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Figure 1. Beetle specimens from Cenozoic Lagerstätten analysed using scanning- and transmission electron microscopy, and
reflectance microspectrophotometry in this study. (a–h) Well-preserved specimens; the cuticle is highly reflective and metallic
colours, bright. (a) Buprestid from Enspel (GKE 2009 PE 5889). (b) Chrysomelid elytron from Clarkia (YPM 2010 P37b

005). (c) Unidentified beetle from Clarkia (YPM 2010 P37b 010). (d) Chrysomelid from Messel (MeI 15 552). (e) Chrysome-
lid from Messel (MeI 15 553). ( f–h) Chrysomelids from Eckfeld (( f ) NMM PE 2000 364, (g) NMM PE 2000 385 and
(h) NMM PE 2000 636). (i) Poorly preserved chrysomelid elytron from Eckfeld (NMM PE 2000 470); metallic colour is
dull. ( j) Poorly preserved chrysomelid from Eckfeld; cuticle is matt and friable and metallic colour is not preserved (NMM

PE 2000 449). Scale bars: (a,c) 5 mm; (b,d– j) 1 mm.
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Chrysomelidae and Tenebrionidae; the specimens studied are

not identified to species level, but examples from different

Lagerstätten probably represent conspecifics or, at the very

least, closely related species). The lustre and cohesiveness of

the cuticle were assessed visually and used as a proxy for the
Proc. R. Soc. B (2012)
quality of preservation: the cuticle was coded as (i) ‘well pre-

served’ if highly reflective, solid and cohesive, and (ii)

‘poorly preserved’ if not reflective and friable. Metallic colours

are bright where the cuticle is well preserved, and dull or

absent where the cuticle is poorly preserved; these colours are

http://rspb.royalsocietypublishing.org/
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apparent in sunlight, white light and under the optical micro-

scope, and their hue does not alter upon drying of the

specimen (at least on timescales of hours to days). Well-

preserved curculionid beetles from Eckfeld that do not exhibit

metallic coloration were studied for comparison; their cuticles

are typically black, highly reflective, solid and cohesive. Speci-

mens for digital photography were washed in water and allowed

to dry (the storage medium was replaced subsequently).

Small (2–3 mm2) samples of cuticle were removed from

selected specimens using sterile tools and prepared for scanning-

and transmission electron microscopy (SEM and TEM) using

the method in McNamara et al. [20]. Particular care was taken

to orient samples for TEM orthogonal to the cutting surface

to ensure that sections through the cuticle were as close to verti-

cal as possible. Samples for SEM were examined using a FEI

XL-30 ESEM-FEG microscope equipped with an EDAX

energy dispersive X-ray spectrometer. Observations were made

at an accelerating voltage of 15 kV, with acquisition times of

60 s for electron dispersive spectra of carbon-coated samples.

Samples for TEM were examined using a Zeiss EM900 TEM

at 80 kV with an objective aperture of 90 mm diameter.

Entire specimens or cuticle samples for reflectance micro-

spectrophotometry were washed in water and allowed to dry.

Spectra collected from a 70 mm diameter spot were recorded

in air using an epi-illumination Nikon Optiphot 66 micro-

scope and an Ocean Optics HR2000þ spectrophotometer.

Recorded spectra were normalized against the spectrum of

the light source from a white standard. Predicted reflection

spectra were obtained by analysing variation in the refractive

index of structures within the cuticle using two-dimensional

Fourier analysis of digital TEM micrographs [1]. This analy-

sis was performed using a freely available Fourier tool (http://

www.yale.edu/eeb/prum/fourier.htm) that is implemented in

the matrix algebra program MATLAB and uses the distribution

of lighter and darker areas in the TEM image (and therefore

the distribution of materials of different refractive index) to

estimate the average refractive index of the structure. The

fossil cuticles exhibit subtle vertical undulations over dis-

tances of 10–100 mm owing to minor deformation around

small sedimentary particles. This results in small variations

in the thicknesses of cuticular structures in TEM sections.

Care was taken to select TEM micrographs that are represen-

tative of each sample; in particular, micrographs of regions of

cuticle where structures appear unusually thick were not used

for two-dimensional Fourier analysis.
3. RESULTS
(a) Preservation of cuticular ultrastructure

All the fossil beetles studied that show metallic colours

(regardless of taxon and locality) retain ultrastructures diag-

nostic of extant beetle cuticle (figure 2, [26]), including

horizontal divisions between the epi-, exo- and endocuticle

(figure 2a,b). The epicuticle (0.3–0.7 mm thick) in the fossil

beetles comprises two layers (figure 2c– f ). The finely lami-

nate outermost layer (total thickness 15–30 nm; lamina

thickness 5–10 nm) is of moderate electron density

(figure 2f, arrow) and corresponds in thickness and struc-

ture to the outer epicuticle (sensu [27]) [27,28] in extant

insects. It is underlained by 6–14 thicker laminae of alter-

nating electron contrast; lamina thickness varies between

specimens, but is typically between 100 and 150 nm

(figure 2c– f ). Similar laminar arrays occur in the inner

epicuticle of many extant beetles [5,28–30]. Each lamina
Proc. R. Soc. B (2012)
comprises a reticulate network of filaments (each 150–

750 nm long and 75 nm wide; figure 2d) that resembles the

fibrillar lipid network in the inner epicuticle of extant beetles

[31]. The exocuticle in the fossil beetles comprises thinner,

uniformly electron-dense laminae (each 90–100 nm thick;

figure 2e,g) and exhibits arcuate patterns in oblique section

(figure 2h). Such patterns also occur in the exocuticle of

extant insects, where they are generated by helicoidal

chitin fibrils [26]. The exocuticle of the fossil beetles is per-

forated by pore canals (each 200–400 nm across) that each

contain two to three spiral filaments (each 60 nm across;

figure 2h,i ), as in extant beetles [26]. The endocuticle of

the fossil beetles shows a granular texture (figure 2a,b,j )

and is underlain by membranous material (figure 2b,j )

that represents the degraded remains of the extracellular

membranes of the basal endocuticle and basement

membrane of the cuticle [26].

The fidelity of preservation of cuticular ultrastructures is

significantly lower in specimens where metallic coloration is

dull or not preserved. Where metallic coloration is dull,

there is little or no evidence of the outer epicuticle, exocu-

ticular lamination or pore canals (figure 3a), lamination of

the inner epicuticle is typically reduced to a subtle banding

(figure 3b), and details of fibrillar and helicoidal textures in

the epi- and exocuticle, respectively, are not preserved. The

endocuticle in these specimens typically shows a granular

texture, but may exhibit a subtle banding. Where metallic

coloration is not preserved (in taxa that are known to be

coloured), only the division between the exo- and endocu-

ticle is apparent (figure 3c,d ). Such specimens exhibit an

orthogonal arrangement of fibrous bundles in the endocu-

ticle (figure 3c,d ). This is identical to the cross-ply

organization of bundles of chitin microfibrils in the endocu-

ticle of extant beetles [26] and is characteristic of degraded

insect cuticle [32]. The curculionid beetles from Eckfeld

lack metallic colour, but exhibit most or all of the cuticular

ultrastructures present in the specimens of other taxa with

well-preserved colour, except for lamination within the

epicuticle (figure 3e,f ).
(b) Reflectance spectrophotometry of

colour-producing nanostructures

There is no evidence in any of the fossil beetles of either

diffraction grating on the surface of the cuticle, or

three-dimensional photonic crystals within it; the pre-

served colour is therefore generated by one or more

laminar structures within the cuticle. In extant beetles,

laminar colour-producing nanostructures, i.e. multi-

layer reflectors, can occur in the epicuticle, exocuticle or

endocuticle [5]. The periodicity of the layering in the

fossil cuticles is not sufficiently high in either the outer

epicuticle (approx. 5–10 nm) or the exocuticle (approx.

90–100 nm) to scatter light in the visible part of the spec-

trum [33] (electronic supplementary material, figure S1).

The laminar array within the inner epicuticle, however,

has a periodicity of 150–300 nm and is therefore capable

of generating a structural colour [33], i.e. it represents a

fossil multi-layer reflector. This feature can be used to

determine whether the preserved colours of the fossil bee-

tles are original, but only if its structure has not been

modified during fossilization [4]. There is no evidence

that the fossil cuticles experienced diagenetic shrinkage

(owing to dehydration), expansion (owing to absorption

http://www.yale.edu/eeb/prum/fourier.htm
http://www.yale.edu/eeb/prum/fourier.htm
http://www.yale.edu/eeb/prum/fourier.htm
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Figure 2. (a,c,d,g–i ) Scanning and (b,e,f,j ) transmission electron micrographs of cuticle ultrastructures in fossil beetles with
well-preserved metallic colours. (a,b) Vertical sections through the cuticle showing epicuticle (ep), exocuticle (ex) and endo-
cuticle (en). r, resin. (c) Fractured vertical section through the cuticle showing laminated epicuticle (ep) and exocuticle
(ex). s, sediment. (d) Detail of surface of lamina in epicuticle showing fibrillar network perforated by pore canals (arrow).

(e) Vertical section through the cuticle showing alternating electron-dense and electron-lucent laminae in epicuticle (ep),
and uniformly electron-dense laminae in exocuticle (ex). r, resin. ( f ) Vertical section through the epicuticle showing multi-
laminate outer epicuticle (arrow). s, sediment. (g) Vertical section through the exocuticle showing laminations. (h) Oblique
fractured section through the epicuticle (ep) and exocuticle (ex) showing arcuate patterns and pore canals (arrow) in the exo-
cuticle. (i) Internal-facing surface of the base of the exocuticle showing pore canals and, inset, pore canal filaments.

( j) Membranes of the basal endocuticle (en) and/or basement membrane. Note, granular texture of the endocuticle. Scale
bars: (a,b,e) 1mm; (c,d,g,h) 2mm; (f,j ) 500 nm; (i) 5mm, inset, 1mm.
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of diagenetic fluids) or loading (during burial): features

such as polygonal cracking, separation of cuticle layers,

swelling and ptygmatic folding are absent. Further, it is

highly unlikely that the cuticle experienced isotropic

volume changes during diagenesis: the dimensions of pre-

served cuticular ultrastructures correspond to those in

extant insects. Collectively, these data indicate that the

structure of the fossil cuticles has survived fossilization

with little or no modification. The fossil multi-layer reflec-

tor, therefore, provides a reliable basis for determining

whether the colours of the fossil beetles are original. The

electron-dense (high-index) and electron-lucent (low-

index) layers of the multi-layer reflector were assigned

refractive index values of 1.73 and 1.4, respectively, based

on the available data for multi-layer reflectors within the

epicuticle of extant, and other fossil, insects [12,30,34].

Two-dimensional Fourier analysis of TEM images of the

fossil multi-layer reflectors from various beetle specimens

reveals that the predicted peak wavelengths of reflectance

are consistently shorter (12.97+3.84%) than the

measured reflectance peaks (figure 4 and table 1).
Proc. R. Soc. B (2012)
4. DISCUSSION
(a) Determining the presence or absence of

multi-layer reflectors in fossil insects

The state of preservation of various ultrastructural featu-

res of the cuticle correlates with that of the epicuticular

multi-layer reflector. These features include the epicuti-

cular cement layer, fibrillar textures in the epicuticular

laminae, nanometre-scale lamination of the exocuticle,

helicoidal textures in the exocuticle, exocuticular pore

canals and their filaments, and extracellular membranes

of the lowermost endocuticle and basement membrane

of the cuticle. As the preserved colour deteriorates

(based on visual assessment of cuticles performed using

an optical microscope), so too does the preservation of

the epicuticular multi-layer reflector and other ultrastruc-

tural features of the cuticle. The only feature that is more

clearly evident in specimens with poor or no colour pres-

ervation is the orthogonal arrangement of bundles of

chitin microfibrils in the endocuticle, but this arrange-

ment becomes only evident when the protein matrix

surrounding the chitin is degraded [32].

http://rspb.royalsocietypublishing.org/
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Figure 3. (a,c,e,f ) Scanning and (b,d ) transmission electron micrographs of beetle specimens that do not exhibit well-preserved
metallic colours. (a,b) Cuticle from a specimen with poorly preserved metallic colour. (a) Vertical fractured section through the
cuticle showing textural distinction between exocuticle (ex) and endocuticle (en), and pore canals (arrow). (b) Subtle banding

in the epicuticle (ep). Note lamination in the exocuticle is not preserved. s, sediment. (c,d) Cuticle from a specimen where
metallic colours are not preserved, showing orthogonally arranged bundles of chitin fibrils in the endocuticle (en). No ultra-
structures are preserved in the exocuticle (ex) or epicuticle. r, resin. (e,f ) Cuticle from a curculionid from Eckfeld.
(e) Preserved lamination in the exocuticle; there is no evidence for a laminated epicuticle. ( f ) Internal-facing surface of the
exocuticle showing pore canals. Scale bars: (a,e) 1 mm; (b) 500 nm; (c) 5 mm; (d,f ) 2 mm and inset in (d) 500 nm.
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The various ultrastructural features listed above are

‘markers’ for high-fidelity preservation of the cuticle and

provide a basis for determining the occurrence of multi-

layer reflectors in fossil beetle taxa. The absence of a

multi-layer reflector in a fossil is likely to be real, i.e. the

beetle was not structurally coloured in vivo, if the marker

ultrastructural features are well preserved. The curculio-

nids from Eckfeld provide a test of this model. The high-

fidelity preservation of marker ultrastructural features in

their cuticle echoes the visual evidence of high reflectivity

and cohesiveness. The absence of an epicuticular multi-

layer reflector is therefore real and confirms that these

Eocene beetles lacked metallic colours. This is not unex-

pected as epicuticular multi-layer reflectors have not been

reported from extant curculionids.
(b) The original structural colours of fossil insects

The difference between the observed and predicted

reflectance peaks is not an artefact of dehydration or
Proc. R. Soc. B (2012)
other processes during sample preparation. Both reflec-

tance measurements and TEM analyses used dry fossil

material. There is no evidence that the dehydration

process altered the ultrastructure of the multi-layer reflec-

tor: the hue of the cuticle does not change upon drying (if

the low-index layers had contained abundant free water,

dehydration of the multi-layer reflector would have

resulted in a decrease in the spacing of the layers and in

the wavelength of the observed colour). Further, there is

no evidence that the ultrastructural features of the fossil

cuticles were modified during fossilization (see §3).

Nonetheless, the difference between the measured and

predicted reflectance peaks reveals that the colours of

the beetles have been altered during diagenesis. The

wavelength of visible light produced by a biophotonic

nanostructure is a function of the periodicity of the struc-

ture and its refractive index [5]; as there was no

modification of the cuticle ultrastructure, the refractive

index of the material must have changed. The refractive

index of the cuticle in extant insects is determined by its

http://rspb.royalsocietypublishing.org/
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Figure 4. Two-dimensional Fourier analysis and reflectance
microspectrophotometry of fossil multi-layer reflectors in
beetle specimens with well-preserved metallic colours.
(a,c,e,g,i,k,m) transmission electron micrographs of epicuti-

cular multi-layer reflectors preserved in specimens in figure
1(a–g). (b,d,f,h,j,l,n) Measured and Fourier predicted reflec-
tance spectra for nanostructures in parts (a,c,e,g,i,k,m). Scale
bars: (a,c,e,g,i,k,m) 500 nm.

Table 1. Measured and expected values for the peak wavelength

generated by the fossil multi-layer reflectors in figure 4.

specimen

reflectance peak (nm)

measured predicted

GKE 2009 PE 5889 606 560
YPM 2010 P37b 005 498 430
YPM 2010 P37b 010 640 590
MeI 15 552 631 530

MeI 15 553 610 530
NMM 2000 364 482 400
NMM 2000 385 474 400
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precise biochemistry [28]. Alteration of its refractive

index during fossilization must reflect changes in its bio-

molecular composition; most fossil arthropod cuticles

are chemically altered during diagenesis [35,36]. This

hypothesis explains the results of previous investigations

of structurally coloured fossil beetles. The preservation

of original structural colour in Pleistocene beetles reflects

limited diagenetic alteration: geochemical analyses of the

cuticle demonstrated that many of its original biomacro-

molecules survived [12]. By contrast, investigation of a

structurally coloured fossil beetle from the Mid-Eocene

demonstrated that the wavelength of the predicted reflec-

tance peak was slightly less than that measured (a similar

result to ours). This difference was attributed to limit-

ations of the experimental technique used [13], but

is also probably the result of diagenetic alteration of the

composition of the cuticle.
5. CONCLUSIONS AND WIDER IMPLICATIONS
The fossil beetle specimens analysed in this study differ in

age, precise depositional context, geological history and

their phylogenetic position. Nonetheless, structural colours

commonly survive owing to preservation of multi-layer

reflectors in the epicuticle. Our data show that the original

structural colours do not survive fossilization, but can be

reconstructed based on the structure of the preserved

multi-layer reflector. The offset between the measured

and predicted reflectance peaks for the fossil multi-layer

reflectors is strikingly similar for all specimens (see above);

in each case, the colour has been shifted to longer wave-

lengths (‘redshifted’) during fossilization. These results

could be applied to measured reflectance data from fossils

of related insect taxa, and from a similar depositional con-

text, to those used herein in order to predict the original

colour. Future investigations will constrain the extent to

which the colour shift varies between taxa and with the

age and diagenetic history of the biota. Importantly, the pre-

served biophotonic nanostructures also allow the former

presence or absence of structural colour to be determined

even when fossils are non-metallic.

Multi-layer reflectors are particularly common in extant

representatives of the beetle groups investigated in this

study, and also in Scarabaeidae, Carabidae and Ceramby-

cidae [5]. Fossil examples of these last three groups,

however, rarely exhibit metallic colours. TEM analyses of

cuticle from these taxa will determine whether the absence

of colour is real, or an artefact of preservation. A dull, matt

colour in other fossil insect taxa need not be the result of a






