed here) (45). The epicuticular wax shapes also have a
far reduced geometric cross section with respect to a filled sphere.
Both these features serve to reduce effective volume of interaction
between particle and light, increasing the transport length (34). Last,
the thickness of the material present on bloom surfaces is found to
be 2 to 4 pm, larger only in sparse rod structures. We therefore expect
the departure from a strictly multiple-scattering model to be appro-
priate in epicuticular wax nanostructure, until a much greater thick-
ness is observed. Instead, as in (38), we used a scattering model in
this instance, which analyzed individual particles (whereas in the
previous work this was spheres, our particles are nonspherical). The
models are shown with the experimental data in Fig. 3B (i to iv).
Despite its limitations, the single-particle model approximates the
measured spectra qualitatively and supports the dominant role for
form factor contribution in the scattering profile, analogously to the
successful model of spectral shape through spherical form factor
models (38) and the blue-bias minor contribution identified in pho-
tonic glass arising from form factor (37). Although there is no spectral
peak in the visual wavelength range, the activation of visual channels
in UV and in blue, and its differential with longer wavelength re-
ceptors, is sufficient to produce chromatic salience both in a tetra-
chromatic avian (blackbird) visual model (Fig. 3C, i and ii) and in
human trichromatic vision, plotted in CIE space (Fig. 3D, i and ii).
The projection of the specular reflectance shows that the fruits are
all blue when waxy and dark/red when dewaxed. The color appears
desaturated when projected from spectral profile. For dewaxed
fruits, this is because they were very dark (low reflectance in all
wavelengths); however, the relatively low saturation for waxed fruits
is due to the lack of a peak in the spectrum. Nevertheless, under
natural lighting conditions, the fruits appear to human trichromat
vision relatively saturated. Color spaces appearing across fruit sur-
faces extracted from color-calibrated photos and plotted into CIE
space in Fig. 3E (i and ii) show that the visual appearance actually
encompasses a range across the unevenly lit surface, with both more
tones and the unsaturated tones (in Fig. 3C, i and ii) measured by
specular optical-axis reflectance.

Fruit coloration visibility is strongly affected by background color.
The contrast of the fruits with respect to green foliage in both lumi-
nance and chromaticity (for the specular spectra) is therefore plotted
in Fig. 3E, comparing fruits with wax bloom and after wax is removed
to reveal underlying pigment. Although waxy fruits have lower lumi-
nance discriminability (the luminance of a waxy fruit is closer to a
leaf than a dewaxed one), the chromatic discriminability is strongly
enhanced (the color contrast of bloom fruits with green leaves is
highly discriminable and much higher than dewaxed fruits).

Replication of structural color from fruit bloom

We extracted epicuticular wax from Mahonia aquifolium fruits
(Fig. 4A) by fast dipping in chloroform to extract only the outer
(epicuticular) layer of wax (46). We recrystallized the wax via
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thermal evaporation and deposition (24) under vacuum onto non-
chromatic black card (Fig. 4B). The wax, having been transparent in
solution (fig. S1A) and white as a solute remaining after solvent
evaporation, self-assembled after deposition to replicate a similar
nanostructure (Fig. 4, C and D) and corresponding blue coloration
(Fig. 4F) close to the spectral measurement from naturally occurring
M. aquifolium fruit surfaces (Fig. 4E). The production of blue color
by nanostructure is therefore demonstrated. Increased deposition
time and weight showed a corresponding increase in the reflectance
brightness of the deposited coating.

DISCUSSION

This work adds the widespread matte blue-UV chromaticity of bloom
fruit to the known photonic effects that occur naturally in epicuticular
wax. This includes the gold sheen on Tradescantia pallida leaves (25),
whitish “glaucous” wax on succulent leaves (47), and highly UV-
reflective coating on P. pungens needles (26). The known range shows
already that wax nanostructure has a versatile range of photonic effects.
The reproduction of the effect here [through already established
techniques (3)] is a promising indication that other wax optics
might also be accessible through recrystallization, and through
adapting morphology and orientation of the structures, as in other
photonic biomaterials. The prominence of the effect reported here
indicates that there may be much more to understand about the
range of optical phenomena in wax nanostructures. Further, the
analysis indicating the importance of form factor in the effect pro-
duces a lens on both the discriminate fine-tuning of structures that
has produced the convergent coloration in these instances and
notable flexibility in morphological groups in which it has arisen.

The identification of visually salient blue-UV structural color from
wax bloom demonstrates structural color in a much wider range of
fruits than just those with subcuticular structure. The phylogenetically
widespread occurrence indicates that it has evolved multiple times,
likely many more than reported here. Its identification in part resolves
the paradoxical situation of very few fruits seemingly using effective
blue signaling colors, as structurally colored bloom overlaying dark
anthocyanin pigmentation to produce blue-UV chromatic reflectance
is widespread. The spectral similarity indicates potential convergence,
despite diverse structures. This mirrors the convergence of appearance
observed in petal striations to produce a blue sheen in flowers (48).
We see therefore a second example of structural color in plants showing
broad taxonomic stability, despite disparate structures. In both cases,
a high degree of disorder plays a key role in the color produced and
robustness to differences in that structure within a bounded range.
The clear relevance in both cases to plant-animal interaction through
visually guided foraging is also notable.

The use of structural color here overcomes the challenge that the
dense, nutritionally valuable anthocyanins make fruits dark and there-
fore potentially inconspicuous (49). As observed also in Viburnum
tinus (16), once overlaid with bloom, darker anthocyanins enhance
the chromaticity of the fruit by reducing color mixing. This is also
important in maturation (fig. S3): Bloom is present throughout fruit
development, displaying a bright UV signal, but only once the bright
pigmentary scattering of early ripening stages is removed is the final
blue-UV mixed color, due entirely to the bloom structure, visible.
Given the other functional benefits of bloom for plant health (40),
there is also the possibility that its chromatic visibility could act as
an honest signal, displaying an innate high-quality trait. The pheno
menon is observed in unrelated cultivated and wild fruits, indicating
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Fig. 4. Reproduction of structurally colored wax by in vitro recrystallization. (A and B) Photographs of (A) M. aquifolium fruits and (B) redeposited M. aquifolium wax
(left 1.75 mg, right 2.02 mg, both deposited over 1 hour at 120°C). (C and D) SEM images showing the crystal structure of epicuticular wax in (C) fruit surface and (D) rede-
posited sample. (E and F) Spectral measurements from (E) fruit surface and (F) redeposited samples; legends show initial wax weight, crucible temperature, and deposi-

tion duration.
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convergent evolution in a signaling organ, but given the complexity
of fruit ecology, behavioral tests would be required to understand
whether the coloration enhances frugivore attraction.

Behavioral tests of the impact of bloom on bird attraction have
reported reflectance spectra of some species included here, although
the aim was not to understand its origin. Moreover, the studies focused
specifically on UV reflectance. From this work, it is clear that the
UV reflectance is visually salient to some birds, but in short-range
“cafeteria experiments,” it is not clear whether UV itself enhances
attraction to birds (50, 51). The sloped monotonic spectral signature
allows the coloration to be salient in both UV and blue visual channels.
Crucially, it also features lower stimulation of longer-wavelength visual
receptors, making it “colored” for both tetrachromats and trichromats,
rather than white. Although these colors could in some cases be
added by bright underlying pigments, in bloom fruits, the underlying
pigment is dark and absorptive.

The proposed mechanism extends the role of form factor contribu-
tion in structural color, from prominent as described in photonic
glasses (37), to primary in its role in these (2 to 6 pm) coatings
(fig. S7). Although thin, this thickness is of the same order as structural
color with coherent interference like multilayers (2), which justifies
the analysis of its structure factor. This mechanism is analogous to
resonant Mie scattering in spherical particles (52), the fabrication of
which is of contemporary interest but shows the prominent role of
scattering from nonspherical particles in dense materials.

The very simple optical model suggested here is successful, and
we propose that, analogously to dominance in disordered photonic
glass of single scattering from Mie spheres, it produces insight into
color production in these ultrathin materials. However, there is much
more to be understood about the materials and the models, which
should form the basis of future work, and a full theoretical investiga-
tion into the range of architectures observed to produce the effect.
The most important question is in the role of multiple scattering.
There must be a role for multiple scattering in these materials, as the
density of the scatterers implies interaction between them. More-
over, as nicely demonstrated in the Ewald sphere construction (53),
transport length decreases with decreasing wavelength, making
multiple scattering increasingly likely. The role of “imperfect shapes”
and highly disordered nearest-neighbor relationships we suggest are
particularly of interest. Given the spectral profiles identified and
previous work on multiple scattering (54), we would expect contri-
bution from multiple scattering also to be entirely disordered. Un-
like in a photonic glass, where the disorder has a visible-lengthscale
average coherence length, because of the highly irregular shapes, we
expect the disorder in this case to produce greater scattering with
shorter wavelengths far into the UV. Therefore, wax bloom is an ap-
parently unusual example in biological coloration beyond white-
ness, where truly random particulate scattering dominates, although
its pervasiveness indicates that there may be other unexamined ex-
amples of the effect in biological materials. The lack of periodic
structure factor contribution could suggest enhanced disorder of the
material, as in Cyphochilus beetles, where the disorder is hypothesized
to be enhanced to ensure that no coherent interference effects are
present (54).

The simple reproduction of such self-assembled nonspherical
particles in wax crystals is a direct benefit of working with the bio-
material itself, and a potential that could also be extended to other
nanoparticle fabrication. Recrystallization of epicuticular waxes through
thermal deposition in vacuum is a well-established technique that has
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been used to create complex hierarchical architecture (24). Although
vacuum thermal evaporation does not replicate natural biological
crystallization conditions, it allows wax molecules to reassemble
without obstruction by additional forces. Understanding how this
can be achieved outside of vacuum conditions for different waxes, as
occurs on biological surfaces, should be the subject of further work.

We present here an instance of structural color from wax, which
indicates the potential for a wider range of photonic effects arising
from epicuticular wax (for example, in albedo-enhancing white
coatings). Recrystallization of the structurally colored bloom directly
demonstrates the bio-replicative engineering application. Both dis-
ordered photonic glasses (55) and single-particle spherical Mie scatter-
ing materials (44) have been produced in artificial materials, and the
scalable production of these is the focus of ongoing research (56).
Biologically derived structural color offers a sustainable, biocompatible,
multifunctional approach to self-assembled, self-healing, and self-
cleaning colorants and coatings. Epicuticular wax, in particular, has
multiple known functionalities (40), making its applications poten-
tially tunable to different optical/industrial applications. The straight-
forward self-assembly (57) and range and tunability of wax nano
structure (42), which have allowed for the coloration both observed
and reproduced here, indicate a rich potential for application in
nonabsorptive photonic surfaces.

MATERIALS AND METHODS

Materials

We identified and collected samples from botanic (Edinburgh,
Dresden) gardens and private and community gardens in Bristol
(UK), public access land, and the James Hutton Institute polytunnels
or commercially. Shop-bought samples were compared to samples
grown in known conditions, and no artifacts from commercial sur-
face treatments were observed. We removed wax from the surface of
the fruits using either gentle mechanical abrasion with paper tissue
or wiping with tissue soaked in chloroform. Mechanical rubbing
produced a smooth, specular reflecting surface, while chloroform
dissolution produced a matte surface. This difference is because
mechanical rubbing removes the relevant particulate epicuticular
wax while leaving intact underlying smooth wax that is fused with
intracuticular wax that permeates the cuticle. The surface produced
is a polished artifact of rubbing. Using chloroform strips the relevant
epicuticular wax back and may remove part of the outer layer of intra
cuticular wax as well. This is an important concern and is fully ex-
plored in previous literature (46). This, too, produces an “artificially
textured” surface but not a smooth polished one as with rubbing.
This affected the dewaxed spectra as shown in fig. S2.

Imaging

We took macroscale photographs using a Sony a300 DSLR and Sony
SAL30M28 macrolens and x-rite ColorChecker for fruit image cali-
bration (processed using MATLAB Image processing toolbox). For
spectral measurement, we used a DH-2000-BAL OceanOptics lamp,
QR400-7-UV-Vis double-ended fiber, and an Avantes Flame UV-Vis
Spectrometer. We calibrated it on an Avantes white diffuser standard.
We took reflectance measurements using a metal mount-block
holding the fiber normal to the surface (tangent to the fruit surface
in the case of round fruits) at 7-mm distance. Spectra shown in
Fig. 2 are averages across samples, smoothed over A = 7.5 nm. Im-
mersion oil was Zeiss Immersol 518. We prepared samples for SEM
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by mounting them on carbon tape and coating them with 5-nm gold
in a Quorum QI150RES sputter coater; then, we imaged them in
Zeiss Evo 15 ESEM under vacuum (standard settings: 10 kV, 50 pA).

Visual modeling

For visual modeling, we used pavo version 2 (58) in R version 4.1.2.
We used visual models (4) to convert spectral reflectance measure-
ments into quantal catches to analyze colors as perceived by trichro-
matic humans and tetrachromatic avian seed dispersers (represented
by the European blackbird Turdus merula). We implemented a D65
illuminant to model daylight conditions in the Von Kries model. We
averaged spectral reflectance measurements for each species and
smoothed them using a span of 8 nm. We modeled Blackbird vision
(using vismodel) based on five photoreceptors [peak sensitivities:
557, 504, 454, 373, and 557 nm; cone cutoff wavelengths: 570, 515,
414, 330, and 439 nm; oil droplet types: R, Y, C, T, and P; cone types:
long (LW), medium (MW), short (SW), and UV cones, which perceive
color, and double cones, which perceive luminance] (59, 60).

To determine the detectability of fruit against the background, we
calculated just noticeable differences (JNDs). One JND is the discrimi-
nation threshold between similar colors in ideal conditions, calcu-
lated using the receptor noise limited model (here, JNDs are calculated
pairwise between each fruit with wax both on and off and an average
blueberry leaf spectrum (a characteristic chlorophyll-dominated
green leaf), using relevant cone ratios; blackbird: 1:1.78:2.21:1.96
(UV:S:M:L) and Weber fraction [blackbird: w = 0.1 (58)]. The averaged
blueberry leaf spectrum is used as an approximate model of back-
ground foliage for all fruits.

Optical modeling

We made optical models using Lumerical 2019b Finite Difference
IDE, a commercial Maxwell equation solver. We estimated the refrac-
tive index of the particles as 1.47 (61). This is a low-precision assump-
tion, and future work should aim to improve precision on the
dispersive refractive index. Absorption of several waxes was measured
(see fig. S1A) and found to be extremely low, except for blueberry
waxes below 350 nm. They were therefore treated as negligible and
complex refractive indices were not used in the FDTD model, al-
though in the blueberry model they were applied afterward, as shown
in fig. S1B. We performed simulations with a source that averaged
over two orthogonally polarized pulsed plane wave sources (160 to
600 nm) and the far-field scattering integrated over the 180° back-
scatter direction. No planes of symmetry were introduced, and simu-
lation area boundary conditions were perfectly matched layer (PML)
absorbing boundaries. We used individual 3D particles oriented
within the simulation volume with varied orientation of the target
particle with respect to the k-vector according to orientations observed
in structural analysis and then averaged the full backscattered spectra.

Wax extraction and redeposition

We extracted plant wax dominated by the fraction of epicuticular
wax from fruits by fast (~2 s) dipping in chloroform (46). We filtered
the solution (Fisherbrand grade 100 filter paper) and evaporated it
to leave a dry white residue under a gentle stream of nitrogen. We
loaded the 2 mg of the wax into an aluminum crucible in an adapted
Balzers MED-010 thermal evaporator and decreased the pressure to
5% 10~° mbar. The crucible was heated over 2 min and held at 120°C
for 30 min or 1 hour under vacuum. The 1 cm-by-2 cm flat substrate
was held face-down 2.5 cm above the crucible. After evaporation, we

Middleton et al., Sci. Adv. 10, eadk4219 (2024) 7 February 2024

released the chamber quickly (over approximately 10 s) to room
temperature and pressure. On removal from the device, the coating
is immediately visible, indicating either crystallization in the device
under vacuum or relatively quickly during the fast repressurizing of
the device on opening.

Supplementary Materials
This PDF file includes:

Figs.S1to S7

References

REFERENCES AND NOTES

1. Y.Yan, M. Dossett, S. D. Castellarin, Cuticular waxes affect fruit surface color in blueberries.
Plants People Planet 5, 736-751 (2023).

2. Kinoshita S., Structural Colors in the Realm of Nature (World Scientific Publishing Co.,
2008), pp. 076401-076431.

3. 1. Meusel, C. Neinhuis, C. Markstadter, W. Barthlott, Chemical composition and recrystallization
of epicuticular waxes: Coiled rodlets and tubules. Plant Biol. 2, 462-470 (2000).

4. A.Kelber, M. Vorobyev, Animal colour vision—Behavioural tests and physiological
concepts. Biol. Rev. Camb. Philos. Soc. 78, 81-118 (2003).

5. D.Osorio, M. Vorobyeyv, Colour vision as an adaptation to frugivory in primates. Proc. Biol.
Sci. 263, 593-599 (1996).

6. K.E.Stournaras, E. Lo, K. Bohning-Gaese, E. Cazetta, D. M. Dehling, M. Schleuning,
M. C. Stoddard, M. J. Donoghue, R. O. Prum, H. Martin Schaefer, How colorful are fruits? Limited
color diversity in fleshy fruits on local and global scales. New Phytol. 198, 617-629 (2013).

7. P.R.Denish, J.-A. Fenger, R. Powers, G.T. Sigurdson, L. Grisanti, K. G. Guggenheim,
S.Laporte, J. Li, T. Kondo, A. Magistrato, M. P. Moloney, M. Riley, M. Rusishvili,
N. Ahmadiani, S. Baroni, O. Dangles, M. Giusti, T. M. Collins, J. Didzbalis, K. Yoshida,
J. B. Siegel, R. J. Robbins, Discovery of a natural cyan blue: A unique food-sourced
anthocyanin could replace synthetic brilliant blue. Sci. Adv. 7, eabe7871 (2021).

8. R.M. Christie, Why is indigo blue? Biotech. Histochem. 82, 51-56 (2007).

9. M. Shiono, N. Matsugaki, K. Takeda, Structure of the blue cornflower pigment. Nature
436, 791 (2005).

10. S.J.Bloor, Deep blue anthocyanins from blue Dianella berries. Phytochemistry 58,
923-927 (2001).

11. D.W.Lee, G.T.Taylor, A. K. Irvine, Structural fruit coloration in Delarbrea michieana
(Araliaceae). Int. J. Plant Sci. 161, 297-300 (2000).

12. D.W. Lee, Ultrastructural basis and function of iridescent blue colour of fruits in
Elaeocarpus. Nature 349, 260-262 (1991).

13. S.Vignolini, P. J. Rudall, A. V. Rowland, A. Reed, E. Moyroud, R. B. Faden, J. J. Baumberg,
B.J. Glover, U. Steiner, Pointillist structural color in Pollia fruit. Proc. Natl. Acad. Sci. U.S.A.
109, 15712-15715 (2012).

14. R.Middleton, E. Moyroud, P. J. Rudall, C. J. Prychid, M. Conejero, B. J. Glover, S. Vignolini,
Using structural colour to track length scale of cell-wall layers in developing Pollia
Jjaponica fruits. New Phytol. 230, 2327-2336 (2021).

15. S.Vignolini, T. Gregory, M. Kolle, A. Lethbridge, E. Moyroud, U. Steiner, B. J. Glover,
P.Vukusic, P. J. Rudall, Structural colour from helicoidal cell-wall architecture in fruits of
Margaritaria nobilis. J. R. Soc. Interface 13, 20160645 (2016).

16. R.Middleton, M. Sinnott-Armstrong, Y. Ogawa, G. Jacucci, E. Moyroud, P. J. Rudall,

C. Prychid, M. Conejero, B. J. Glover, M. J. Donoghue, S. Vignolini, Viburnum tinus fruits use
lipids to produce metallic blue structural color. Curr. Biol. 30, 3804-3810.e2 (2020).

17. M.A.Sinnott-Armstrong, R. Middleton, Y. Ogawa, G. Jacucci, E. Moyroud, B. J. Glover,

P.J. Rudall, S.Vignolini, M. J. Donoghue, Multiple origins of lipid-based structural colors contribute
to a gradient of fruit colors in Viburnum (Adoxaceae). New Phytol. 237, 643655 (2023).

18. M. A.Sinnott-Armstrong, Y. Ogawa, G. T. van de Kerkhof, S. Vignolini, S. D. Smith,
Convergent evolution of disordered lipidic structural colour in the fruits of Lantana
strigocamara (syn. L. camara hybrid cultivar). New Phytol. 235, 898-906 (2022).

19. S.W.Chung, D.J.Yu, H. J. Lee, Changes in anthocyanidin and anthocyanin pigments in
highbush blueberry (Vaccinium corymbosum cv. Bluecrop) fruits during ripening. Hortic.
Environ. Biotechnol. 57, 424-430 (2016).

20. R.A.Moyer, K. E. Hummer, C. E. Finn, B. Frei, R. E. Wrolstad, Anthocyanins, phenolics, and
antioxidant capacity in diverse small fruits: Vaccinium, Rubus, and Ribes. J. Agric. Food
Chem. 50, 519-525 (2002).

21. H.Bargel, K. Koch, Z. Cerman, C. Neinhuis, Structure-function relationships of the plant
cuticle and cuticular waxes—A smart material? Funct. Plant Biol. 33, 893-910 (2006).

22. W.Barthlott, C. Neinhuis, Purity of the sacred lotus, or escape from contamination in
biological surfaces. Planta 202, 1-8 (1997).

23. H.J.Ensikat, M. Boese, W. Mader, W. Barthlott, K. Koch, Crystallinity of plant epicuticular
waxes: Electron and x-ray diffraction studies. Chem. Phys. Lipids 144, 45-59 (2006).

8of9

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

24, B.Bhushan, Y. C.Jung, A. Niemietz, K. Koch, Lotus-like biomimetic hierarchical structures
developed by the self-assembly of tubular plant waxes. Langmuir 25, 1659-1666
(2009).

25. G.T.Van De Kerkhof, L. Schertel, R. N. Poon, G. Jacucci, B. J. Glover, S. Vignolini, Disordered wax
platelets on Tradescantia pallida leaves create golden shine. Faraday Discuss. 223,207-215
(2020).

26. J.B.Clark, G.R. Lister, Photosynthetic action spectra of trees. Plant Physiol. 55, 407-413
(1975).

27. R.H.Grant, G. M. Heisler, W. Gao, M. Jenks, Ultraviolet leaf reflectance of common urban
trees and the prediction of reflectance from leaf surface characteristics. Agric. For.
Meteorol. 120, 127-139 (2003).

28. T.C.Vogelmann, Plant tissue optics. Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 44, 231-251 (1993).

29. M. Kerker, Blue skies and the Tyndall effect. J. Chem. Educ. 48,389 (1971).

30. J.R.Byers, Tyndall blue and surface white of tent caterpillars, Malacosoma SPP. J. Insect
Physiol. 21, 401-415 (1975).

31. J. Huxley, The coloration of Papilio zalmoxis and P. antimachus, and the discovery of
Tyndall blue in butterflies. Proc. R. Soc. B. 193, 441-453 (1976).

32. G.S.He, H-Y.Qin, Q. Zheng, Rayleigh, Mie, and Tyndall scatterings of polystyrene microspheres
in water: Wavelength, size, and angle dependences. J. Appl. Phys. 105,023110 (2009).

33. R.O.Prum, Blue integumentary structural colours in dragonflies (Odonata) are not
produced by incoherent Tyndall scattering. J. Exp. Biol. 207, 3999-4009 (2004).

34. K.Baek, Y.Kim, S. Mohd-Noor, J. K. Hyun, Mie resonant structural colors. ACS Appl. Mater.
Interfaces 12, 5300-5318 (2020).

35. T.Okazaki, H. Sugimoto, T. Hinamoto, M. Fujii, Color toning of mie resonant silicon
nanoparticle color inks. ACS Appl. Mater. Interfaces 13, 13613-13619 (2021).

36. V.Hwang, A.B. Stephenson, S. Barkley, S. Brandt, M. Xiao, J. Aizenberg, V. N. Manoharan,
Designing angle-independent structural colors using Monte Carlo simulations of
multiple scattering. Proc. Natl. Acad. Sci. U.S.A. 118, 2015551118 (2021).

37. G.Jacucdi, S. Vignolini, L. Schertel, The limitations of extending nature’s color palette in
correlated, disordered systems. Proc. Natl. Acad. Sci. U.S.A. 117, 23345-23349 (2020).

38. V.Hwang, A.B. Stephenson, S. Magkiriadou, J.-G. Park, V. N. Manoharan, Effects of
multiple scattering on angle-independent structural color in disordered colloidal
materials. Phys. Rev. £ 101, 012614 (2020).

39. R.M.Parker, T. H. Zhao, B. Frka-Petesic, S. Vignolini, Cellulose photonic pigments. Nat.
Commun. 13, 3378 (2022).

40. K. Koch, W. Barthlott, Plant epicuticular waxes: Chemistry, form, self-assembly and
function. Nat. Prod. Commun. 1, 1067-1072 (2006).

41. K. Koch, A. Dommisse, A. Niemietz, W. Barthlott, K. Wandelt, Nanostructure of epicuticular
plant waxes: Self-assembly of wax tubules. Surf. Sci. 603, 1961-1968 (2009).

42. W.Barthlott, C. Neinhuis, D. Cutler, F. Ditsch, I. Meusel, . Theisen, H. Wilhelmi, Classification and
terminology of plant epicuticular waxes. Bot. J. Linn. Soc. 126, 237-260 (1998).

43. H.Noh,S.F. Liew, V. Saranathan, S. G. J. J. Mochrie, R. O. Prum, E. R. Dufresne, H. Cao, How
noniridescent colors are generated by quasi-ordered structures of bird feathers. Adv.
Mater. 22,2871-2880 (2010).

44. G.Shang, M. Eich, A. Petrov, Photonic glass based structural color. APL Photonics 5, 060901
(2020).

45. E.Marx, G.W. Mulholland, Size and refractive index determination of single polystyrene
spheres. J. Res. Natl. Bur. Stand. 88, 321-338 (1983).

46. R.Jetter, S. Schéffer, M. Riederer, Leaf cuticular waxes are arranged in chemically and
mechanically distinct layers: Evidence from Prunus laurocerasus L. Plant Cell Environ. 23,
619-628 (2000).

47. T.W. Mulroy, Spectral properties of heavily glaucous and non-glaucous leaves of a
succulent rosette-plant. Oecologia 38, 349-357 (1979).

48. E.Moyroud, T. Wenzel, R. Middleton, P. J. Rudall, H. Banks, A. Reed, G. Mellers, P. Killoran,
M. M. Westwood, U. Steiner, S. Vignolini, B. J. Glover, Disorder in convergent floral
nanostructures enhances signalling to bees. Nature 550, 469-474 (2017).

49. E.Cazetta, H. M. Schaefer, M. Galetti, Why are fruits colorful? The relative importance of
achromatic and chromatic contrasts for detection by birds. Evol. Ecol. 23, 233-244 (2009).

50. M.F.Willson, C. J. Whelan, Ultraviolet reflectance of fruits of vertebrate-dispersed plants.
Oikos 55, 341 (1989).

Middleton et al., Sci. Adv. 10, eadk4219 (2024) 7 February 2024

51. H.Siitari, J. Honkavaara, J. Viitala, Ultraviolet reflection of berries attracts foraging birds. A
laboratory study with redwings (Turdus iliacus) and bilberries (Vaccinium myrtillus). Proc.
Soc. B. Biol. Sci. 266, 2125-2129 (1999).

52. Y.Han, Z.Meng, Y.Wu, S. Zhang, S. Wu, Structural colored fabrics with brilliant colors, low
angle dependence, and high color fastness based on the Mie scattering of Cu20 spheres.
ACS Appl. Mater. Interfaces 13, 57796-57802 (2021).

53. L.Maiwald, S. Lang, D. Jalas, H. Renner, A.Y. Petrov, M. Eich, Ewald sphere construction for
structural colors. Opt. Express 26, 11352-11365 (2018).

54. B.D.Wilts, X. Sheng, M. Holler, A. Diaz, M. Guizar-Sicairos, J. Raabe, R. Hoppe, S.-H. Liu,

R. Langford, O. D. Onelli, D. Chen, S. Torquato, U. Steiner, C. G. Schroer, S. Vignolini,
A. Sepe, Evolutionary-optimized photonic network structure in white beetle wing scales.
Adv. Mater. 30, 1702057 (2018).

55. J.D.Forster, H. Noh, S. F. Liew, V. Saranathan, C. F. Schreck, L. Yang, J.-G. Park, R. O. Prum,
S.G. J. Mochrie, C. S. O’'Hern, H. Cao, E. R. Dufresne, Biomimetic isotropic nanostructures
for structural coloration. Adv. Mater. 22, 2939-2944 (2010).

56. E.S.A.Goerlitzer, R. N. Klupp Taylor, N. Vogel, Bioinspired photonic pigments from
colloidal self-assembly. Adv. Mater. 30, e1706654 (2018).

57. K.Koch, W. Barthlott, S. Koch, A. Hommes, K. Wandelt, W. Mamdoubh, S. De-Feyter,

P. Broekmann, Structural analysis of wheat wax (Triticum aestivum, c.v.“Naturastar”L.):
From the molecular level to three dimensional crystals. Planta 223, 258-270 (2006).

58. R.Maia, H. Gruson, J. A. Endler, T. E. White, pavo2: New tools for the spectral and spatial
analysis of colour inr. Methods Ecol. Evol. 10, 1097-1107 (2019).

59. N.S.Hart, J. C. Partridge, I. C. Cuthill, Visual pigments, oil droplets and cone photoreceptor
distribution in the European starling (Sturnus vulgaris). J. Exp. Biol. 201, 1433-1446 (1998).

60. N.S.Hart, M. Vorobyev, Modelling oil droplet absorption spectra and spectral sensitivities
of bird cone photoreceptors. J. Comp. Physiol. A Neuroethol. Sens. Neural Behav. Physiol.
191, 381-392 (2005).

61. S.Kumar, A. P. Bhondekar, P. Jain, S. Bagchi, A. Sharma, R. Kumar, S. Mishra, Artificial lipid
membrane: Surface modification and effect in taste sensing. IOP Conf. Ser. Mater. Sci. Eng.
360, 012039 (2018).

62. M. Vorobyev, D. Osorio, Receptor noise as a determinant of colour thresholds. Proc. Soc. B
Biol. Sci. 265, 351-358 (1998).

63. W.Chu, H. Gao, S. Cao, X. Fang, H. Chen, S. Xiao, Composition and morphology of
cuticular wax in blueberry (Vaccinium spp.) fruits. Food Chem. 219, 436-442 (2017).

Acknowledgments: We wish to acknowledge J. Mantell and the Wolfson Bioimaging Facility
for their support and assistance in this work. We thank . Cuthill for extensive comments and
suggestions on a previous version of the manuscript, P. Heard for help with FIB for fig. S7,

N. Roberts for the use of the Ecology of Vision optical laboratory and further comments, and
D. Voigt for contribution to methodology discussion with A.K. We also thank M. Feingold and
the Royate Hill community plum orchard, M. Hughes and P. Brownless at the Royal Botanic
Garden Edinburgh, and B. Ditsch at the TUD Botanischer Garten Dresden for help collecting
and identifying samples. Funding: This work was supported by Engineering and Physical
Sciences Research Council EP/R513179/1 (R.M.), Bristol Centre for Agricultural Innovation
project grant 2019/20 (R.M.), Biotechnology and Biological Sciences Research Council BB/
S00873X/1 (S.A.T.), The Royal Society [ES\R2\212116 (R.M.), and Biotechnology and Biological
Sciences Research Council Flexible Talent Mobility Award (2 and 3) (R.M., H.W., and S.M.).
Author contributions: Conceptualization: S.M., R.M., S.AT,, and H.W. Methodology: R.M.,
S.AT,AK,S.W., and H.W. Formal analysis: R.M., S.A.T,, and S.W. Investigation: A.K,, S.M., R.M.,,
and S.AT. Samples: RM., S.AT, and S.M. Writing—original draft: R.M. Writing—review and
editing: All authors. Funding acquisition: R.M., HW.,, S.M,, and S.A.T. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Raw data and analysis scripts are available at 10.6084/m9.
figshare.24552778.

Submitted 22 August 2023
Accepted 5 January 2024
Published 7 February 2024
10.1126/sciadv.adk4219

90of9

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ


http://dx.doi.org/10.6084/m9.figshare.24552778
http://dx.doi.org/10.6084/m9.figshare.24552778

	Self-assembled, disordered structural color from fruit wax bloom
	INTRODUCTION
	RESULTS
	Epicuticular waxes produce structural color across a wide phylogenetic range
	Epicuticular wax spectra are dominated by random scattering from particles rather than periodic or quasi-periodic structure.
	Replication of structural color from fruit bloom

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Imaging
	Visual modeling
	Optical modeling
	Wax extraction and redeposition

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


