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Nanopores in the ventral scales of Bitis rubida and Bitis
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Abstract: Recent studies speculated that some snakes developed white venters to avoid
overheating caused by highly radiative soil and rocks. Here, we present the scale-embedded
porous nanostructures through which some snake species of the genus Bitis achieve such
whiteness. Our analysis reveals nanopores causing scattering underneath the external surface
of the white ventral scales of Bitis rubida and Bitis armata. Such nanopores are not present in
the scales of Bitis parviocula, Bitis arietans, and Bitis rhinoceros that appear transparent or
translucent to the naked eye. White ventral scales with nanopores reflect up to 40% of light in
the visible regime. The reflection, however, decreases for longer wavelengths and drastically
reduces in the infrared. In contrast, a much lower, almost constant reflection around 8%
between 250 nm and 2500 nm is observed for the transparent or translucent ventral scales
without nanopores. Our study demonstrates that some snake species of the genus Bitis utilize
a light scattering network of nanopores underneath their external surfaces to create white

ventral scales.

Introduction
Numerous ecological and evolutionary factors lead to the colouration in organisms through
evolution [1]. This colouration might be caused by pigmentation, structural colours or both [2—

4]. The resulting broad variety of colours assists animals in camouflage [5—9], communication
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[10,11], mating [12], and thermoregulation [13—15]. In general, body temperature is directly
affected by the absorption and reflection of electromagnetic radiation [16]. Especially, cold-
blooded squamates rely on this property for thermoregulation [17].

In general, multifunctional macromolecules like melanin play a significant role in
controlling the brightness of the skin [18]. The dark optical appearance of melanin helps to
absorb solar radiation [16,19]. Many studies on squamates discuss their dorsal scale colouration
(see, e.g., Refs. [14,20-23]). Martinez-Freiria et al. [24], for example, studied the relation
between the degree of pigmentation of the zigzag pattern on the dorsal scales of Eurasian vipers
and environmental variables such as solar radiation, elevation, and latitude. They concluded
that the dorsal scales with high melanin content help snakes absorb more sunlight to ensure
thermoregulation within the snake’s body.

Although several studies discussed the colouration of dorsal scales, only a few focused
on the ventral colouration of the squamates [25-28]. In 2015 and 2016, Moreno Azbcar et al.
[29,30] concluded that species living closer to the Equator are most likely to have brighter
venters. Later, Goldenberg et al. [31] reported on the reflecting venters of snakes, comparing
the scales of 126 species. They applied a comparative approach to investigate the macro-
evolutionary processes involved in developing ventral brightness. Their study concludes that
vipers living on hot and highly radiative and superficially conductive substrates develop less
melanic ventral scales because the colour of the venter influences body temperature via the
thermal transfer with the ground [30,31]. Conversely, the species living in lower energy
radiation zones tend to have darker ventral scales, providing a thermal advantage. These studies
already indicate that the colouration of the ventral snake scales might depend on the habitat of
ectotherms. However, they did not examine the optical mechanism through which the
respective snake species achieve such white ventral scales.

Here, we present a study on the structural and optical properties of the shed skin of
ventral scales of snakes that appear white or transparent/translucent to the naked eye. Five
species of the genus Bitis [32] were used as samples for this study. The ventral scales of the
Red Adder (Bitis rubida), the Southern Adder (Bitis armata), the Ethiopian Viper (Bitis
parviocula), the Puff Adder (Bitis arietans), and the West African Gaboon Viper (Bitis
rhinoceros) are examined to reveal the physical origin of the whiteness of ventral scales. The
surface analysis of these scales by atomic force microscopy (AFM) reveals shallow nanoscale
features on the scale’s surfaces of all five species. However, scanning electron microscopy
(SEM) of the ventral scale cross-section revealed numerous nanopores underneath the external

surfaces of the reflecting scales of B. rubida and B. armata. In opposite to that, such nanopores
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are not observed in the transparent or translucent scales of B. parviocula, B. arietans, and B.
rhinoceros. As it was speculated that snakes utilize the colouration of their venter for
thermoregulation, the scales were optically characterized in the wavelength range of 250 nm
to 2500 nm. High reflection is observed in the visible and near-infrared light for the porous
ventral scales of B. rubida and B. armata. Low constant reflection of 8%, on the other hand, is
observed on the scales of B. parviocula, B. arietans, and B. rhinoceros in the entire spectrum
of consideration. Therefore, we conclude that these nanopores scatter light in the visible and
near-infrared regime, leading to white ventral scales. This enhanced reflection in such a
broadband spectrum might help snakes to enhance their thermoregulatory properties on their

ventral side.

Results

The left panel of Figure 1 displays photographs of the examined snake species and ventral
white scales of B. rubida (Figure 1A), B. armata (Figure 1B) and transparent or translucent
scales of B. parviocula (Figure 1C), B. arietans (Figure 1D), and B. rhinoceros (Figure 1E).
The moulted ventral scales of the snakes, taken from the belly of the respective snake species,
were placed on white paper with a printout of our university logo. In this way, the optical
properties of the scales can be easily assessed by the naked eye. The printout cannot be seen
through the reflecting ventral scales of B. rubida and B. armata. However, it can be easily
spotted through the transparent or translucent ventral scales of B. parviocula, B. arietans, and
B. rhinoceros.

As mentioned in the introduction, it was speculated in previous studies [29-31] that
various reptiles developed white ventral bellies for thermoregulation. A white venter caused by
white scales seems fortunate for the examined snakes to avoid overheating. Therefore, we
studied the optical response of the scales of B. rubida, B. armata, B. parviocula, B. arietans,
and B. rhinoceros in the wavelength range of 250 nm to 2500 nm (right panel of Figure 1).

A more or less constant total reflectance of around 8% is recorded on the ventral scales
of B. rhinoceros, B. arietans, and B. parviocula in the range from 250 nm to 2500 nm.
Accordingly, we observe a transmittance which increases sharply from the UV to values of
about 90% for wavelength larger than 400 nm. However, as it might be expected by the optical
impression already, a much higher reflectance and lower transmittance is observed on the
ventral scales of the two other species. For B. rubida, the reflectance is about 30% in the lower
range of the visible regime and increases continuously until it reaches a maximum of about

40% close to 500 nm. For increasing wavelengths, however, the total reflection decreases again
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and reduces to values of 20% at 2000 nm. The shape of the spectrum of B. armata is the same,
but the overall reflectance values are about 10% lower. The transmittance for B. rubida as well
as B. armata is about zero in the UV and increases continuously till it reaches a plateau in the
infrared.

The comparison of the five spectra reveals that the total reflection of the white scales is
much larger as for the transparent/translucent scales for all wavelengths under consideration.
Especially in the near-infrared and even in the near ultraviolet (300 nm to 400 nm), the white
scales of B. rubida and B.armata reflect significant parts of the electromagnetic spectrum.

To understand the mechanism through which these scales produce such a high
reflection, we compare the topography and the inner structure of the scales imaged by AFM
and SEM in Figure 2. A continuous ridge-like structure is observed on the surface of the scales
of B. rubida (Figure 2A) and B. armata (Figure 2B). The ridges found on the scales of B. rubida
are about 700 nm to 800 nm in width and around 1.7 um to 2 pm on the scales of B. armata.
The height of the ridges is around 100 nm for both species. Spike-like microfibrils are found
on the scales of B. parviocula (Figure 2C) and B. rhinoceros (Figure 2E). The microfibrils are
oriented in head to tail direction of the snakes’ bodies. The AFM images in Figure 2C and E
are oriented such that the head points toward the right side of the images. The height and
periodicity of these microfibrils found on the scales of B. parviocula are in the range of 80 nm
to 100 nm and 5 um to 6 um. The geometric values observed on the scales of B. rhinoceros are
in the range of 40 nm to 50 nm and 7 um to 8 pm, respectively. The surface found on the ventral
side of B. arietans (Figure 2D) features a different structure with pits with a depth of around
15 nm to 30 nm and a diameter of 200 nm to 300 nm. Such pits were also observed on the
scales of other species [33,34]. This topographical analysis reveals shallow nanostructures on
the ventral scales of the investigated snake species. However, considering previous studies, we
assume that snakes develop such nanoscale features to optimize their locomotion [35—42]. Such
shallow nanostructures do not cause white, reflecting ventral scales.

Therefore, we cut the scales and imaged the resulting cross-sections by SEM. The
resulting images show that the ventral scales of all examined species are multi-layered. In the
first layer directly underneath the external surface of B. rubida, we observe a spongy layer with
numerous nanopores. These nanopores are found in the upper 20-25 um thick region of the top
layer. Further magnification of these porous regions reveals that the embedded nanopores have
neither a regular shape nor a pattern. They are about 0.5 um to 1 um in length and 0.25 pm to
0.5 um in width. In the cross-section images, numerous nanopores are also found under the

external surface of the white scales of B. armata. In both cases, the nanopores are closed
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structures without an opening to the outside. Consequently, we did not observe a colour-change
when wetting the scales with water or index-matching liquid. However, such nanopores were
not observed in the transparent or translucent scales of B. parviocula, B. arietans, and B.
rhinoceros (see the zoom into the amorphous structure in Figure 2C).

To conclude, the metrological analysis reveals that nanopores are found in the white
scales of B. rubida and B. armata while an amorphous structure without pores is found in the
transparent or translucent scales of B. parviocula, B. arietans, and B. rhinoceros. This
observation indicates that the nanopores scatter light to develop white ventral scales in some
snake species. The overall results prove that the total reflectance of the porous ventral scales
of B. armata and B. rubida is quite high in the visible and near-infrared regimes. However, the
total reflectance is much lower for the amorphous ventral scales of B. rhinoceros, B. arietans,
and B. parviocula. This result is conclusive evidence that high reflection is associated with the
interaction of visible and near-infrared light with the nanopores found under the external

surface.

Discussion and Conclusion

In the aforementioned studies [29-31], it was already discussed that many snake species
develop a white reflecting venter. These species are mostly found in the equatorial region or
hot and highly radiative and superficially conductive substrates. It was concluded that the
reflecting venters facilitate such species in reducing heat absorption. Our experimental results
are in accordance with these studies. Furthermore, our characterization identifies the optical
structure through which some snakes achieve white-coloured scales, which assists their
thermoregulation.

High reflection is observed on the ventral scales of B. rubida and B. armata where
numerous nanopores were found underneath the external surfaces, but low reflection is
measured on the amorphous scales of B. parviocula, B. arietans, and B. rhinoceros. This
indicates that nanopores underneath the external surface interact with electromagnetic waves
to reflect visible and near-infrared light. This high reflection in the visible and near-infrared
regime indicates that these scales absorb less heat.

Surface topography analysis showed a ridge-like structure on the ventral scales of B.
rubida and B. armata. These nanoscale ridges are quite shallow. Microfibril like patterning is
observed on the ventral scales of B. parviocula and B. rhinoceros. Such structures are often
found on the ventral scales of snake species [36]. Numerous pits are found on the ventral

surface of B. arietans. It is widely accepted that such nanostructures on the ventral scales assist
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snakes in locomotion [35—41]. The ridge-like structure observed on the white scales does not
interact with light to develop such optical properties, as similar structures can be observed on
many other snakes without white venters. In the cross-section of ventral scales, numerous
nanopores are observed in the white scales of B. rubida and B. armata underneath their external
surfaces. However, such nanopores are not present in the transparent or translucent scales of B.
parviocula, B. arietans, and B. rhinoceros.

We, therefore, conclude that these nanopores cause significant light scattering for a
wide range of wavelengths. The same scattering principle was developed by beetles and birds,
which utilize porous structures in their scales and feathers, respectively (see, e.g., Refs. [43—
45] and references therein). In summary, the white ventral scales of B. rubida and B. armata
apply the same physical principle as beetles and birds so that they achieve whiteness through

nanopores within an upper layer of their scales.

Methods

Snake Species: The surface topology, internal structure, and optical properties of the shed skin
of ventral scales of five African vipers were analysed. Among them, the Red Adder (Bitis
rubida) as well as the Southern Adder (Bitis armata) are only found in South Africa while the
Ethiopian Viper (Bitis parviocula) originates from Ethiopia. The Puff Adder (Bitis arietans) is
found in South Africa and other African countries. The West African Gaboon Viper (Bitis
rhinoceros) is endemic to West Africa. According to Barlow et al. [32], this selection of Bitis
species covers several types of habitats. As described in Ref. [32], the habitat of B. rubida and
B. armata is lowland and montane rocky or gravely grassland, karroid and sclerophyllous
scrub; B. parviocula and B. rhinoceros live in tropical and montane forest; while B. arietans
lives in open savanna, grassland, and karroid scrub absent from forests and deserts. The
moulted skins from captive snakes were collected by G. Gomard thanks to the contribution of
different snake keepers (see Acknowledgments). Temperature (21 °C — 23 °C) and humidity
(50% — 70%) were well controlled during storage and measurements of all samples.

Optical Spectroscopy: The total transmittance and reflectance spectra of the ventral scales
were determined using a Cary 7000 spectrophotometer with an integrating sphere (DRS
attachment, Agilent, USA). Unpolarized light was used to measure spectral properties, shining
incoming light beams on the outer surfaces of the moulted snake scales close to normal
incidence. The measured spectrum range was set to 250 to 2500 nm with a spectral resolution

of = 1 nm and a beam spot diameter of about 2 mm. This spectroscopy range covers most of
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the solar spectrum. The NIST calibrated Spectralon® diffuse reflectance standard (Labsphere,
USA) was used to define a reference reflection.

Atomic Force Microscopy: To conduct a topological analysis of the scales’ surface by atomic
force microscope (AFM, Dimension Icon, Bruker), the scales were cut into small pieces. Two-
component glue (UHU End-fest, UHU GmbH & Co. KG) was used to attach the samples to a
glass slide for AFM imaging. The prepared samples were carefully cleaned with pressured air.
Afterward, the samples were imaged in tapping mode utilizing rectangular silicon cantilevers
(All-in-One-Al, Budget Sensors, Type C) as sensors.

Scanning Electron Microscopy: Scanning electron microscopy (SEM, SUPRA 60 VP, Zeiss,
Germany) was applied for imaging the cross-sections of ventral scales. For that, the samples
were carefully cut into pieces with a sharp razor blade and sputtered with a thin silver layer.
The imaging was conducted with an acceleration voltage of 5 kV and the detector was placed

at a working distance of 5 to 7 mm.

Supplemental
The supplemental shows a collection of photos displaying and cites references describing the

venters of the examined snakes of the genus Bitis.
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Figure 1: Photographs of the examined snake species of the genus Bitis (left), their ventral

scales (middle), and respective optical spectra (right) of B. rubida (A); B. armata (B); B.

parviocula (C); B. arietans (D) and B. rhinoceros (E). The white venters of B. rubida, B.

armata, and B. parviocula are partly visible in the photographs. The ventral colours of all
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snakes are shown and discussed in the Supplemental. All ventral scales were taken from the
ventral side of moulted skin and placed on white paper with a print of a university logo (scale
bar 10 mm). The printout cannot be read through the scales of B. rubida and B. armata but is
easily spotted through the transparent or translucent scales of B. parviocula, B. arietans, and
B. rhinoceros. The optical response of the ventral scales of B. rubida, B. armata, B. rhinoceros,
B. arietans, and B. parviocula is recorded for wavelengths between 250 nm and 2500 nm (right
panel). A total reflectance up to 40% and 30% is observed for the white ventral scales of B.
rubida and B. armata, respectively. The total reflectance is largest in the visible range (gray
area). However, it gradually decreases for larger wavelengths and finally reduces to 10% for
2500 nm. In opposite to that, the transparent or translucent ventral scales of B. rhinoceros, B.
arietans, and B. parviocula feature an almost constant, low total reflection of 8% over the entire
spectrum of consideration. The respective photos of the snakes shown on the left panel are
copyrighted by Lourance Klose (B. rubida, B. armata), Daniel Kane, (B. parviocula), Tyrone

Ping (B. arietans), and Yannick Francioli (B. rhinoceros).
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Figure 2: Microstructure of the ventral scales of the five examined Bitis species. AFM and
SEM images show the surface topography (left) and cross-sections (right) of snake scales of
(A) B. rubida; (B) B. armata; (C) B. parviocula; (D) B. arietans, and (E) B. rhinoceros. A ridge-
like surface structure is observed on B. rubida and B. armata. Microfibril-like structures are

found on the ventral scales of B. parviocula and B. rhinoceros. Numerous pits are detected on
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the ventral scales of B. arietans. In the cross-section images of scales of B. rubida and B.
armata a spongy structure of nanopores is observed underneath the external surface of the
white scales while an amorphous structure without pores is found underneath the transparent

or translucent scales of B. parviocula, B. arietans, and B. rhinoceros.
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