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Pachyrhynchus Weevils Use 3D Photonic Crystals with
Varying Degrees of Order to Create Diverse and Brilliant

Displays

Alessandro Parisotto, Ullrich Steiner, Analyn Anzano Cabras, Matthew H. Van Dam,

and Bodo D. Wilts*

1. Introduction

The brilliant appearance of Easter Egg weevils, genus Pachyrhynchus

(Coleoptera, Curculionidae), originates from complex dielectric nanostruc-
tures within their elytral scales and elytra. Previous work, investigating
singular members of the Pachyrhynchus showed the presence of either quasi-
ordered or ordered 3D photonic crystals based on the single diamond

(Fd3m) symmetry in their scales. However, little is known about the diversity
of the structural coloration mechanisms within the family. Here, the optical
properties within Pachyrhynchus are investigated by systematically identifying
their spectral and structural characteristics. Four principal traits that vary
their appearance are identified and the evolutionary history of these traits

to identify ecological trends are reconstructed. The results indicate that the
coloration mechanisms across the Easter Egg weevils are diverse and highly
plastic across closely related species with features appearing at multiple inde-
pendent times across their phylogeny. This work lays a foundation for a better
understanding of the various forms of quasi-ordered and ordered diamond

photonic crystal within arthropods.
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The two most common mechanisms for
color creation in living organisms are 1)
pigmentary coloration involving dye or
pigment molecules selectively absorbing
specific wavelengths of light and scattering
others, and 2) structural coloration with a
material possessing a periodic dielectric
nanostructure on the length-scale of vis-
ible light.'3] Materials possessing struc-
tural color are often referred to as photonic
crystals (PCs) and are characterized by
the dimensions/rev displaying in which
they possess periodic arrangements. They
range from 1D (multilayers or thin films),
2D (arrays of cylinders) to complex 3D
PCs.l PCs are frequently encountered in
nature to endow animals and fruits with
brilliant displays. Two common struc-
tural coloration mechanisms found in
insect structures are multilayers and thin
films.[*%] These endow the insects with bright, angle-dependent
colors, and a strong metallic sheen. Structural arrangements
lie also at the origin of white scales of certain insects, where
multiple scattering by random morphologies reflects light in a
broad wavelength range.”8 The most complex photonic struc-
tures in nature are 3D PCs, whose intricate details are yet to be
adequately recreated with man-made, synthetic materials. 3D
PCs include gyroid-based minimal surface structures in butter-
flies® W and birds,!! as well as diamond-type photonic crystals,
which are found within the scales of numerous weevils.!3-1¢]
From a technological viewpoint, the “diamond” structure is
particularly interesting as it requires the lowest refractive index
(RI) contrast of An = 2.1 to create a complete 3D photonic
bandgap (PBG). As such high RI contrasts are out of reach for
natural materials,[181 the reflection of light from a majority of
natural PCs is strongly angle-dependent, as they do not possess
complete PBGs.

Recently, the scientific focus has shifted away from ordered
3D PCs to photonic structures with correlated disorder, some-
times referred to as quasi-order. These structures have garnered
significant attention due to their ability to create angle-inde-
pendent, stable colors with natural materials, without the need
for a complete PBG. These structures have been described in
beetles such as Pachyrhynchus congestus mirabilis,?°! Eupholus
magnificus,?! and Sulawesiella rafaelae?? . Unlike ordered PCs,
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quasi-ordered PCs possess only short-range order, that is, they
possess a roughly constant nearest-neighbor distance, but no
long-range order.

To accurately characterize quasi-order, 3D reconstructions are
needed. Previously, X-ray and electron-microscopy-based tech-
niques have been employed to describe these structures.[2%23l
Recently, Djeghdi et al. 2% investigated a focused ion beam/
scanning electron microscopy (FIB-SEM)-based tomographic
reconstruction of the quasi-ordered structures within the elytral
scales of a Pachyrhynchus congestus mirabilis weevil. This weevil
possesses both blue-colored scales based on a quasi-ordered
chitinous network as well as red-colored scales incorporating
an ordered diamond 3D PC in their wing scales. They showed
that both scale types possessed near identical fill fractions and
local lattice sizes, hinting at a common developmental origin.
However, in-depth knowledge of the genetic and structural
background and variations between species of the same family
is nonexistent.

Pachyrhynchus weevils are widely renowned for their brilliant
and diverse colored markings which function as aposematic
signals.?#?%] The weevils are compact, several centimeters in
length and feature fused elytra which render them flightless.
These weevils are broadly distributed across South-East Asia
and are particularly found on the islands of the Philippines,
Taiwan, and Indonesia.l?s! Their diverse coloration (Figure 1),
which first drew the attention of entomologists hundreds of
years ago (1824, Germar) was only recently reported to be the
result of structural coloration.[?”) Research on the elytral scales
of P. moniliferus,?8 P. congestus pavonius,?%! and P. sarcitisi®"!
weevils showed the presence of well-ordered diamond-type 3D
PCs within their elytral scales. The hue of the rainbow colored
scales of P. congestus pavonius weevils were shown to arise from
modifications in both the fill fraction (ffj and the unit cell size
of their diamond structure.?”! In a further study investigating
the heredity of structural color in P. sarcitis weevils, Chang et al.
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reported that these weevils can also tune their coloration from
parent to offspring by varying the orientation of the ordered
diamond domains within their scales."

Pachyrhynchus is a speciose genus (with more than 100 spe-
cies),l most of which have yet to be optically or structurally
characterized. Here, we investigate the spectral and struc-
tural properties encompassing the phylogenetic breadth of
Pachyrhynchus weevils to identify the main coloration mecha-
nisms in this colorful genus. Pachyrhynchus weevils are an
excellent study group as their coloration is often confined to
bright markings, arranged in spots or lines of a single color.
Furthermore, the phylogenetics of this group has recently
been studied.”®! To elucidate their photonic properties, the
nanostructure of numerous scales were studied using SEM and
their spectral properties were measured by microspectrophoto-
metry. These results are combined with phylogenetic data to
highlight the plasticity of color generation within this family and
to identify areas for further research in the field of biophotonics.

2. Results

Pachyrhynchus weevils display a variety of colorful markings
on their 2-4 cm long bodies. Figure 1 shows 12 exemplary
specimens each displaying patches, lines or dots with different
colors and/or color distributions. To investigate the nature of
these brightly colored markings, we characterized the ultra-
structure present in the elytral scales of 72 different weevils (see
Table S1, Supporting Information), representing the phyloge-
netic diversity of the genus.l?l These different specimens pos-
sess strong differences in the spectral properties of their scales,
which arise from variations in the photonic ultrastructures
found within them. Below, the various mechanisms giving
rise to the diverse and brilliant displays in Pachyrhynchus are
presented.

Figure 1. Habitus photographs of various Pachyrhynchus weevils. With a size of 2—4 cm, Pachyrhynchus weevils are flightless and endemic to oceanic
islands of South East Asia. A) P. lacunosus, blue variant; B) P. lacunosus, white variant; C) P. niitasoi; D) P. mollendorfi marinduquanus; E) P. inclytus;
F) P. confestus; G) P. orbifer callainus; H) P. elegans, yellow variant; 1) P. corpulentus; ) P. congestus mirabilis; K) P. taylori; and L) P. barsevskisi.
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2.1. Structural Coloration Mechanisms Vary the Color
Appearance of Elytral Scales

Different mechanisms for tuning structural color are observed
among Pachyrhynchus weevils. Apart from variations in
the macroscopic arrangements on their elytral scales, the
Pachyrhynchus show tremendous variations in the structural
properties of the PCs within their scales. These include varia-
tions in the short-range order of the 3D PCs within the scales,
changes in structural parameters of ordered 3D PCs, as well
as variations in the size of the ordered 3D PC domains. Each
mechanism has a signature influence on the optical properties
of the scales.

2.1.1. Order, Quasi-Order and Disorder in the Photonic Structures
within the Elytral Scales

Figure 2 shows the scales and ultrastructures of four exemplary
Pachyrhynchus weevils that possess different photonic struc-
tures within their scales. These include P. taylori, P. inclytus,
and two variants of P. lacunosus. The scales of P. taylori exem-
plify the typical optical and structural characteristics of scales
arising from ordered 3D PCs. The scales of the blue variant of
P. lacunosus and P. inclytus demonstrate the optical and struc-
tural characteristics of quasi-ordered PC structures and the
scales of the white variant of P. lacunosus show the optical and
structural characteristics of scales containing disordered PCs.

A close-up view of the scales on the body of P. taylori shows
scales that feature a “tessellated” appearance (Figure 2A). The
color variations within these scales are attributed to the dif-
ferent orientations of the PCs inside them, which form dif-
ferently colored domains according to their orientation.?%-32
This is particularly noticeable in the red scales, which possess
both red and blue domains. The presence of differently colored
domains is a common feature of scales consisting of ordered
3D PCs.[1321]

To investigate the spectral response of these markings, the
reflectance spectra of different colored scales were measured
using a custom-adapted microspectrophotometer (see Experi-
mental Section). Figure 2C shows the reflectance spectra of dif-
ferent P. taylori scales. In all cases, the reflectance spectra show
pronounced reflectance bands, indicating a structural origin
of the reflection. To further identify the pigmentary content,
single scales were immersed in a refractive index matching
oil (n = 1.55, see Figure S1A, Supporting Information). Only
trace amounts of a broadband absorbing pigment were found.
Although scale colors can vary widely across each marking, the
average variation in peak wavelength within unicolored mark-
ings or spots averages around 14 nm throughout the species.
In samples with varying domain colors, the differently colored
domains mix their reflectances to create a color averaging effect
creating a nearly monochromatic appearance of the scales.?233]

To study the spatial scattering properties of these scales,
k-space scattering profiles were measured. Figure 2B shows
the resulting scatterograms for narrow- and wide-angle illu-
mination of a red domain within a scale of P. taylori. Narrow-
angle illumination results in a single colored spot scattered
into a narrow spatial angle, indicating that the structure
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reflects directionally. Under wide-scale illumination, the irides-
cence of the photonic structure can be visualized,’! where the
reflected colors appear to blue shift with increased observation/
incidence angles.

To reveal the structural origin of the reflection, scanning
electron microscopy (SEM) was performed. SEM images of the
structure within the scales of P. taylori (Figure 2D) show that
it is highly periodic. The structure closely resembles the <111>
orientation of a diamond PC, similar to previous observations
from other related weevils.'*16:28.2% The fast Fourier transform
(FFT) image of this image confirms its periodicity and shows a
repeating hexagonal pattern (Figure 2D, inset).

The blue-colored scales of P. lacunosus (Figure 2E) are
very different to those of P. taylori. The wing scales possess a
single hue and no internal domain structure is visible in the
optical micrographs (Figure 2E). Its scales vary from dull to
bright blue. The reflectance spectra of these scales, averaged
from individual measurements of ten different scales, show
that the two scale types are distinctively different: while the
bright scales have a peak reflectance of =50% at =500 nm, the
dull scales are blue-shifted to =420 nm (Figure 2G) and much
less reflective. Both scale types are significantly less reflective
than the individual pixelated domains of P. taylori shown in
Figure 2C. The color of these scales also stems from a nano-
structure, as immersion in a refractive index-matching fluid
again showed trace amounts of an absorbing pigment (see
Figure S1B, Supporting Information). Scatterograms of both
scale types (Figure 2F, only dull scales) show that the reflection
is angle-independent and that local illumination results in a dif-
fuse reflection. These characteristic differences are indicative
of a quasi-ordered nanostructure within their scales?! and we
therefore investigated the scales’ interior by SEM. The top view
of Figure 2H shows an amorphous-looking structure that lacks
periodicity. This is further supported by the featureless FFT of
this image that shows a diffuse ring (Figure 2H inset).

The optical properties of the yellow-colored scales of
P. inclytus (Figure 21I) closely resemble those of P. lacunosus as
their wing scales possess a single hue and no internal domain
structure is visible from optical micrographs (Figure 2I). The
reflectance spectra of these scales (Figure 2K) are similar to
those of P. lacunosus, featuring a broad reflectance band. Their
peak reflectance is lowered to =622 nm and their FWHM aver-
ages around 286 nm. The color of these scales also stems from
a nanostructure, as immersion in a refractive index-matching
fluid only showed trace amounts of an absorbing pigment
(Figure S1C, Supporting Information). Scatterograms of these
yellow scales (Figure 2J) show that the reflection is angle-
independent and that local illumination results in a diffuse
reflection. Their optical characteristics are indicative of a quasi-
ordered structure within the scales of P. inclytus.’!l The SEM
images of Figure 2L show a lack of periodicity and the FFT of
this image (Figure 2], inset) features a distinct, isotropic ring,
reflecting the quasi-ordered nature of this structure, with a
mean distance of 304 £ 6 nm.

The white variant of P. lacunosus possesses white scales
(Figure 2M). In beetles, white color has been previously shown
to originate from disordered structures within their scales.”*!
To investigate whether the color of P. lacunosus was indeed
structural, reflectance (Figure 20) and transmission spectra

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Optical and structural characteristics of A-D) the ordered scales of P. taylori, E-L) the quasi-ordered scales of E-H) the blue variant of P. lacu-
nosus and |-L) P. inclytus, and M—P) the disordered scales of the white (M—P) variant of P. lacunosus. A,E,|,M) Optical microscope images. (B,F,J,N) k-space
images with wide- (top) and narrow-angle (bottom) illumination. The white rings represent scattering angles of 5°, 20°, 35°, 50°, and 65°. C,G,K,0)
Representative reflectance spectra (n =10, mean * s.e.m). D,H,L,P) Top-view SEM images of the inner scale structures. Insets: 2D-FFT. The structure of
(D) P. taylori demonstrates a structure resembling that of the [111] lattice of a single-network diamond. Scale bars: (A,E,I,M) 250 um, (D,H,L,P) 2 um.

with and without a refractive index-matching fluid were taken  from structural color. The reflectance spectra of the white scales
of the scales (Figure S1D, Supporting Information). These resemble that of a white diffuser, lacking clear reflectance
results show that the white appearance of the scales originates  maximum in the visible wavelength range, but with a reflected
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intensity of only 30% to 50% relative to a Lambertian white dif-
fuser. Scatterograms (Figure 2R,S) of these white scales also
resemble those of a white diffuser. SEM images (Figure 2P)
and their FFT (inset) lack the signature of long- or short-range
order.

Figure 2 shows that the degree of order in the ultrastructure
of the scales strongly influences their optical appearance and
their reflected intensity. On the nanoscale level, ordered scales
clearly exhibit a periodic structure, whereas the quasi-ordered
and disordered scales do not. Based on visual inspection, it
appears that the quasi-ordered scales possess a PC structure
similar to that of the ordered scales, but with the local unit
cells oriented in random directions, with a well-defined nearest
neighbor distance. In the disordered scales, no clear nearest
neighbor distance is discernible, and the structure is randomly
orientated. The optical consequences of this difference are
apparent from their reflectance spectra (Figure 2C,G,K,0) and
their scattering behavior (Figure 2B,F,],N). Ordered scales show
bright, defined reflectance peaks and directional scattering,
quasi-ordered scales have a broader reflectance peak and show
diffuse scattering, and white scales exhibit a near-flat reflec-
tance across the visible wavelength range and almost no direc-
tional scattering. The difference in order is also manifested in
the angle dependence of the structure: it is highly directional
and angle-dependent for the ordered scales, while the quasi-
ordered and disordered scales scatter light uniformly into a
broad angular range. Ordered scales have a brighter reflection,
with an almost five-timer higher peak reflectance than that of
quasi-ordered scales, which are brighter than disordered scales.

An optical measure enabling a quantitative comparison
of order across different structured scales is the FWHM of
the reflectance spectra. Ordered scales possess narrow reflec-
tance peaks, with FWHM-values of around 100 nm, while
quasi-ordered scales have much larger FWHM-values. For
example, the FWHM-values of the bright and dull blue scales
of P. lacunosus are 212 £ 3 nm and 309 + 7 nm, respectively,
and the FWHM-value of the yellow-scales of P. inclytus is
309 £ 7 nm. Disordered scales do not possess an obvious reflec-
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2.1.2. Variations within Order: Structural Parameters

Previous literature has shown that the scale colors of
P. congestus weevils are tuned through the unit cell size of their
PCs (i.e., the PC nearest neighbor distance; see Figure 3A) and
the filling fraction ff of the network morphology within their
wing scales.l?’l Further studies also showed that the scale color
of P. sarcitis is controlled by the orientation of the ordered
domains within their scales.l%l

To determine whether these mechanisms of color selec-
tion are present throughout the genus, the spectral reflectance
and ultrastructure of several Pachyrhynchus were studied. SEM
images were used to determine the nearest neighbor distances
(NN) by image analysis (see Experimental Section).The optical
characteristics and spectral response of all studied scales were
also compared (see Table S2, Supporting Information). This
allowed the extraction of the relationship between nearest
neighbor distances versus the reflected peak wavelength in
weevils with ordered and quasi-ordered scales (Figure 3A).
This plot confirms a previous study?” showing that the peak
reflected wavelength varies linearly with the nearest neighbor
distance in scales with ordered PCs. Our work not only extends
this previous study to the wider Pachyrhynchus family, but it
also suggests this relationship is present for quasi-ordered
PCs. As Maxwell's equations are scale-invariant, this relation-
ship is characteristic for photonic materials, where an increase
in the lattice size gives rise to a red-shift of the reflected light,
assuming constant RI and ffin the scales. Note that the nearest
neighbor distance is less well defined in quasi-ordered PCs and
is measured by combining FFTs and real space image analysis.
Furthermore, natural variations of the NN distance, ff and
domain orientation within each specimen probably cause the
scatter in Figure 3.

While the used procedure can approximate the ff, accurate
3D tomographic data for ordered and quasi-ordered scales of
P. congestus mirabilis weevils exhibited ffvalues of 0.44 and 0.32,
respectively.?% The study of other Pachyrhynchus specimens
with ordered PCs reported ff-values of 0.4, but since they were

tance band, to which no FWHM value can be assigned. also based on 2D data, these values are only estimates.[?%3]
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Figure 3. Spectral and nanostructural correlations within Pachyrhynchus weevil scales. A) Peak wavelength versus the nearest neighbor distance. A
linear fit to the data has a Pearson's r-value of 0.89. B) Peak reflectance versus peak reflected wavelength. C) Peak reflectance versus the inverse of
the reflection band FWHM. A linear fit to the data has a Pearson's r-value of 0.66. Each data point is averaged from 10 measured spectra, error: s.e.m.
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Further trends in the optical data were also explored.
Although a relationship between reflectance and peak reflected
wavelength was not found (Figure 3B), the reflectance and
FWHM are roughly inversely proportional (Figure 3C).

2.1.3. Changes in Order: Domain Size Effects

Pachyrhynchus scales containing ordered PCs display a variety
of colored domains of different sizes (Figure 2A-D). For a
majority of the specimen, these varying domain sizes can only
be seen by light microscopy and their scales resemble that of
P. mollendorfi marinduquanus (Figure 2C), although their color
often varies. For these specimens, even though the domains
display a variety of colors, their reflectances averages give each
scale a specific peak wavelength.2%32 In most samples, the

E 200 — P. niitasoi (red domains)
— — P. orbifer callainus
3 - P. mollendorfi
Q= 1501 — . — P, elegans
]
o
C 100
3
[$]
D 50
[
)
x [ e

0 T T T
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Wavelength (nm)
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peak reflectance of the scales within a spot or marking varies by
an average of 14 nm. The variation in domain color within each
scale is attributed to changes in the orientation of the local PC
structure.30-32]

The different domain size ranges across the species are
shown in Figure 4 in four representative samples of P. niitasoi,
P. orbifer callainus P. mollendorfi marinduquanus, and a yellow
variant of P. elegans. The analysis of the domain sizes shows
a decrease in the average area of differently colored domains
from 2300 + 300. 250 * 60 and 21 * 51 m?, respectively. The
domains of P. elegans were too small to be measured accu-
rately, yet vary around 1-3 um? (see Figure S2, Supporting
Information). Figure 4A-D shows that domain size variations
enable color appearances of the scales ranging from uni-
colored single domains to assemblies of small domains that
are indistinguishable by optical microscopy. These changes

Cross section
& = Top view
€ "
=2
s 100 s
N R, Y
®
£ 104 - —?g? i .
£ T
o)
[ . : . )
50 100 150 200 250
FWHM (nm)

Figure 4. Domain size variations affect the optical appearance. A-D) Optical microscopy images and broad and narrow illumination scatterograms
(insets) of the scales of A) P. niitasoi, B) P. orbifer callainus, C) P. mollendorfi marinduquanus, and D) P. elegans. The white rings represent scattering
angles of 5°, 20°, 35°, 50°, and 65°. The domain areas of each scale were 2300 + 300, 250 + 60, and 21 + 5u m? in (A-C), respectively. The domain size
of P. elegans was too small to accurately measure. E) Reflectance spectra of the four scale-types (n =10, error: s.e.m.). F) Domain areas of different
Pachyrhynchus weevil scales plotted versus the FWHM of their reflectance spectra. The domain areas of the specimen were measured from SEM top-
view images (black) complemented by FIB-SEM cross-sections (blue, error: s.e.m.).
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in domain size lead to interesting optical variations across
the species.

A notable effect of a decreasing domain size is an increase in
light scattering , causing enhanced color mixing of the coher-
ently reflected light from the various domains. The effect on
an angle-dependent scattering behavior is clearly seen when
the scatterograms of the different samples are compared
(Figure 4A-D, insets). As the domain size decreases, the
reflected light is decreasingly directional and increasingly dif-
fuse. This trend also applies to the reflectance spectra of entire
scales (Figure 4E), where decreasing domain sizes leads to
increasing FWHM-values, causing decreasing color saturation
and reflectance.

It is impossible to accurately resolve the domain sizes by
optical microscopy in the majority of the investigated scales.
SEM and FIB-SEM analysis were therefore performed to
measure the domain sizes and confirm the presence of an
ordered crystalline morphology (Figure S2, Supporting Infor-
mation). To investigate the effect of the domain size on the
optical appearance, the average domain area was measured
for scales from 29 distinct weevil markings (Figure S2, Sup-
porting Information). An attempt to quantify the optical effects
of varying domain size was made, as is shown in Figure 4F,
showing a plot of the domain area versus the FWHM of the
reflectance peaks of these samples. A decreasing domain size
appears correlated with increased FWHM-values. Note, how-
ever, that the variance in domain size is significant and that
different domains do not always vary in color, as is the case
for P. smaradignus (Figure S3, Supporting Information). Here,
the PCs in the scale are all oriented in the [111] direction, but
exhibit in-plane twinning, displaying clear grain boundaries
between different domains.

2.2. Variations in Elytral Color

Though less varied than scale colors, the color of the elytron
itself which is a single color over the whole body, is another
factor involved in the appearance variation of Pachyrhynchus
weevils. Although the biological function of elytral color is yet
to be investigated, it is probably important for aposematic sign-
aling as it provides a contrasting background for the colored
weevil scales. Furthermore, the elytron is important as armor,
mechanically protecting the weevils from predators.[?4

The majority of the investigated Pachyrhynchus weevils
possess black elytra (54 of 72 weevils). 12 of 72 weevils fea-
tured red elytra and several had pink, purple, or green elytra
(6 of 72 weevils). Optical microscopy images of three different
elytra colors are shown in Figure 5A,D,G. Wide-angle illumina-
tion scatterograms show that all but the black colors are angle-
dependent. The reflectance spectra of the elytra are distinctly
different from the scale spectra and can be categorized into
three morphologies (Figure 5B,E,H). The reflection spectra of
the black elytron are nearly flat across the visible spectral range
with a small increase toward long wavelengths, suggesting the
presence of one or more broadband light-absorbing pigments
such as melanin.?¥ The reflectance spectra of the pink elytron
display two clear reflectance peaks at =650 nm and at 425 nm
(Figure 5E). The shape of this spectrum suggests that the origin
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of this color is thin film interference.®! The red elytron has a
sharp reflectance peak at =650 nm, which is nearly three times
brighter and more color saturated (FWHM = 125 nm) com-
pared to the other elytra (Figure 5F). The reflectance spectrum
of this elytron resembles that of a multilayer.

To investigate the structural origin of these colors, FIB-SEM
on cross-sectional images of these elytra were acquired. The
cross-section of the black elytron is featureless, typical of a bulk
cuticle.(Figure 5C). The cross-section of the pink elytron fea-
tures a single, =330 nm thick cuticle film on top of the bulk
cuticle (Figure 5F), reminiscent of a thin film reflector, giving
rise to the calculated spectral characteristics in Figure 5E.

The red elytron exhibits a layered arrangement of electron-
dense and -light areas, attributed to chitin and melanin, each
about 100 nm thick. Also here, the analytical model shown
in Figure 5H closely matches with the experimental spec-
trum, indicating that this color response arises indeed from
multilayer interference.

2.3. Phylogenetics of Color: Ancestral State Reconstructions and
Comparative Ultrastructure Analysis

To gain insight into how labile the different types of coloration
mechanisms within Pachyrhynchus are, the ancestral character
states of PC structure was reconstructed via stochastic char-
acter mapping (see Figure 6 and the Experimental Section for
details).?%l The results of discrete character model selection
favored the equal rates (ER) model as the best fit for our data
given the AIC weights (Table S3, Supporting Information).

The results of the ancestral state reconstructions for different
scale types show multiple independent transitions between
ordered and quasi-ordered/disordered PCs in the elytral scales.
A total of nine transitions between ordered and quasi-ordered
or disordered nanostructure type in the scales are discern-
ible. In one instance, the scales were first entirely lost in the
P. pinorum group and subsequently regained as quasi-ordered
blue scales in P. consobrinus. In several instances, individual
weevils possessed several types of nanostructures, as shown in
the P. congestus species group, where there are two instances
of the character states. Interestingly, these two independent
origins of the traits also result in different colors of the quasi-
ordered PCs. Some species groups however do not seem to
show any change from the ordered PC states. For instance, the
P. miltoni and P. orbifer species groups only have ordered PCs
despite having a wide range of colors.

Phylogenetically independent contrasts (PICs) (average peak
wavelength vs. lattice parameter, average peak wavelength vs.
reflectivity, reflectivity vs. FWHM) were studied using a linear
model to test for correlations between the variables. The PICs
showed that average peak wavelength versus the lattice para-
meter were strongly correlated, whilst only a weak correlation
was found between reflectivity versus FWHM.

3. Discussion

The optical properties of 72 Pachyrhynchus weevils were
characterized alongside the ultrastructure of 53 different

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. Optical microscopy image and reflectance spectra of the elytra (n = 6, mean £ s.e.m.) of A) P. barsevskisi (black), D) P. mirabilis (pink), dis-
playing thin film interference, G) P. corpulentus (red) displaying multilayer interference. Inset: k-space reflection images under wide-angle illumination.
The white rings represent scattering angles of 5°, 20°, 35°, 50°, and 65°. B,E,F) Reflectance spectra of the elytra corresponding to (A), (D), and (G).
C,F,1) Cross-sectional images of the elytra corresponding to (A), (D), and (G). In (C), the top grey layer is a platinum coating and the bottom dark grey
thick layer is the elytron. No nanostructure is visible. In (F), a thin film atop the unstructured elytra with a thickness of 310 £ 5 nm is visible. In (1),
alternating light and dark-grey layers with an approximate thickness of 100 nm are visible—reminiscent of melanin and pigment-free chitin in other
beetle elytra.l! The structural parameters of (F) and (I) were used to model their reflectance, which are included in (E), and (H), respectively. Scale
bars: (A,D,G) 250 um, (C,F1) 2 um.

specimens across the phylogeny. Through this study, we have
identified four principal mechanisms with which the studied
Pachyrhynchus species vary their optical appearance: i) through
changes in the 3D PC structure within the scales, encompassing
ordered, quasi-ordered and disordered structures (Figure 2),
ii) through variations of structural parameters within ordered
3D PC scales (Figure 3), iii) variations in the size of the PC
domains within the scales (Figure 4 and Figure S2, Supporting
Information), and iv) changes in the mechanism of elytral col-
oration (Figure 5). We find that the quasi-ordered/disordered
traits are rather labile within the genus, with no one clade
showing strong phylogenetic clustering for these PC types.
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3.1. Order and Disorder

Pachyrhynchus weevils are an ideal species to study variations in
structural coloration, not only because of their vast color palette
extending from deep-red to the UV, but also because of their
ability to create both ordered and quasi-ordered 3D PCs.[2%
Although ordered and quasi-ordered 3D PCs within a single
specimen have previously been reported,?'??)) these ordered
and quasi-ordered scales were differently colored and located
in distinct sections of the elytron. Furthermore, these previ-
ously investigated species lack the vast range in colors found
across Pachyrhynchus. For example, in Eupholus magnificus, the

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 6. Pachyrhynchus phylogeny with ancestral character state reconstructions of the photonic crystal (PC) types. For the scale trait data used in the

analyses, (see Tables S1and S2, Supporting Information).

quasi-ordered structures are only found in the blue scales of the
specimen, whereas the ordered scales appear yellow.?!] In con-
trast, our study shows that the Pachyrhynchus can create a vast
array of colors with ordered scales alone, extending from the
UV to the red (Figure 3) as well as with quasi-ordered struc-
tures, which reflect in blue, cyan, yellow and red (Figure 2 and
Figure S4, Supporting Information).

Particularly, quasi-ordered and ordered structures in the
Pachyrhynchus can reflect similar colors and no obvious correla-
tion between color and order exists within the Pachyrhynchus.
As in photonic glasses, an increase in the size of the scattering
unit in quasi-ordered specimen leads to a red-shifted peak
reflectance (Figure 3,13>3)). Yet, it is difficult to create isotropic
red colors in photonic glasses as they are typically accompanied
by an additional reflectance peak in the blue, leading to color
mixing that compromises the red hue.l*>3¢ Although photonic
glasses are different from the quasi-ordered PCs found in the

Small 2022, 2200592 2200592

Pachyrhynchus, both are quasi-ordered systems. It is therefore
interesting that the Pachyrhynchus overcome the additional
blue reflectance of photonic glasses through the addition of a
UV-blue absorbing pigment in the red-reflecting quasi-ordered
scales (Figure S4C, Supporting Information).

In addition to quasi-ordered scales, white disordered net-
works have also been identified in P. lacunosus, P. niitasoi,
and P. caeruleovittatus (Figures 2P-T and 6), which possess
near flat reflectance spectra over the entire spectral range.
Although much brighter disordered structures have been
reported in other beetles” these findings do show that the
color traits of Pachyrhynchus are plastic enough to enable the
expression of disordered, quasi-ordered, and ordered PCs. As
ordered and quasi-ordered structures can often be found in
the same elytral spots (Figure S4A, Supporting Information)
and P. caeruleovittatus possesses both white disordered and
blue ordered scales, we speculate that ordered, quasi-ordered,

(9 of 13) © 2022 The Authors. Small published by Wiley-VCH GmbH
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and disordered morphologies
similar process.

Unfortunately, little is known about the development of dia-
mond structures in weevil scales. The development of a topo-
logically related 3D PC, the gyroid, is however better understood
in butterflies, where these structures have been reported to
develop via the templated self-assembly of an in-folding smooth
endoplasmic reticulum membrane, followed by deposition of
chitin into the extra-cellular space.3¥49 A close look into the
in vivo development pathway of these structures is needed and
the presents study suggests that Pachyrhynchus weevils may be
an ideal model for such a study. As breeding of several Pachy-
rhynchus specimens has been successful 2% an extension of
these studies may lead to the discovery of the hereditary char-
acter of mixing specimens possessing quasi-ordered scales with
those who possess ordered diamond scales.

As the markings on the Pachyrhynchus are reportedly apose-
matic,?#?° it is of interest to determine whether quasi-ordered
scales offer a biological function that ordered scales cannot pro-
vide, particularly since the same colors can be created by both
strategies. Our study shows that the differences between the
quasi-ordered and ordered scales lie in changes in iridescence
and reflected brightness (Figure 2). There is evidence that
the markings may not serve an aposematic function, but that
contribute to deterring predation.*”! This theory is supported
by the existence of several Pachyrhynchus weevils that possess
transparent scales or no scales at all, such as P. sumptuosus.
Quasi-ordered and disordered scales may therefore perhaps not
serve a specific biological function and may simply be a part of
the development process of diamond PC structures (vide supra).
Many species occurring in sympatry however converge on scale
patterning and the ecological function of the scale coloration
(or lack thereof) may therefore be regionally specific.?*l

may develop through a

3.2. Variations in Structural Parameters

Our observations that ordered, diamond-structured scales vary
their color by adjusting FF and NN distance agree with pre-
vious reports.l?) The linear relationship between peak wave-
length and nearest neighbor distance is present throughout the
entire genus (Figure 3A) for both ordered and quasi-ordered
PCs, which is also supported by these traits phylogenetic
independent contrasts.

To better understand the propagation of light through dia-
mond photonic crystals and color-selection effects within the
Pachyrhynchus, several spectral and structural parameters were
compared, including the NN-distance, the peak reflected wave-
length, the FWHM of the peak reflectance, the domain size and
average reflectivity, to identify relevant correlations.

Given that the refractive index of chitin decreases with
reflected wavelength,®! the refractive index contrast should
decrease with wavelength and it is expected that a decrease
in reflectance would be found as the reflected wavelength
increases."*¥] However, our studies show zero correlation
between the measured reflectance and the peak wavelength
for the ordered specimen (Figure 3B). Though a correlation
between reflected wavelength and peak reflectance is apparent
for the quasi-ordered specimen, the Pearson's “r” value of the
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fit is equal to 0.52 and the sample size is too small for this cor-
relation to be given serious significance, especially considering
that the peak reflectance values for quasi-ordered specimen
show little variation.

However, an inverse relationship was found between the
FWHM of the reflectance spectra and their peak reflectance
(Figure 3C). While the origin of the relationship is unclear, we
speculate that it may arise from defects within the diamond 3D
PCs, which would lead to a decreased quality of the 3D PBG,
leading to a decreased brightness and broader reflectivity. This
relationship appears to occur as the scales transition from
ordered to quasi-ordered morphologies.

3.3. Changes in Domain Size

One parameter known to affect the appearance of the
Pachyrhynchus is their domain orientation,[% as the optical band
gap of diamond 3D PCs varies with their orientation.’**! The
combination of multiple, differently oriented domains endows
the scales with a pointillist effect, which can create nearly
angle independent colors.['33 In the case of the Pachyrhynchus
weevils, a change in 3D PC orientation is employed for color
tuning without altering the FF or the NN-distance."

The large number of studied specimens enables the study
of the appearance of various specimens with varying domain
size, thereby improving the understanding of this color
mixing effect. With decreasing domain size in the scales of the
Pachyrhynchus, color mixing is amplified and the iridescence of
the scales decreases (Figure 4). This effect is most notable in
P. elegans of Figure 4D,E, where the domains are so small that
they can only be resolved by electron microscopy (Figure S2D,
Supporting Information). These small domains create color
mixing similar to quasi-ordered scales (Figure 2L), but exhibit
a greater reflectance than the latter at similar reflected colors
(80% versus 60-40% against a white diffuser standard). This
may offer a method of creating bright isotropic colors without
necessitating a full PBG.

A decrease in the domain size also appears to increase the
FWHM of the scales’ reflectance (Figure 4F). Although varia-
tions in the domain sizes within each scale and each specimen
make it difficult to determine an accurate empirical relationship
between the two, it can be seen that domain size influences the
optical characteristics of the different specimens, however, an
in-depth theoretical modeling approach may be required to
accurately predict the relationship between the two. Our data
do suggest however the existence of a link between ordered
and quasi-ordered specimens (Figure 3C), where samples with
smaller domain sizes exhibit a greater amount of disorder in
their PC structure, which may be responsible for the increased
FWHM values and the decreased reflectance.

3.4. Elytral Colors

The elytral color in the Pachyrhynchus stems from three primary
coloration mechanisms. The first is pigmentary absorption,
which results in black elytra and arises from the lack of any
structure on the elytra of black weevils. The second mechanism

© 2022 The Authors. Small published by Wiley-VCH GmbH
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is thin film interference, where a thin, transparent film covers
the black-colored elytron. This gives rise to thin-film interfer-
ence, causing a variety of different colors such as pink, purple or
green, closely matching the colors of other thin film structures
in pigeon feathers, fly wings or butterfly scales.*>->!l The third
mechanism is multilayer interference, which creates bright red-
metallic elytra. The presence of multilayers is corroborated by
both SEM data and reflectance spectra (Figure 5F,I). Note that
there is no clear phylogenetic relationship between the elytron
coloration mechanism and the color of the species (Figure 6).
These mechanisms for elytral color generation have previously
been reported in numerous beetle species*’l and their develop-
ment has also been described.’? From our studies, it appears
that multilayers are only used to create red elytra, whilst other
elytral colors are created by thin film interference.

The elytral colors can be related to geography, as found in
the Phelotrupes auratus beetles.l®l The variation of Pachyrhyn-
chus species with different elytral mechanisms, for example,
in P. erichsoni (Figure 6) make similar geographic correla-
tions unlikely. Although the exact function of the elytron
color is unclear, by providing a background for the colored
markings, it may aid in enhancing the color contrast for
aposematic signaling.

3.5. Phylogenetic Studies

Our study shows no clear pattern within a clade relating to ely-
tral color or PC structures within the scales (Figure 6). The data
suggest that the scale structure, color, and the elytral color in
Pachyrhynchus is not clustered in a particular clade. The dif-
ferentiation of these traits within a particular species appears
to vary as widely within a species group as between different
groups, which confirm previous work by Van Dam et al.?! We
have identified the P. congestus and P. orbifer clades (Figure 6)
to show vast variations in color, PC structure, elytral color, and
domain size. The P. orbifer clade shows however no variation in
PC type. As the domain size and PC type vary greatly between
closely related species, this suggests that there is a common
genetic pathway that is modified, perhaps in different ways, to
produce the observed patterns.

4. Experimental Section

Samples: Specimens from two main entomology collections at the
Coleoptera Research Center at the University of Mindanao and at the
California Academy of Sciences were studied. (See Table S2, Supporting
Information) for an overview of all investigated species.

Optical Characterization: Optical microscopy images were taken with
a Point Grey Grasshopper 3 USB3 camera (GS3-U3-28S5C-C, Point Grey/
FLIR Integrated Imaging Solutions Inc., Richmond, Canada), a Zeiss
Axioskop Al microscope (Zeiss AG, Oberkochen, Germany) and a Xenon
light source (Thorlabs SLS401; Thorlabs GmbH, Dachau, Germany).
A white diffuser standard was used as a reference. The microscope
images of the scales were taken directly on the elytra of the various
weevils.

Spectroscopy measurements were taken with a modified Zeiss
Axioskop Al (Zeiss AG, Oberkochen, Germany) and a photodiode
spectrometer (Ocean Optics Maya2000 Pro; Ocean Optics, Dunedin, FL,
USA). The reflectance/transmission spectra were taken with an optical

Small 2022, 2200592

2200592 (11 0f13)

www.small-journal.com

fiber with a 230 um core and spot size of 13 um. Reflectance spectra were
taken with a Zeiss Epiplan Neofluar 20 x (NA = 0.6) lens. Additionally
and to assess reflectance peaks in the UV-wavelength range, that is,
for P., sanchezi, reflectance spectra were measured with integrating
sphere (AvaSphere-30, Avantes BV, Apeldoorn, Netherlands), connected
with optical fibers to the Maya2000 Pro spectrometer and a balanced
deuterium-halogen lamp (DH-2000-Bal; Ocean Optics, Dunedin,
FL, USA). k-space measurements were performed using a Bertrand
lens (Zeiss 453671) and a Zeiss Epiplan Neofluar 50x (NA = 0.9)
objective.

To test for pigmentation, the scales of each specimen were
scratched off their elytron onto a microscope glass slide using a needle.
Transmission spectra of the scales were then measured with the above-
mentioned light microscope. A drop of oil with a refractive index
n=1.55 (Series A, Cargille Labs, Cedar Grove, NJ, USA) was then placed
on the slide and sandwiched with a cover slip. Transmission spectra of
the scales immersed in oil were then measured.

Ultrastructure Analysis: Isolated scales were scratched off of the
elytron with a needle onto an aluminium stub covered with carbon
tape. This often removed part of the cortex of the scales, revealing the
scale ultrastructure. The stubs were coated with =4-8 nm of gold to
minimize charging effects, using a Cressington 208 HR sputter coater
(Cressington Scientific Instruments, Watford, England). Copper tape
and silver paste were added to the edges of the stubs to further reduce
charging effects. These scales were then imaged with a Tescan Mira3 LM
FE SEM (Tescan, Brno, Czechia) or a ThermoFisher Scios 2 DualBeam
FIB-SEM (FEl, Eindhoven, the Netherlands). To study the domain size
of certain scales, their outer cortex was removed in a 4:20 oxygen to
argon plasma for 12-15 min, in a PE-100 RIE Benchtop Plasma Etching
System (Plasma Etch Inc., Carson City, NV, USA). Measurements of the
nearest neighbor distances and domain sizes from SEM images were
conducted using Fiji (Image) 1.53c).’ For quasi-ordered specimens,
FFTs of the images was generated using Fiji. If the FFT of a quasi-
ordered specimen was isotropic, that is, ring-shaped, the nearest
neighbor distance was estimated by measuring the distance between
the ring and the center.

To prepare cross-sections for SEM imaging, a focused ion beam (FIB)
was used. The center of the scales were milled with ThermoFisher Scios 2
FIB, using a voltage of 30 kV and milling current varying from 0.01-1 nA.
The SEM images were taken at 52° with activated tilt correction.

Ancestral State Reconstructions and Comparative Ultrastructure Analysis:
To identify how often the four types of PCs (ordered, disordered, quasi-
ordered, and quasi-ordered+ordered in the same individual) evolved
within Pachyrhynchus the phylogenetic tree from[?®! was used to map
the structure data (Table S2, Supporting Information) onto the tree.
The “fitMk” function of phytools v0.7.705% was used to reconstruct
ancestral character states. The best fitting model was selected (equal
rates ER, symmetric backward and forward rates SYM, all-rates-different
for transitions ARD, or “transient,” where the rates of gaining or losing
polymorphic states were different), using the AIC weights as selection
criteria. The models treated character transitions as unordered or
ordered. After identifying the best fitting model (ER unordered), 1000
different character histories were simulated using the “make.simmap”
function of phytools and the “mcmc” option to estimate the transition
rate matrix, employing the best fitting model (see Table S3, Supporting
Information).

To identify correlations between the optical properties of a certain
nanostructure, the relationship of non-independence properties of the
samples needs to be taken into account. To this end, the phylogenetically
independent contrasts was calculated, using the pic function of the R
package “ape.”*%l

Statistical Analysis: Spectral measurements were taken from 7-15
different scales of each specimen. The reflectance spectra were then
plotted on Origin 2016G software (OriginLabs) and the peak reflectance,
peak wavelength, and FWHM measured for each individual spectrum.
The resulting data is plotted as mean + s.e.m.

The lattice parameters were measured from SEM images with around
20 measurements taken per sample with the use of Fiji (Image] 1.53c).5
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The same software was used to measure the areas of different domains
from top-view SEM images or cross-sectional FIB-SEM images. Here, the
domain size was averaged from 1-3 different scales and 10-20 different
domains. In certain cases, that is, P. niitasoi and P. orbifer callainus, the
domain sizes were measured from optical microscopy data.

Model selection of the best fitting discrete character model of
evolution, was assessed using the Akaike Information Criterion (AIC)
model weights, where models that were overparameterized are down
weighted. Analyses were conducted in the R package phytools v0.7.70.
Phylogenetically independent contrasts were calculated using the “pic”
function in the R package ape. Then, a linear model was fitted to the
data and significance was assessed if the R-squared P-value was greater
than 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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