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relies on a layered nanostructure of lipid
globules in the epidermal cell wall. As this
lipid-based structural coloration
correlates with a high fat content, it is
proposed that this represents an honest
signal of nutritional value.
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SUMMARY

Viburnum tinus is an evergreen shrub that is native to the Mediterranean region but cultivated widely in Eu-
rope and around the world. It produces ripe metallic blue fruits throughout winter [1]. Despite its limited fleshy
pulp [2], its high lipid content [3] makes it a valuable resource to the small birds [4] that act as its seed-dis-
persers [5]. Here, we find that the metallic blue appearance of the fruits is produced by globular lipid inclu-
sions arranged in a disordered multilayer structure. This structure is embedded in the cell walls of the epicarp
and underlaid with a dark layer of anthocyanin pigments. The presence of such large, organized lipid aggre-
gates in plant cell walls represents a new mechanism for structural coloration and may serve as an honest

signal of nutritional content.

RESULTS AND DISCUSSION

The colors of fleshy fruits are thought to serve primarily to attract
animal dispersers, and understanding the origins and diversity of
fleshy fruit colors provides insight into the ecological interactions
between plants and their dispersers [6]. Viburnum tinus (Adoxa-
ceae) is a shrub native to the Mediterranean region that is now
cultivated around the world [7]. It produces large numbers of
metallic blue fruits throughout the year. Although a variety of
bird dispersers consume V. tinus fruits [2], these serve as an
especially important food source for birds during winter,
including the Eurasian blackcap (Sylvia atricapilla) [8] and the Eu-
ropean robin (Erithacus rubecola) [9]. While the remarkable blue
metallic appearance of V. tinus fruits (Figure 1) is commonly
known and previously reported [11], the mechanism by which
such blue color is produced has not been elucidated. In a review
of earlier literature [12], the color of V. tinus has been attributed to
the presence of anthocyanin pigments.

The fruits of V. tinus (Figure 1C) reflect light directionally (pro-
ducing its metallic appearance) in the blue and UV spectral re-
gion (Figure S1). The polarization of the reflected light is mostly
retained (Figures S2A-S2C and S2E), a property that indicates
that the coloration is structural, rather than pigment-based, orig-
inating in reflection from the highly structured cell wall of the

outer epicarp (Figure 2A). Dissection of this tissue releases a
dark red anthocyanin pigment [12]. Light that is not reflected
by the photonic structure is absorbed by the dark red pigment
underneath (Figures 2A, 3C, and S3E). This absorption prevents
backscattering of light, increasing the prominence of the blue
reflection from the outer cell wall and therefore enhancing the
visually blue appearance (Figure S3). Thus, the color of V. tinus
fruits results from a combination of a physical nanostructure
that selectively reflects blue wavelengths of light and a base layer
of pigments that enhance the blue color.

A Globular Multilayer Nanostucture Composes the
Majority of the Outer Cell Wall

To characterize the nanostructures generating blue color in
V. tinus fruits, we used multiple electron microscopy techniques.
Scanning electron microscopy (SEM) of fresh tissue (Figure 2A)
clearly shows the presence of a thick (10-30+ um), multilayered
structure, parallel to the surface of the fruit and embedded in the
cell wall of the outermost epicarpal cells. A waxy cuticle (~2-
6 um) on top of the layered structure covers the fruit surface.
The layered architecture occupies most of the outer cell wall in
the region between the cuticle and the cellulose-rich primary
cell wall. The layers range in thickness between 30 and 200 nm
(Figure 2) and extend across the whole cell. Transmission
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Figure 1. Optical Appearance of Ripe V. tinus Fruits

(A) A habitat photograph of ripe fruits on V. tinus shrub in natural light dis-
playing a metallic blue appearance. An additional macro-photograph and UV-
isolated image are shown in Figure S1.

(B) Microscopic image of the fruit surface in reflected light, showing the angle
dependence of color intensity over the curvature of each cell. Additional po-
larization microscopy response and cross-sectional microscopy are shown in
Figure S2.

(C) Macroscopic UV-Vis reflectance spectrum taken by a double-ended probe
and calibrated to a silver mirror reference. Additional macroscale spectra
comparing fruit and leaf reflectance are included in Figure S3D.
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electron microscopy (TEM) (Figure 2) reveals that this architec-
ture consists of many layers of small vesicles that differ in elec-
tron scattering power and refractive index from the matrix. Imag-
ing by SEM and TEM (Figures 2, 3, and S4) indicates that the
matrix appears to contain key components of typical plant cell
walls, namely cellulose, hemicelluloses, and pectin. Staining
with ruthenium red (Figures 3D and S4A) shows a significant
pectin content, and electron diffraction demonstrates the pres-
ence of cellulose by characteristic diffraction rings of the native
cellulose crystal (Figure S4). Although the refractive index
contrast layers are discrete and remain distinct from one
another, considerable disorder is introduced by non-parallel
neighboring layers and the irregularity of their globular structure.
Serial tomography (Figure 2E) of the epidermal cell wall reveals
that these globular vesicles are organized in merged layers
through which the cellulosic cell wall matrix remains connected
by bridges and strings (Figure 2B; a 3D rotation model of this
structure is available in Video S1).

Evidence for the Presence of Lipids in the Globular
Contrast Phase

We demonstrated that the globular multilayer structure in the
V. tinus fruit epidermis is composed of lipids embedded in a
cell wall matrix using a variety of methods. As solvency in
nonpolar organic solvents is a well-defined hallmark of lipids,
we imaged unfixed cryo ultrathin sections of the fruit epidermis
before and after exposure to chloroform [13]. TEM images
from the same sample region before (Figure 3A) and after (Fig-
ure 3B) chloroform exposure show that the globular structure
has been removed by the treatment. In the latter image, the
contrast of the globular multilayer phase is reduced and the
empty structures within the matrix remain visible. In comparison,
exposure to water did not alter the ultrastructure or image
contrast of the globular multilayer, indicating that the material
is extractable only with non-polar solvents. Second, when imid-
azole buffered osmium tetroxide, which binds to lipids [14, 15],
was used during the chemical fixation process, the globular
layers were preferentially stained (Figure 2), confirming their
lipidic nature. In contrast, when ruthenium red was used (which
binds to pectin [16]), the cell wall matrix was preferentially
stained while the globular structure was washed away in the
absence of imidazole buffer (Figure 3D). Additionally, a thin sec-
tion of the epicarp was stained with Sudan Black B [17], which
visibly stains lipids observed in the thickened cell wall in
Figure S2D.

For all of the staining methods, we observed dark outlines
around the globules (Figures 3E and S4A). This could indicate
the presence of a lipid membrane, which might be required at
the interface between hydrophobic molecules and the hydrophil-
ic polysaccharides of the secondary cell wall [18].

Lipids comprise a diversity of molecular structures, generally
classified as waxes, fats, and oils, depending on their melting

(D) Predicted blue tit (Parus caeruleus) spectral sensitivity from cone response,
oil droplets, and ocular media, reproduced from [10]. Sensitivities shown as a
reference for the visual relevance of the fruit signal to potential fruit dispersers.
The x axis is identical in (C) and (D). The blue tit visual system is chosen for
phylogenetic relatedness with a principal V. tinus frugivore, Sylvia atricapilla
(Eurasian blackcap).
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Figure 2. Electron Microscopy and Reconstruction of Internal 3D Ar-
chitecture

(A) Block-face SEM showing epidermal cell with internal cavity filled with
pigmented contents. Most of the cell wall constitutes the globular multilayer.
wc, waxy cuticle; gm, globular multilayer region; mc, monophase (cellulosic)
cell wall; cc, cell content. The dark red pigment is present in the cell content
(cc) and is seen in a light microscope cross-section in Figure S3E. A reduced
magnification showing multiple cells is shown in Figure S4B.

(B) TEM of the globular multilayer in the outer cell wall matrix; the cell outer
surface is above the top edge.

(C) Higher magnification TEM of globules shown in (B).

(D) 3D reconstruction of globular layers reconstructed from TEM serial to-
mography using the isosurface function in iMod. The globular multilayer forms
a merged plate-like structure rather than isolated globules. Full rotation video
is shown in Video S1.

(E) Reconstruction of globular inclusions using three joined serial tomograms
parallel to the curved fruit surface. The plate-like structure parallel to the sur-
face is visible, along with the bridges traversing it.

points [19]. Waxes are regularly found on the surface of the plant
epidermis, making up the water-resistant waxy cuticle. Although
waxes also include a diversity of molecular structures [20], at
least one prevalent component, alkanes [21], is sufficiently indi-
gestible to be a useful diet indicator in fecal samples [22]. In
contrast, oils and fats are a vital nutritional resource as they
contain much more energy per volume than is stored in starch
or proteins [15]. Fats are generally found in large oil bodies inside
cells of storage organs like seeds. In the case of V. tinus fruits,
the close proximity of the globular structure to both the large en-
ergy-rich seed and the waxy external cuticle [23] makes the
distinction between waxes and fats a particularly important
one for understanding both the functional significance and
developmental origins of the structure. In order to further identify
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whether the lipid globules are indigestible waxes or nutritious
fats and oils, we used a variety of light-microscopy stains. Fixed
sections were incubated with Nile Blue A [24], which stains the
globule-rich region of the cell wall in V. tinus a blue or blue/purple
color (Figure 3C). This indicates that the globules are more likely
to be free fatty acids than cutin polymer, which would stain pink
or red [24].

Additionally, an electron diffraction diagram of the globular
multilayer structure (Figures S4C and S4D) shows a sharp ring
pattern, differing from the diagram of a cellulose cell wall with
the characteristic two rings of cellulose crystals (Figure S4D).
This pattern indicates that the lipid bodies are likely crystalline
and therefore are homogeneous monomeric lipids rather than
polymerized molecules such as cutin, the waxy cuticle compo-
nent, making them likely to be digestible. This raises the question
of whether the lipids are derived from the cuticularization pro-
cess, arrested before polymerization [25], or derived from the in-
ternal nutritional lipids. Further extraction and characterization
would be required to ascertain the chemical composition and
the developmental and evolutionary origins of these lipid bodies.

The biphasic organization of the cell well maintains hydrophilic
channels spanning the globular lipid structure. Given the high
nutritionally relevant lipid content of the fruit [3], and the very
thin layer of flesh that composes the mesocarp, the proportion
of lipid stored in the epicarp could be substantial, but this re-
mains to be determined.

Models of the Optical Reflectance from the Lipid
Globular Multilayer

In order to confirm that the observed mixed structure composed
of a cellulosic matrix and layered lipid globules is responsible for
the blue reflectance of V. tinus fruits, we modeled its optical
response. To do this we investigated two mathematical models:
(1) a 2D array of spheres and (2) averaging over many 1D
biphasic multilayers. Disorder was introduced into the models
and compared to experimental data.

Aninverse design algorithm was used to model the structure in
2D as a series of globular accumulations; in Figures 4A-4C, each
of the schematics corresponds to the adjacent modeled re-
flected spectrum [26]. This algorithm allows us to independently
introduce different types of disorder into the globular multilayer
by tailoring the size and structure factor, i.e., the Fourier trans-
form of the positions of the particles. We studied the optical
response of layered lipid globules with different amounts of vari-
ation in globule diameter (Figure 4A), disorder in the angle be-
tween adjacent globules (parameter Sp, Figure 4B, no disorder
produces a flat plane), and disorder in the average distance be-
tween adjacent globules (parameter Sk, Figure 4C). The intro-
duction of different types of disorder (Figures 4A-4C) always
produced the same effect on the optical response of the globular
multilayer, namely reducing the peak intensity.

Therefore, rather than dealing with each disorder element indi-
vidually, the structure and material composition of the V. tinus
cell wall were approximated as disordered 1D multilayers with
refractive indices corresponding to cellulose (n = 1.55) [27] and
a typical plant lipid (n = 1.47) [28]. The model includes water im-
mersion conditions and the existence of a dark anthocyanin
absorptive pigment underneath. The anthocyanin absorption
spectrum used here is the cyanidin-3-glucoside extracted from
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Figure 3. Identification of Cell Wall Multilayer Components

(A and B) A cryo-ultrathin section of the same portion of the globular multilayer
region imaged before (A) and after (B) extraction with chloroform, showing the
removal of the electron-dense internal lipid phase in the globular layers. Arrows
indicate the same location on the sample, which appears inverted due to the
loss of stained lipid.

(C) Nile Blue A staining of the fruit epicarp observed with transmitted light
microscopy showing the cellulosic cell walls (dark blue), the outer cuticle
(pink), and the mixed layer (purple) in the multilayer.

(D) TEM image after ruthenium red staining indicates that pectin is present in
the cell wall matrix; a higher magnification image is given in Figure S4A.

(E) TEM with lipid staining showing dark outlines around the globules. ew,
epicuticular wax; wc, waxy cuticle; gm, globular multilayer region; mc,
monophase (cellulosic) cell wall; cc, cell content.

bilberry (Vaccinium myrtillus) [29], which is one of the primary an-
thocyanins previously identified in V. tinus (the other being cya-
nidin 3-(200-xylosylglucoside)-5-glucoside) [12].

The statistical distribution of layer characteristics was
measured from TEM cross-sections for initialization in the multi-
layer model. The distributions of thicknesses of both materials
are shown in Figure 4D. However, the effective model used a
lower degree of disorder in layer thickness (SD = 25 nm rather
than measured SD = 45 nm), which is attributed to a small sam-
ple size, TEM artifacts [30], and long range order. The modeled
reflectance using the averages over 1D multilayers is shown in
Figure 4E.

Introducing disorder, as observed in cross-section measure-
ments, into the model of a coherent ordered reflector broadens
its reflectance band, in agreement with previous studies [31].
The broadband, asymmetric peak, and angle independence
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improve the fit of the resulting model to the real reflectance
measured from V. tinus fruits, indicating that the model repre-
sents a good approximation to the V. tinus measurements. Due
to its simplicity, the model is not meant to perfectly replicate
the experimental measurements, but rather to indicate the valid-
ity of the disordered multilayer producing the optical response
measured in V. tinus. The disorder in the multilayer in the form
of boundaries of the globular multilayer that are non-perpendic-
ular to the optical axis is consistent with the visibility of diffuse,
wide-angle blue scattering observed in cross-section, asimaged
in Figure S2E.

Implications of Lipid-Based Structural Color for the
Honest Signaling of Nutrition

The coloration of V. tinus fruits is very striking to the human visual
system. Comparison with blue tit spectral sensitivity (reproduced
in Figure 1D; [10]) shows that it falls well within the visually rele-
vant range for birds. The visual background for the fruit is pre-
dominantly the green leaves of V. tinus, the dominant pigment
of which is chlorophyll. Chlorophyll has a broad spectral signa-
ture, with a peak at 550 nm, and negligible reflectance below
500 nm, making the color of V. tinus fruits chromatically con-
trasted against foliage, as shown in Figure S3D. Birds are
strongly responsive to visual stimuli [32], and a predominant
function of fruit coloration is to attract animals that carry out
seed dispersal [33, 34]. Thus, the lipid-based structural color of
V. tinus fruits could act as a visual signal for foraging birds.

Since birds likely use fruit color to help them determine which
fruits to consume, the colors of fruits may function as an honest
signal of their nutritional reward. Honest signaling in fruits has
been described, but the results are inconsistent. In some species
in the Atlantic forest of Brazil, dark coloration corresponds with a
carbohydrate-rich nutritional reward [35], whereas in other spe-
cies in the Mediterranean, dark coloration has been associated
with a lipid-rich nutritional reward [36]. The correlation between
anthocyanin content and dark color is thought to derive from
shared biochemical pathways between anthocyanin and sugar
synthesis [35]. Greater anthocyanin content typically makes
fruits darker [37], although we know of no such biochemical
explanation for the correlation between dark coloration and lipid
content.

We posit that blue fruit color in V. tinus could serve as an
honest signal of nutritional lipid content owing to the fact that
in this system lipids both create the color and provide nutrition.
The lipids in the photonic structure are probably short-chain fatty
acids, which are digestible by birds and thus contribute in part to
the overall nutritional content. We did not determine what pro-
portion of the high lipid nutritional reward in V. tinus fruits [3] is
due to lipids in the photonic structure rather than lipids occurring
elsewhere in the mesocarp.

Honest signaling systems are often thought to be expensive
due to the cost of producing the signal [36, 38]. In this case, how-
ever, the interests of the signaler and the receiver are aligned:
chromatic contrast enhances visibility for birds and signals a
more valuable nutritional content to the bird, both features that
are likely to increase dispersal. Although there is a cost associ-
ated with producing a blue photonic structure (the energy in-
vested in making the lipids), that cost also provides direct bene-
fits in the form of better advertising and better nutritional reward.
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Figure 4. Numerical Models of Multilayers and Disorder

(A-C) Simulated optical response of 2 um thick 2D models with different types of disorder as indicated in schematics (A1, B1, and C1).
(D) A histogram presenting data showing the distribution of layer widths for both cellulose and lipid layers, measured from analysis of TEM cross-section profiles.
(E) Numerical model of the lipid-cellulosic structure as a 1D disordered multilayer: 58 nm (lipid layer), 67 nm (cellulose layer), SD = 25 nm. The experimentally

measured V. tinus spectrum is shown again for comparison.

A disordered lipid multilayer as we report here in V. tinus
has not been described previously in a biomaterial. Howev-
er, the nanostructure in V. tinus may help us understand
coloration in two other species with structurally colored
fruits (Elaeocarpus angustifolius [39] and Delarbrea michi-
eana [40]), which show strong morphological parallels. For
instance, D. michieana is described as having an irido-
some, composed of “bubble-like” structures, that visually
appears similar to the architecture we observe in V. tinus
[40]. Should these other species prove to use a similar
structure to that of V. tinus, it would provide an intriguing
example of parallel evolution in distantly related plant
lineages.

Conclusions

The architecture (a disordered multilayer reflector, generated
by a biphasic structure of lipids and cellulose cell wall) in
the epidermal cell walls of V. tinus fruits is unlike that of
any previously described structurally colored fruits, or any
other known structurally colored material. The coincidence
of the striking coloration and high nutritional content of the

colored material itself suggests that it may be an honest
signal of nutritional reward evolved as a result of biotic
selection.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples

Viburnum tinus fruits Growing in cultivated gardens in UK N/A
Deposited Data

Additional data University of Cambridge data repository https://doi.org/10.17863/CAM.54830
Software and Algorithms

MATLAB / jreftran function [41] N/A

Other

Fiji / ImageJ [42] N/A

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Silvia Vignolini (sv319@
cam.ac.uk).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
Additional data related to this publication is available at the University of Cambridge data repository: https://doi.org/10.17863/CAM.
54830.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

V. tinus fruits were imaged with optical and electron microscopes ripening over the course of five years. We estimate fifteen separate
occasions each for optical and electron microscopic analyses, the majority of which treated several samples from different fruits and
individual plants. Samples were collected from private and college gardens around Cambridge and Bristol. TEM and SEM measure-
ments were consistent across individuals and measurements. For the histogram in Figure 4D we used nine different TEM images from
multiple sample fruits.

METHOD DETAILS

Optical Techniques

For macro-spectroscopy (Figure 1C), deuterium - halogen tungsten lamp (DH-2000-BAL UV-VIS-NIR, Ocean Optics) illumination
by a double ended fiber (QR400-7-UV-VIS, Ocean Optics) coupled to a Flame-S-UV-VIS miniature spectrometer was accessed by
Ocean Optics software, and calibrated to a white standard (WS-1-SL, Ocean Optics) and a mirror reflectance tile (Avantes RS-2)
for total intensity. The probe aperture was locked into a black aluminum mounting block obscuring stray light, 1cm from the fruit
surface.

In situ macro-spectroscopy of fruits and leaves (Figure S3D) was performed with an Ocean Optics USB2000 spectrometer illumi-
nated by deuterium and halogen lamps, standardized with a Spectralon white reflectance standard (Ocean Optics, Dunedin, FL).
Reflectance was measured 3mm from the surface of the fruit or leaf.

For the optical microscopy (Figures 1B, S2, and S3) and micro-spectroscopy (Figures S2 and S3), a Zeiss A1 microscope was
used in reflection mode for optical measurements with a Zeiss Hal100 halogen lamp and a water-immersion objective lens (Zeiss
W N-Achroplan 10x, 40x and 63x magnification). The image was captured on a CCD (IDS UI-3580LE-C-HQ) and accessed by
uEye Cockpit user interface software. For polarization measurements, incident (Zeiss 427710-9000) and reflection (Thorlabs
25 mm wire grid) polarisers were used for polarization control. For micro-spectrometry, the reflected light was coupled via optical
fiber (Avantes 50um internal diameter) to a spectrometer (Avantes AvaSpec-HS2048) and calibrated to a silver mirror (Thorlabs,
PF10-03-P01).

The high magnification macroscale image in Figure S1A was taken using built-in LED full-ring illumination of a VHX-5000 Keyence
digital microscope.
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Photo in Figure 1A was taken with a Sony DSLR-2.300 and SAL30M28 macrolens. The UV-only photo Figure S1B was taken with a
Nikon DSLR-D90 camera, 105mm 4.5 UV-Micro-APO lens (Coastal Optics) and Baader U-Filter 60nmHBW/320-380nm.

Electron Microscopy

Cryo-electron microscopy was carried out on fresh fruits sectioned, mounted on carbon glue and flash frozen by infiltration with liquid
ethane at —195°C and coated with 5 nm platinum using an FEI Varios 460 microscope with Quorum PP3010T cryo-SEM preparation
and transfer system at Cambridge Advanced Imaging Centre.

For TEM, fresh tissue was prepared by immersion in Karnovsky'’s fixative for 1-14 days, dissected, and stained with osmium te-
troxide for 2 h. Tissue samples then experienced graduated infiltration with an ethanol-resin series to fixation in LR White resin
and polymerized for 24 h in vacuum at 60°C [43]. A Leica UCT microtome and diamond knife was used to cut 70-100 nm sections.
Sections were imaged on a Hitachi H-7650 transmission electron microscope (TEM) and a JEM 2100 Plus (Jeol) equipped with a RIO
16 CMOS camera (Thermo Fisher Scientific).

For serial tomography, serial semi-thick (300 nm) sections were cut using a Leica UCT umicrotome and diamond knife and
mounted on a Formvar-coated slot grid. 15nm-diameter colloidal gold particles were attached to both sides of the grids to serve
as fiducial markers in the tomographic reconstructions. Series of tilted images from —60p to 60p angles were recorded every 1p using
a TECNAI F30 (FEI) operated at 300kV. Images from three sections were combined into a single, serial tomogram using the IMOD
software package [44] and the lipid surfaces modeled using the IMOD isosurface function.

Staining Histology

Staining of the ultrathin sections of embedded samples was used for identification of structural composition in light microscopy (Nile
Blue A, Sudan Black B) and electron microscopy (imidazole buffer, ruthenium red). Nile Blue A stains neutral fats and waxes a red or
pink color but fatty acids blue [24] (Figure 3C). Sudan Black B stains lipids a dark blue or black color (Figure S2D) [17, 45]. Stains were
applied for 60 min at room temperature (Nile Blue A, after washing in acetic acid for 10 s and isopropanol for 30 s) or 60°C (Sudan
Black B). Staining with Oil Red O was attempted but failed to penetrate the resin.

For chloroform extraction, transverse ultrathin sections of epicarp with a thickness of 80-90 nm were cut at cryogenic temperature
(—110°C) with a diamond knife on a Leica EM UC7 ultramicrotome and collected on carbon-coated copper grids. Grids with cryo-
sections were exposed to chloroform under reflux for 1 h. Both untreated and treated sections were then observed without further
post staining using a TEM (JEM 2100Plus, JEOL) equipped with RIO16 CMOS camera (Gatan) and operated at 200 kV.

Electron Diffraction

Selected area electron diffraction (SAED) experiments were carried out with untreated cryo-sections and a TEM (JEM 2100 Plus)
operated at 200 kV. A selected area aperture with a diameter of 500 nm was used. The SAED patterns were recorded on the
RIO16 camera using the low-dose module of Serial EM software.

Structural Analysis

TEM profiles were analyzed using Fiji [42] to extract the dimensional statistics of the two different refractive index layers. Nine globular
multilayer cross-sectional TEM images were binarised and image intensity profiles measured, from which the width distributions of
cellulose and lipid layers were taken.

Numerical modeling

2D structures with different types of disorder were generated using a recently developed inverse design algorithm discussed in detail
in Jacucci et al. [26] Numerical simulations of the optical response of the generated structures were performed in Lumerical, a soft-
ware using the finite difference time domain (FDTD) method. The simulations were performed using periodic boundary conditions in
the direction perpendicular to the incoming beam — set as a plane wave - and perfect matching layer (PML) boundaries in the thick-
ness direction. The numerical stability/convergence of the simulations was ensured by choosing an extensive simulated time of 0.1ns
and boundary conditions as stated. This ensured that the electric field in the structure decayed before the end of the calculation and
that all the excitation light was either reflected or transmitted. Each of the presented curves was obtained averaging the optical sim-
ulations of five different ensembles of particles with identical parameters.

The disordered 1D multilayer was built with the jreftran [41] function in MATLAB. An average of 100 trials were taken of 1D multilayer
stacks of 160 pitch repeats, with lipid and cellulose layers having widths 58 and 67 nm respectively, with a standard deviation of
25 nm and refractive indices n = 1.47 and 1.55 respectively, taken from literature values as described in the main text. The upper
refractive index boundary was matched to non-absorptive water (n = 1.33) and the lower to a complex refractive with light absorption
taken from measurements of cyanidin-3-glucoside extracted from bilberry (Vaccinium myrtillus) [29]. Angle of incidence was 0°.

QUANTIFICATION AND STATISTICAL ANALYSIS

No further methods were used to determine whether the data met assumptions, as a statistical approach was not taken.
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Figure S1: Macroscale imaging of V. tinus fruit, Related to Figure 1A. (A) Photo of V. tinus taken using
Keyence microscope. (B) Photo of immature and mature fruits and flowers using 380 nm long-UV
spectral filter. Photograph was taken outside in bright sunlight.
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Figure S2: Optical water-immersion microscopy showing the polarisation response and cross-
section. Related to Figure 1C and Figure 3Error! Reference source not found.C. (A) Spectra in parallel
(P) and cross (X) polarisation - measured from areas indicated by circles in (B) (parallel, P, polarisation)
and (C) (cross, X, polarisation). (D) Optical microscopy of water-immersed cross-sections in
transmission, stained with Sudan Black shows evidence for the lipid composition of the nanostructure,
as it stains lipids. (E) Wide angle optical microscopy, in reflection, without any stain. Reflected light
observed from the multilayer cell wall cross-section, apparently scattered by the disorder in the lipid
multilayer.
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Figure S3: Pigmentation in ripe and developing fruits and leaves. Related to Figure 1 and Figure 4.
(A) Simultaneous reflection and transmission microscopy, showing reflection from the microstructure,
and the effect of underlying pigment loss where the outer cells have been broken and the dark
anthocyanin drained. (B) Average reflectance spectra from a number of cells - with pigment remaining
underneath (solid line), and without the pigment (dashed line). (C) A collection of fruits in varying
states of ripeness, roughly from least to most ripe going left to right. (D) Averaged spectra from fruit
and leaves of V. tinus referenced to a white diffuser. Each line represents an average of measurements
from 21 plants (leaf abaxial/ bottom surface) or 30 plants (leaf adaxial / top surface & fruit). For each
plant, an average 10 leaves and thirty fruits were measured. The characteristic chlorophyll reflectance
spectrum between 500-700nm has a sharp peak around 550 nm for some but not all leaves,
contributing to the mean. The fruit spectrum is clearly very far removed from the leaf adaxial spectra
that form the contextual colouration. (E) Optical cross-section through a fresh unstained V. tinus
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tissue. Location of the pigment within the cavity of an outer cell indicated by the arrow.
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Figure S4: Characterisation of material composition. Related to Figure 2 and Figure 3. (A) Higher
magnification image showing fixed thin section of globular multilayer matrix in TEM stained with
ruthenium red. (B) Low magnification SEM of embedded epidermal cells, showing the thick outer cell
walls, Note the reduced cell contents of the outer cells in comparison to the large ones that make up
the flesh. (C & D), Electron diffraction patterns from (C) the lipid multilayer and (D) the cellulosic cell
wall. The arrow in (C) indicates a reflection obtained from the lipid globules of which d-spacing is
different from those of the cellulose crystal in (D).
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