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Pigment granule architecture
varies across yellow, red, and
brown chromatophores in squid
Doryteuthis pealeii

Duncan Q. Bower?, Stephen L. Senft?, Roger T. Hanlon? & Leila F. Deravi'™*

Cephalopods produce dynamic colors and skin patterns for communication and camouflage via
stratified networks of neuronally actuated yellow, red, and brown chromatophore organs, each
filled with thousands of pigment granules. While compositional analysis of chromatophore granules
in Doryteuthis pealeii reveals the pigments as ommochromes, the ultrastructural features of the
granules and their effects on bulk coloration have not been explored. To investigate this, we isolated
granules from specific colored chromatophores and imaged them using multiple modalities. The
brown granules are largest with smooth surface coatings. Red granules are intermediate in size with
irregular surface textures, and yellow granules are smallest, with rough, porous surfaces. Many of
the granules contain sub-granular features that also vary in presentation with color. Correlated light
and electron microscopy reveal that differences in hue of individual granules are similarly associated
with size, shape, and texture, suggesting that granules may be structurally adapted to modify the
dominant visible colors presented within the chromatophores. These findings suggest that granule
ultrastructure, not just chemical composition, may be significant in producing the range of colors
presented in cephalopod chromatophores.

There are innumerable examples of color production and manipulation in the animal kingdom, yet none are as
dynamic, diverse, and sophisticated as that of cephalopods, who have evolved rapid and adaptive modes of color
modulation across their bodies for a wide range of communication'? and concealment®*. These vital functions
are enabled by thousands of stratified pigmented dermal chromatophore organs in shades of yellow, red, and
brown (and, in some taxa, black)>>¢, that are layered directly beneath the epidermis in both benthic and pelagic
cephalopods’. Additionally, a deeper zone of dermis contains a variety of iridophore cell types able to produce
a broad range of additional colors through complementary structural (i.e., non-pigmentary) modes of light
interaction®.

Cephalopod chromatophores are dynamic multicellular organs, and structurally distinct from the well-
documented chromatophores in some vertebrate species”!?. Their central and largest cell, the chromatocyte,
contains pigmented material within a highly flexible sacculus. Attached around the perimeter of the chromatocyte
are several dozen highly innervated radial muscle cells, innervated monosynaptically from the central nervous
system>®!1, that undergo rapid cycles of contraction and relaxation (ca. 200 ms in duration'?). These periodically
reshape the chromatocyte into a nearly flat disc with presented surface areas up to 14 times that of its relaxed
spheroidal punctate (retracted) state®. The terminating axonal processes are surrounded by glial cells that
provide functional insulation and perhaps also structural and metabolic support. Likewise, the chromatocyte
and the directly interfacing muscles are entirely encapsulated by numerous smaller highly folded “sheath” cells,
whose function is not understood but is presumed to provide a low-viscosity spatial domain within which the
chromatophores can actuate®!>14,

The pigmentation of chromatophores is provided by ommochromes, including xanthommatin and
decarboxylated xanthommatin, residing within ommochromasomes (commonly called pigment granules) that
fully populate each chromatocyte sacculus”!>~!8. This class of molecules appear in a range of visible colors, due to
an ability to undergo redox-based color change (reflecting and transmitting yellows in the oxidized state, reds in
the reduced state, and browns when at high concentrations)'?. Although too slow to be employed in the animal’s
rapid adaptive camouflaging capabilities, the redox-dependent coloration is efficient developmentally, allowing
one type of compound to be packaged and sequestered as three canonical colors (yellow, red, or brown), possibly
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in ontogenic temporal sequence'®. However, little information exists regarding the physical parameters (e.g.:
size, density, geometry) of the resulting granules and how they may impact these ontogenetic optical processes.

The development and maturation of chromatophores have been studied in the cuttlefish Sepia officinalis.
Their colors develop systematically, beginning as pale yellow and changing to red and ultimately brown over a
span of 25 days, starting with seven-day-old hatchlings'®. Similar pigmentary progressions have been noted in
Octopus vulgaris, in which the age of chromatophores correlates directly with both size and color, with darker
colors developing later in the lifespan of a chromatophore?. However, these observations are case studies of
holistic chromatophore maturation and do not describe changes at the level of granule structure and density.
In fact, the origins of the pigment granules remain largely unknown across cephalopod biology, although it has
been proposed that the granules are lysosome-related organelles like those found in crab spiders'”2!. It remains
unclear where or when the granules originate and by what mechanisms they become specialized to produce
variety in the visible coloration system across cephalopod skin.

In this report, we isolate and analyze granules extracted from yellow, red, and brown chromatocytes from
the longfin squid D. pealeii employing several methods. Using light and electron microscopy, we uncover
correlations of transmitted and reflected color with granule surface nanostructure and with internal electron
density. Individual granules vary in optical hue, a feature that covaries with morphological subtype. Combining
our findings with prior studies of cephalopod coloration, we propose a connection among chromatophore
pigment color, granule structure, and biochemistry, and we highlight key questions that can lead to new classes
of bio-inspired color-rich materials.

Methods

Sourcing and treatment of squid specimens

D. pealeii were obtained from the Marine Biological Laboratory in Woods Hole, MA. When possible, fresh
samples were used; otherwise, specimens that had been frozen when fresh were subjected to minimal freeze-
thaw cycles before analysis. Care was taken to minimize the number of animals used. For fresh samples, live
specimens were anesthetized in ethanol before sacrifice??.

Preparation of granule samples through enzymatic digestion and washing

Once the specimen was terminally anesthetized, the epidermal layer of skin was removed. The chromatophore
layer was dissected from the iridophore layer below before being placed in a solution of 6 mg/mL collagenase (C.
histolyticum, Sigma-Aldrich) in filtered sea water, similarly to previous reports?’. This solution was incubated
at 4 °C for several days with regular gentle trituration to break up the collagen-rich extra-cellular matrix
surrounding the chromatophores. The solution was replaced daily to mitigate microbial growth.

After chromatophores were liberated from the extra-cellular matrix, they were manually isolated into distinct
color populations with a micropipette tip with the aid of a Nikon SMZ18 stereo microscope and placed onto
square glass cover slips (Coverglass No. 1, 25X 25 mm, Fisherbrand). They were then carefully washed using
capillary tubes several times, inducing destruction of the outer surface of the chromatophore saccule and diffuse
dispersal of the granules across the surface of the cover slip. For SEM, these samples were air-dried and further
prepared by mounting the cover slips on SEM pin stubs using carbon adhesive tape and graphite paste to promote
conductivity. Then the samples were sputter-coated with 2.5 nm gold/palladium (108auto, Cressington).

Preparation of granule samples using fixative

Whole chromatophores from freshly excised squid dermis were treated with Hollande’s fixative, embedded in
paraffin, sectioned to a thickness of 6 pm, and dry-mounted on slides. The sections were deparaffinized and
sputter-coated with 9 nm platinum. Photomicrographs of the coated sections were also taken to estimate the
original optical transmission color of the chromatophores.

Light microscopy of granules

Light microscopy was performed using an upright Zeiss Axiozoom V16 (Maximum magnification and WD:
5.6X/10 cm; 25X/1 cm) or IM35. These images were used to verify chromatophore purity and confirm the visible
color of the isolated chromatophores on the cover slip, as well as correlate them to those species imaged on the
SEM.

Scanning electron microscopy (SEM) of granules
SEM of granules was performed using either a Zeiss Supra 25 SEM or a Zeiss Supra-V40 SEM. Images were taken
in secondary electron or in-lens modes using accelerating voltages of 3.0-7.0 kV.

Measuring the average size and morphology of different granule populations using FlJI

SEM images were processed and analyzed using FIJI!. The elliptical selection tool was used to manually trace
each particle in the images of the various color populations. These were saved as regions of interest and the major
and minor axes of each particle were calculated based on the scale of the image. Roughly 9000 granules from
20 SEM images were measured in this way, from 24 chromatophores derived from approximately ten D. pealeii
specimens.

Serial block-face imaging (SBFI)

Dorsal mantle from an anesthetized adult Doryteuthis pealeii squid was excised and immersed in Karnovsy’s
fixative and processed through osmium and into Epon according to a modified Ellisman OTO protocol*.
Trimmed blocks containing chromatophore organs was sent to FEI Inc. who generated 3D serial block face
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SEM data imaged at 10X 10X 60 nm using their Teneo system, additional blocks were sent to Gatan, Inc
[13.9%13.9% 25 nm, or 65 nm isotropic], and ConnectomX, Inc [16 X 16 X 25 nm, Katana system].

Preparation and imaging of whole-cell single color populations using transmission electron
microscopy (TEM)

Chromatophore populations of each color (1 ~ 50) were enzymatically isolated as described above and immediately
placed in a fixative containing 3% glutaraldehyde, 0.1 M sodium cacodylate buffer (pH 7.4), and 0.35 M sucrose
to control osmotic pressure. After overnight incubation in the fixative at 4 °C, the cells were centrifuged (5000 g,
10 min) and the fixative was removed by soaking 3x with 0.1 M sodium cacodylate buffer (pH 7.4, with sucrose)
for 10 min each. Osmium tetroxide at a concentration of 1% (m/v) in sodium cacodylate buffer was then added
for a one-hour incubation time. Following staining with osmium tetroxide, the sample pellets were washed
again with 0.1 M sodium cacodylate buffer 3x for 10 min each. The buffer was then progressively exchanged
with a series of ethanol/water solutions to effectively dry the samples, until the samples were contained in 100%
ethanol. A hybrid epoxy resin was prepared with the following recipe, listed here with associated mass percents:
Quetol 651 (12.0% m/m), ERL 4221 (19.1% m/m), nonenyl succinic anhydride (54.9% m/m), DER 736 (12.3%
m/m), and BDMA (1.7% m/m). All resin ingredients were sourced from Electron Microscopy Sciences. Certain
samples were instead processed using Karnovsky fixative for one hour. The samples were then osmicated and
progressively exchanged to the hybrid resin mixture or to Epon, transferred to block capsules, and incubated at
60 °C to induce polymerization. When the blocks were solid, they were removed from the capsules and trimmed
and sectioned. Thin sections (thickness ~80 nm) were cut using an ultramicrotome (Reichert Jung Ultracut E)
equipped with a diamond-tipped sectioning knife and placed on TEM grids for imaging. Images of the thin-
sectioned materials were taken using a transmission electron microscope (JEOL JEM 1010). An accelerating
voltage of 60 kV was used.

Results

Chromatophores in D. pealeii present as interlocking discoid units (Fig. 1a)° comprising three canonical colors: a
central dark brown (here in the punctate state), encircled by quasi-alternating reds and lighter browns, themselves
interspersed with smaller yellow chromatophores (Fig. 1b). Images collected from the different actuation states
(punctate versus expanded) of part of a discoid unit from intact skin reveal an uneven distribution of reflected
colorant with the densest color observed in the center (Fig. 1c). Unevenness in coloration is also visible using
transmitted light microscopy on excised chromatophore tissue (Fig. 1d). Interestingly, the coloration remains
markedly uniform in a wide peripheral zone of each expanded sacculus, suggesting that granules are connected
with near neighbors (loosely, since linkages in the third dimension are clearly labile). Transverse sections of
expanded chromatophores suggest that the layers of granules decrease from 3 or more granule layers thick to
2 granule layers thick towards the outer extremity of the saccule (Fig. 1d, inset). These observations indicate
regional differences in location and translocation of the granules that may contribute to slight differences in
color within one chromatophore.

Closer examination of optical images of isolated and washed chromatophores exposed several noteworthy
relationships between granules and the chromatophores they inhabit. First, to the extent that the individual
color of granules could be resolved using light microscopy, the color of a given granule is not fully dictated by
the color of the chromatophore it inhabits. For instance, while a canonically brown chromatophore is made
up predominantly of visibly brown granules, interspersed red and yellow granules are also observed using
reflected light microscopy (Fig. 1le). Similarly, some reflective yellow colors can be seen in a canonically red
chromatophore (Fig. 1f). These indicate that a specific chromatophore’s color (which can vary subtly from the
canonical groupings, see Fig. 1b, ¢) might be the result of contributions from multiple types of granules.

When groups of pigment granules from different chromatophore colors were combined and imaged using
both light microscopy and SEM, it was directly apparent that granule size, morphology, and color are correlated
and that each canonical color has a unique granule profile (Fig. 2a, b). Specifically, visibly brown granules appear
smoother and rounded, whereas yellow and red granules are noticeably smaller and more textured, respectively
(Fig. 2c). These observations suggest that visible color correlates to the intrinsic anatomical properties of the
granules themselves. Moreover, no single granule was observed exhibiting multiple colors or morphology
associated with multiple colors. In principle, this could have been due to limited resolution; however, granules
close enough to touch each other showed different hues with visible differences in sizes and/or textures. Hence,
it appears that each granule presents its own color profile.

To determine whether granule size is the differentiating factor across the differently colored chromatophores,
we measured the diameters of granules enzymatically derived from brown, red, and yellow chromatophores and
imaged via SEM as 461 +96 nm (n=5002), 391 +69 nm (n=1005), and 369+ 86 nm (n=2429), respectively
(Fig. 2d). A one-tailed ¢ test revealed that the yellow granules were significantly smaller than both the red and
brown granules (p < 0.0001), and the red granules were significantly smaller than the brown granules (p <0.0001)
(Fig. 2e). Given these subtle, but significant, differences in the diameters, we investigated how changes to the
sample preparation may have impacted these findings. All initial analysis was conducted using unfixed granules
from saccules that had been sorted manually and rinsed briefly with distilled water before sputter coating and
imaging with SEM (Fig. 3a). We compared these samples against granules subjected to Hollande’s fixative, paraffin
embedding, sectioning, deparaffinization, and sputter coating (Fig. 3b). In the enzymatically liberated and water-
washed samples, yellow granules consistently appeared spherical or ellipsoidal with subtle, nanotextured surface
deformations or sub-granular structures (Fig. 3a.i.). Red granules, in contrast, were most frequently observed
to be visibly mottled with a wrinkled texture (Fig. 3aii). Brown granules were the most distinctly coherent of
the three populations, with a smooth surface texture and clearly delineated granule boundaries (Fig. 3aiii). By
contrast, in fixed yellow samples (Fig. 3bi), granules were observed as smaller (mean diameter 293 + 54, n=125),
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Fig. 1. Variations in chromatophore colors in squid D. pealeii chromatophores. (a) The color display

of an adult D. pealeii with the dorsal area highlighted (roughly 25 cm?). (b) A discoid unit of the squid
chromatophore as rendered in its expanded form, with the central brown saccule held punctate. Canonical
colors are indicated: Y =yellow, R=red, B=brown. Based on the documented size of discoid units’, the
approximate size of the figure is roughly 20 mm?. (c) Chromatophores in their retracted and expanded states:
Y =vyellow, DY = dark yellow, RB = red-brown. Images are roughly 2 mm? in area. (d) Transmitted-light
microscopy image highlighting color density is highest at the center of the chromatophores, suggesting a
differential distribution of granules. Image is roughly 6 mm? in area. Inset is TEM image of transverse cross-
section of expanded chromatophore, supporting this observation. Granules are stained dark with osmium
and are visibly less densely distributed at the edge of the saccule (white arrow) than nearer the center (black
arrow). Scale bar is 5 um. (e,f) Enzymatically liberated brown and red chromatophores under stereoscope
demonstrate a diversity of “micro-colors” presented in one chromatophore. Variance can be seen throughout
the chromatophore, but areas of high color diversity are indicated with ellipses. Scale bars are 50 pm.
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Fig. 2. Size, morphology, and color of chromatophore granules are correlated. (a) Light microscope image
of different enzyme-liberated chromatophores shows that granules themselves have distinct color. Y =yellow,
R=red, B=brown. Scale bar is 10 pm. (b) SEM image of the same sample, allowing for granule-level
resolution of size and texture. Scale bar is 10 pm. (c) A coordinated overlay of the region of interest marked
by dashed rectangle in (a) and (b) clearly demonstrates difference in texture and size of granules between
regions of different colors. Scale bar is 2 pm. (d) Size distribution histograms of the measured diameters of
granule populations. (e) Size comparison of the mean diameters of the three canonical color populations. All
population means were significantly different from one another using a one-tailed t-test (p <0.0001).

textured particles. Red granules (Fig. 3bii) were similarly textured and deformed as in washed samples but,
again, observed with a smaller mean diameter (384 + 58, n=69). Interestingly, the brown granules (Fig. 3biii)
appeared 21% larger than the unfixed, water-washed samples (mean diameter 558 +95 nm. n=625). While the
trends remained the same (yellow < red <brown granules), our findings suggest that post-processing methods
may have had an impact on granule size and structure.

Given these differences, we asked whether it would be possible, in a third mode of tissue preparation, to
assign a color categorization based on the size of granules alone. To test this, we analyzed granule sizes from a
fixed chromatophore using serial block face imaging (SBFI). By scanning through multiple frames of a z-stack
with 60 nm spacing, we recorded an average granule size of 561 +126 nm (Fig. 4a, n=379). It was difficult
to assign a color value to these granules based on size, although the measured diameters suggest a bimodal
distribution with peaks at ~480 nm to ~680 nm, strongly suggesting a red-brown colored chromatophore. In
a separate volumetric image of another large chromatophore (also of uncertain color), we performed the same
z-stack analysis (752 + 188 nm, Fig. 4b, n=64). Since these values surpass the others collected from the isolated
and processed granules, they strongly suggest that these granules are large brown types. While these findings
could not be validated, as the origin of color from this sample was unknown, our data reveal applications of our
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Fig. 3. SEM images demonstrate differences in size and morphology between pigment granules from yellow,
red, and brown chromatophores. All scale bars are 500 nm. (a) Water-washed and isolated granules from (i)
yellow, (ii) red, and (iii) brown granules. (b) Granules prepared with Hollande’s fixative, where (i) yellow, (ii)
red, and (iii) brown granules appear differently in surface texture than enzyme-treated, water-washed samples.

size-based classifications using an orthogonal imaging technique that provides indirect evidence of the color
state.

In the SBFI images, we observed different gradients in the local electron densities of the granules (Fig. 4a,
b). To further explore these variations, we expanded our analysis to TEM (fixed similarly to the SBFI tissue) to
provide insight as to the internal osmiophilicity of the granules. Because all three populations were treated with
the same degree of osmium tetroxide staining, osmiophilicity can be used as a guide with which to distinguish
the internal structure of the color populations, since a structure’s affinity for osmium is directly proportional to
its electrophilicity in the observed TEM micrographs. The most uniform of the three populations was the yellow
granule set, which demonstrated a high degree of consistency in the osmiophilicity across single granules. In
contrast, the red and brown granule populations had notable variation in osmiophilicity, both between granules
and across individual granules, suggesting both a diversity of morphological development and differentiation
within these granule subtypes that varied between granules isolated from red and brown colors (Fig. 4c, d). In
some samples of red granules, the section passed through the observed central core of the granule, revealing a
gap in the center of the structure. (Fig. 4dii).

Irrespective of preparative mode, another trend across granules of different canonical colors was their
interstitial matrix. In brown samples, there was very little material between the large, smooth granules. Moving
from brown to red to yellow, however, there was an observable increase in interstitial material that appeared as
small flakes surrounding red granules (Fig. 3bii) and as film surrounding granules from yellow chromatophores
(Fig. 3ai, bi). Because this film was not observed in red or brown chromatophores (but was consistent across
both preparatory conditions), we asked whether it may be a marker for granule development, where yellow
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Fig. 4. Sectioned granule samples imaged using SEM and TEM. (a) SBFI-SEM imaging of an epoxy-
embedded whole-tissue sample. Full-region imaging shows the high packing density of a punctate, undigested
chromatophore (color unknown). Scale bar is 10 pm. Insert is a contrast-enhanced detail of granules from
same sample. Scale bar is 2 pm. (b) A single slice of a z-stack used to measure the three-dimensional size of
granules. Scale bar is 2 pm. (c) TEM micrographs of color-isolated samples. i) Yellow granules are the least
osmiophilic subset, with very little variation in electron density. ii), iii) Red and brown granules, respectively,
have more variety in granule osmiophilicity. Scale bars in e are 500 nm). (d) A separately processed batch of
granules of (i) yellow, (ii) red, and (iii) brown granules. Scale bars in d are 250 nm.

chromatophores may be present as the least matured granule type. Thus, we imaged granules with SEM from
a washed yellow-orange chromatophore derived enzymatically from a hatchling squid (Fig. 5a). Qualitatively,
these hatchling granules appeared similar to those of adult yellow chromatophores, although with a marked
increase in the proportion of granules with ellipsoidal morphology relative to spheres. They are also slightly
larger than adult yellow granules, with an average diameter of 426 4 108 nm (n=106). Because all the embryonic
chromatophores that happened to be imaged appeared yellow-orange in color, we could not extend these
comparisons to other colored chromatophores.

In adults, we noticed other variations in subsets of red granules (both those from red chromatophores, and
in isolated granules that appeared optically red) when water-washed for SEM imaging. Certain red granules
have large hollow cavities at their center (Fig. 5b), further supporting our TEM observations (Fig. 4dii). While
occasional defects in the granule surface were considered artifacts of the imaging preparation process, the fact
that these cavities were only observed in canonically red granules suggested either that the internal material
of red granules may be particularly water-soluble or that the surface of the red granules is uniquely prone to
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Fig. 5. SEM images of additional populations of granules. (a) Fixed granules from hatchling chromatophores
(yellow-orange). (b) An imaging artifact of some adult-derived red granules reveals certain red granules have
hollow cores, which might be revealed with water wash of soluble contents. This also may explain the apparent
deformation of other red granules, as the hollow core of the granules may not sustain the pressures of sample
preparation. (c) A sample of granules from an adult light brown chromatophore suggests a transitional state
between yellow and red canonical colors, in which the visible substructures of yellow granules become larger,
eventually distorting the overall granule shape. (d) Granules of unknown color type, deformed with a coverslip,
reveal their malleability and a distinction between the internal contents and their boundary membranes. Scale
bars are 500 nm.

deformation. When we isolated granules from intermediate colored light brown or red-brown chromatophores,
we observed interesting mixtures of granule subtypes. Some granule populations exhibit smooth surfaces, as
observed in Fig. 2; however, some show sub-granular composition similar to those found in the yellow sub-type,
albeit with larger sub-granular particles (87 +25 nm, n=65; Fig. 5¢). The latter were more obvious after contrast-
enhancement. Variations in tissue processing conditions also revealed details of granule composition. In one
case, a sample of an unrecorded color type was intentionally compressed after it was processed via enzymatic and
water-washed treatments and mounted on a coverslip. SEM imaging of the resultant, dried product showed that
granules were deformed by the manual compression, suggesting a clay-like consistency and with visible granule
coating (thicknesses ranging from 20 to 40 nm, »n = 30; Fig. 5d), suggestive of the canonical brown granules.
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Discussion

It is well-known that composition and structure potentiate color in nature?>2°. The color created by a biological
system is often much more vibrant than the sum of its parts, and precise arrangements of molecules like melanin,
guanine, pterin, or isoxanthopterin can yield brilliant blues in birds*”?%, provide complete access to the visible
spectrum in chameleons®, create bright color displays in butterflies and damselflies**->?, or make up the tunable
reflective tapeta of the prawn’?, respectively. However, this potential for structural coloration has not been
explored in detail for cephalopod chromatophores. Compositional contributions to the canonical red, yellow,
and brown (concentrated yellow) colored chromatophores have been attributed to different oxidation states
of ommochrome pigments**-3¢. However, the size and shape of a granule (also providing more concentration
of pigment) potentially also govern the granule’s ability to produce structural color and/or increase optical
density, where the pathlength of light will increase proportionally with particle diameter. The granule structure
itself may also serve a protective function—shielding the pigment against auto-oxidation or photobleaching
through confinement®. Recent transcriptomic investigation of the pigment granules has revealed an abundance
of specialized crystallin proteins, which may coordinate with ommochromes to reduce oxidative stress'>. It is
possible that granule ultrastructure becomes modified by this binding relationship, as the variously reduced
ommochrome-crystallin complexes (along with auxiliary proteins) are propagated throughout the granule
structures during ontogeny. Despite these speculations in function, it is currently unclear why granules are
present with unique colors, textures, sizes, and shapes that are sequestered to different chromatophore types.

Ommochrome granules have been identified in a number of arthropods and cephalopods for crypsis and
mimicry (such as in the epidermis of the squid or crab spider) or for signaling and maturation (as in the ommatidia
of the dragonfly or fruit fly)**-%3. In various Odonata, pigment granules and pigmentary vesicles sourced from
the compound eye range from 0.15 to 0.80 pum*. In wild type Drosophila melanogaster, ommochrome granules
are present with 0.30-0.67 um diameters in mature specimens, with growth of these particles developing
exponentially over time*!. In a study of dark brown/black pigment granules of both the eye and body of some
crustaceans, an average diameter of 0.6 um is reported®. These results are generally in accordance with the
observations in the present study, although many of these species do not possess the differential coloration
seen in the squid. One exception is the crab spider Misumena vatia, which processes ommochrome granules
that undergo catabolism and anabolism for color change***. Insausti and Casas categorized the formation of
granules in these animals through three successive steps. In “type I” pro-granules produced from the endoplasmic
reticulum, granules are translucent and with diameters ranging from 0.8 to 1.4 pm. A transient “type II” pro-
granule emerges next, as type I granules merge to produce larger (1.0-1.6 pm) intermediary diameters with
a light-yellow color and notable internal vesicles. Finally, the “type III” granule forms as osmophilic/electron
dense, spherical granules with diameters ranging from 0.8 to 1.0 um*>*4. While some of these trends are similar
to our observations of yellow, red, and brown pigment granules in D. pealeii, the M. vatia pigment granules are
~2x larger in diameter than squid pigment granules and seemingly do not follow a linear growth sequence.
Furthermore, the fully mature type III granules of M. vatia are yellow in color. Based on these differences, it
seems that the squid has a unique system for developing and distributing its ommochrome granules throughout
the different colored chromatophores. Other differences in granule structure are also evident in the variable
morphologies of melanosomes in certain birds*. In avian melanosomes specifically, there is a unique internal
structural degradation following deposition of the organelle in the feather. One explanation for this effect is the
introduction of an additional low refractive index material: air*. Similar internal processing may also be noted
in the D. pealeii chromatophore granules, where it is possible that the hollow appearance of red pigment granules
may be suggestive of similar defects to elicit optical function.

Regardless of its origin, we noticed several observable trends from yellow to red to brown granules: (1)
size increases, (2) the presence of visible interstitial material decreases, and (3) sub-granularity and texture
both change (i.e., particles become smoother). When compared to the putative model for ommochromasome
formation'” that likens pre-ommochromasomes, or pre-granules, to endosome derived organelles, the
chromatophore granules also present multi-vesicular bodies, or sub-granularity. Thus it is possible that the sub-
granular particles noted here, which are most obvious in yellow granules, could be vesicles that have similarly
combined to form a pre-granule. Based on our anatomical investigations, we posit that the extra-granular
material may deposit or absorb onto the pre-granule surface to smooth out surface textures, increase the overall
granule size, and increase the osmophilic/electron density in the granule. This hypothesis provides a starting
framework that might be explored further with alternative, advanced imaging modalities such as PFIB SEM*
to image granules in situ from fixed undigested tissue that also retains visible chromatophore color assignment.

Other future work includes building experimental and computational models of color development and
granule maturation, where molecular composition and the nuanced differences in granule ultrastructure are
combined. Because the color of the chromatophore is created in large part by ommochrome pigments, redox
modification is likely the mechanism for color change from yellow to red**3. Thus, it appears possible that
redox-dependent color changes are produced locally within each granule and that each color chromatophore
may present more or fewer redox agents to facilitate this process during development, as granules within a given
chromatophore can have different color appearances. How the redox process could be synchronized so as to
mature populations (or even single granules) uniformly remains under investigation, as we continue to uncover
the mysteries surrounding color evolution in these remarkable creatures.

Data availability
Data are provided within the manuscript.
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