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Summary

e Structural color is poorly known in plants relative to animals. In fruits, only a handful of
cases have been described, including in Viburnum tinus where the blue color results from a
disordered multilayered reflector made of lipid droplets. Here, we examine the broader evolu-
tionary context of fruit structural color across the genus Viburnum.

¢ We obtained fresh and herbarium fruit material from 30 Viburnum species spanning the
phylogeny and used transmission electron microscopy, optical simulations, and ancestral state
reconstruction to identify the presence/absence of photonic structures in each species, under-
stand the mechanism producing structural color in newly identified species, relate the devel-
opment of cell wall structure to reflectance in Viburnum dentatum, and describe the
evolution of cell wall architecture across Viburnum.

e We identify at least two (possibly three) origins of blue fruit color in Viburnum in
species which produce large photonic structures made of lipid droplets embedded in the cell
wall and which reflect blue light.

e Examining the full spectrum of mechanisms producing color in pl, including structural color
as well as pigments, will yield further insights into the diversity, ecology, and evolution of fruit

color.

Introduction

Color in nature mediates a wide variety of biotic interactions,
including mate selection and predation, as well as pollinator and
seed disperser attraction (van der Pijl, 1969; Schaefer &
Ruxton, 2011). Most plant colors are produced by pigments,
chiefly anthocyanins and carotenoids (Glover & Whitney, 2010),
but a growing number of plants are known to use structural color
either instead of, or in addition to, pigments. In contrast to the
broadband reflection of wavelengths of light by pigments, struc-
tural color results from a physical interaction between light and
nanostructures on the surface of an object that selectively
reflects a (typically) narrow band of wavelengths (Glover &
Whitney, 2010; Vignolini ez al, 2013). Physical structures can
create a diverse variety of optical phenomena in addition to color,
including true iridescence (where the perceived color depends on
the angle of observation), glossiness, enhanced color saturation,

and polarized light reflection (Vignolini ez al., 2012b; Moyroud
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& Glover, 2017; Wilts et al., 2018). Structural colors have been
extensively investigated in birds, beetles, and butterflies (Prum
et al., 1999, 2006; Vukusic et al., 1999; e.g. Seago et al., 2009;
Noh ez al., 2010; Stavenga ez al., 2015), with new mechanisms
still being discovered regularly (e.g. McCoy ez al., 2018).

Plants, however, have been neglected in comparison with ani-
mals, and structural color in plants appears to be rarer with fewer
species and fewer types of structures. In flowers, the most common
type of photonic structure so far described is iridescence produced
by diffraction gratings (quasi-ordered striations in the cuticle of
epidermal cells). For example, the iridescent blue halo produced by
diffraction gratings on the surface of the pigmented flower spot of
Hibiscus trionum enhances flower salience (Whitney ez al, 2009;
Vignolini et al, 2015; Moyroud et al, 2017). Structural effects
that produce high directional reflectivity and enhance the color of
the underlying pigments have also been described in flowers of the
California poppy (Eschscholzia californica; Wilts et al., 2018), but-

tercup (Ranunculus repens; Vignolini er al, 2012c), and mirror
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orchid (Ophrys speculum; Vignolini er al, 2012a). In leaves, two
main mechanisms have been described: multilayer reflectors (Tho-
mas et al., 2010; Strout et al., 2013), and photonic crystals (Jacobs
etal, 20106).

In fruits and seeds, only six origins of structural color have
been identified to date. The fruits of Pollia condensara (Vignolini
et al., 2012b) and the endocarp (hardened inner wall of the ovary
enclosing the seed) of Margaritaria nobilis  (Vignolini
et al., 2016) both produce blue color by helicoidal assembly of
cellulose microfibrils in the cell walls. Elaeocarpus angustifolius
(Lee, 1991) and Delarbrea michieana (Lee et al., 2000) use irido-
somes, although these structures are poorly understood. In Vibur-
num tinus (Middleton et al., 2020) and Lantana strigocamara
(Sinnott-Armstrong ez al., 2022b), a disordered multilayer reflec-
tor constructed of lipids has evolved convergently, creating the
metallic blue color of the fruits of these species. The presence of
lipids also makes the fruits of V. zinus nutritionally rich, suggest-
ing that this photonic structure may serve as an honest signal of a
lipid-rich food source (Sinnott-Armstrong et al., 2020a).

Our limited knowledge of structural color in plants raises the
question of whether structural colors are truly extremely rare in
plants relative to animals, or whether the paucity of known struc-
tural colors in plants is due, at least in part, to a lack of research.
To test whether structural color may be more widespread than
previously appreciated, we selected one clade (Viburnum) in
which blue fruit color has evolved multiple times (Sinnott-
Armstrong et al., 2020a). Viburnum contains ¢. 165 species of
mostly temperate, Northern Hemisphere shrubs and small trees
that produce drupe fruits with a single seed surrounded by a
hardened endocarp (Jacobs et al., 2008; Clement ez al., 2021).
Viburnum has a number of advantages as a system for studying
structural color evolution, including that comprehensive phyloge-
netic information exists (Clement ez al, 2014; Spriggs
et al., 2015; Landis ez al., 2020), species vary greatly in their fruit
colors, and functional fruit traits have been studied extensively
(Sinnott-Armstrong ez al., 2020a; Clement ez al., 2021).

Here, we test whether the independent origins of blue fruit
color in Viburnum are structural colors or pigmentary colors,
and, if structural, whether colors are produced by the same type
of nano-architecture. Our goals are to: survey cell wall architec-
ture across Viburnum; characterize the morphology and develop-
ment of the epicarp structure in another blue-fruited species,
Viburnum dentatum; conduct optical simulations of the structure
found in V. dentatum; and finally trace the evolution of epicarp
cell wall architectures across Viburnum.

Materials and Methods

Sampling

We obtained ripe fruit material from 24 species of Viburnum L.
(Adoxaceae, Dipsacales), and supplemented these with herbarium
samples of six additional species. Ripe fruits were obtained from
the Royal Botanic Gardens, Kew, the Arnold Arboretum of Har-
vard University, the Cambridge University Botanic Garden, and
the Berkeley Botanical Garden, as well as from the campuses of
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Yale University and the University of Cambridge (accession nos.
in Table S1). Supplementing these fresh fruits with herbarium
specimens from the Yale Herbarium enabled us to add key spe-
cies, including one of the earliest diverging Viburnum species
(V. clemensiae), the sole yellow-fruited species (V. amplificatum),
and additional species from the poorly sampled Central
and South American Oreinotinus radiation (V. venustum,
V. pichinchense, and V. jucundum) (Fig. 1).

Color reflectance

We measured the reflectance of immature and mature V. denta-
tum fruits using a Jaz spectrometer (Ocean Optics, Dunedin, FL,
USA) equipped with a deuterium—halogen lamp and a UV detec-
tor. To hold the probe at 45° consistently across samples, we used
an anodized aluminum probe holder, which also eliminated
background radiation. Reflectance measurements were calibrated
against a Spectralon white standard (Labsphere, North Sutton,
NH, USA). After obtaining measurements, we used the R pack-
age PAVO (Maia er al, 2019) to smooth the reflectance curve to
5-nm bands. We modeled the color of the fruits in bird visual
space (using a UV-sensitive model visual system, ‘avg.uv’ in the
PAVO package) and calculated the sum of shortwave (400-500 nm)
reflectance for each fruit. We chose shortwave reflectance rather
than UV reflectance because in V. dentatum, the reflectance drops
precipitously below ¢. 390 nm, so shortwave reflectance more accu-
rately captures the change in blue color during development.

Transmission electron microscopy

Fruits were dissected into 2 x 2 X 1 mm pieces and then placed
in Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutaralde-
hyde, and 0.1 M buffer). The material remained in fixative until
embedding following the protocol in Vignolini ¢t a/. (2012b). In
brief, fruits were stained with osmium tetroxide for 2 h and then
taken through a graduated ethanol—resin series before embedding
in 100% LR White resin. Resin blocks were polymerized for 24 h
under vacuum at 60°C. Following polymerization, we used a
Leica UCT or UC7 ultramicrotome to cut ultrathin sections
(70-100 nm) with a diamond knife. Sections were imaged on a
Hitachi H-7650 transmission electron microscope (Hitachi
High-tech, Tokyo, Japan) and a JEM 2100 Plus (Jeol Lid,
Tokyo, Japan) equipped with an RIO 16 CMOS camera (Gatan
Inc., Pleasanton, CA, USA). The developmental sequence of
V. dentatum fruits followed the same protocol, except that fruits
were embedded in Epon 814 resin, with DMP added as an accel-
erator before drying under room air pressure at 60°C. We imaged
sections of these fruits on an FEI T12 transmission electron
microscope with an FEI Eagle 4 k x 4 k CCD.

We created serial tomograms of V. dentatum fruits by cutting
thick sections (300 nm) and imaging on an FEI F30 transmission
electron microscope through a tilt series from —60° to 60°, imag-
ing every 1°. We processed and combined the serial tomograms
using the IMoD software (Kremer ez al, 1996) following the
methods described in Middleton e al. (2020). Serial tomograms
are here displayed using an isosurface reconstruction. The
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Fig. 1 Fruits of Viburnum species with typical epicarps. We used transmission electron microscopy (TEM) to characterize the cell wall structure of 30
species of Viburnum. Here, we illustrate a subset of those species with typical epicarps (cell wall and cuticle, no photonic structure) with photographs and
TEM images of their cell wall architecture. Boxes around the images for each species correspond to the mature fruit color of that species. Several species
(e.g. V. cassinoides) appear blue to humans due to a waxy bloom that causes increased reflectance in the UV region of the spectrum; thus, these fruits
reflect both UV and blue light, which can be detected by UV-sensitive bird species (see Fig. S5; data from Sinnott-Armstrong et al., 2020a). TEM images
have been given false color: purple, cuticle; yellow, typical cell wall; teal, globular region. The species studied are phylogenetically distributed across Vibur-
num. Species labeled on the phylogeny are those studied here (}, samples derived from herbarium specimens; all others are from fresh fruit material).
Branches and tip labels show ancestral state reconstructions and mature fruit color (gray branches, equivocal reconstructions), respectively, using data from
Sinnott-Armstrong et al. (2020a). Here, we have collapsed the two black-fruited categories from that study (black-sequentially developing and black-
synchronously developing).
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embedding and imaging process was the same for fresh and dried
material, except that we allowed the dried fruits to rehydrate in
water for 48 h before dissection and fixation.

Chemical characterization

To determine whether the structure in V. dentatum epicarp con-
sisted of lipid globules, we followed the protocol in Sinnott-
Armstrong et al. (2020b). In brief, we cryo-cut ultrathin sections
of fresh V. dentatum fruit tissue and exposed the tissue to chloro-
form in a reflux extractor. We imaged the fruit before and after
chloroform exposure in order to visualize the contrast change as a
result of the extraction of materials due to exposure to an organic
solvent.

Optical simulations

To characterize the structure in the cell walls of V. dentatum epi-
carp, we simulated the structure as though it were a highly disor-
ganized version of the multilayered structure found in V. tinus
(Jacucci et al., 2019; Middleton ez al., 2020). As reported in Mid-
dleton ez al. (2020), even highly disordered structures do reflect
some blue light (see Fig. S1). Thus, we approximated the struc-
ture in V. dentatum as a highly disordered version of the structure
in V. tinus. We took both a 2D and a 1D approach, both relying
on the analysis of the amount of disorder.

In the 2D approach, we modeled the optical properties of the
structure in V. dentatum by visualizing a 2D arrangement of
spheres using high angular disorder. Angular disorder represents
the angle between the center of one globule and that of adjacent
globules. A low angular disorder results in globules forming a rel-
atively flat line; high angular disorder results in more variation in
the placement of globules such that they do not form a consistent
flat layer. In V. dentatum, the globules generally do not form
ordered layers, so we modeled the distribution of globules with a
high angular disorder (where sigmaPhi (Sp) = 20). The sizes of
the spheres for each species were obtained from transmission elec-
tron microscopy (TEM) images.

We then investigated the effect of globule density on reflec-
tance, with densities ranging from 0.1% to 50%. We generated
five structures of each density using code from Jacucci
et al. (2019) and Middleton et 4/ (2020) and simulated reflec-
tance from those structures using commercial software
(‘Lumerical FDTD Solutions’; see Jacucci et 4k, 2019; Middle-
ton et al., 2020 for more details). At each globule density, we
used the same size globules as we measured for V. dentatum
(mean globule diameter = 129 nm).

In the 1D approach, we modeled the material as a multilayer
with alternating cellulose (7 = 1.55; Cranston & Gray, 2008)
and lipid-refractive indices (dispersive refractive index; Kumar
et al., 2018). The distribution of layer thicknesses of both phases
was measured from TEM profiles of V. tinus and V. dentatum,
and this distribution of sizes was used for the 1D optical simula-
tions. Monte Carlo simulations were produced using the layer
distribution probabilities from the measured profiles (modeled as
log-normal distributions) and scaled within 40% of measured
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values, assuming expansion in TEM preparation of V. dentatum
due to osmotic pressure (King, 1991). The number of layers per
species was approximated from TEM images (V. tinus, 120 lay-
ers, and V. davidii, 300 layers, with a compression of measured
layer thickness by 10%, i.e. 90% of length measured). In V. den-
tatum, we used 60 layers and applied a compression of 30%, that
is, 70% of measured layer thickness. Compression was applied
equally to both phases, because it is unknown how the different
materials are affected. The spectra were generated through aver-
aging over sufficient randomly generated profiles to produce a
smooth spectrum (V. dentatum 100 profiles, V. tinus 10 profiles,
and V. davidii five profiles; these differ due to the much larger
layer number in V. davidii than in V. dentatum). The same scal-
ing factor (x90) was applied to all three models in order to better
match the intensity of the modeled to the experimental data.

Developmental sequence

To characterize the development of cell walls in the epicarp of V.
dentatum, we obtained fresh fruits at varying stages of fruit devel-
opment and sampled four times between July and August 2021.
For each fruit, we measured length and width using Mitutoyo
calipers. We measured color reflectance for each fruit and selected
a subset for embedding and TEM imaging, using the methods
described in the previous section.

Ancestral state reconstructions

To quantify evolutionary patterns in cell wall architecture, we
measured the thickness of the major regions of the epicarp cell
wall from TEM images, across all sampled species and V. denta-
tum developmental stages, using the program Fuy1 (Schindelin
et al., 2012). We distinguished three main regions: the cell wall,
the globular region (where present), and the cuticular region. We
made three measurements per cell on at least three cells per spe-
cies (except V. jucundum and V. venustum, where only two or one
cell was measured, respectively) and averaged these measurements
per species. We then performed stochastic character mapping,
averaging across 1000 iterations, to infer trait evolution in phy-
tools (Revell, 2012). We classified species into ‘no globules’, ‘few
globules, insufficient for color’, and ‘structural color’ (where
globular layer thickness = 0, 0-2, and > 2 pm, respectively).

Results

Cell wall architecture

Across Viburnum, we identify several distinct types of cell wall
architectures in the epicarp tissue, which are associated with dif-
ferent fruit colors. Overall, Viburnum fruit cell walls vary along
several axes: presence or absence of globules; degree of organiza-
tion of those globules; density of the globules; and thickness of
the globular region of the cell wall. The majority of Viburnum
species sampled here have typical epicarp cells, with only a cuticle
and a cell wall entirely lacking in globules (Fig. 1). Species with
typical epicarp tissue are phylogenetically distributed across
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Viburnum (Fig. 1) and display diverse mature fruit colors includ-
ing black, red, and yellow. The fruit color of these species is solely
due to pigments, as they lack globular regions (photonic struc-
tures) in the cell wall.

By contrast, blue-fruited Viburnum species have a modified
cell wall architecture: they produce a thick globular region
between the cell wall and the cuticle (Fig. 2). This globular region
consists of tiny globules embedded in what appears to be a cell
wall-like matrix. In V. tinus and V. davidii, the globular region
contains a large, multilayered structure. This structure was previ-
ously described in V. tinus and shown to be made of lipids (Mid-
dleton ez al., 2020), but here we show that closely related species
produce a similar structure, which can be even larger than that
observed in V. tinus (V. tinus mean thickness = 16.7 = 1.5 pum,
V. davidii mean thickness = 31.8 + 3.3 pm).

In the Dentata+ Oreinotinus clade, some species have black
fruits and display the typical cell wall plus cuticle architecture
(e.g. V. jucundum; Fig. 1). Other species produce a globular
structure of varying sizes (Fig. 2), from relatively thick (V. denta-
tum; mean = 7.1%£0.3um) to thin (Viburnum lautums;
mean = 3.4+ 1.7 pm) or very thin and sparse (V. venustum;
mean = 1.8 £ 2.1 pm, Fig. §2). The globular structures produced
in the Dentata+ Oreinotinus clade are much more disordered
than those produced by species in the 77nus clade (Fig. 2), and in
some cases, the globular region is much thinner and/or does not
produce densely packed globules resulting in less intense blue col-
oration in the fruit.

Chemical composition and 3D architecture of the photonic
structure in V. dentatum

The globules in the cell wall of V. dentatum fruits are highly sol-
uble in chloroform (Fig. 2e,f), indicating that they are lipids,
although the exact type of lipids remains unknown. The photonic
structure in V. dentatum does not appear to have any clear 3D
order (Fig. 2g), further confirming the relatively disordered nat-
ure of the photonic structure.

Optical models and globule density

To test whether interspecies variations in the architecture of the
photonic structure could account for differences in the appear-
ance of the fruits, we investigated the effect of variable organiza-
tion of lipidic globules on the optical properties of the epicarp.
We found that globule density strongly influences reflectance.
Reflectance of blue light from the disordered structures simulated
here is maximized at ¢. 30% globule density (Fig. 3). Lower glob-
ule densities rapidly reduced the amount of blue light reflected,
while higher densities also reduced reflectance, although to a les-
ser extent. This variation corresponds with the observed variation
in Viburnum: species with very low (e.g. V. lantana) and very
high (e.g. V. lautum) globule densities have reduced reflection of
blue light, while species with intermediate filling fractions (e.g.
V. dentatum) have higher reflectance of blue light (Fig. 3).
Reflection microscopy from the fruit surface (Fig. S3) shows
that intracell variation in reflectance (e.g. microdomains where
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some regions of the cell wall appear bluer and others greener)
occurs within epicarp cells and contributes to overall reflectance
from the fruit. Variations in layer density and order are also
observed as prominent features of the TEM profiles, especially
for V. dentatum (see Fig. 2). The 1D multilayer simulation used
unweighted averages of Monte Carlo simulations from a mea-
sured distribution of profile elements with a compression factor.
The models were generated to match the experimentally mea-
sured optical profiles using a reasonable principle that compres-
sion artifacts may be different for different species (because the
chemical composition and local mechanical properties differ
across species, compression introduced by embedding and sec-
tioning may also differ across species). The inclusion of layered
profiles with extremely high degrees of relative randomness, as
observed experimentally, produces a broad and asymmetric opti-
cal reflectance peak, similar to the asymmetrical reflectance mea-
sured from the fruits (Fig. S3).

Overall, these simulations confirm that even very disordered
structures reflect some blue wavelengths (Fig. S1) and demon-
strate that the density of globules forming the photonic structure
influences the amount of reflectance of blue light that occurs on
the fruit surface (Fig. 3), and that variation within a cell wall con-
tributes to the asymmetrical reflectance spectrum of the fruits

(Fig. S3).

Development of the photonic structure in the epicarp of V.
dentatum fruits

A detailed examination of cell wall organization throughout fruit
development in V. dentatum demonstrates the accrual of lipid
droplets embedded in the epicarp cell wall as fruits grow larger
and rounder during maturation (Fig. 4). The increase in thick-
ness of the globular layer over time is associated with a corre-
sponding increase in blue reflectance (represented by shortwave
reflectance, the sum of reflectance from 400 to 500 nm; Fig. 4a—
d). Small fruits are oblong and exhibit little-to-no shortwave
reflection, but over time they become larger and rounder
(Fig. 4e). Viburnum dentatum fruits do not begin to accumulate
globules until well into fruit development (Fig. 4c—e), when the
fruits are already relatively large and round (length : width ratio
of ¢ 1.3). At that point, a globular region becomes visible, and
shortwave reflectance increases until fruit maturity. In V. denta-
tum, the cell wall (lacking globules) is thick even in young fruits
(Fig. 4f), and the globular region is added on top of the cell wall
such that the entire cell wall (cell wall lacking globules + globular
region) thickens over time.

Evolution of epicarp cell wall architecture across Viburnum

We found that the evolution of cell wall architecture in the epicarp
is tightly correlated with the degree of blue coloration of Viburnum
fruits. Globular regions evolved at least four times in Viburnum
(Fig. 5): (1) in the T7nus clade, represented by V. tinusand V. davi-
dii; (2) in Dentata~+ Oreinotinus, represented by V. dentarum,
V. lautum, and V. venustum; (3) in V. lantana and V. rhytidophyl-
lum of the Valvatotinus clade; and (4) in V. hupehense of the
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Tinus clade Dentata clade Oreinotinus clade
(@) V. davidii (b) V. tinus () V. dentatum (d) V. lautum

(9) Serial TEM tomogram

Fig. 2 Viburnum species with modified cell wall architectures. (a, b) Viburnum davidii and V. tinus (from the Tinus clade) exhibit similar large, multilayered
structures, which produce metallic blue fruit color. (c) Viburnum dentatum and (d) V. lautum have modified cell wall architecture with large regions of
nearly randomly distributed globules; these structures are much thinner on average than the multilayered reflectors in the Tinus clade. (e, f) The globules in
V. dentatum are soluble in chloroform, indicating that they are lipidic: before chloroform treatment (e) dark, dense globules are visible, while after
chloroform exposure (f), they have disappeared. (g) There is no 3D order to the structure of V. dentatum. Bar, 500 nm.
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(a) V. lantana, sparse

-

(d) Sample simulated structures with different degrees of globule density
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(e) Average reflectance from simulated structures of varying globule density
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Fig. 3 Different Viburnum species, with modified cell wall architectures, exhibit variable globule densities: (a) some species produce very sparse globules
(e.g. V. lantana), (b) some have intermediate density (e.g. V. dentatum), and (c) others have densely packed globules (e.g. V. lautum). (d) Simulations of
structures with variable globule densities, where each panel represents a sample simulated structure with blue dots indicating the locations of simulated
globules, and (e) the reflectances corresponding with simulated structures of varying densities (error bars represent one SD above and below the mean).
Low densities, where the proportion of the structure that is filled by globules is low (a low filling fraction, where density = 0.01, 0.1), result in low
reflectance of blue wavelengths. Intermediate densities (density = 0.2, 0.3) produce the highest reflectance of blue wavelengths, while high densities

(density = 0.4, 0.5) again produce lower reflectance of blue wavelengths.

Laminotinus clade. Two origins of globular regions (3 and 4) have
minimal globules that are sparsely distributed and insufficient to
generate blue structural color, as shown by our optical simulations
of structures with low globule density. The other two origins, in
Tinus and Dentata+ Oreinotinus, have much larger, thick globular
regions and reflect blue light. Within Dentata+ Oreinotinus, there
are some species with well-developed globular regions (e.g. V. den-
tatum and, V. lautum) and others lacking globules (e.g. V. jucun-
dum and V. pichinchense). It is uncertain how many times globular
regions evolved in Dentata + Oreinotinus. they may have evolved
once and been lost multiple times, or they may have evolved inde-
pendently three times (in Dentata, V. lautum, and V. venustum). If
globules evolved three times, then globular regions would have
evolved at least six times across Viburnum although not all origins
are sufficient to produce structural color.

Ancestral state reconstructions (Fig. 5) suggest that structural
colors evolved at least three times in Viburnum (in the Tinus

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.

clade, in the Dentata clade, and in V. lautum) and that globular
regions insufficient to influence color evolved three additional
times (in V. venustum, V. hupehense, and V. lantana plus V. rhyti-
dophyllum). These results depend on the method of reconstruc-
tion used, methods of ancestral state
reconstruction suggest multiple losses of structural color in the
Oreinotinus clade, rather than muldple independent origins
(Fig. S4). Regardless, it is clear that the deposition of globules
into the epicarp cell wall is a labile trait across Viburnum and has,

and alternative

in several instances, evolved sufficient density, order, and/or size
to reflect blue light.

Discussion

We identify and describe here at least two, and possibly three,
independent origins of structural color in Viburnum fruits, both
using similar materials (lipid globules embedded in the cell wall)

New Phytologist (2023) 237: 643-655
www.newphytologist.com
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Fig. 4 Development of the disordered structure in Viburnum dentatum begins before fruit maturation. We characterized the architecture of epicarp cell
walls during the development of V. dentatum fruits using transmission electron microscopy (TEM), as well as measurements of fruit size and color. (a—d)
TEM images of epicarp cells at various fruit developmental stages from youngest (a) to oldest (d) show that as fruits mature, globules accumulate in the cell
wall, and the globular region thickens. (e) Measurements of fruit size and reflectance of 64 immature fruits indicate that the accumulation of globules is
associated with other changes in fruit size and color. As fruits grow rounder (length : width ratio closer to 1.0) and larger, they reflect more in the 400-
500 nm region of the spectrum. Point sizes indicate relative fruit width for each fruit, black line is a Loess trend line, and gray shading = 95% confidence
interval. (f) Cell wall (lacking globules) is >5 pm thick even in very young fruits, and as the fruit develops the globular region thickens over time while the
cell wall remains relatively constant. Bars, 2 pum. The fruits sampled for TEM imaging in (a—d) are indicated with the same letters in each panel of the figure.

with very different degrees of disorder (moderately ordered in the
case of V. tinus and its relatives and highly disordered in the case
of V. dentarum and its relatives). Optically, the photonic struc-
ture in V. dentatum is best understood as a highly disordered ver-
sion of a multilayer reflector, similar to that of V. tinus but with
greater disorder. Chemically, the structure in V. dentatum also
appears similar to that of V. tinus: V. dentatum uses lipids, which
are readily soluble in chloroform, as in V. #inus (Middleton
et al., 2020). Developmentally, we know little about the accumu-
lation of lipid droplets in cell walls or about the mechanisms that
produce the photonic structure previously uncovered in V. tinus.
However, in V. dentatum, fruits grow larger and rounder with no
accumulation of globules in the epicarp cell walls until partway
through their development, at which point globules begin to
accumulate corresponding with the increase in blue reflectance
from the fruit. As maturation progresses, the photonic structures

New Phytologist (2023) 237: 643—-655
www.newphytologist.com

become larger and the fruits reflect blue wavelengths of light
more strongly.

These results are similar in certain respects to the structure
recently reported in Lantana strigocamara (syn. L. camara), but
also differ in important ways. Chemically, the globules in
Viburnum structural colors are soluble in chloroform, while
those in L. swrigocamara are not (Sinnott-Armstrong
et al., 2022b). Developmentally, the epicarp cell wall of L.
strigocamara follows a different trajectory from that of V. denta-
tum: in L. strigocamara, the photonic structure begins to emerge
more or less immediately after the cuticle has been deposited
(Sinnott-Armstrong et al., 2022b), while in V. dentatum, the
photonic structure begins to form much later. Thus, although
other structurally colored fruits also use lipidic compounds, the
associated structures differ morphologically, chemically, and
developmentally.

© 2022 The Authors
New Phytologist © 2022 New Phytologist Foundation.
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Fig. 5 Evolution of epicarp cell wall
architectures across the 30 species of
Viburnum sampled in this study. (a) el
Ancestral state reconstructions of globular
region thickness indicate that globular
regions evolved at least four times: (1) in the
ancestor to V. lantana and V.
rhytidophyllum where globules are not
sufficiently dense to produce blue color; (2)
in the Tinus clade, with multilayered
reflectors; (3) in Dentata + Oreinotinus,
where there may have been multiple origins €
and/or losses of structural color and globular
regions; and (4) in V. hupehense, which has a
very thin (<1 pm) globular region which is
neither sufficiently thick nor organized to
produce blue color. (b) Globular region
thickness co-varies with blue fruit coloration,
with the species with the bluest fruit color
having the largest globular regions. Cell wall
and cuticle thickness also vary across species,
with some species displaying very thick cell
walls (e.g. V. opulus) or cuticle (e.g. V.
prunifolium). Error bars are +1 SD around
the mean, and dots indicate measurements
of each cell wall component.

O No globules

@ Structural color

The evolution of structural colors across Viburnum

Based on our knowledge of the Viburnum phylogeny, it appears
that lipid globules embedded in the cell wall evolved at least four
times across the genus. In two instances, globules are produced in
a structure that is sufficiently thick, with densely packed globules,
to produce structural color (Figs 1, 5). All members of the T7nus
clade have a similar metallic blue fruit color, and the additional
species of the 77nus clade that we examined here (V. davidii) dis-
plays a similar multilayered lipid structure to that observed in V.
tinus. We recognize eight species in the Tinus clade. The three
species in Europe, including V. tinus, form a clade that is sister to
the five species in Eastern Asia, including V. davidii (Fig. 1; Lan-
dis ez al., 2020). From this, we hypothesize that they all inherited
the V. tinus! V. davidii multilayer reflector from the common
ancestor of the 7inus clade. This supposition is supported by
additional observations, including that fruits of species in the
Tinus clade display a similar syndrome of other traits, including
high lipid content, a large round endocarp, and very little pulp
that is low in moisture (Sinnott-Armstrong e al., 2020a, 2022a;
Clement et al., 2021). We infer that this entire suite of fruit traits
originated along the branch subtending the 7inus clade before its
diversification.

The evolutionary history of the second origin of structural
color, in V. dentatum and its relatives in the Oreinotinus clade, is
less clear. Viburnum dentatum evolved a moderately thick
photonic structure (¢. 7 pm). The remaining species of the

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.
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eastern North American Dentata clade (including V. recognirum,
V. scabrellum, and V. venosum) have similar blue to blue-gray
fruit color. We presume that they have a similar structure to that
in V. dentatum, and that this condition evolved along the branch
leading to Dentata. Dentata is sister to the Oreinotinus clade,
which contains ¢. 42 species in the cloud forests of Mexico, Cen-
tral America, and South America (Donoghue ez al., 2022). The
majority of Oreinotinus species have black fruits, but a few have
fruits that appear gray or slightly blue. Here, we sampled one of
those species, V. lautum, and found that it has a structure resem-
bling that observed in V. dentatum, but thinner and with a denser
packing of globules. The thinner structure and greater density of
packing of globules explains the reduced peak of reflectance of
blue wavelengths.

It is currently unclear whether a structure like that seen in V.
dentatum and V. lautum evolved along the branch leading to the
entire clade that includes Dentata and Oreinotinus and was subse-
quently lost several times, or whether it evolved independently
multiple times. Additional species, such as V. venustum, have epi-
carp cell walls that resemble that of V. lautum, but with a much
sparser distribution of globules, which suggests that some features
of the V. dentatum-like cell wall architecture are likely ancestral.
Other species of Oreinotinus appear to lack globules entirely (e.g.
V. pichinchense and V. jucundum). The existence of these other
species lacking globules requires that the globular structure
either evolved independently multiple times (e.g. separately in
V. dentatum and V. lautum, and possibly in other species not

New Phytologist (2023) 237: 643-655
www.newphytologist.com

ASULIIT SUOWWO)) dANEaI) d[qearjdde ayy £q PauIdAOS a1e sa[o1IE Y s Jo sa[nI 10j A1eiqi aulju) AJ[IA\ UO (SUOIIPUOD-PUE-SULId)/WOY" KA[1mM* A1eiqi[outfuo//:sdny) suonipuo) pue suuo | oY) 99§ ‘[£70z/10/81] uo Areiquy aurjuQ Loip ‘r Areiqiy Aisioarun) a8puquie)) £q g¢sg 1 yduy| [ [1°0[/10p/wod Kopim’ Kreiquourjuoyduy:sdyy woly papeojumo(] ‘g ‘¢



2 T

sampled here), or was lost multiple times (e.g. in V. jucundum
and V. pichinchense+ V. costaricanum).

Ancestral state reconstructions suggest that structural color
evolved independently in V. dentatum and V. lautum, although
different methods of reconstruction suggest that the structure may
instead have been inherited and lost several times. Determining
which scenario occurred will require much more extensive sam-
pling of the Oreinotinus+ Dentata clades and/or additional lines of
evidence (such as genetic and/or chemical data). Regardless of the
ancestral state, these results suggest that the globular components
of the cell wall can be rather easily modified during evolution, thus
producing the gradation of structures, density of globules, and
macroscopic colors observed in Viburnum fruits, ranging from the
bright metallic blues of the 7inus clade to the dull blue of Dentata
to the blue-gray color of V. lautum.

Why structural colors evolved in Viburnum remains an open
question. We think it is unlikely to be the result of selection by a
single disperser species, or of selection by a class of dispersers with
unusual visual systems. Structurally colored Viburnum fruits pri-
marily reflect blue light with only a small amount of reflectance
of UV light, meaning that the vast majority of dispersers can per-
ceive the colors of these fruits without issue (Cuthill ez /., 2000).
No special visual apparatus is required, suggesting that selection
based on visual systems, as has been implicated in the evolution
of fruit colors in general (McKey, 1975; Howe & Estab-
rook, 1977; Janson, 1983; Valenta & Nevo, 2020), is an unlikely
explanation for why and how these structural colors evolved.

Viburnum fruits/seeds are almost entirely dispersed by frugivo-
rous birds, though mammals are implicated in some cases. In gen-
eral, Viburnum plants are visited by more than one bird species.
Although European robins (Erithacus rubecula) and Eurasian black-
caps (Sylvia atricapilla) particularly rely on V. tinus fruits, especially
during the winter (Herrera, 1981; Jordano & Herrera, 1981), a
variety of dispersers consume V. zinus fruits (Thebaud & Debuss-
che, 1992). Furthermore, our phylogenetic analyses indicate that
the photonic structure evolved long before the immediate ancestor
of V. tinus moved into the Mediterranean region (Sinnott-
Armstrong et al, 2020a). Thus, the modern-day associations of
V. tinus with certain frugivorous birds do not account for the initial
evolution of structural color at the base of the 77nus clade, which
occurred much earlier in time and likely in Asia.

Viburnum dentatum is also dispersed by a number of bird spe-
cies (Whelan et al., 1988), but, as with the dispersers of V. tinus,
these are all common dispersers in the forests of eastern North
America (e.g. Turdus migratorius, the American robin; Bombycilla
cedrorum, the cedar waxwing; Sargent, 1990). It seems unlikely
that the visual systems of these dispersers played much of a role
in selecting for fruit coloration. It is interesting to note, though,
that V. tinusand V. dentatum (and their close relatives) do mature
their blue fruits synchronously and provide a pulse of resources
for migratory birds in particular (Sinnott-Armstrong
et al., 2020a). We suspect that the production of an honest signal
to attract the services of such birds (e.g. Middleton ez al, 2020;
Sinnott-Armstrong ez al., 2020a) could well have played a role in
the evolution of their distinctive colors.

New Phytologist (2023) 237: 643-655
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Signaling function of lipidic structural colors

A remarkable concordance between these results and other recent
work is that blue-fruited Viburnum species, which use lipid glob-
ules embedded in their cell walls to produce their blue color,
also have high nutritional lipid content (Sinnott-Armstrong
et al., 2020a). This correlation suggests a hypothesis as to the ori-
gins of structural color in Viburnum fruits: if the synthesis of
lipids in the epicarp cell wall is governed by the same genetic
mechanism as synthesis of other lipids of the same type (e.g. fatty
acids or cuticle), then dispersers may select for either a high lipid
nutritional content or a blue fruit color, either of which would
necessarily result in an increase in the other trait. For instance, if
birds preferred lipid-rich nutritional content (Smith ez 4/, 2013,
2015), selection for nutritional lipids could concurrently select
for increased lipid accumulation in the cell wall and correspond-
ingly increase the reflectance of blue wavelengths in cases where
those lipids are arranged into globules. Alternatively, birds may
learn to associate blue color with nutritional lipids and preferen-
tially consume bluer fruits, which in Viburnum contain lipid
globules in the epicarp cell wall. Blue fruit color would thus
become an honest signal of a nutritional reward. Fruits reflecting
in the blue bandwidths seen in these fruits, over the range 400—
450 nm, should appear blue not only to human visual systems
but also in avian visual systems (both with and without UV sensi-
tivity) (Cuthill ez 4/, 2000), and in insects (Chittka & Men-
zel, 1992).

One curious feature of Viburnum structural color and nutri-
tion is the negative correlation between the brightness of the
color and how much pulp the fruit produces. The brightest,
bluest species (V. davidii) has little pulp, while the least blue spe-
cies (V. dentatum) has much more pulp surrounding the seed
(Sinnott-Armstrong et al., 2020a; note that although V. lautum
was classified as black in that study, it is also lipid-rich and, as we
show here, has a high-density photonic structure resulting in a
blue-gray color). This negative correlation suggests an interaction
between color, nutrition, and pulp volume relative to seed size: a
brighter color might compensate (by attracting more animal dis-
persers) for a lower volume of pulp and/or for a less lipid-rich
pulp. Once the connection was established between color and
lipid content in these plants, there may have been further selec-
tion to reduce the amount of pulp.

Although the exact type of lipid used to produce these struc-
tural colors is unknown, based on their solubility in chloroform,
we suspect that both the V. tinus and V. dentatum structures uti-
lize fatty acids that could be digestible by animal dispersers. This
differs from the condition in L. strigocamara, where the structure
is likely produced by cuticle-related lipidic polymers, although
the exact identity of the lipids remains unknown in that species
as well (Sinnott-Armstrong et al., 2022b). The type of lipid used
is important, however, because the honest signaling hypothesis
requires that the lipids be digestible by animals; thus, identifying
the type of lipid and its digestibility will be necessary to eventu-
ally understand the potential signaling function of structural col-
ors in Viburnum fruits.

© 2022 The Authors
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Honesty and deceit in structurally colored fruits

Two other structurally colored diaspores display an extreme ver-
sion of this negative correlation between color intensity and
amount of pulp: Pollia condensata and Margaritaria nobilis both
lack nutritional value but have highly modified cell walls that
produce, in the case of P. condensata, a color that has been
described as one of the brightest in nature (Cazetta ez al., 2008;
Vignolini ez al., 2012b). These colors are highly distinctive in the
context of global fruit color diversity (Stournaras ez al., 2013)
and can persist, appearing ripe, for long periods of time due to
the use of cellulose to build the photonic structure (Galetti, 2002;
Cazetta et al., 2008; Stournaras et /., 2015).

Fruits that make an attractive color but lack nutritional con-
tent have been called ‘mimetic fruits’ (e.g. Cazetta ez al., 2008),
but these species might be better termed ‘deceitful’. If the sce-
nario proposed here is correct, it would be evolutionarily difficult
for the structurally colored Viburnum species to completely lose
their nutritional reward, simply due to the mechanism underly-
ing their structural colors: losing lipid content in the pulp might
result in loss of lipids from the cell wall and consequently their
fruit color. This places a constraint on the possible evolutionary
path that these species could take: species that use nutritional
materials to produce their structural colors are capable of evolv-
ing an honest signal, while species that use an indigestible mate-
rial (cellulose) are able to evolve a deceitful signal.

Other traits, such as the ability of the fruit to remain on the
plant, correspond with these different strategies. Structurally col-
ored Viburnum fruits do not remain on the plant for long and
generally are consumed rapidly, while the deceitful structurally
colored Pollia and Margaritaria tend to be consumed only rarely
and remain on the plant for long periods of time (Cazetta
et al., 2008; Vignolini ez al., 2012b).

How rare is structural color in fruits?

Our findings highlight two important factors that have limited
research on structural color in fruits. First, the initial search for
structural color in fruits largely focused on species for which pig-
ments cannot be extracted (e.g. in E. angustifolius; Lee, 1991). In
Viburnum, however (as in most structurally colored plant species
identified to date), structural colors co-occur with pigments. The
only anthocyanins identified so far in Viburnum are cyanidins,
which are also common in the related Sambucus and Lonicera
(Lawrence et al., 1939; Ishikura, 1975; Jordheim ez al, 2007).
The co-occurrence of structural color with pigments in fruits
should not be surprising, because pigments play a variety of func-
tional roles in the fruit, including defense against fungal patho-
gens (Cipollini & Levey, 1997; Schaefer er al, 2008;
Schaefer, 2011) and creating contrasting color between immature
and mature fruits that enhances dispersal (Willson & Thomp-
son, 1982; Willson & Whelan, 1990; Schmidt ez 2/, 2004). All
structurally colored species in Viburnum have pigments in their
fruics. If we had limited our search for structural colors to species
without pigments, we would have missed the unusual architec-
ture that we have described here in Viburnum fruits.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.
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Second, not all structural colors appear extreme or distinctive
to the human eye. Although V. tinus and V. davidii have distinc-
tive fruit colors (Stournaras et al, 2013) that visually appear
metallic, the dull blue color of V. dentatum fruits, and the blue-
gray of V. lautum, are much less striking. It is the evolutionary
context of other blue-fruited Viburnum species using structural
color that makes V. dentatum interesting. In examining fruit
color evolution across Viburnum, as we did here, we find that
photonic structures contribute to the diversity of fruit colors
across the clade, and especially to the gradation between black,
gray, and blue colors. These less extreme structural colors may be
more widespread than those currently recognized. We also
observe that the mechanism used to produce the color (e.g. lipids
in the cell wall combined with pigments) suggests potential sig-
naling functions of these colors, a topic of great interest in seed

dispersal ecology.

Acknowledgements

We are grateful to Maria Conejero and Chrissie Prychid for their
assistance with laboratory work at Royal Botanic Gardens, Kew;
to Pedro Jordano, Rick Prum, and members of the Vignolini,
Glover, and Donoghue laboratories for helpful discussions; and
to Pete Atkinson, Holly Forbes, and Kathryn Richardson for
access to the collections, without which this work would not have
been possible. Additionally, we are indebted to the Boulder Elec-
tron Microscopy Facility for the use of their facilities and for their
assistance with serial tomography during the COVID-19 pan-
demic. This research was supported by awards to MAS-A from
the Yale Institute for Biospheric Sciences, the microMorph
Cross-Training Program, the Yale MacMillan Center Interna-
tional Dissertation Fellowship, and the NSF Graduate Research
Fellow Program (DGE-1122492) and Postdoctoral Research
Fellowship in Biology (DBI 1907293). SV, GJ, YO and RM
acknowledge support from a BBSRC David Phillips Fellowship
(BB/K014617/1), the European Research Council (ERC-St-
Grant 014H2020 639088), and ERC BiTe (101001637). YO
thanks the NanoBio-ICMG platform (FR 2607) for granting
access to the electron microscopy facility.

Author contributions

MAS-A and M]D designed the research question, and MAS-A,
M]D, BJG, PJR, SV and EM planned the project. MAS-A, RM,
YO and GJ performed data collection, data analysis, and simula-
tions. MAS-A wrote the first version of the manuscript, and all
co-authors contributed to revisions.

ORCID

Michael J. Donoghue () https://orcid.org/0000-0002-2151-
4831

Beverley J. Glover (12} https://orcid.org/0000-0002-6393-819X
Gianni Jacucci (2 hteps://orcid.org/0000-0002-9156-0876
Rox Middleton (12} https://orcid.org/0000-0002-5309-3517
Edwige Moyroud (2 https://orcid.org/0000-0001-7908-3205

New Phytologist (2023) 237: 643-655
www.newphytologist.com

ASULIIT SUOWWO)) dANEaI) d[qearjdde ayy £q PauIdAOS a1e sa[o1IE Y s Jo sa[nI 10j A1eiqi aulju) AJ[IA\ UO (SUOIIPUOD-PUE-SULId)/WOY" KA[1mM* A1eiqi[outfuo//:sdny) suonipuo) pue suuo | oY) 99§ ‘[£70z/10/81] uo Areiquy aurjuQ Loip ‘r Areiqiy Aisioarun) a8puquie)) £q g¢sg 1 yduy| [ [1°0[/10p/wod Kopim’ Kreiquourjuoyduy:sdyy woly papeojumo(] ‘g ‘¢


https://orcid.org/0000-0002-2151-4831
https://orcid.org/0000-0002-2151-4831
https://orcid.org/0000-0002-2151-4831
https://orcid.org/0000-0002-6393-819X
https://orcid.org/0000-0002-6393-819X
https://orcid.org/0000-0002-6393-819X
https://orcid.org/0000-0002-9156-0876
https://orcid.org/0000-0002-9156-0876
https://orcid.org/0000-0002-9156-0876
https://orcid.org/0000-0002-5309-3517
https://orcid.org/0000-0002-5309-3517
https://orcid.org/0000-0002-5309-3517
https://orcid.org/0000-0001-7908-3205
https://orcid.org/0000-0001-7908-3205
https://orcid.org/0000-0001-7908-3205

65 e

Yu Ogawa () https://orcid.org/0000-0003-0677-7913

Paula J. Rudall (2 https://orcid.org/0000-0002-4816-1212
Miranda A. Sinnott-Armstrong (2 hetps://orcid.org/0000-0002-
1806-565X

Silvia Vignolini () https://orcid.org/0000-0003-0664-1418

Data availability

All data are publicly available on Data Dryad at doi: 10.5061/
dryad.3bk3j9knw.

References
Cazetta E, Zumstein LS, Melo-Junior TA, Galetti M. 2008. Frugivory on

Margaritaria nobilis L.f. (Euphorbiaceae): poor investment and mimetism.
Revista Brasileira de Botanica31: 303-308.

Chittka L, Menzel R. 1992. The evolutionary adaptation of flower colours and
the insect pollinators’ colour vision. Journal of Comparative Physiology A 171:
171-181.

Cipollini ML, Levey DJ. 1997. Secondary metabolites of fleshy vertebrate-
dispersed fruits: adaptive hypotheses and implications for seed dispersal. 7he
American Naturalist 150: 346-372.

Clement WL, Arakaki M, Sweeney PW, Edwards EJ, Donoghue MJ. 2014. A
chloroplast tree for Viburnum (Adoxaceae) and its implications for
phylogenetic classification and character evolution. American Journal of Botany
101: 1029-1049.

Clement WL, Stammer TJ, Goble A, Gallagher P, Donoghue M]J. 2021.
Parallelism in endocarp form sheds light on fruit syndrome evolution in
Viburnum. Systematic Botany 46: 504-517.

Cranston ED, Gray DG. 2008. Birefringence in spin-coated films containing
cellulose nanocrystals. Colloids and Surfaces A: Physicochemical and Engineering
Aspects 325: 44-51.

Cuthill IC, Partridge JC, Bennett ATD, Church SC, Hart NS, Hunt S. 2000.
Ultraviolet vision in birds. Advances in the Study of Behaviour 29: 159-214.

Donoghue M], Eaton DAR, Maya-Lastra CA, Landis MJ, Sweeney PW, Olson
ME, Cacho NI, Moeglein MK, Gardner JR, Heaphy NM ez al. 2022.
Replicated radiation of a plant clade along a cloud forest archipelago. Nature
Ecology and Evolution 6: 1318-1329.

Galetti M. 2002. 12 Seed dispersal of mimetic fruits: parasitism, mutualism,
aposematism or exaptation? In: Levey D, Silva W, Galett M, eds. Seed dispersal
and frugivory: ecology, evolution and conservation. Oxford, UK: CABI, 177-191.

Glover BJ, Whitney HM. 2010. Structural colour and iridescence in plants: the
poorly studied relations of pigment colour. Annals of Botany 105: 505-511.

Herrera C. 1981. Fruit food of robins wintering in southern Spanish
Mediterranean scrubland. Bird Study28: 115-122.

Howe HF, Estabrook GF. 1977. Intraspecific competition for avian dispersers in
tropical trees. American Naturalist111: 817-832.

Ishikura N. 1975. A survey of anthocyanins in fruits of some angiosperms, 1. 7he
Botanical Magazine Tokyo 88: 41-45.

Jacobs B, Donoghue MJ, Bouman F, Huysmans S, Smets E. 2008. Evolution
and phylogenetic importance of endocarp and seed characters in Viburnum
(Adoxaceae). International Journal of Plant Sciences 169: 409—431.

Jacobs M, Lopez-Garcia M, Phrathep O-P, Lawson T, Oulton R, Whitney HM.
2016. Photonic multilayer structure of Begonia chloroplasts enhances
photosynthetic efficiency. Nature Plants2: 16162.

Jacucci G, Bertoletti J, Vignolini S. 2019. Role of anisotropy and refractive index
in scattering and whiteness optimization. Advanced Optical Materials7:
1900980.

Janson CH. 1983. Adaptation of fruit morphology to dispersal agents in a
Neotropical forest. Science 219: 187-189.

Jordano P, Herrera C. 1981. The frugivorous diet of blackcap populations Sylvia
atracapilla wintering in Southern Spain. 7bis 123: 502-507.

Jordheim M, Giske NH, Andersen @M. 2007. Anthocyanins in Caprifoliaceae.
Biochemical Systematics and Ecology 35: 153-159.

New Phytologist (2023) 237: 643-655
www.newphytologist.com

New
Phytologist

King MV. 1991. Dimensional changes in cells and tissues during specimen
preparation for the electron microscope. Cell Biophysics 18: 31-55.

Kremer JR, Mastronarde DN, McIntosh JR. 1996. Computer visualization of
three-dimensional image data using IMOD. Journal of Structural Biology 116:
71-76.

Kumar S, Bhondekar AP, Jain P, Bagchi S, Sharma A, Kumar R, Mishra S.
2018. Artificial lipid membrane: surface modification and effect in taste
sensing. [OP Conference Series: Materials Science and Engineering 360: 12039.

Landis M], Eaton DAR, Clement WL, Park B, Spriggs EL, Sweeney PW,
Edwards EJ, Donoghue M]. 2020. Joint estimation of geographic movements
and biome shifts during the global diversification of Viburnum. Systematic
Biology 70: 67-85.

Lawrence WJC, Price JR, Robinson GM, Robinson FRSR. 1939. The
distribution of anthocyanins in flowers, fruits and leaves. Philosophical
Transactions of the Royal Society of London. Series B: Biological Sciences 230:
149-178.

Lee DW. 1991. Ultrastructural basis and function of iridescent blue color of
fruits in Elacocarpus. Nature 349: 260-262.

Lee DW, Taylor GT, Irvine AK. 2000. Structural fruit coloration in Delarbrea
michieana (Araliaceae). International Journal of Plant Sciences 161: 297-300.

Maia R, Gruson H, Endler JA, White TE. 2019. pavo 2: new tools for the
spectral and spatial analysis of colour in R. Methods in Ecology and Evolution
10: 1097-1107.

McCoy DE, Feo T, Harvey TA, Prum RO. 2018. Structural absorption by
barbule microstructures of super black bird of paradise feathers. Nature
Communications 9: 1-8.

McKey D. 1975. The ecology of coevolved seed dispersal systems. In: Gilbert LE,
Raven PH, eds. Coevolution of animals and plants. Austin, TX, USA: University
of Texas Press, 159-191.

Middleton R, Sinnott-Armstrong M, Ogawa Y, Jacucci G, Moyroud E, Rudall
P, Prychid C, Conejero M, Glover BJ, Donoghue M ez al. 2020. Viburnum
tinus fruits use lipids to produce metallic blue structural color. Current Biology
30: 1-7.

Moyroud E, Glover BJ. 2017. The physics of pollinator attraction. New
Phytologist 216: 350-354.

Moyroud E, Wenzel T, Middleton R, Rudall PJ, Banks H, Reed A, Mellers G,
Killoran P, Westwood MM, Steiner U et al. 2017. Disorder in convergent
floral nanostructures enhances signalling to bees. Nature 550: 469—474.

Noh H, Liew SF, Saranathan V, Mochrie SGJ, Prum RO, Dufresne ER, Cao H.
2010. How noniridescent colors are generated by quasi-ordered structures of
bird feathers. Advanced Materials 22: 2871-2880.

van der Pijl L. 1969. Principles of dispersal in higher planss. Berlin, Germany:
Springer.

Prum RO, Quinn T, Torres RH. 2006. Anatomically diverse butterfly scales all
produce structural colours by coherent scattering. The Journal of Experimental
Biology 209: 748-765.

Prum RO, Torres R, Williamson S, Dyck J. 1999. Two-dimensional Fourier
analysis of the spongy medullary keratin of structurally coloured feather barbs.
Proceedings of the Royal Society B: Biological Sciences 266: 13-22.

Revell LJ. 2012. pHYTOOLS: an R package for phylogenetic comparative biology
(and other things). Methods in Ecology and Evolution 3: 217-223.

Sargent S. 1990. Neighborhood effects on fruit removal by birds: a field
experiment with Viburnum dentatum (Caprifoliaceae). Ecology 71: 1289-1298.

Schaefer HM. 2011. Why fruits go to the dark side. Acza Oecologica 37: 604-610.

Schaefer HM, Rentzsch M, Breuer M. 2008. Anthocyanins reduce fungal growth
in fruits. Nature Product Communications 3: 1267—1272.

Schaefer HM, Ruxton GD. 2011. Plant-animal communication. New York, NY,
USA: Oxford University Press.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B ez 4/ 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9: 676-682.

Schmidt V, Schaefer HM, Winkler H. 2004. Conspicuousness, not colour as
foraging cue in plant-animal signalling. Oikos 106: 551-557.

Seago AE, Brady P, Vigneron J-P, Schultz TD. 2009. Gold bugs and beyond: a
review of iridescence and structural colour mechanisms in beetles (Coleoptera).

Journal of the Royal Society Interface 6: S165-S184.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

AsUR0I suowwo)) daneal)) a[qeorjdde oy £q pauIdA0S a1e SA[OIIE V() O8N JO SA[NI J0 AIRIqIT Sul[uQ) AJ[IA\ UO (SUOLIPUOD-PUE-SULIA}/ 0D KA1m A1eiqijoul[uoy/:sdny) suonipuo) pue suLd [, oy 23S [£270z/10/81] uo Areiqry auruQ Lo[ip  Areiqry Ansioarun) a8puquie) £ 8¢68 1 yduy[ | [ 1°0[/10p/wod KopimKreiqraurjuo-yduy//:sdny woly popeojumo(] ‘g ‘€20z ‘LE1869+ 1


https://orcid.org/0000-0003-0677-7913
https://orcid.org/0000-0003-0677-7913
https://orcid.org/0000-0003-0677-7913
https://orcid.org/0000-0002-4816-1212
https://orcid.org/0000-0002-4816-1212
https://orcid.org/0000-0002-4816-1212
https://orcid.org/0000-0002-1806-565X
https://orcid.org/0000-0002-1806-565X
https://orcid.org/0000-0002-1806-565X
https://orcid.org/0000-0003-0664-1418
https://orcid.org/0000-0003-0664-1418
https://orcid.org/0000-0003-0664-1418
https://doi.org/10.5061/dryad.3bk3j9knw
https://doi.org/10.5061/dryad.3bk3j9knw

New
Phytologist

Sinnott-Armstrong MA, Deanna R, Pretz C, Harris J, Dunbar-Wallis A, Liu S,
Smith SD, Wheeler L. 2022a. How to approach the study of syndromes in
macroevolution and ecology. Ecology & Evolution 12: e8583.

Sinnott-Armstrong MA, Lee CM, Clement WL, Donoghue MJ. 2020a. Fruit
syndromes in Viburnum: correlated evolution of color, nutritional content, and
morphology in fleshy bird-dispersed fruits. BMC Evolutionary Biology 20: 1—
19.

Sinnott-Armstrong MA, Ogawa Y, van de Kerkhof GT, Vignolini S, Smith SD.
2022b. Convergent evolution of disordered lipidic structural color in the fruits
of Lantana strigocamara (syn. L. camara hybrid cultivar). New Phytologist 235:
898-906.

Sinnott-Armstrong MA, Vignolini S, Ogawa Y. 2020b. Protocol for extraction
and electron microscopy visualization of lipids in Viburnum tinus fruit using
cryo-ultramicrotomy. STAR Protocols 1: 100201.

Smith SB, DeSando SA, Pagano T. 2013. The value of native and invasive fruit-
bearing shrubs for migrating songbirds. Northeastern Naturalist 20: 171-184.

Smith SB, Miller AC, Merchant CR, Sankoh AF. 2015. Local site variation in
stopover physiology of migrating songbirds near the south shore of Lake
Ontario is linked to fruit availability and quality. Conservation Physiology 3: 1—
14.

Spriggs EL, Clement WL, Sweeney PW, Madrindn S, Edwards EJ, Donoghue
M]. 2015. Temperate radiations and dying embers of a tropical past: the
diversification of Viburnum. New Phytologist 207: 340-354.

Stavenga DG, Leertouwer HL, Osorio DC, Wilts BD. 2015. High refractive
index of melanin in shiny occipital feathers of a bird of paradise. Lighz: Science
& Applications 4: €243.

Stournaras KE, Lo E, Bohning-Gaese K, Cazetta E, Matthias Dehling D,
Schleuning M, Stoddard MC, Donoghue MJ, Prum RO, Martin Schaefer H.
2013. How colorful are fruits? Limited color diversity in fleshy fruits on local
and global scales. New Phyrologist 198: 617-629.

Stournaras KE, Prum RO, Schaefer HM. 2015. Fruit advertisement strategies in
two Neotropical plant—seed disperser markets. Evolutionary Ecology 29: 489—
509.

Strout G, Russell SD, Pulsifer DP, Erten S, Lakhtakia A, Lee DW. 2013. Silica
nanoparticles aid in structural leaf coloration in the Malaysian tropical
rainforest understorey herb Mapania caudata. Annals of Botany 112: 1141—
1148.

Thebaud C, Debussche M. 1992. A field test of the effects of infructescence size
on fruit removal by birds in Viburnum tinus. Oikos 65: 391-394.

Thomas KR, Kolle M, Whitney HM, Glover BJ, Steiner U. 2010. Function of
blue iridescence in tropical understorey plants. Journal of the Royal Society
Interface7: 1699-1707.

Valenta K, Nevo O. 2020. The dispersal syndrome hypothesis: how animals
shaped fruit traits, and how they did not. Functional Ecology 34: 1158—1169.

Vignolini S, Davey MP, Bateman RM, Rudall PJ, Moyroud E, Tratt J,
Malmgren S, Steiner U, Glover BJ. 2012a. The mirror crack’d: both pigment
and structure contribute to the glossy blue appearance of the mirror orchid,
Ophrys speculum. New Phyrologist 196: 1038—1047.

Vignolini S, Gregory T, Kolle M, Lethbridge A, Moyroud E, Steiner U, Glover
BJ, Vukusic P, Rudall PJ. 2016. Structural colour from helicoidal cell-wall
architecture in fruits of Margaritaria nobilis. Journal of the Royal Society Interface
13: 20160645.

Vignolini S, Moyroud E, Glover B], Steiner U. 2013. Analysing photonic
structures in plants. Journal of the Royal Society Interface 10: 20130394.

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

Research

Vignolini S, Moyroud E, Hingant T, Banks H, Rudall PJ, Steiner U, Glover B]J.
2015. The flower of Hibiscus trionum is both visibly and measurably iridescent.
New Phytologist 205: 97-101.

Vignolini S, Rudall PJ, Rowland AV, Reed A, Moyroud E, Faden RB,
Baumberg JJ, Glover BJ, Steiner U. 2012b. Poindillist structural color in Pollia
fruit. Proceedings of the National Academy of Sciences, USA109: 15712-15715.

Vignolini S, Thomas MM, Kolle M, Wenzel T, Rowland A, Rudall PJ,
Baumberg JJ, Glover BJ, Steiner U. 2012c. Directional scattering from the
glossy flower of Ranunculus how the buttercup lights up your chin. Journal of
the Royal Society Interface 9: 1295-1301.

Vukusic P, Sambles JR, Lawrence CR, Wootton R]J. 1999. Quantified
interference and diffraction in single Morpho butterfly scales. Proceedings of the
Royal Society B: Biological Sciences 266: 1403—1411.

‘Whelan CJ, Schmidt KA, Steele BB, Quinn WJ, Dilger S. 1988. Are bird-
consumed fruits complementary resources? Oikos 83: 195-205.

‘Whitney HM, Kolle M, Andrew P, Chittka L, Steiner U, Glover BJ. 2009.
Floral iridescence, produced by diffractive optics, acts as a cue for animal
pollinators. Science 323: 130-133.

Willson MF, Thompson JN. 1982. Phenology and ecology of color in bird-
dispersed fruits, or why some fruits are red when they are ‘green’. Canadian
Journal of Botany 60: 701-713.

Willson MF, Whelan CJ. 1990. The evolution of fruit color in fleshy-fruited
plants. The American Naturalist 136: 790-809.

Wilts BD, Rudall PJ, Moyroud E, Steiner U, Glover BJ, Gregory T, Ogawa Y,
Vignolini S. 2018. Ultrastructure and optics of the prism-like petal epidermal
cells of Eschscholzia californica (California poppy). New Phytologist219: 1124—
1133.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 Simulations of order and disorder in layered structures.

Fig. S2 Transmission electron micrograph of Viburnum venus-
tum.

Fig. $3 1D simulations of disorder.

Fig. S4 Alternative ancestral state reconstructions.

Fig. S5 Reflectance spectra from select Viburnum species.

Table S1 Voucher and collection numbers.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any

queries (other than missing material) should be directed to the
New Phytologist Central Office.

New Phytologist (2023) 237: 643-655

www.newphytologist.com

] uo Krexqry auruQ Kopip °f Arerqry Ansoatun) aSpuque)) £q 8¢68 1 yduy/[ 11101 /10p/wod Kopim Krexqrjautjuo-yduy/:sdny woiy papeojumo( ‘7 ‘gﬁi 869F1

QSULIIT SUOWWO)) dANEAI) d[qeardde ay) £q PaIdAOS a1e Sa[OIIE V() oSN JO sa[NI 10} A1eiqi aulju() AJ[IA UO (SUOHIPUOD-PUB-SULId)/WOY" KA[1M* A1eiqijout[uo,/:sdny) suonipuo) pue suuo ] oy 39S [£207/10/81



	 Sum�mary
	 Intro�duc�tion
	 Mate�ri�als and Meth�ods
	 Sam�pling
	 Color reflectance
	 Trans�mis�sion elec�tron microscopy
	nph18538-fig-0001
	 Chem�i�cal char�ac�ter�i�za�tion
	 Opti�cal sim�u�la�tions
	 Devel�op�men�tal sequence
	 Ances�tral state recon�struc�tions

	 Results
	 Cell wall archi�tec�ture
	 Chem�i�cal com�po�si�tion and 3D archi�tec�ture of the pho�tonic struc�ture in V. den�ta�tum
	 Opti�cal mod�els and glob�ule den�sity
	 Devel�op�ment of the pho�tonic struc�ture in the epi�carp of V. den�ta�tum fruits
	 Evo�lu�tion of epi�carp cell wall archi�tec�ture across Vibur�num
	nph18538-fig-0002

	 Dis�cus�sion
	nph18538-fig-0003
	nph18538-fig-0004
	 The evo�lu�tion of struc�tural col�ors across Vibur�num
	nph18538-fig-0005
	 Sig�nal�ing func�tion of lipidic struc�tural col�ors
	 Hon�esty and deceit in struc�turally col�ored fruits
	 How rare is struc�tural color in fruits?

	 Acknowl�edge�ments
	 Author con�tri�bu�tions
	 All data are pub�licly avail�able on Data Dryad at doi: 10.5061/dryad.3bk3j9knw.

	 Ref�er�ences
	nph18538-bib-0001
	nph18538-bib-0002
	nph18538-bib-0003
	nph18538-bib-0004
	nph18538-bib-0005
	nph18538-bib-0006
	nph18538-bib-0007
	nph18538-bib-0008
	nph18538-bib-0009
	nph18538-bib-0010
	nph18538-bib-0011
	nph18538-bib-0012
	nph18538-bib-0013
	nph18538-bib-0014
	nph18538-bib-0015
	nph18538-bib-0016
	nph18538-bib-0017
	nph18538-bib-0018
	nph18538-bib-0019
	nph18538-bib-0020
	nph18538-bib-0021
	nph18538-bib-0022
	nph18538-bib-0023
	nph18538-bib-0024
	nph18538-bib-0025
	nph18538-bib-0026
	nph18538-bib-0027
	nph18538-bib-0028
	nph18538-bib-0029
	nph18538-bib-0030
	nph18538-bib-0031
	nph18538-bib-0032
	nph18538-bib-0033
	nph18538-bib-0034
	nph18538-bib-0035
	nph18538-bib-0036
	nph18538-bib-0037
	nph18538-bib-0038
	nph18538-bib-0039
	nph18538-bib-0040
	nph18538-bib-0041
	nph18538-bib-0042
	nph18538-bib-0043
	nph18538-bib-0044
	nph18538-bib-0045
	nph18538-bib-0046
	nph18538-bib-0047
	nph18538-bib-0048
	nph18538-bib-0049
	nph18538-bib-0050
	nph18538-bib-0051
	nph18538-bib-0052
	nph18538-bib-0053
	nph18538-bib-0054
	nph18538-bib-0055
	nph18538-bib-0056
	nph18538-bib-0057
	nph18538-bib-0058
	nph18538-bib-0059
	nph18538-bib-0060
	nph18538-bib-0061
	nph18538-bib-0062
	nph18538-bib-0063
	nph18538-bib-0064
	nph18538-bib-0065
	nph18538-bib-0066
	nph18538-bib-0067
	nph18538-bib-0068
	nph18538-bib-0069
	nph18538-bib-0070

	nph18538-supitem

