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Abstract: Brilliant colors in nature arise from the interference of light with periodic nanostruc-
tures resulting in structural color. While such biological photonic structures have long attracted
interest in insects and plants, they are little known in other groups of organisms. Unexpected
in the kingdom of Amoebozoa, which assembles unicellular organisms, structural colors were
observed in myxomycetes, an evolutionary group of amoebae forming macroscopic, fungal-like
structures. Previous work related the sparkling appearance of Diachea leucopodia to thin
film interference. Using optical and ultrastructural characterization, we here investigated the
occurrence of structural color across 22 species representing two major evolutionary clades of
myxomycetes including 14 genera. All investigated species showed thin film interference at the
peridium, producing colors with hues distributed throughout the visible range that were altered
by pigmentary absorption. A white reflective layer of densely packed calcium-rich shells is
observed in a compound peridium in Metatrichia vesparium, whose formation and function are
still unknown. These results raise interesting questions on the biological relevance of thin film
structural colors in myxomycetes, suggesting they may be a by-product of their reproductive
cycle.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Structural color results from the interference of light with periodic structures that have a periodicity
on the length scale of the wavelength of visible light. Varying interference conditions usually
make structural color iridescent, i.e., the perceived color depends on the observation and viewing
angle [1]. Disorder in photonic structures can result in angle-independent colors [2—4] and for
random structures lead to broad-band scattering, producing white without absorption [5—8]. The
presence of pigments in disordered structures, in contrast, always results in angle-independent
colors due to wavelength-selective absorption of light [9-11]. Pigments can further alter the
optical response of photonic nanostructures and limit iridescence [10-13].

The majority of plant colors arise from pigments, but some species developed photonic
nanostructures in the form of thin films, multilayers, diffraction gratings, and other, more complex,
surface morphologies [1,14-20]. The comparably well-investigated plants are outnumbered
by other, poorly studied biological groups, such as speciose fungi with an estimated 2.2 —
3.8 million species [21,22]. While to this day not reported in true fungi (Eumycetes) [23],
slime molds (Myxomycetes) that were previously classified as fungi [24], have been shown to
feature structural color. This group is currently classified in the kingdom Amoebozoa [25],
which contains unicellular organisms. In their life cycle, myxomycetes form active single-cell
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myxamoebae and multinuclear plasmodia as well as static fruiting bodies. The fruiting bodies are
complex, macroscopic structures (typically up to 5 mm in diameter), which bear haploid spores
and comprise several plasmodium-derived structures such as columella, capillitium, and peridium.
The peridium is a single or multilayered wall surrounding the spore-filled structure (sporotheca).
In Diachea leucopodia, the only myxomycete studied so far optically, the pointillistic appearance
of sporothecae results from thin film interference at the approximately 300 nm to 700 nm thick
peridium [26-28]. Thin film interference is well understood and widespread [1], e.g. in insect
wings [29-32], and plants [33,34], but has not been investigated systematically in myxomycetes.
In contrast, pigmentary coloration in myxomycetes is well-studied with many reported chemical
compounds [35-39]. While the structural peridium colors in myxomycetes have not been
shown to serve a biological purpose, they are nevertheless an important trait for characterizing
myxomycete species as they contribute to the optical appearance of the fruit bodies. The presence
of iridescence and its coloration are morphological characters used to identify species and species
groups in some genera, especially in the genus Lamproderma [28,40].

To gain in-depth insight into the presence and origin of structural colors in myxomycetes, we
investigated a comprehensive set of 22 species (Supplement 1, Table S1). These represented
the two major evolutionary clades of myxomycetes [41,42], the so-called bright-spored group
(the genera Arcyria, Calomyxa, Cribraria, Dianema, Licea and Metatrichia) and the dark-spored
group (the genera Badhamia, Comatricha, Diachea, Diderma, Didymium, Lamproderma and
Meriderma) and were studied using light microscopy, optical spectroscopy and ultrastructural
characterization. Two specimens were further investigated for their material composition and
scattering behavior using energy-dispersive X-ray spectroscopy (EDXS) and finite-difference
time-domain (FDTD) modeling.

2. Results

2.1.  Light microscopy reveals colorful peridia in all studied myxomycetes species

If large enough to be seen with the bare eye, the studied sporothecae with diameters between
about 100 um and 5 mm appear in dark hues of green, blue, brown, or purple.

To characterize the optical properties of the sporothecae, we recorded bright- and dark-field
reflectance micrographs at different magnifications, which are summarized in Supplement 1, Table
S2 (Columns 1-4) in the Supplement 1. Bright-field reflectance micrographs of four selected
species, Lamproderma cristatum, Cribraria argillacea, Diderma meyerae and Metatrichia
vesparium, are shown in Fig. 1(a-h).

At low magnification (Fig. 1(a-d), Columns 1,2 in Table S2, Supplement 1), the spherical or
elongated structures show pointillistic color patterns in both bright-field and dark-field imaging.
In bright-field, specular reflections and diffuse scattering contribute to the image, while dark-
field imaging records only diffusely scattered light. The sporothecae, respectively the peridia
enclosing them, appeared wrinkled and had similar hues in both imaging modes, likely due to
non-directional scattering.

To investigate the colors further, we performed high-magnification bright-field microscopy.
Most investigated species (Fig. 1(e-h), Column 3 in Table S2) showed multicolored wrinkled
surfaces. Wrinkles of the surface were visible as dark lines, while extended dark brown or orange
areas indicated a ruptured peridium that exposed the spores inside the sporotheca. These spores
occasionally fell out onto the peridium. In high-magnification dark-field images (Column 4 in
Supplement 1, Table S2), only the surface wrinkles showed rainbow-like colors, suggesting that
the curved surfaces created mirror angles reflecting light into the collected scattering angles
determined by the numerical aperture of the objective.

To assess the spectral properties of each species, we recorded bright-field reflectance spectra
of differently colored spots on the peridia. The majority of specimens produced reflectance
spectra with broad peaks throughout the visible spectrum and a reflectance below 0.5, see
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Fig. 1. Bright-field optical micrographs of sporothecae of a,e Lamproderma cristatum, b,f
Cribraria argillacea, ¢,g Diderma meyerae and d,h Metatrichia vesparium. i-1 Reflectance
spectra of sporothecae peridia for N =5 6 spots measured on each sample, normalized to
a white diffuser, and colored as estimated from the spectral shape. Scale bars a-d 200 pum,
e-h 20 ym

Fig. 1(i,k). Column 5 in Supplement 1, Table S2 summarizes the reflectance curves measured
for all specimens, which were strongly reminiscent of thin film interference effects in intensity
and shape [1,31,43]. For some specimens, the typical thin film spectra seemed superimposed on
an increasing reflectance above 600 nm (see Fig. 1(j,1), Supplement 1, Table S2). A reflectance
higher than one results from the normalization to a white diffuser, a suitable reference for most
of the low-intensity reflecting, wrinkled fruit body surfaces and usually employed to measure
diffusely reflecting samples. These spectral differences, however, were likely related to pigment
content variations in the peridia and the spores below the peridia, which appeared either black,
dark brown, or orange according to their classification as dark-spored and bright-spored species.

We analyzed the pigment content in the peridia of two specimens, one dark-spored species (L.
cristatum, low reflectance) and one bright-spored species (C. argillacea, high long-wavelength
reflectance), using transmission measurements. The in-air and in-oil transmittance of L. cristatum
(Fig. 2(a)) peridia was higher than those of C. argillacea (Fig. 2(b)) and both curves showed
a decreasing transmittance towards shorter wavelengths, typical for e.g. melanin pigments
creating orange or brown coloration, which are found in many animals but also myxomycetes
[39]. Assuming equal thicknesses, this would indicate a higher pigment content in C. argillacea.
The average thickness of C. argillacea peridia of 100(20) nm is even less than the 270(50) nm
of L. cristatum, thus confirming a higher pigment content in the first (Supplement 1, Table S3).
Using the Kramers-Kronig relations [44,45] allowed calculating a complex refractive index of
the peridia assuming that their main component is cellulose as suggested by Martin [46]. Note
that experimental data on the exact chemical composition of the peridium and spores are scarce
and not unequivocal [28,47,48], yet differences in the exact composition would not change the
optical results as most biomaterials have rather similar refractive indices 1.5-1.6 [49]. Figure 2(c)
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shows that the real part of the refractive index n, of the two species’ peridium is within the range
reported for most biopolymers. The difference in the imaginary part of the refractive index (1)
arises from the different pigment content as interference effects are suppressed by the surrounding
oil. Neglecting negligible intensity changes from defect scattering and intensity changes due to
local thickness variations, we relate spectral variations in the thickness-normalized absorption
magnitudes, respectively ng, to variations in pigment composition given the extensive literature

on pigments found in myxomycetes [35-39].
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Fig. 2. Pigment analysis of the peridia and spores of Lamproderma cristatum and Cribraria
argillacea. a,b Transmittance of peridia in L. cristatum (a) and C. argillacea (b) in air
(black) and oil of refractive index n = 1.53 (grey). Continuous lines are averages of N = 10
measurements, shaded areas indicate the corresponding standard deviation. Insets: Optical
micrographs in transmission mode for samples on glass slides in the air (black frame) and
immersed in oil (grey frame). ¢ Complex refractive indices n = n, + inj calculated with
the Kramers-Kronig relations from average transmittance spectra of L. cristatum and C.
argillacea. d,e Transmittance of the spores (N = 5) in L. cristatum (d) and C. argillacea (e)
in air (black) and oil (n = 1.53, grey). Optical transmission micrographs of spores in air and
oil as in a,b. f Reflectance spectra of individual spores (N = 5) of L. cristatum (*) and C.
argillacea (**) on carbon tape, normalized to a white diffuser. Insets: Optical reflection
micrographs in reflectance mode of spores on carbon tape. Scale bars a,b,d,e,f 25 pm.

To assess the influence of spore pigmentation on the reflectance of the intact peridium covering
the spores, we characterized individual spores of L. cristatum and C. argillacea with reflectance
and transmittance measurements. Figure 2(d-f) summarizes the results of the dark and orange
spores of L. cristatum and C. argillacea, respectively. The insets in Fig. 2(d-f) show spores in
reflection (f) and transmission mode in air and oil (d,e). As seen in Fig. 2(d), the intensity of light
transmitted through the dark spores of L. cristatum was low (<0.1) and increased to about 0.4 after
oil immersion (n = 1.53). Orange spores of C. argillacea appeared beige in transmission mode,
with transmitted intensities of about 0.5 in air and a minimum transmittance of about 0.8 after oil
immersion (Fig. 2(e)). With the spore transmittances not normalized to the spore thickness, a C.
argillacea spore thus absorbs less light than a L. cristatum spore and likely contains different
pigments than L. cristatum spores due to the differently shaped in-oil transmittance. To directly
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estimate the impact of varying spore pigmentation on the overall reflectance spectrum of the
intact peridia, we recorded reflectance spectra of the two spore types. As shown in Fig. 2(f), L.
cristatum spores (marked with *) reflected about 10% of the incoming light throughout the visible
spectrum. The reflectance of individual orange C. argillacea spores (marked with **) increased
from 10% to about 50% compared to a white diffuser for long wavelengths. The increase in
reflectance for increasing wavelengths observed in bright-spored species with typical thin film
peridia is thus explicable with a substantial pigmentary contribution from the underlying spores.
Conversely, in dark-spored species, we expect black spores to absorb most of the light transmitted
through the peridium and thus create a roughly constant background. In the case of L. cristatum,
the background signal from the dark spores amounted to about 0.1 reflectance.

Four species, Diderma meyerae, Didymium difforme, Lamproderma pseudomaculatum and
Metatrichia vesparium, showed peridium morphologies different from simple thin film structures.
In all cases, white elements were observed near the peridium, which differed in geometry and
position.

The peridium comprised two layers in D. meyerae. The outer layer formed an about 20 um
continuous white layer of aggregated spheres (visible in Supplement 1, Table S2, H1,2,6). The
inner layer is a membrane covered with aggregates of spheres sparsely distributed over the entire
inner peridium surface (see Fig. 1(c,g)). Similar to D. meyerae, the peridia of D. difforme were
partially covered by a continuous white layer, and crystalline flakes sparsely covered the peridium
in exposed areas (see Table S2, I7). The peridium of L. pseudomaculatum was decorated with
white, cylindrical elements (Table S2, P1,7) that did not form a continuous layer. Previous
studies related these deposits on or in myxomycetes peridia to lime or various other calcium
compounds [28,50-52]. Investigating the formation of these deposits was outside the scope of
this study. Their presence as white-reflecting, polydisperse aggregates of spheres in D. meyerae
(see Fig. 1(k), white aggregates) averages with the optical signal produced by the underlying thin
film (see Fig. 1(k), thin film) and renders the macroscopic appearance of the peridia a shallow
gray. For the investigated samples of D. difforme and L. pseudomaculatum, the small amounts of
white coverage and flakes or cylinders, respectively, did not influence its macroscopic appearance
and were thus not studied in more detail. They could result in a grey appearance for an intact
white layer as outer peridium.

In contrast to the peridia of D. meyerae, D. difforme and L. pseudomaculatum, which carried
visible calcium-rich deposits, intact peridia of M. vesparium sporothecae, shown in Fig. 1(d,h),
appeared as simple thin film structures and produced a high long-wavelength reflectance (Fig. 1(1)).
Surprisingly, ruptured peridia revealed an about 20 pm to 40 um thick, bright layer packed between
two thin films (Fig. 3(a)).

The peridium appeared opaque when immersed in refractive-index matching oil, as seen in
Fig. 3(c). The thin film on top showed similar transparency as the peridium in C. argillacea
(see Fig. 3(b), compare Fig. 2). We hypothesized two possible origins of the low transparency
of the entire peridium: a) the bottom thin film is highly pigmented, and b) the refractive index
matching oil did not entirely suppress potential interference effects. In either case, very low
amounts of light reach the spores in M. vesparium sporothecae. This, in turn, indicates that the
high reflectance for long wavelengths cannot be caused by the optical signal of the pigmented,
orange-appearing spores inside M. vesparium sporothecae.

In short, optical characterization showed that while pigmentary coloration of peridia and
spores varies among myxomycetes, the structural colors observed in myxomycetes are very
similar across species. Therefore, structural colors do not allow unambiguous identification as a
standalone parameter in myxomycetes. In all species, the structural coloration is reminiscent
of thin film interference. One species, M. vesparium, showed exceptionally minimal peridium
transmittance and a complex peridium morphology, which we subsequently investigated in detail
using scanning electron microscopy.
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Fig. 3. a Optical micrograph of the compound peridium in Metatrichia vesparium
sporothecae in reflection imaging mode. Inset: Close-up micrograph of the bright layer. b
Transmittance spectra of the compound layer (entire peridium) in the air (black) and the
compound layer and outer film only in refractive index matching oil with n = 1.53 (red and
orange, respectively). ¢ Optical micrograph of the compound peridium immersed in oil
(n = 1.53) in transmission mode. The bright areas are standalone outer thin film pieces.
Inset: Sketch of the compound layer with inner (dark green) and outer (bright yellow) film
and the bright granular layer in between in oil (blue). Arrows indicate the viewing and
illumination directions. Scale bars a 200 um, inset a 50 um, ¢ 20 um

2.2. Ultrastructural analysis of the fruit bodies uncovers thin film peridia and reveals
complex calcium decorated compound peridia

We characterized the peridium ultrastructure with scanning electron microscopy to confirm that
the iridescent colors observed for peridia at high magnification result from thin film interference.

All sporothecae featured a wrinkled peridium (see Columns 6,7 in Supplement 1, Table S2)
that seemed morphologically related to the spore packing inside the sporothecae. The fragile
structures partly cracked during sample preparation, which allowed for imaging of fractured
peridia and confirmed the preliminary explanation that a thin film layer as shown in Fig. 4(g,h) is
responsible for the angle-dependent coloration at high magnification (see Column 7 in Table S2).
Measured film thicknesses ranged from 70 nm to 670 nm (see Table S3), which is comparable to
what has been reported for Diachea leucopodia sporothecae [26,27] and is in line with theoretical
predictions for the optical response of thin films in other natural systems [1,31,43]. The film
thickness locally varies, which results in a broadening and shifting of the reflectance peaks
compared to an ideal reflector [53,54].

The wrinkles in the peridia form three-dimensional patterns with periodicities of about 1.9 pm
to 41.0 um and total height variations of 0.3 um to 6.9 um (see Supplement 1, Figure S1, Table
S3). These variations are mostly macro-scale and larger than the coherence length of visible
light, which is about 1.2 pm for sunlight [55]. Therefore, the wrinkles were not expected to alter
the optical response significantly.

In D. meyerae, the sphere aggregates on the inner peridium, shown in Fig. 4(a), were loosely
attached to the latter as individual spheres came off during sample preparation. Further, a single
drop of water on the sample was sufficient to partially wash off the aggregates, and incompletely
dissolve the filled spheres (Fig. 4(d)). EDXS line scan measurements of the spheres with an
average diameter of 1130(285)nm (N = 107), one is displayed in Fig. 4(b), confirmed the
common identification for Physarales as a calcium compound [28,50,51,56].

Ultrastructural analysis of the M. vesparium peridium shed light on the morphology of the
bright layer between thin films observed in the light microscope. In the bright layer, visible
in Fig. 4(c), shells of diameter 580(57) nm (N = 64) and shell thickness 89(13) nm (N = 24)
are densely packed. Individual shells, one broken, others intact, are displayed in Fig. 4(f). No
particular periodicity or symmetry was observable in their arrangement from SEM images, and a
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Fig. 4. a Scanning electron microscopy image of the inner peridium in Diderma meyerae
shows the sphere aggregates. The spheres were easily washed off with water and seemed
to have partially dissolved (d). b,e EDXS measurements of an individual sphere in D.
meyerae (b) and an assembly of shells in Metatrichia vesparium (e). Horizontal line scans
were performed along the dashed white lines in the overlaid sample areas. Curves indicate
the distribution of carbon (C, blue), oxygen (O, orange), and calcium (Ca, red) content in
absolute counts along that line (image scaled to the scale of the plot). ¢ SEM image of
the compound peridium in M. vesparium that features two thin films enclosing a granular
structure. f Close-up SEM image of individual elements revealed the bright layer’s elements
as shells. g,h SEM images of the peridia thin films of Lamproderma cristatum and Diachea
cylindrica, with attached structured spores. Scale bars a,c 20 um, d 1 pm, f 500 nm, g,h 5 um.

three-dimensional analysis was outside the scope of this work. However, the size of the shells fell
into the scale where interference effects in the visible spectrum are expected, which motivated
further analysis of this structure using optical modeling (see Section 2.3). The composition
analysis of the shells using EDXS, summarized in Fig. 4(e), suggested a similar calcium compound
as in the spheres found in D. meyerae despite their different morphologies. These results are
consistent with those obtained by Nelson et al. [52], who detected calcium concentrations in
sporophores of M. vesparium at levels as high as in some Physarales representatives where
calcium compounds are common [28,50,51].

Given this structural insight, for in-oil transmittance measurements, one could not expect the
refractive index matching oil with n = 1.53 to penetrate the shells and to suppress interference
effects due to the refractive index mismatch completely. Under the assumption that the two thin
films outside the bright layer are similar in composition and thickness, an incomplete immersion
of a photonic structure likely explains the very low in-oil transmittance.

SEM also allowed for additional insight into the spore morphologies, which are visible in
Fig. 4(g,h) and Column 7 in Supplement 1, Table S2 as dimpled spheres with distinct spore
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Fig. 5. a View of a generated structure and the simulation environment. Shells are drawn in
red, and the thin film in grey. Dark grey and yellow rectangles above the thin film represent
the source and monitor, respectively. The purple arrows indicates the source injection
direction. b Top-view cross-section of the shell assembly. Grey circles represent the air-filled
interior of the shells drawn in red, the surrounding air is white. The simulation box is framed
in orange. € Simulated reflectivity of the shell assembly (grey) and the shell assembly
covered with a pigmented thin film (black). The colored band indicates the visible spectrum.

surface patterns. The dimpling is a result of the drying process since the critical point drying
technique was not applied (see e.g. [57]). While not a standalone parameter, these so-called
spore ornamental elements are a major aspect of taxonomic and phylogenetic studies and are
widely used as important characters distinguishing species and species groups [28,58,59].

2.3. Optical simulations of the densely-packed calcified shells in Metatrichia vesparium
attest a high reflectance to the structure

The reflectance of the compound peridium in M. vesparium did not exceed the characteristics of
other peridia despite its more complex morphology. We performed optical simulations of the
compound peridium to unveil the bright layer’s optical (ir)relevance.

The shell assembly mimicking the bright layer with an assumed average refractive index
n=1572+i 10 3 (see Section 5) behaved as a broad-band reflector throughout the visible
spectrum with intensities above 0.5 (grey line in Fig. 5(c)), as expected for a random assembly of
shells varying in size [8,60]. This result implies that only a small fraction of the incoming visible
light will reach the bottom thin film. Assuming the bottom film also contains pigments, the light
reaching the sporothecae’s inside will be negligible, confirmed by transmittance measurements
(Fig. 3(b)). More importantly, this fraction will be much smaller than in all other specimens
investigated in this work.

Expanding the structure by adding a pigmented, 100 nm thick film above the shell assembly
unsurprisingly decreased the reflectivity towards shorter wavelengths. The resulting spectrum
followed the trend of the measured reflectance with increasing intensity for longer wavelengths
but did not show any spectral variation at short wavelengths (compare Fig. 1(1)). This can be
explained with the different film thicknesses resulting from our approximation of the measured
transmittance of the upper, 550(30) nm thick film in M. vesparium with the 100(20) nm thick
peridium in C. argillacea. Further, different normalizations in the simulation and the microscope
did not allow for comparing absolute intensities. Increasing the thickness of the scattering layer
will further increase the maximum reflectivity as scattering will increase while increasing the top
film thickness will result in a higher short-wavelength absorption.

3. Discussion

By combining optical and ultrastructural characterization of 22 myxomycetes species spanning
the entire phylogenetic diversity of the group, we here related the observed structural color in
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multicolored peridia to thin film interference. The optical appearance of myxomycete fruit bodies
is further altered by pigmentary content in the peridium or the underlying spores and the presence
of white calcium compounds in the vicinity of the peridium.

These calcium-rich deposits were either on the outside of the thin film layer (Diderma meyerae,
Didymium difforme, Lamproderma pseudomaculatum) or within a compound peridial layer
(Metatrichia vesparium). In the framework of biomineralization of photonic structures, the
calcium-rich white structures in some myxomycete species add to a variety of CaCOs3 (calcium
carbonate) structures that occur in living organisms [56,61-64]. Photonic structures based on
CaCOs3 have been described primarily in the context of marine environments, including the
well-known iridescent nacre in the shells of mollusks [65,66]. With structures ranging from
lamellar calcite producing bright blue in blue-rayed limpets [64] to regular arrays in brittlestar and
holococcolithophores [67,68], acting as microlenses or UV reflectors, respectively, CaCO3-based
marine photonic structures cover a parameter space exceeding the scope of this paper. CaCOs3 has
also found its way into technological applications in biophotonics and radiative cooling [69,70].
Given the optical properties of the white layer composed of calcium-rich shells in M. vesparium,
understanding its formation may open the door to future applications of CaCOj3-based materials.

In species without calcium-rich deposits, we observed two different optical appearances
in myxomycetes fruit bodies, with either low or high peak reflectivity. Both types can be
understood considering the interplay of thin film interference with pigmentary absorption of
the underlying spores and within the peridium. Light interference at the pigmented peridium
produced reflectance spectra with one or several peaks in the visible. The peridium thickness
governs the perceived color and color variability with changing viewing angle as a function of the
visual receptor response [1,43,71]. Translating the reflectance spectra to the spectral sensitivity of
human visual receptors, one obtains RGB values as a color chart [71,72] shown in Supplement 1,
Fig. S2. At normal incidence, peridia films thinner than 50 nm do not show colors in the visible
range. For peridia with local thickness of about 60 nm to 110 nm, as observed in e.g. Cribraria
argillacea, Comatricha fusiformis, Licea kleistobolus and Meriderma spinulosporum (see Table
S3, Table S2, A,K,C,U, respectively), a silvery or golden shine is expected when considering the
mostly flat or broad reflectance spectrum combined with the specular reflection from each face
of the wrinkled peridium [31,32,73]. Pure spectral colors are seen for peridium thin films of
thickness 150 nm to 450 nm. Peridia with a thin film thickness above 450 nm appear in dull, more
washed-out colors due to the reflectance spectra featuring several peaks in the visible wavelength
range.

Most incident light is transmitted when illuminating the peridium at normal incidence (see
Fig. 2). Consequently, the optical appearance of the spores contributes significantly to the
observed color of the intact peridium with either bright or dark spores, depending on the lineage
[41,42]. The observed fruit body color thus depends on the spore pigmentation: in species
with bright spores, i.e., Cribraria argillacea, Licea kleistobolus, Arcyria versicolor, Calomyxa
metallica, and Dianema spp. (and not in italic), the color of the spores contributes to the high
reflectance in the long-wavelength spectrum as a function of the pigmentary absorption in the
peridium (Supplement 1, Table S2, Column 5, A-E). Species with dark spores (all other species
studied here) result in spectra of peridia with overall low reflectance as most of the transmitted
intensity is absorbed by the spores.

In four species, D. meyerae, D. difforme, L. pseudomaculatum and M. vesparium, we found
white, calcium-enriched deposits on the outside or inside of the otherwise similar peridium,
which is common in some groups of myxomycetes [S0-52]. In D. meyerae and D. difforme, the
deposits are found as an additional layer on the inner peridium in the form of calcium-rich, densely
packed or sparsely distributed spheres and flakes, respectively. Peridia of L. pseudomaculatum
are decorated with cylinders, while M. vesparium forms an about 20 um to 40 pm thick layer of
calcium-rich shells between two thin films. It will be interesting to investigate the formation or


https://doi.org/10.6084/m9.figshare.24941499
https://doi.org/10.6084/m9.figshare.24941499

Research Article Vol. 32, No. 4/12 Feb 2024/ Optics Express 5438 |
Optics EXPRESS A N \

crystallinity of those deposits in the future, and their presence and distribution in the peridium
raise interesting questions about their optical or biological relevance. The white layers in D.
meyerae, D. difforme and M. vesparium reduce transmittance to the spores regardless of their
exact position. It remains to be clarified whether these lime morphologies potentially evolved for
this optical function of reducing light exposure of the spores. Conversely, the calcium deposits
might be by-products of the organisms’ metabolism and related to the local soil composition.
This should be considered in the light of the different morphologies. It would be interesting
to study a possible correlation between the presence of such a reflecting layer and the species’
habitat. Considering the water solubility of calcium, the compound layer morphology in M.
vesparium appears more resistant to dissolution, leading to the hypothesis that it may serve a
distinct purpose, e.g., optical, thermal, or mechanical.

Previous work on structural color in slime molds was restricted to one species, Diachea
leucopodia, and mainly focused on a qualitative understanding of the pointillistic appearance of
the peridium [26,27]. In optical simulations of the peridium in D. leucopodia, refractive indices
of up to n = 2 were assumed [27], which are comparably high for biological, and especially
cellulose-based, samples [15,74]. Our work adds a quantitative assessment of the colors observed
in myxomycetes fruit bodies to the scarce literature on colors in myxomycetes and fills a gap
in determining the refractive index of the peridium (see Fig. 2). While earlier analyses were
restricted to the optical properties of the peridium, we here conclusively show that the fruit body
coloration is the result of structural and pigmentary color.

Do the peridial colors serve a biological purpose? Previous work investigating the function of
the pointillistic appearance questioned the biological relevance of structural colors in myxomycetes
[26,27], and our study agrees with this. As spore propagation in myxomycetes is airflow-based
[58,75], it seems unlikely that the structural coloration of the peridium serves a direct biological
purpose. In contrast to flowers, where the visual appearance of petals is key for attracting
pollinating insects [14,76], myxomycetes do not depend on the visual perception of peridium
colors by a distributing species. Therefore, the colors more likely arise as a by-product during
sporothecae maturation. As the hydrated peridium dries out, it loses its protective function and
eventually breaks to enable spore release. As the thickness decreases, the underlying spores
shape its local curvature. To test if the color arises during this maturation process, it would be
interesting to perform a time-dependent growth study of the peridium and eventually clarify the
structural color’s (ir)relevance in myxomycetes.

4. Conclusion

Through combined optical and ultrastructural examinations of the peridia across 22 distinct
myxomycetes species, we showed that the intricate pointillistic appearance of the fruit bodies,
evident at high magnifications, is largely attributed to thin film interference occurring at the
peridium. The macroscopic visual appearance of these fruit bodies is a combination of pigment
absorption in the spores and peridia, combined with the aforementioned thin film interference.
While the prevalent occurrence of structural coloration in myxomycetes might not have a direct
visual significance, it offers a foundational understanding of the coloration mechanisms in fruit
bodies, likely motivating future taxonomic studies of myxomycetes.

5. Experimental section
5.1. Specimens

We studied dried sporothecae of 22 myxomycete species (N =1 10 per species) (Supplement I,
Table S1) from collection sites indicated in Fig. 6.

We selected the species so that they represent the two major phylogenetic lineages, light-spores
and dark-spored groups [41,42] indicated by open and filled circles in Table S2 and most orders
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Fig. 6. Geographical origins of the samples investigated in this study, including the
color-coded altitude of the collection area.

belong to the subclasses Myxogasteromycetidae and Stemonitomycetidae [77] (Supplement 1,
Table S1 lists all specimens with their order, family, and genus). Taxonomy and nomenclature
follow the newest taxonomic revisions [77-79]. All specimens are deposited in the herbarium of
the W. Szafer Institute of Botany, Polish Academy of Sciences (KRAM).

5.2. Optical characterization

Reflectance micrographs of the peridium in the samples were recorded with an Axio Scope.Al
(Zeiss, Germany) light microscope connected to a Xenon lamp (ThorLabs, SL.S401) in bright-field
and dark-field with objectives of magnification 10x (NA = 0.25, EC Epiplan-Neofluar), 20
(NA = 0.6, EC Epiplan-Apochromat) and 100 (NA = 0.9, EC Epiplan-Neofluar). We used a
white diffuser for white balance calibration (Labsphere, Spectralon USRS-99-010).

Reflectance microspectrophotometry (MSP) spectra of differently colored spots on each sample
(N =5 6) were recorded with the 100 objective by placing an optical fiber (OceanOptics,
QP230-1-XRS) in a plane confocal to the image plane that was connected to a spectrometer
(OceanOptics, QEPRO-VIS-NIR). Samples were placed onto a patch of double-sided carbon tape
(Micro to Nano). The setup with a resulting measurement spot of 2 um in diameter was calibrated
with the white diffuser as a white reference and a tilted glass slide covered with carbon tape
without any sample as the dark reference to account for internal reflections in the optical setup.
Reflectance spectra were converted to RGB values with the Python package colour-science.

Transmission spectra of peridia obtained from ruptured specimens were recorded with the
100 objective. Spectra were recorded of specimens on a glass slide in air first and subsequently
of the identical specimens immersed in a refractive-index oil (n = 1.53, Cargille Series A, using
a cover slip on top) matching the refractive index of dried cellulose [15,74]. Empty regions on
the glass slides served as bright reference and white standard. The dark reference was recorded
with the illumination source blocked. A comparison of the transmittance in air and oil allowed
for a qualitative pigment content analysis. The weaker the difference in transmittance, the lower
the structural component of the observed color in air, hence, the higher the pigment content.

Using the Kramers-Kronig-relationship between a material’s absorbance A, which we calculated
viaA = logio,T" from the in-oil transmittance 7" and its refractive index, we estimated the
complex refractive index of the specimens’ peridia [44].

5.3. Ultrastructural characterization

We performed ultrastructural characterization on samples mounted on double-sided carbon
tape with a Tescan Mira3 LM field-emission scanning electron microscope (SEM). To prevent
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charging artifacts, the samples were sputtered with an about 4 nm thick gold layer (Cressington
208HR, UK) and imaged at 5 kV. Geometrical parameters were measured in SEM images and
averaged (N =3 13).

Energy-dispersive X-ray spectroscopy (EDXS) was performed in the SEM at 20kV to study
material composition. Data were recorded and analyzed with Aztec software, and line spectra
were subsequently exported and plotted with Python using matplotlib.

5.4. Full-wave optical simulations

For one specimen, Metatrichia vesparium, optical simulations in three dimensions were per-
formed with the finite-difference time-domain (FDTD) method using the software Lumerical (v.
2023R1.3), a commercial FDTD solver. Periodic boundaries enclosed the structure in plane and
perfectly matched layers (PMLs) along the illumination axis. The structure was illuminated with
a broad-band plane wave source from above, where a frequency domain power monitor above
the source measured the reflectivity of the structure within the wavelength range of 300 nm to
1000 nm. Simulations were performed with a mesh size of 20 nm for polarization angles 0° and
90° and averaged to approximate unpolarized illumination.

The in SEM images random appearing assembly of hollow spheres in M. vesparium peridia was
approximated with a collection of shells designed to match the experimental values in diameter,
using a distribution between 520 nm and 640 nm, and shell thickness of 89 nm, matching the
experimental average shell thickness. The shells were assigned the average refractive index
reported for CaCO3 (n = 1.572 + {10 5, [80]), without accounting for birefringence, and
distributed using the uniform random particle distribution function in Lumerical to approximate
their seemingly random arrangement. The number of elements was set to 1000, higher than the
actual number of spheres placed which was usually between 550 and 650 depending on the seed,
to obtain a dense shell packingina5 5 10 um? volume.

For a qualitative understanding of the assembly, its height was chosen as about a third of the
bright layer’s thickness, which was also motivated by computational limitations. We simulated
10 different random assemblies and averaged the results to decrease the influence of any particular
configuration.

In additional simulations, a slab of 100 nm thickness mimicked the outer thin film above the
shell assembly, while we did not consider the bottom thin film here. The absolute transmittance
of the outer film in M. vesparium was identified as pigmented similarly to C. argillacea (see
Fig. 2(b), Fig. 4(b)). Therefore, we used the respective film thickness and assigned the calculated
complex refractive index of C. argillacea to the slab, thus taking absorption in the slab into
account. A generated structure, a cross-section and the simulation setup are shown in Fig. 5(a,b).

The visible spectra indicator in Fig. 5(c), was generated with the Python module colour-science.
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