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Nature’s most spectacular colours originate in integumentary tissue archi-
tectures that scatter light via nanoscale modulations of the refractive index.
The most intricate biophotonic nanostructures are three-dimensional crystals
with opal, single diamond or single gyroid lattices. Despite intense interest
in their optical and structural properties, the evolution of such nanostructures
is poorly understood, due in part to a lack of data from the fossil record. Here,
we report preservation of single diamond (Fd-3m) three-dimensional photonic
crystals in scales of a 735 000 year old specimen of the brown Nearctic weevil
Hypera diversipunctata from Gold Run, Canada, and in extant conspecifics. The
preserved red to green structural colours exhibit near-field brilliancy yet are
inconspicuous from afar; they most likely had cryptic functions in substrate
matching. The discovery of pristine fossil examples indicates that the fossil
record is likely to yield further data on the evolution of three-dimensional
photonic nanostructures and their biological functions.

1. Introduction

Colour is an essential component of visual displays in biological systems. Many
organisms have evolved integumentary tissue nanostructures with periodic
or quasi-periodic variations in the refractive index that interact with visible
light (300-800 nm), scattering specific wavelengths preferentially to produce
striking optical effects [1-5]. These biological photonic nanostructures produce
structural colours that play important roles in sexual display and predator
avoidance [6-8] and are especially diverse in insects [9] where one-, two-
or three-dimensional biophotonic arrays have evolved. The most elaborate of
these biophotonic nanostructures are three-dimensional lattices comprising
opal, single diamond, single gyroid or quasi-ordered networks of chitin and
air in the epicuticular scales of Lepidoptera (butterflies and moths) [2,10,11]
and Coleoptera (beetles; see electronic supplementary material, table S1) [12].
Research on such three-dimensional biophotonic crystals (3DPCs) has focused
on their optical properties [10-17] and potential for generating novel photonic
devices [18,19]. Key aspects of the biology of these colour-producing structures,
especially their evolutionary history and specific functions, however, remain
poorly understood. Quasi-ordered or amorphous nanostructures are considered
evolutionarily primitive relative to ordered lattices such as single diamonds
[12]. This hypothesis has proved difficult to test, in part, because little is
known about the fossilization potential of many relevant structures. In extant
insects, 3DPCs are associated with diverse matte to strongly iridescent visual
effects, but few studies [11,12,16] have investigated their biological functions
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Figure 1. Structurally coloured scales from fossil (a—d) and modern (e—h) Hypera diversipunctata. (a,e) Light micrographs of the fossil specimen (an isolated
elytron) (a) and of a complete modern specimen (e). (b—d, f—h) Light micrographs of fossil (b—d) and modern (f—h) scales showing bifurcate morphology
and domains of different hues. Arrow in (g) indicates seta with multi-hued domains. Images in (d) and (h) were obtained under identical lighting conditions.

Scale bars, (a,e) 2 mm; (bd) 50 pm; (¢f—h) 25 pm. (Online version in colour.)

in detail. Fossil evidence has illuminated the functional
evolution of other photonic nanostructures, for example
multi-layer reflectors [20], but 3DPCs have not been
described from the fossil record [21].

Here, we report the discovery of three-dimensional
photonic crystals in a 735000 year old fossil weevil from
Yukon Territory, Canada. Intriguingly, the iridescent colours
of these weevils are highly inconspicuous at long range despite
their near-field brilliancy (figure 1). We used small-angle X-ray
scattering (SAXS), scanning (SEM) and transmission electron
microscopy (TEM) and reflectance spectrophotometry to ident-
ify the photonic nanostructure in the fossil weevil and in extant
members of the same genus to assess the fidelity of preser-
vation of the fossil. Our investigation confirms the potential
of the fossil record and of extant taxa from tundra habitats
to illuminate the evolutionary history of three-dimensional
photonic nanostructures.

2. Material and methods

2.1. Fossil and modern specimens

The fossil weevil DG-B5 is held by the Department of Earth and
Atmospheric Sciences at the University of Alberta, Edmonton,
Canada. The specimen was recovered from a glacial diamict
with a sandy silt matrix 200 mm above the Gold Run tephra at
the former gold mine Gold Run in the Klondike gold field,
Yukon, Canada (63.691° N, 138.6° W). Glass-isothermal plateau
fission track dating indicates that the Gold Run tephra is 735 +
88 ka [22]. Macrofossil plant and insect remains indicate a
shrub—tundra palaeohabitat dominated by dwarf birch and
willow [22]. Sediment samples were sieved using a screen box,
sun-dried for several hours and transferred to plastic bags for
further drying in the laboratory; macrofossil remains were
picked by hand. The specimen was identified as Hypera

diversipunctata by S. Kuzmina (University of Alberta) on the
basis of the morphology of the elytron and the presence of strongly
bifurcate scales. The modern specimen of H. diversipunctata
(USNMNH 2060585) was collected in Yukon-Koyukuk County,
Alaska, USA, and is held by the Smithsonian Institution National
Museum of Natural History, Washington, DC.

2.2. Imaging

Light micrographs were obtained using a Leica DM2500P, a
Leica VZ700C and a Zeiss Axioskop 2 microscope. Samples of
elytron were prepared for electron microscopy as described in
[23] and examined using a FEI XL-30 ESEM-FEG SEM at an
accelerating voltage of 15 kV and a Zeiss EM900 TEM at 80 kV
with an objective aperture of 90 nm diameter.

2.3. Focused ion beam milling

Scales from the fossil weevil were sputter-coated with Au and
analysed using an FEI quanta dual-beam instrument. Selected
areas were coated with Pt using a gas injection system and
then milled using Ga ions at an accelerating voltage of 30 kV, a
beam current of 0.4 pA and a pixel dwell time of 100 ns.

2.4. Microspectrophotometry

Reflectance spectra from cuticles were collected from a 70 or 500 pm
diameter spot using an epi-illumination Nikon Optiphot 66 micro-
scope and an Ocean Optics HR2000 + spectrophotometer, and
calibrated using a matte white reflectance standard. Reflectance
spectra from five natural sand samples (three from the Blackwater
Estuary, Co. Cork, Ireland; two from Fermoyle, Co. Kerry, Ireland)
were collected from a 2 mm diameter spot and calibrated as above.

2.5. Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) analyses were collected at
beamline 8-ID-I of the Advanced Photon Source at Argonne
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Figure 2. Electron micrographs of fossil (a—g,k/) and modern (h—jm,n) scales. (k—n) are transmission electron micrographs; all other images are scanning electron
micrographs. (a,h) Surface of the fossil cuticle showing alignment of scales. (b—f,ij) Detail of fractured scales showing 3DPCs in the scale lumen; (f) is an ion milled
vertical section. (g) Fractured section through the cuticle of the fossil weevil showing fine lamination in the exocuticle (ex) and bundles of chitin microfibrils in the
endocuticle (en); sc, scale. (k—n) Transmission electron micrographs of vertical sections of fossil (k/) and modern (m,n) scales showing photonic polycrystallite
domains. Numbers in parentheses denote distinctive motifs characteristic of specific planes of the single diamond morphology. Scale bars, (a) 50 pm;

(b) 10 pm; (c—fk=n) 1 pm; (gd) 5 pm; (h) 25 pm; () 2 pm.

National Labs, Chicago, IL, USA. Pinhole SAXS data (15 pm
horizontal x 15 wm vertical, 7.34 keV beam, 50 x 0.5 s exposures,
sample to detector distance 4 m) were collected from indivi-
dual weevil scales in transmission geometry and indexed as per
standard protocol [10].

3. Results

The fossil specimen comprises an isolated elytron of
the weevil H. diversipunctata (Curculionidae: Subfamilia
incertae sedis: Hyperini). Both its cuticle and that of extant
H. diversipunctata are a dull brown colour in hand specimen
with no patterning apparent (figure 1a,e). Light microscopy
revealed that the cuticle of the fossil and modern speci-
mens is covered by hundreds of flattened bifurcate scales,
each 45-55 pm long, 15-20 um wide and 2-4 pm thick
(figure 1b—d,f-h). Single scales are strongly iridescent and
exhibit 5-25 microdomains that show red, yellow and
green hues; those of the fossil scales are more saturated
(figure 1b—d f-h). Setae interspersed among the scales also

exhibit coloured microdomains in the fossil (see electronic
supplementary material, figure Sla) and modern (figure 1f,
arrow) specimens. Electron micrographs revealed that most
iridescent scales in the fossil, and all scales in the modern speci-
men, comprise a thin (0.9-1.2 wm thick) laminated outer cortex
that envelopes a three-dimensional-ordered nanoscale lattice
of chitin and air in the scale lumen (figure 2). The cuticle of
the fossil weevil exhibits fine lamination in the exocuticle and
bundles of chitin microfibrils in the endocuticle, similar to
well-preserved beetle cuticles from other fossil localities [21].
SEM-EDAX spectra for the cuticle and scales of the fossil
weevil elytron reveal prominent peaks only for carbon and
oxygen. The fossil is organically preserved: there are no
peaks for calcium or other elements (e.g. Fe, Mg, Mn, Sr, Ba)
that would indicate the carbon is from a carbonate mineral.
TEM images of the scales show diagnostic motifs that are
characteristic of specific planes of the single diamond space
group, confirming the fourfold coordination of the underlying
nanostructure (figure 2k—n).

The SAXS patterns of fossil and extant weevil scales exhibit
a concentric series of discrete Bragg scattering peaks (or spots)
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Figure 3. Two-dimensional small-angle X-ray scattering (SAXS) analyses of fossil and extant H. diversipunctata scales. (a,c) Unmasked SAXS patterns (original images
1340 x 1300 pixels) of fossil (@) and modern (c) scale. The false colour scale corresponds to the logarithm of scattering intensity. The concentric white circles denote the
expected locations of the scattering peaks for the single diamond (Fd-3m) nanostructures. Scale bars, 0.05 nm. (b,d) Indexing the peaks of the azimuthally averaged
profiles of the respective two-dimensional SAXS patterns in () and (c) and in electronic supplementary material figure S2, using the plot of the moduli of the hk/ Miller
indices of the Bragg peaks against the corresponding reciprocal lattice spacing S. The observed peaks (solid black circles) are shown alongside the theoretically allowed
reflections for the single diamond (Fd-3m) and f.c.c. (F4-3m; in light grey) crystallographic space group symmetries. The linearity and zero intercepts of the plot confirm
the cubic aspect of the nanostructures, and the slope gives an estimate of the lattice parameter. (Online version in colour.)

indicative of long-range crystal-like order [10] (figure 3a,c and
see electronic supplementary material, figure S2). The irregular
angles and spacings between the Bragg spots are consistent
with the presence of many randomly oriented crystallite
domains within the illuminated sample volume (figure 2k
and see electronic supplementary material, figure S2). The
azimuthally integrated scattering intensity profiles of the
SAXS patterns feature at least two of the following discrete
Bragg peaks with scattering wavevector positional ratios
@/qp0): /3, /8, 11, /12 and /19 (figure 4 and see electronic
supplementary material, S3). These peaks were indexed as
reflections from (111), (220), (311), (222) and (331) planes,
most consistent with the single diamond (space group no.
227, Fd-3m) crystallographic space group symmetry [24]
(figure 4). The linearity and zero intercepts of the plots of reci-
procal lattice spacings (S) versus the moduli of the assigned
Miller indices (figure 3b,d) also confirm the cubic nature of
the nanostructure. The slope of these Ikl plots yields estimated
lattice parameters [10] of 500.68 + 6.59 and 521.63 + 14.48 nm
for the fossil and modern scales, respectively (see electronic
supplementary material, figure S2 and table S2). The coherence
length of the weevil scale nanostructures (a measure of the
crystallite domain size) calculated from the full widths at
half-maximum of the first-order SAXS peaks, &~ 27/Ag, is

consistent with crystallite sizes observed in electron micro-
graphs (figure 2c—g,j—k and see electronic supplementary
material, table S2) [25].

Using the SAXS structural data, we predicted the optical
reflectance spectra of the single diamond nanostructures in
fossil and extant weevil scales with single scattering theory
[10,26] (figure 5). The measured reflectances have peaks in
the far-red to near-infrared region, consistent with the
larger lattice constants (more than 500 nm) from SAXS struc-
tural measurements (see electronic supplementary material,
table S2). Moreover, these lattice constants are comparable
to those reported for other red iridescent weevil scales con-
taining single diamond nanostructures [27]. The measured
and predicted optical reflectance peaks agree reasonably
well at higher wavelengths. However, the broader widths
of the measured reflectance peak when compared with the
optical prediction, especially at lower wavelengths, is likely
because of multiple scattering of light, as in other 3DPCs
[10]. The broadening of the peak is likely due to reflections
(at lower wavelengths) from higher-order crystal planes of
the single diamond photonic crystal as well as the strong
interactions of coherently scattered light with the inherent
disorder of the nanostructure [10,26,28,29]. Broad-field reflec-
tance measurements for larger (500 wm) regions of cuticle
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Figure 4. Structural diagnoses of normalized, azimuthally averaged SAXS profiles integrated from the respective two-dimensional SAXS patterns of photonic scales in

figure 2. Vertical lines denote expected Bragg peak positional ratios for various cubic crystallographic space groups. Numbers above the vertical lines are squares of

the moduli of the Miller indices (hk/) for the allowed reflections of the cubic space-groups. The normalized positional ratios of the scattering peaks are indexed to
the predictions of specific crystallographic space-groups or symmetries following IUCr conventions [24]. (Online version in colour.)

lack a clear peak and appear relatively flat and unsaturated,
albeit with progressively higher reflectance towards the
longer-wavelength part of the visible spectrum (figure 5).
These spectra closely resemble reflectance spectra from the
natural sand samples (figure 5 and see electronic supplemen-
tary material, figure S3). Optical and structural data for the
fossil and extant weevil scales indicate average refractive
index values of 1.25 and 1.37, respectively, corresponding
to a respective chitin volume fraction of 0.44 and 0.65. This
is consistent with the relatively deeper red colour of the
fossil Hypera and suggests that variations in both the peak
structural correlation and the filling fraction of the scale
nanostructures could account for interspecific differences in
structural coloration in beetles, as in birds [30].

4. Discussion
4.1. Preservation

The preservation of visible iridescence and 3DPCs in
the fossil weevil DG-B5 is attributed, in part, to minimal
burial: colour-producing nanostructures, including 3DPCs,
are known to degrade during diagenesis owing to elevated
temperatures [21]. The dominant factors that impacted the
fossil specimen are thus transport to the site of deposition
and tissue decay. Many scales on the fossil elytron are rep-
resented by only the pedicle, indicating fracturing and loss
of the rest of the scale during transport (figure 1b). Labora-
tory decay experiments have shown that tissue autolysis
and microbial decay do not affect the physical structure or

9607107 LL 0y 205§ 7 biobunsiqndiaposieforys: g



(a) Q) (©

2 0.16 A

E measured - --- 7 \ 0.020 | measured ---- K 0.020 | fossil N
5 0.14 (single scale) / ‘\ (single scale) S (500 pm spot)

el predicted _—/f ' predicted ’ modern —
5 0.12 (single scale) ! k 0.015 (single scale) g 0.015 (500 pm spot)

8 0.10 natural sand

g 0.010 0.010 (2 mm spov

g 0.08

T 0.06 0.005 0.005

g 0.04

g - 0 T 0

2o002f N

0 b -

400 500 600 700 800
wavelength (nm)

400 500 600 700 800
wavelength (nm)

400 500 600 700 800
wavelength (nm)
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the colour produced by 3DPCs [21]. These data strongly indi-
cate that the refractive index (1 = 1.56 + i0.06 for chitin [31])
of the biophotonic nanostructure in the fossil weevil scales
has not changed much during fossilization. The difference
in hue between the fossil and modern weevils may reflect
differences between subspecies or local variants.

4.2. Phylogenetic context

The discovery of single diamond photonic crystals in fossil and
modern H. diversipunctata extends the known phylogenetic and
temporal ranges of 3DPCs in nature and may shed light on the
evolution of their structure and function. All known examples
of 3DPCs in extant beetles are from one subfamily of longhorn
beetles (Cerambycidae: Lamiinae) and one of weevils (Curcu-
lionidae: Entiminae; see electronic supplementary material,
table S1) [12]. This phylogenetic distribution has been hypo-
thesized to reflect the evolution of modified self-assembly
mechanisms during scale development [10] in these, but not
other, beetle groups [12]. Weevils and longhorn beetles share
several attributes that have been identified as possible pre-
requisites for the evolution of 3DPCs. Each group includes
diurnally active members that produce striking visual signals
using modified, hollow scales and/or setae [12,32]. Single dia-
mond photonic crystals have been identified only within
weevils. The identification of these nanostructures in Hyperini
has implications for weevil phylogeny, which has proved
notoriously difficult to resolve [33—35]. The position of Hyper-
ini within Curculioinidae is uncertain: the group may belong
to the Curculioninae [36] or may form a clade that also includes
Entiminae and other enigmatic tribes [34]. Discovery of 3DPCs
in fossil and extant Hypera favours the latter scenario. It is also
consistent with analysis of the phylogenetic distribution of
3DPCs in extant weevils that supports the grouping of Hyper-
ini and Entiminae within a single clade, suggesting a single
origin of 3DPCs within weevils [32] (V Saranathan & AE
Seago 2013, unpublished data). Evolutionary scenarios for
multi-layer reflectors and diffraction gratings involve multi-
ple origination events in beetles, but these have not been
elucidated at the subfamily level [12].

4.3. Function of the colour

The colours produced by photonic crystals in some lepidop-
terans [13,37] can confer evolutionary advantages by aiding
mate recognition at close range. Such a signalling function

has also been inferred for some weevils [16] and may operate
even in taxa characterized by a diffuse long-range visual
signal, provided specular highlights are visible to conspeci-
fics at short range [16]. In H. diversipunctata, scales comprise
multiple reflecting domains. Assuming a maximum domain
size of 10 wm and an angular resolution of 1° [38], individual
spots of colour cannot be distinguished at a distance of more
than 0.575 mm. The iridescent colours are thus unlikely to
function in sexual display or as warning coloration; other
functions (e.g. thermoregulation, mechanical resistance, photo-
protection) are not immediately obvious. The selective force
driving the evolution of highly sophisticated biophotonic
nanostructures within H. diversipunctata is therefore likely to
have been crypsis. This is supported by the flat, unsaturated
reflectance spectrum of the cuticle from a large diameter
spot, and the close resemblance of this spectrum to those of
the natural sand samples (figure 5 and see supplementary elec-
tronic material, figure S3). The fossil taxon H. diversipunctata
inhabited a shrub-tundra palaeoenvironment [22] (see
Material and methods). Its ecology is similar to that of extant
Hypera species, which are xerophilic members of upland cryo-
phytic steppe and tundra environments ranging from dry
gravels to moderately moist scrub habitats [39,40].

Almost all other weevil taxa with well-characterized
3DPCs are from tropical and subtropical forest biotopes in
South America, Africa and Asia (see electronic supplementary
material, table S1) [12]. Such (sub)tropical habitats comprise clo-
sely juxtaposed regions of bright sunlight and shade. Extant
entimine weevils and lamiine longhorn beetles with 3DPCs
typically exhibit brilliant colours, striking colour patterns
and/or strong iridescence effects in these environments, pre-
sumably employed in inter- and intraspecific signalling [12].
Green hues produced by 3DPCs in some weevils [12,16] and
lepidopterans [8,10,11] are considered to function in crypsis,
but 3DPCs can also be incorporated into striking colour
patterns with possible aposematic functions [8,12].

The dark brown colour and cryptic iridescence of
H. diversipunctata are probably adaptations to life on exposed
soils, facilitating substrate matching to avoid predation. In
other weevils [16] and in matte green papilionid and lycaenid
butterflies [10,37], the distribution of photonic scales over the
entire body surface and the highly polycrystalline nature of
the photonic crystals create an angle-independent diffuse
visual signal at long range. Similar diffuse colours used in sub-
strate matching are achieved via additive colour mixing in
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structurally coloured tiger beetles (Carabidae) [41], darkling
beetles (Tenebrionidae) [42] and scarabs (Scarabaeidae)
[43,44]. However, epicuticular scales with 3DPCs are not
necessary to produce dark brown matte colours. Insect cuticle
is typically brown to black and a matte effect is often achieved
using diffuse pigmentation and modification of the cuticle
surface [12].

4.4. Evolutionary implications
The early evolutionary history of 3DPCs in weevils has
been associated with the production of cryptic visual signals
[32]. Indeed, several basal members of Curculionidae bear
quasi-ordered or amorphous single diamond biophotonic nano-
structures within matte reddish-brown scales (V Saranathan &
AE Seago 2013, unpublished data). Thus, quasi-ordered scat-
tering arrays producing cryptic colours may have given rise
to nanostructures with crystalline microdomains, such as in
H. diversipunctata, and ultimately more complex ordered
3DPCs, with larger domains, capable of producing bright
colours with diverse signalling functions [32]. Bright visual
signals could be achieved by increasing the size of crystal
domains and individual scales, and by organizing scales
into high-density clusters or patches. Such modifications to
3DPC-bearing scales could have been achieved relatively
easily as insect epidermal cells are known for their developmen-
tal plasticity [4546]. In lepidopterans, three-dimensional
photonic nanostructures are hypothesized to develop via intra-
cellular self-assembly of plasma and smooth endoplasmic
reticulum membrane systems [10,47]. Similar membrane self-
assembly processes are likely to control development of 3DPCs
in weevils [12] and may facilitate rapid evolution of complex
photonic nanostructures without strong genetic control [48].
The fossil nanostructures described herein represent the
first example, to the best of our knowledge, of 3DPCs in
the fossil record, confirming, as predicted [21], that such

nanostructures can be fossilized with a high degree of fidelity.

This identifies the Pleistocene fossil record as a new and poten-
tially extensive source of data on the evolution of 3DPCs.
Further, we show that complex three-dimensional photonic
nanoarchitectures occur in insects with an unremarkable
matte coloration. As the existence of such nanostructures may
not be apparent in hand speciments, it is likely that cryptic iri-
descence, and three-dimensional photonic nanostructures, are
much more widespread in diverse visually non-descript
extant insects than we realize. Indeed, our examination of
other extant Hypera species reveals the presence of iridescent
scales (see electronic supplementary material, figure Slef).
Further investigation of other extant and fossil beetle taxa
coupling genetic analysis and ultrastructural study of their
cuticle will yield important information on the diversity of
3DPCs in nature and the respective roles of visual function
and developmental processes in driving their evolution.

Data accessibility. All data from reflectance spectrophotometry and SAXS
analyses are available at the Cork Open Research Archive (CORA)
(http://cora.ucc.ie). Requests for specimens and samples should be
addressed to M.E.M.
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