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Pigmentation plays a vital role in the survival of organisms, supporting functions such
as camouflage, communication, and mate attraction. In vertebrates, these functions are
mediated by specialized pigment cells known as chromatophores of which, uric acid
crystal-forming leucophores remain the least understood, with little known about their
molecular mechanisms. A key question in pigment cell biology is whether different crys-
tal chemistries require distinct molecular pathways, or whether similar cellular processes
drive the formation of diverse crystals. This study was designed to unravel the uncharac-
terized process of uric acid crystallization in leucophores and compare them to guanine
crystal formation in iridophores and pterin formation in xanthophores. The results of our
transcriptomic, ultrastructural, and metabolomic analyses, demonstrate that leucophores
share molecular pathways with iridophores, particularly those connected to organelle
organization and purine metabolism, but express discrete genes involved in uric acid
biosynthesis and storage. Additionally, leucophores share intracellular trafficking and
pterin biosynthesis genes with xanthophores, suggesting universally conserved processes.
Ultrastructural studies reveal star-like fibrous structures in leucosomes, which likely
serve as scaffolds for unique one-dimensional uric acid assemblies that radiate from the
core and act as efficient light scatterers. These findings provide insights into leucophore
cell biology and the specialized mechanisms driving molecular crystalline assembly, and
reveal that while some cellular processes are conserved, the specific chemistry of each
crystal type drives the evolution of distinct molecular pathways.

pigment cells | molecular crystals | medaka (oryzias latipes) | cryogenic electron tomography |
biophotonics

Pigmentation in organisms is essential for survival, enabling camouflage, vision, social
signaling, and mate attraction (1-5). In vertebrates, these diverse functions are mediated
by specialized pigment cells derived from neural crest cells (6-8). Mammalian and avian
pigmentation is controlled by a single cell type, the melanocyte (9—11). However, poikil-
othermic vertebrates, such as teleost fish, possess a broader range of pigment cells known
as chromatophores (12-15). These chromatophores can be classified into light absorbers,
like black or brown melanophores (M), yellow to red xanthophores (X), and cells that
reflect or scatter light, like iridescent iridophores (I) and white leucophores (L) (12, 13,
16, 17). Pigment formation in all chromatophores occurs within specialized
membrane-bound organelles—melanosomes in M, pterinosomes in X, iridosomes in I,
and leucosomes in L—all of which are thought to belong to the lysosome-related organelle
(LRO) family (18-22). Among teleost species, medaka (Oryzias latipes) has all four types
of pigment cells, including leucophores (23, 24), which remain the least understood in
terms of their molecular mechanisms.

The ability of different chromatophores to manipulate light by reflection, scattering,
or absorption, not only generates the visual effects critical for survival but also supports
physiological and ecological functions. The observed diversity of chromatophores enables
the formation of complex and dynamic coloration patterns and made them powerful
models for studying cell fate specification, differentiation, and the evolution of
pigmentation.

While guanine crystals are widely recognized as the most abundant molecular crystals
used by organisms (1, 25-29), uric acid assemblies are prevalent across various functional
biological systems and are commonly associated with excretion in many species (30-35).
In humans, the uncontrolled formation of uric acid crystals can lead to conditions such
as kidney stones and gout, which affect millions worldwide (36-39). In contrast, organ-
isms like medaka tightly regulate uric acid crystal formation and dissolution within
leucophores.
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Leucophores are particularly intriguing chromatophores due to
their dual characteristics. Traditionally, these cells were grouped
with iridophores, because both cell types produce membrane
bound purine-based crystals that optically interact with light: uric
acid in leucophores and guanine in iridophores (40, 41). However,
recent studies suggest that leucophores may also share develop-
mental and genetic similarities with xanthophores (42-44). This
duality raises important questions about the origins, molecular
mechanisms, and evolution of leucophores, particularly in species
like medaka, where they represent a prominent feature of the fish
phenotype (14).

Recent work has elucidated the molecular mechanisms respon-
sible for guanine crystal formation in iridophores (19, 45-47).
Therefore, investigating the processes that drive uric acid crystal
formation in leucophores now offers a unique opportunity to
compare these two systems. This comparison raises key questions
as to whether leucophores and iridophores employ similar cellular
processes for crystal formation, or whether the distinct chemistries
of guanine and uric acid require different molecular pathways.
Furthermore, extending this comparison to xanthophores, which
produce pteridine and carotenoid-based pigments, adds an addi-
tional layer of information about the relationships between the
chemistry and the cellular processes that facilitate and regulate
pigment formation and function.

This study was designed to identify the cellular and molecular
mechanisms governing uric acid crystal formation in leucophores,
while exploring their similarities and differences with guanine crystal
formation in iridophores and pterin and carotenoid production in
xanthophores, using medaka as a model system. A combination of
transcriptomic and ultrastructural analyses, including single-cell
RNA sequencing (scRNA-seq), advanced electron microscopy, and
spectroscopy were employed to identify the biosynthesis, microen-
vironment, accumulation, and crystallization pathways in leuco-
phores, and compare them with those in iridophores and
xanthophores. The aim was to determine whether similar intracel-
lular molecular mechanisms can drive the formation of chemically
distinct assemblies across pigment cell types.

Our findings reveal that while several molecular pathways
involved in uric acid formation in leucophores overlap with those
driving guanine formation in iridophores, leucophores also
express unique gene sets specific to uric acid biosynthesis, storage,
and accumulation. Additionally, leucophores and xanthophores
share a subset of genes related to intracellular trafficking and
pterin biosynthesis, thereby providing evidence for conserved
processes common to these two cell types. Notably, high-resolution
cryogenic electron microscopy (cryoEM) and micro-Raman
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Fig. 1. Isolation of different pigment cells in medaka based on their optical properties. (A) An adult medaka fish. (

C

spectroscopy revealed that the leucosome structures consist of
one-dimensional uric acid assemblies and act as eflicient light
scatterers, thereby challenging previous assumptions that leuco-
phores contained fully crystalline uric acid.

The results of this study advance our understanding of leuco-
phore function at both the cellular and molecular levels and pro-
vide insights into the common and specialized mechanisms driving
the formation of molecular crystalline assemblies with distinct
chemistries. The dual nature of leucophores, which share certain
characteristics with iridophores and others with xanthophores,
illustrates the complexity of pigment cell differentiation and high-
lights the evolutionary processes that contribute to the remarkable
diversity of coloration in vertebrates. In this context a smaller set
of upregulated genes was found to be common to all three pigment
cells, suggesting that some mechanisms are universally conserved
across leucophores, xanthophores, and iridophores.

Results

Optical Properties and Cell Isolation. In the absence of transgenic
fluorescent lines in medaka, that can be used to specifically label
and sort leucophores with a fluorescence activated cell sorter
(FACS), we resorted to isolating the cells based on their inherent
optical properties. Analysis of the autofluorescence and light-
reflecting properties of the different pigment cells using live
confocal light microscopy (Fig. 1) revealed that while both
crystal-containing leucophores and iridophores are visible under
incident light and cross-polarized microscopy, only leucophores
exhibit strong autofluorescence under multiple laser wavelengths
(Fig. 10). In contrast, xanthophores were only visible using the
green laser and were not seen by incident light and cross-polarized
microscopy. These distinct optical properties are driven by the
scattering in leucophores, the reflective surfaces in iridophores,
and the light absorption in xanthophores, and highlight the
unique adaptations of each chromatophore type. We were able to
exploit these distinct optical properties to isolate three different
populations of pigment cells: iridophores, leucophores, and

xanthophores (S Appendix, Fig. S1).

Ultrastructure of Pigment Cells. As the next step, we compared
the ultrastructure of leucophores, xanthophores, and iridophores
using electron microscopy (Fig. 2). Traditional transmission electron
microscopy (TEM) methodologies, dissolved both the uric acid
crystals within leucosomes and the guanine crystals within iridosomes,
but only minimally affected the content of the pterinosomes. (Fig. 2 B,
G, and L). However, unlike the iridosomes which then appear as white
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B) lllustration (Left) and bright-field optical

microscopy image (Right) showing the different pigment cells in medaka. (C) Confocal live microscopy of various plgment cells highlighting their distinct optical
properties, which were used to isolate them by FACS. Green fluorescent protein (GFP); mCherry (MCH); reflectance channel (REF), collects nonfluorescent light

reflected back to the objective. (Scale bar, A-5mm; B-10 pm; C- 10 pm.)
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Fig. 2. Ultrastructure and organelle morphology of different pigment cells. The ultrastructure of iridophores (A-E), leucophores (F-J), and xanthophores (K-0)
as observed by various electron microscopy techniques. Iridophores are densely packed with elongated, several microns-in-length, membrane-bound, plate-like
guanine crystals. Leucophores are populated with 500 to 1,000 nm leucosomes containing star-shaped crystal assemblies, while xanthophores are characterized

by 500 to 1,000 nm onion-like pterinosomes.

holes, dissolving the uric acid crystals revealed highly stained intricate,
star-shaped structures that are probably composed of proteins or
lipids or other macromolecules (Fig. 3 £ and F). A similar fibrous
structure was recently observed by cryoEM in iridosomes, where
parallel fibers were shown to act as a template for nucleation (46,
48). We then used cryogenic imaging, which allows us to maintain
the integrity of the internal crystals and observe the leucophores in
as close to their native state as possible. Initially, we examined the
different pigment cells in situ using cryogenic scanning electron
microscopy (cryoSEM), which enabled us to observe intact round
leucosomes (Fig. 2F), platelike crystals within iridophores (Fig. 24),
and onion-like structures within the pterinosomes, which are the
characteristic pigmentary organelles of xanthophores (Fig. 2K). The
finer details of these organelles and their contents, were imaged in
higher resolution by plunge freezing each isolated cell population
on a TEM grid and imaging them with cryoTEM (Fig. 2 C, H, and
M). This method provided a closer look at the organelle content and
revealed numerous membrane-bound, neatly arranged concentric
rings within the xanthophores (Fig. 2M), elongated membrane-
bound crystals in the iridosomes (Fig. 2C) and, round or star-shaped
crystals in the leucosomes (Fig. 2H). The 3D morphology of the
three different organelles was examined further by cryogenic electron
tomography (cryoET) (Fig. 2 D, E, 1, J, N, and O and Movie S1).
This approach revealed multiple irregular crystals originating from
the core of the organelle, possibly draped over the star-like scaffold
framework observed by traditional TEM. Examining multdiple
leucosomes revealed that the morphology of the individual assemblies
differs significantly, with each crystal being unique (Fig. 3D).

Chemical Composition of Leucosomes. Larval leucophores exhibit

an orange hue due to the presence of drosopterin alongside uric acid
(41). In contrast, adult leucophores have recently been reported to
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contain predominantly high levels of uric acid, which prompted
the, as yet, unconfirmed hypothesis that adult leucophores contain
crystalline uric acid (49). In order to determine the exact chemical
nature of the material within leucophores, we performed in situ
micro-Raman measurements of leucophores located in adult
medaka scales (Fig. 3 A—C). Comparison of the spectra from
various reference purine crystals revealed that, despite some
differences in spectral features, the particles primarily consist of
uric acid (Fig. 3C and, ST Appendix, Fig. S2). Notably, unlike a
fully crystalline uric acid standard, the Raman spectrum from
leucophores lacks the low-frequency peaks typically associated
with lattice modes (Fig. 3C, Insez). This absence suggests that
the uric acid molecules within the leucophores do not exhibit
the three-dimensional periodicity characteristic of fully crystalline
structures. To better understand the structural organization of
the uric acid within leucophores, we correlated high-resolution
cryoET with electron diffraction (Fig. 3 G-/). High-resolution
TEM images show that leucosomes contain thin rods, only a few
nm in thickness, which are grouped into clusters that project
from the core of the leucosome (Fig. 3G). The electron-diffraction
patterns of whole particles exhibit a single diffraction ring with a
spacing of ~3.20 A (Fig. 3H), which correlates to the pi-stacking
direction of the conjugated uric acid molecules (50). Selected
area electron diffraction (SAED) at different locations along the
leucosome periphery exhibited diffraction arcs corresponding to
the dihedral angle of the leucosome (Fig. 3/). Taken together, these
data indicate that the uric acid assemblies with the leucosomes
are arranged as a spherulite, in which 1D-ordered, stacked
assemblies of uric acid project radially outward from the center
of the leucosome (Fig. 3/). This arrangement exposes the high
refractive index plane of uric acid to light, which optimizes the
light-scattering properties of the leucosomes. A similar structure
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Fig. 3. Leucosomes contain a semicrystalline assembly of uric acid. (A) A transmission optical image of a medaka scale, showing different pigment cells. (B)
A higher magnification view of a leucophore from a medaka scale using incident light. (C) Micro-Raman spectra of the leucophore shown in panel B, overlaid
with the spectra of synthetic uric acid. /nset: Molecular structure of uric acid. Right: low frequency region of the spectrum. (D) A cryoTEM image of a leucophore
showing numerous densely packed leucosomes. (E) A conventional TEM image of a leucophore, in which the crystalline materials are lost, showing heavily
stained fibers in a star-like shape arrangement. (F) A higher magnification view of the leucosome marked in (). (G) A high-magnification cryoTEM image of the
interior of an intact leucosome, revealing an arrangement of nanoscopic rods radiating outward from the core of the sphere. (H and /) cryoTEM images and
corresponding selected area electron diffraction of an isolated leucosome showing a single diffraction pattern with a spacing of ~3.2 A. Collecting an electron
diffraction pattern from the center results in a full diffraction ring (H'), while moving along the dihedral angles of the particle (/) reveals changes in the reflection
angle. This suggests that the stacking axis of the crystal projects radially outward from the center of the leucosome. (/) Schematic representation of the sphere

showing the spherulitic arrangement of stacked uric acid molecules.

was recently reported for isoxanthopterin crystals in shrimps,
where it is responsible for their brilliant white colors (51).

Leucophore Molecular Machinery and Pigmentation Pathway.
Given the distinct differences in ultrastructure and molecular
composition, we hypothesized that leucophores would exhibit
a unique transcriptomic profile that distinguishes them from
xanthophores and iridophores. This was tested by subjecting FACS
isolated leucophores, iridophores, and xanthophores to scRNA-
seq. Dimensionality reduction and unsupervised clustering
surprisingly revealed 13 clusters (SI Appendix, Fig. S3A4). Among
these, we identified clusters corresponding to fibroblasts (cluster 3),

https://doi.org/10.1073/pnas.2424979122

epithelial cells (cluster 6), and immune cells (cluster 2) that may
have been coisolated inadvertently (S Appendix, Fig. S4) (52).
To identify the pigment cells, we searched for known neural
crest markers such as snaila, sox10, sox5, pax/a and ngfrb (53, 54)
(81 Appendix, Fig. S5), which led to the identification of clusters
0, 1, 4, 7, and 12 (Fig. 44). Of these, the small cluster 12 was
designated as iridophores due to the high levels of expression of
iridophore markers (e.g., pnp4a, gpnmb, alx4b, tfec, ltk, apoda. 1,
fhi3, SI Appendix, Fig. S6) (45, 55-57). Similarly, the high levels
of expression of genes such as geh2, scarbl, plin6, and tmem130,
in clusters 0, 1 and 4 lead to their classification as xanthophores
(SI Appendix, Fig. S7) (58-60). Hereafter, we will refer to these

three clusters as the “xanthophore” cluster (Dataset S1).
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Fig. 4. Leucophoresshare more upregulated genes with both xanthophores and iridophores than xanthophores and iridophores share with each other. (A) Two-
dimensional UMAP representation of the cells analyzed in the single-cell RNA-sequencing experiment, with pigment cell clusters color-coded. (B) Venn diagram
illustrating the number of unique and shared genes among iridophores (purple), xanthophores (yellow), and leucophores (turquoise). (C) Heatmap showing
the average expression levels of selected genes across different pigment cells, showing the overlap between leucophores, iridophores, and xanthophores.

While cluster 7 also expressed some xanthophore marker genes,
including gch2 and tmem 130, it also expressed iridophore marker
genes such as pnp4a, paics, and gmps (SI Appendix, Fig. S8). Since
leucophores share characteristics with both crystal-forming irido-
phores and dendritic xanthophores, we suspected that this cluster
might represent leucophores. To test this hypothesis, we repeated
the FACS and isolated only the population of leucophores, then
repeated the scRNA-seq, and reanalyzed the entire population,
noting whether the cells were isolated in the first round (all three
pigment cells) or the second round (only leucophores). While a
small percentage of the cells isolated in the second round of FACS
were distributed across different clusters, the majority could be
assigned to cluster 7, thereby validating this region as the leuco-
phore cluster (S Appendix, Fig. S3B).

We compared the expression profiles of the three pigment
cell types to uncover shared features and unique distinctions
(Dataset S2). The leucophore cluster exhibited 797 differentially
expressed genes (DEGs), including 18 uncharacterized proteins
(2.2%). In comparison, the xanthophore and iridophore clusters
displayed 978 and 216 DEGs, respectively (Fig. 4B). To further
elucidate the molecular machinery and processes in leucophores,
we examined these upregulated genes more closely and compared
them to those of iridophores and xanthophores (Fig. 4 B and C).
The results indicate that leucophores share 26 upregulated genes
with iridophores and 267 with xanthophores, whereas iridophores
and xanthophores have a significantly lower 7 genes in common
(Fisher’s exact test: L-X: OR = 0.13, 2 < 0.001; L-I: OR = 0.23,
P < 0.001; I-X: OR = 0.06, P < 0.001). A comparison of the
upregulated genes that are common to all three cell types revealed
only 18 shared genes (Dataset S2).

Among the shared genes, iridophores and leucophores both
express several solute carrier (SLC) family genes, which are prob-
ably involved in nucleobase trafficking and transport (61),
including s/c23a4, and slc6al7. Notably, slc2a9, slc29a4a, and
sle6a4a are uniquely upregulated in iridophores, while slc2445,
sle3a2a, slc27a6, and slc35G 1 are only upregulated in leucophores.
Additionally, skc2a156 is expressed in both leucophores and xan-
thophores, whereas slc2a15a is common to leucophores xan-
thophores and iridophores. These findings suggest that while some
transport processes are conserved, others are specialized for pig-
ment cell-specific functions, which probably reflects the distinct
molecular needs of each cell type.

PNAS 2025 Vol. 122 No.22 2424979122

Similarly, the genes shared by leucophores and xanthophores
include pax7a, which was recently reported to be involved in the
differentiation of both cell types (62). On the other hand pax36
was only upregulated in xanthophores, as recently reported (62).
CsfIra, which is known to play a role in xanthophore development
(8) but has not previously been linked to leucophores, was also
found to be upregulated in leucophores. Other genes common to
all three pigment cell types include the lysosomal trafficking reg-
ulator gene Jysz (63), which has been implicated in the trafficking
of LROs and 72627b, which is associated with organelle biosyn-
thesis and maturation via the endocytic pathway (64, 65).

The hallmark of pigment cells is their ability to produce vast
amounts of specific pigment molecules, which require the synthe-
sis of purine, pteridine, or carotenoids, depending on the pigment
cell type (66). We therefore analyzed and compared the aggregated
score of genes related to processes involving these pigments across
the three cell populations (Fig. 5 and S/ Appendix, Fig. S16). As
expected, iridophores exhibited higher levels of expression of genes
involved in de novo purine synthesis but a lower expression of
genes related to pteridine synthesis and carotenoid processing
(Fig. 5 A-C). Conversely, xanthophores exhibited a higher level
of expression of genes associated with pteridine and carotenoid
synthesis but lower levels of genes for purine synthesis (Fig. 5 A-C).

Interestingly, leucophores displayed high levels of genes involved
in both purine and pteridine synthesis, indicating either a poten-
tially complex biosynthetic pathway or the possible production
of multiple end products. To further investigate these metabolic
differences, we subjected FACS sorted pigment cells to
high-pressure liquid chromatography (HPLC). The results revealed
that iridophores contain high levels of guanine, some hypoxan-
thine, and much lower levels of uric acid (57 Appendix, Fig. S9),
while xanthophores have high levels of various pteridines, includ-
ing isoxanthopterin, L-biopterin, and sepiapterin, along with
much lower levels of purines (S/ Appendix, Fig. $10). In contrast,
leucophores contain high levels of uric acid, some adenine, and
lower levels of hypoxanthine and guanine. Notably, none of the
xanthophore-specific pteridines were detected in leucophores
(SI Appendix, Fig. S11).

To investigate the biosynthetic pathway responsible for uric
acid formation in leucophores, we focused our transcriptomic
analysis on mapping the purine metabolic network in both leu-
cophores and iridophores, starting from inosine monophosphate
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Fig. 5. Both the purine and pteridine pathways are upregulated in leucophores. (A-C) The aggregated score for carotenoids (A), purines (B), and pteridines
(C) genes calculated using the “AddModuleScore” function of Seurat (Left), and the expression of the individual genes that were used in the calculation in the
form of a dot plot (Right). In leucophores, both purine and pteridine pathways are upregulated (Kruskal-Wallis test: purine - X* = 319.41, df = 2, P-value < 0.001;
carotenoid - X? = 736.19, df = 2, P-value < 0.001; pteridine - X? =214.02, df = 2, P-value < 0.001) followed by Dunn’s test (purine: L-X - Z =16, P < 0.001; L-1 - Z =
1.2, P=0.59. Pteridine: L-X-Z =13, P<0.001; L-| - Z= 8.8, P <0.001.) Box plots, medians with interquartile ranges; asterisk indicate differences significant in post
hoc comparison; ns indicate nonsignificant in post hoc comparison. (D) Schematic representation of the uric acid biosynthetic pathway, illustrating differential
regulation of proteins. The selective upregulation of specific enzymes in leucophores highlights their specialized roles in uric acid biosynthesis and crystal
formation. Pathways shared by both iridophores and leucophores are shown in purple, while leucophore-specific pathways are marked in turquoise. Enzymes
marked in green indicate relatively high expression in leucophores or in both leucophores and iridophores, while enzymes marked in black indicate relatively
low expression in leucophores. (E) A comparison between leucophores, iridophores, and xanthophores summarizing key observations and highlighting shared

and distinct features across the three cell types.

(IMP) (Fig. 5D and SI Appendix, Fig. S15). The results revealed
wide upregulation of the purine metabolic network, with some
cell-specific paralog expressions, such as pzp5a in leucophores and
pnp4a in iridophores (Fig. 5D and SI Appendix, Fig. S15 and
Dataset S1). However, guanine deaminase (gda), which converts
guanine to xanthine and is downregulated in iridophores (45), is
upregulated only in leucophores (Fig. 5D and S/ Appendix,
Fig. S12). Additionally, the relatively high expression of adenosine
deaminase (ada) suggests that adenosine and inosine may also be
converted into uric acid in leucophores (Fig. 5D and SI Appendix,
Fig. S12). This could also explain the relatively high levels of
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adenine we detect in the leucophores metabolome (S7 Appendix,

Fig. S11).

Discussion

A fundamental question in pigment cell biology and the study of
biogenic molecular crystals is whether different crystal chemistries
require distinct molecular pathways, or whether similar cellular
processes can drive the formation of structurally diverse crystals.
Recent investigations into the molecular mechanisms, develop-
ment, and ultrastructural changes underlying guanine crystal
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formation (19, 45-47) have provided a foundation for comparison
with the previously unexplored processes involved in uric acid
crystal formation in leucophores. This comparison offers critical
insights into the potential shared or divergent pathways that reg-
ulate crystal formation across different pigment cells.

Leucophores were initially believed to resemble iridophores
because of their ability to form purine-based crystals (40, 41).
However, recent findings suggest that the developmental and dif-
ferentiation pathways of leucophores rather resemble those of
xanthophores (24, 42-44). Here, we conducted detailed transcrip-
tomic and ultrastructural studies on leucophores, xanthophores,
and iridophores in order to examine how these pigment cells are
related (Fig. 5E).

Morphologically, leucophores exhibit a similar dendritic struc-
ture to that seen in xanthophores, and both cell types contain
hundreds of spherical organelles (500 to 1,000 nm), whereas
mature iridosomes in iridophores are much larger, extending up
to several microns in length. However, while the pterinosomes in
xanthophores contain a concentric arrangement of lipids thought
to store pigment molecules, we found that leucosomes, like irido-
somes, feature fibrous structures that may serve as scaffolds for
purine crystal formation (Fig. 3 £ and F). Notably, unlike the
parallel fiber arrangements in iridophores, the fibers in leucophores
appear to radiate from the center of the leucosome to form
star-shaped configurations. High-resolution microscopy and spec-
troscopy revealed that the uric acid within the leucosomes is
arranged in a concentric assembly of nanoscopic rods projecting
radially outward from the core of the sphere, and potentially
aligned with the underlying fiber framework. This arrangement
was recently shown to scatter light efficiently in shrimps (51).
Finding a similar structure in vertebrates suggests that these struc-
tures are more common than initially believed.

Genetically, the substantial number of upregulated genes shared
by leucophores and both xanthophores and iridophores, is greater
than the number of genes common to xanthophores and irido-
phores. Notably, genes involved in de novo purine metabolism
are expressed in both leucophores and iridophores. Early enzymes
in the purine biosynthetic pathway, such as paics, are upregulated
in both cell types, suggesting a shared pathway for the conversion
of phosphoribosyl pyrophosphate to IMP. Interestingly, down-
stream enzymes display much more cell-specific expression.

One key difference is the upregulation of gda in leucophores
but not in iridophores. This enzyme converts guanine to xanthine,
a precursor for uric acid, underscoring the divergence in purine
metabolism between these two cell types: guanine production in
iridophores versus uric acid production in leucophores.
Additionally, the selective upregulation of 725 and Pnp family
members further supports the notion of cell-specific biosynthesis
in each type of chromatophore (87 Appendix, Figs. S12 and S15).
These findings support the results of our metabolome studies,
which revealed differences not only in the primary crystal com-
ponents but also in the minor constituents, namely hypoxanthine
in the guanine crystals of iridophores and adenine in the uric acid
crystals of leucophores.

Interestingly, the enzyme xanthine dehydrogenase, which is
responsible for converting xanthine to uric acid (67), is upregu-
lated only in xanthophores. This could either suggest the presence
of an alternative enzyme in leucophores that performs this con-
version (8] Appendix, Fig. S14), or reflect a limitation in the sen-
sitivity of our scRNA-seq data. Overall, these results highlight the
specialized purine metabolism in each pigment cell type, reflecting
their unique biosynthetic roles in pigment production.

Similarly, the findings that leucophores express high levels of
genes related to pteridine biosynthesis, may suggest the presence
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of a complex biosynthetic pathway or the production of multiple
end products. Notably, the lack of detectable pteridines, in adult
leucophores implies that these biosynthetic intermediates may be
rapidly funneled into purine metabolism, and contribute to uric
acid production.

The upregulation of SLC family genes in both leucophores and
iridophores suggests shared mechanisms for transporting nucle-
obases and their derivatives. However, while some SLCs are com-
mon to both cell types, others are uniquely expressed, highlighting
cell-specific adaptations for handling different molecular moieties.
Additionally, genes involved in regulating the organelle microen-
vironment, such as V-ATPases, are upregulated in both leuco-
phores and iridophores. Our previous work demonstrated that
pH regulation within iridosomes is essential for guanine crystal
formation in iridophores (68). Given that the solubility of uric
acid, like guanine, is highly pH-dependent (69), the upregulation
of similar genes in leucophores indicates that pH regulation may
also play a critical role in uric acid assembly. Future studies will
be necessary to determine whether pH control mechanisms in
leucophores mirror those in iridophores.

Leucophores share several genes with xanthophores, including
pax7a, a gene implicated in the differentiation of both cell types (24,
62). Additionally, s/c2a15b, another SLC family gene upregulated in
both leucophores and xanthophores, has been shown to affect the
function of both cell types when impaired (43). Our analysis now
reveals that xanthophores can be subdivided into three distinct clus-
ters based on gene expression profiles, with each displaying differential
regulation of genes involved in purine, pteridine, and carotenoid
biosynthesis. Cluster 1 exhibits upregulation in purine and pteridine
biosynthesis pathways, while clusters 0 and 4 display upregulation of
genes primarily associated with carotenoid biosynthesis (S Appendix,
Fig S13). These findings suggest that different populations of xan-
thophores may be specialized in producing various pigments, thereby
contributing to the wide range of colors, from pale yellow to deep
orange, observed in xanthophores.

Perhaps the most intriguing set of upregulated genes in leuco-
phores are those that remain unannotated. These genes may be
involved in leucophore-specific processes, and some could poten-
tially possess previously unknown biological functions. Future
research focusing on selectively targeting and characterizing these
genes will be crucial to advancing our understanding of their roles
in leucophore cell biology.

In conclusion, our findings provide insights into the molecular
and cellular mechanisms underlying uric acid crystal formation
in leucophores, revealing both shared and distinct features com-
pared to iridophores and xanthophores. While leucophores show
significant overlap with xanthophores in terms of ultrastructure
and gene expression related to differentiation, the crystal forma-
tion mechanism and the biosynthetic machinery for purine metab-
olism resembles more closely that of iridophores, albeit with key
differences. These results address the fundamental question of
whether different crystal chemistries require distinct molecular
pathways. We demonstrate that although leucophores share some
common regulatory elements with other pigment cells, they also
exhibit unique adaptations for uric acid crystal formation. This
suggests that while general cellular processes can be conserved, the
specific chemistry of each crystal type drives the evolution of dis-
tinct molecular pathways.

Ultimately, the results of our study highlight the evolutionary
flexibility and complexity of pigment cells, and illustrate how
diverse crystalline structures can arise from both shared and
specialized molecular processes, thereby contributing to the
remarkable diversity of coloration and optical functionality in
vertebrates.
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Materials and Methods

Ethics and Safety Statement. This study followed the Weizmann Institute of
Science Animal Care and Use Committee (protocol number 09331122-1).

Medaka Husbandry and Handling. Medaka (Oryzias latipes) were housed at
~26°C, 14 h light:10 h dark and fed with Artemia and flake food. Fish were
maintained and fed following standard protocols (70).

Live Imaging. Live imaging of cells was carried out on an inverted Zeiss LSM
900 using an Objective W Plan-Apochromat 40x/1.0 DIC M27 (FWD = 2.5 mm)
and Plan Apochromat 63x/1.4 Qil DIC M27. Samples were illuminated with 405
nm, 488 nm, 561 nm, 647 nm laser lines. Cells were isolated via FACS or were
imaged in situ. After isolation of cells or hatching larvae, the sample was plated
on glass-bottom well imaging plates. 0.9% low melt agarose was then added to
the plates to keep cells/larvae attached to the bottom for the duration of imaging.

Chemical Fixation and TEM. Scales and larvae were fixed with 4% paraformal-
dehyde, 2% glutaraldehyde in 0.1 M cacodylate buffer containing 5 mM CaCl, (pH
7.4)for 30 min, postfixed in 1% osmium tetroxide supplemented with 0.5% potas-
sium hexacyanoferrate trihydrate and potassium dichromate in 0.1 M cacodylate
for 1 h, stained with 2% uranyl acetate in double distilled water for 1 h, dehydrated
in graded ethanol solutions and embedded in epoxy resin. Ultrathin sections (70
to 90 nm) were obtained with a Leica EMUC7 ultramicrotome and transferred to
Formvar Support film slot grids (EMS). Grids were examined with a Tecnai SPIRIT
transmission electron microscope (Thermo Fisher Scientific). Digital electron
micrographs were acquired with a bottom-mounted Gatan OneView camera.

Tissue Dissociation and Cell Isolation. Fish were euthanized according to the
approved procedure by the Weizmann Institute of Science Animal Care and Use
Committee (protocol number 09331122-1). Skin and scales were removed using
tweezers and immersed in TrypLE Express (Invitrogen, 12604039). The sample
was incubated at 37 °C and shaken at 300 rpm for 1 h, followed by mechanical
disruption with a Pasteur pipette to further dissociate the cells. Cells were then
strained through a 40 pm cell strainer with Dulbecco’s Phosphate Buffered Saline
(DPBS) + 5% Fetal bovine serum (FBS) and centrifuged at 800xg for 10 min at
4°C. Pelleted resuspended in 5 mLDPBS + 5% FBS.

FACS. Cells were isolated from the skin and scales of adult HdrR medaka fish
as described in the "Tissue dissociation and cell isolation” section and sorted
using FACS. After resuspension in 5 ml DPBS with 5% FBS, the cells were stained
with Drag5 (Thermo Scientific™, Cat. 62251) to label nuclei for 10 min before
sorting. FACS analysis and sorting were conducted on a BD FACSAria Il Special
Order Research Product Cell Sorter with a 100 uM nozzle, using 355 nm, 488
nm, 561 nm, and 640 nm lasers for illumination. Drag5 staining enabled the
exclusion of DNA-negative debris, while additional fluorescence parameters were
used to distinguish between cell populations and remove any remaining debris
(see Sl Appendix, Fig. S1 for more details). Leucophores were gated based on the
strong autofluorescence of their crystals, observed in the GFP (500 to 550 nm)
and mCherry (600 to 620 nm) channels. Sorted cells were collected in PBS with
5% FBS and kept on ice to maintain viability.

Imaging Flow Cytometry. Cells were imaged using an Imaging flow cytometer
(ImageStreamX Mark II, AMNIS corp.-part of Cytek, CA). The cells were imaged
using a 60X lens (NA = 0.9). Lasers used were 405 nm (120 mW) for Indo Blue
excitation, 488 nm (50 mW) for AF, 642 nm (50 mW) for Drag5 and 785 nm (TmW)
forside scatter (SSC) collection. The instrument was fitted with two polarized light
filters perpendicular to each other, one before the flow cell and one before the
CCD camera, blocking the light completely. When a birefringent material such
as crystals pass through the flow chamber, the light polarization changes and a
signal is detected on Channel 1. The channels acquired were Ch01 (Polarized
light), Ch02 (AF), Ch03 (AF), Ch06 (SSC), Indo-blue (Ch07), Ch09 (Brightfield),
and Ch11(Drag5). Data were analyzed using IDEAS 6.3 (Amnis Corp.). Viable cells
were gated using the area and intensity of the Draq5 staining. Cells were further
gated for single cells using the area and aspect ratio of the Drag5 staining, as
doublets and aggregates have a larger area and lower aspect ratio. The different
cell populations were identified according to the fluorescence of channels 2 and
3, and further validated using the indo-blue and polarized light channels.

https://doi.org/10.1073/pnas.2424979122

High-Pressure Freezing of Medaka Larvae and Scales. Adult fish scales were
carefully plucked using tweezers after anesthetization. Typically, one scale was
placed between two metal discs (2 mm in diameter; cavity size 0.025 mm for
scales) in a 10% dextran solution. Samples were then cryoimmobilized using
a Leica LM ICE high-pressure freezing device (Leica Microsystems, Germany).

Freeze Fracture and CryoSEM. The high-pressure frozen medaka scales samples
were shuttled using a vacuum cryotransfer device (VCT 100, Leica Microsystems,
Germany).The sample was transferred into a freeze-etching/freeze-fracture device
(BAF 60, Bal-Teg, Germanfv), the stage of which was maintained at-120°Cand a
vacuum of about 5 x 10™" mbar. After fracturing, the disc remaining in the sample
holder was coated with 7 nm of platinum. The coated sample was transferred to
the SEM (Ultra 55, Zeiss, Germany) and observed at —120 °C and a vacuum of
about 5 x 107" mbar, using an acceleration voltage of 1 kV, an aperture size of
10 pm, and a working distance of 2 mm.

Plunge Freezing. Sorted cells (4 pL) with 15 nm gold beads (0.5 pL) were applied
to glow-discharged holey carbon R2/2 Cu 200 Si02 mesh grids (Quantifoil)
coated with collagen, Type |, Rat Tail (EMD Millipore 08-115) for cell adherence.
The grids were blotted and vitrified by plunging into liquid ethane using a Leica
EM GP automatic plunger, under 4 °Cand 90% humidity conditions. Frozen grids
were kept in liquid nitrogen until used.

CryoET. Data were collected as described by Eyal et al. (48) using a Titan Krios
TEM G3i (Thermo Fisher Scientific), equipped with a BioQuantum energy filter
coupled to a K3 direct electron detector (Gatan Inc.). Data were acquired at 300 kV
with the K3 camera in counting mode, using Thermo Fisher Tomography software.
The TEM magnification yielded a camera pixel size of 1.6 A (K3 counting mode),
with a target defocus range of 3 to 8 pm. The total dose for each complete tilt
series was 140 electrons per A2 Tilt series were collected with a dose-symmetric
scheme from £60° in 2° steps. Alignment and reconstruction of the tilt series
images were conducted using IMOD (71).

Cryogenic Electron Diffraction (CryoED). Samples were observed on a Talos
Arctica G3 instrument (Thermo Fisher Scientific) operated at 200 kV. Images and
diffraction patterns were recorded on a Falcon 3EC direct detector (Thermo Fisher
Scientific) and a OneView Complementary Metal-Oxide Semiconductor (CMOS)
camera (Gatan Inc.) using imaging and diffraction modes, respectively. Analysis
and processing of the movies and images were done using Digital Micrograph,
GMS3 (Gatan Inc.).

Segmentation. Segmentation and 3D representation of the reconstructed data
was done using Amira® software (Thermo Scientific). Data segmentation was per-
formed based on contrast variations following the unique shape and structure
of each component.

Micro-Raman Spectroscopy. Scales were placed in PBS for analysis. Uric acid
and guanine reference samples were prepared using uric acid powder (Sigma
Aldrich, U2625-25G) and guanine powder (Sigma Aldrich, G11950). Sample
preparation followed the same method as for live imaging, with samples placed in
glass-bottom well plates and immobilized using 0.9% low-melt agarose. Raman
spectra were collected using a LabRAM HR Evolution (Horiba Scientific, Kyoto,
Japan), a confocal Raman spectrophotometer equipped with an upright Olympus
BXFM modular microscope (Tokyo, Japan). The spectrograph has an 800 mm focal
length, enabling high resolution with minimal stray light, and a spatial resolution
of ~300 nm at 600 nm. The laser spot size is generally below 1 pm with a 60x
objective. ALUMPlan FLN 60X WI NA = 1.00 objective (Olympus, Tokyo, Japan)
was used. Laser excitation was performed at 633 nm or 785 nm, with dispersive
gratings of 600 or 1,800 gr/mm used to optimize spectral signal-to-noise ratio.
To measure fish scales, crystals were located with the microscope's imaging capa-
bility, and spectra were obtained using both 633 nm and 785 nm lasers to reduce
fluorescence. For the reference powders, individual crystal grains were selected.
Spectra underwent polynomial background removal, as is standard practice.

Dissociation of Tissue and Preparation of Single-Cell Suspension. Tissue
dissociation followed the procedure detailed in the Tissue Dissociation and Cell
Isolation section. Enriched single cells were centrifuged at 450 g for 4 min at
room temperature. The resulting cell pellet was resuspended in PBS with 0.04%
Bovine Serum Albumin (BSA) and kept on ice until loading. Cell counts were
determined using a hemocytometer.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2424979122#supplementary-materials

Downloaded from https://www.pnas.org by WEIZMANN INSTITUTE OF SCIENCE on May 28, 2025 from |P address 132.76.61.54.

Single-Cell Library Preparation Using the Chromium 10x Genomics
Platform. Cells were counted and diluted to a final concentration in PBS with
0.04% BSA. The cell suspension was loaded onto Next GEM Chip G, targeting
10,000 cells for the first experiment and 1,000 cells for the second. The samples
were processed on a Chromium Xinstrument to generate Gel Beads in Emulsion
(GEMs, 10x Genomics). Single-cell 3" RNA-seq libraries were prepared following
the manufacturer's protocol (10x Genomics Chromium Single Cell 3’ Reagent Kit
User Guide v3.1 Chemistry).

Next-Generation Sequencing of Single-Cell Libraries. Single-cell 3 RNA-seq
libraries were quantified using the NEBNext Library Quant Kit for lllumina (NEB)
and high sensitivity D1000 TapeStation (Agilent). Libraries were pooled according
to targeted cell number, aiming for ~25,000 reads per cell. Pooled libraries were
sequenced on a NovaSeq 6000 instrument using an SP 100 cycles reagent kit
(Hlumina) with the following read length: 28 bp Read1, 10 bp I7 Index, 10 bp
15 Index and 90 bp Read?.

single Cell RNA Sequencing Bioinformatics. We obtained 4671 cells from
the first experiment and 614 from the second. Alignment and generation of
the count matrix were performed using the Cell Ranger (version 7.1.0) pipeline
against the medaka genome (GCA_002234675.1) and using Ensemble gene
annotation version ASM223467v1.110. This genome assembly, which is the
most up-to-date version, is missing the sequence and the annotation of the
pnpda gene. Therefore, we added scaffold 1311 from Medaka1/oryLat2, which
contains the genomic region of pnp4a, to the genome and the corresponding
GTF file. Most of the downstream analyses were performed using Seurat 4.3.0.
Low-quality cells, defined as cells with; >10% expression from mitochondrial
genes, >1,000 and < 50,000 UMIs per cell and >10 or < 6,000 genes, were
removed from the matrix. Normalization was done using SCTransform, and cells
were clustered using 20 principal components (PCs) and a resolution of 0.4.
UMAP reduction was calculated using also 20 PCs. The two experiments were
combined with the "merge” command of Seurat as no batch effect was observed
(S1 Appendix, Fig. S3B) (72).

Venn Diagram Calculation. DEGs were identified using the "FindAllMarkers"”
function in the Seurat package in R, which applies the Wilcoxon rank-sum test
to detect DEGs between cell clusters. Parameters used for this function were con-
sistent with those in dataset 1: 1) genes had to be expressed in at least 25% of
cells in at least one cell population (min.pct = 0.25); and 2) a minimum log?2
fold-change threshold of 0.25 (logfc.threshold = 0.25). Alist of genes from three
pigment cell clusters was used to create a Venn diagram, illustrating the overlap
of genes among the pigment cell clusters.

Pigmentation Score. To calculate the pigmentation score for each cell type,
pigment clusters were first separated from nonpigment clusters. Three gene
sets related to purine, carotenoid, and pteridine biosynthesis, as defined
by Lewis et al. (66), were used to calculate module scores, representing the
average expression of these genes within each cell. The "AddModuleScore”
function was applied to calculate the average expression for each gene set
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(i.e., purine, carotenoid, and pteridine biosynthesis genes) per cell, and these
scores were stored. Box plots were generated to visualize scores across different
cell identities, and the statistical significance of differences in gene module
scores between cell types was assessed using the Kruskal-Wallis test, followed
by Dunn's post hoc test.

HPLC. HPLC analysis was carried out by customizing a protocol described previ-
ously (28).Ammonium formate buffer(10 mM, pH 3.7) was prepared by dissolving
630 mg of ammonium formate (70221-25G-F, Sigma-Aldrich) in 1 Lof double-
distilled water and the pH was adjusted using formicacid (~200 pL; 27001-1L-R,
Sigma-Aldrich). This buffer used as mobile phase A. For standard samples, 1 mg
of guanine, hypoxanthine, adenine, uric acid, isoxanthopterin, L-biopterin, and
sepiapterin were dissolved in 1,000 pL of perchloric acid (244252-1L, Sigma-
Aldrich) and sonicated for 15 min at room temperature. For the biogenic crystals,
the pellet of isolated cells after FACS was dissolved in 50 L of perchloricacid. All
samples were diluted with ammonium formate buffer. Standard and biogenic
samples were diluted to 200:1and 20:1 respectively. All the samples were filtered
with a PVDFfilter (0.22 pm; SLGVO33RS, Merck Millipore) before injection into the
HPLC system. All analytical HPLC measurements were carried out on an Agilent
1,260 Infinity HPLC system (AgilentTechnologies) using an Agilent Zorbax Eclipse
plus column (250 mm x 4.5 mm, 5 pm). The optimum separation was obtained
under gradient elution with phase A(ammonium formate buffer, 10 mM, pH 3.7)
and phase B (methanol; 1368350100, BioLab). The following gradient elution
was carried out: 0 to 20 min, 1% B; 20 to 23 min, linear gradient 80% B; 23 to
29 min, hold at 80% B; 29 to 31 min, linear gradient 1% B; 31 to 35 min, hold at
1% B. The total run time was 35 min. The flow rate was 1 ml min™", the injected
volume was 10 L and the column temperature was maintained at 30 °C. The
ultraviolet detection wavelength used for analysis was 260 nm and 340 nm.

Data, Materials, and Software Availability. Output of bioinformatic analyses
are available as Datasets S1-52. Single-cell GEO Accession number: GSE280941
(73).All other data are included in the article and/or supporting information.

ACKNOWLEDGMENTS. This research was funded by an ERC Starting Grant (Grant
No: 101077470, "CRYSTALCELL") and the Israel Science Foundation (Grant No.
691/22) awarded to D.G. We extend our thanks to Prof. Kiyoshi Naruse for his
supportin this study and assistance in coordinating with the National BioResource
Project (NBRP). We also appreciate the NBRP Medaka (https://shigen.nig.ac.jp/
medaka/) for supplying multiple lines to our lab. Additionally, we would like to
thank Dr. Felix Loosli for his invaluable help in establishing medaka protocols
in our lab and for providing medaka fish. Moreover, we thank Avi Baram for his
help with the High-performance liquid chromatography (HPLC) measurements
and method development.

Author affiliations: *Department of Molecular Genetics, Weizmann Institute of Science,
Rehovot 7610001, Israel; "Department of Chemical Research Support, Weizmann Institute
of Science, Rehovot 7610001, Israel; and ‘Department of Life Sciences Core Facilities,
Weizmann Institute of Science, Rehovot 7610001, Israel

14.
15.

16.

20.

21.

22.

. M.Schartl et al., What s a vertebrate pigment cell?. Pigment Cell Melanoma Res. 29, 8-14(2016),

10.1111/pemr.12409.

M. Obika, Morphology of chromatophores of the medaka. Medaka 8, 21-27 (1996).

D. M. Parichy, Evolution of pigment cells and patterns: Recent insights from teleost fishes.
Curr. Opin. Genet. Dev. 69, 88-96(2021), 10.1016/j.gde.2021.02.006.

J.T.Bagnara, J. D.Taylor, M. E. Hadley, The dermal chromatophore unit. J. Cell Biol. 38, 67-79
(1968),10.1083/jcb.38.1.67.

. D.Burton, Coloration and chromatophores in fishes. Encycl. Fish Physiol. Genome Environ. 1-3,

489-496(2011),10.1016/B978-0-12-374553-8.00041-1.

. E.C.Dell'Angelica, C. Mullins, S. Caplan, J. S. Bonifacino, Lysosome-related organelles. FASEB J. 14,

1265-1278(2000), 10.1096/f.14.10.1265.

. A Ullate-Agote et al., Genome mapping of a LYST mutation in corn snakes indicates that vertebrate

chromatophore vesicles are lysosome-related organelles. Proc. Natl. Acad. Sci. U. S. A. 117,
26307-26317 (2020), 10.1073/pnas.2003724117.

F.Figon, L. F. Deravi, J. Casas, Barriers and promises of the developing pigment organelle field.
Integr. Comp. Biol. 61,1481-1489 (2021), 10.1093/icb/icab164.

F. Figon et al., Catabolism of lysosome-related organelles in color-changing spiders supports
intracellular turnover of pigments. Proc. Natl. Acad. Sci. U.S.A. 118,€2103020118 (2021), 10.1073/
pnas.2103020118.

C. Delevoye, M. S. Marks, G. Raposo, Lysosome-related organelles as functional adaptations of the
endolysosomal system. Curr. Opin. Cell Biol. 59, 147-158 (2019), 10.1016/j.ceb.2019.05.003.

https://doi.org/10.1073/pnas.2424979122 9 of 10


http://www.pnas.org/lookup/doi/10.1073/pnas.2424979122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2424979122#supplementary-materials
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE280941
http://www.pnas.org/lookup/doi/10.1073/pnas.2424979122#supplementary-materials
https://shigen.nig.ac.jp/medaka/
https://shigen.nig.ac.jp/medaka/
https://doi.org/10.1002/adfm.201603514
https://doi.org/10.1111/j.1600-0749.2004.00174.x
https://doi.org/10.1126/science.aan0221
https://doi.org/10.1016/s0955-0674(99)00038-1
https://doi.org/10.1242/dev.091751
https://doi.org/10.1242/dev.091751
https://doi.org/10.1242/dev.176057
https://doi.org/10.1016/j.semcdb.2008.11.012
https://doi.org/10.1093/icb/icab078
https://doi.org/10.1111/pcmr.12409
https://doi.org/10.1016/j.gde.2021.02.006
https://doi.org/10.1083/jcb.38.1.67
https://doi.org/10.1016/B978-0-12-374553-8.00041-1
https://doi.org/10.1096/fj.14.10.1265
https://doi.org/10.1073/pnas.2003724117
https://doi.org/10.1093/icb/icab164
https://doi.org/10.1073/pnas.2103020118
https://doi.org/10.1073/pnas.2103020118
https://doi.org/10.1016/j.ceb.2019.05.003

Downloaded from https://www.pnas.org by WEIZMANN INSTITUTE OF SCIENCE on May 28, 2025 from | P address 132.76.61.54.

23.
24.
25.
26.

27.

28.
29.
30.
31
32.
33.
34.
35.

36.

37.

39.

40.

41.

42.

43.

44.
45.
46.
47.

48.

10 of 10

E. F. Fries, White pigmentary effectors (leucophores) in killifishes. Proc. Natl. Acad. Sci. U.S.A. 28,
396-401(1942),10.1073/pnas.28.10.396.

Y. Nagao et al., Sox5 functions as a fate switch in medaka pigment cell development. PLoS Genet.
10, 21004246 (2014), 10.1371/journal.pgen.1004246.

L.Addadi, L. Kronik, L. Leiserowitz, D. Oron, S. Weiner, Organic crystals and optical functions in
biology: Knowns and unknowns. Adv. Mater. 36, 2408060 (2024), 10.1002/adma.202408060.

N. Pinsk et al., Biogenic guanine crystals are solid solutions of guanine and other purine
metabolites. J. Am. Chem. Soc. 144, 5180-5189 (2022), 10.1021/jacs.2c00724.

J. Pilatova, T. Panek, M. Obomik, I. Cepicka, P. Mojzes, Revisiting biocrystallization: Purine crystalline
inclusions are widespread in eukaryotes. ISME. J. 16, 2290-2294 (2022), 10.1038/541396-022-
01264-1.

P. Mojzes et al., Guanine, a high-capacity and rapid-turnover nitrogen reserve in microalgal cells.
Proc. Natl. Acad. Sci. USA 117, 32722-32730(2020), 10.1073/pnas.2005460117.

M. E. Pavan et al., Guanine crystal formation by bacteria. BMC Biol. 21, 66 (2023),10.1186/512915-
023-01572-8.

G. Casotti, E. J. Braun, Protein location and elemental composition of urine spheres in different
avian species. J. Exp. Zool. A Comp. Exp. Biol. 301, 579-587 (2004), 10.1002/jez.a.85.
A.M.Thornton, G. W. Schuett, J. A. Swift, Urates of colubroid snakes are different from those of boids
and pythonids. Biol. J. Linn. Soc. Lond. 133,910-919 (2021), 10.1093/biolinnean/blab052.

P.L. Clode, M. Saunders, G. Maker, M. Ludwig, C. A. Atkins, Uric acid deposits in symbiotic marine
algae. Plant Cell Environ. 32, 170-177 (2009), 10.1111/j.1365-3040.2008.01909.x.

J. Maiuolo, F. Oppedisano, S. Gratteri, C. Muscoli, V. Mollace, Regulation of uric acid metabolism and
excretion. Int. J. Cardiol. 213, 8-14 (2016), 10.1016/j.ijcard.2015.08.109.

T.L. Poulson, F. M. McNabb, R. L. Folk, Uric acid: The main nitrogenous excretory product of birds.
Science 170, 98-99 (1970), 10.1126/science.170.3953.98.

F. Roch-Ramel, G. Peters, Urinary excretion of uric acid in nonhuman mammalian species. Uric acid
51,211-255(1978).

N. Dalbeth et al., Relationship between serum urate concentration and clinically evident incident
gout: An individual participant data analysis. Ann. Rheum. Dis. 77,1048-1052 (2018), 10.1136/
annrheumdis-2017-212288.

T. Neogi, Clinical practice: Gout. N. Engl. J. Med. 364, 443-452 (2011),10.1056/NEJMcp1001124.

. K. Sakhaee, Epidemiology and clinical pathophysiology of uric acid kidney stones. J. Nephrol. 27,

241-245(2014),10.1007/s40620-013-0034-z.

T.Alelign, B. Petros, Kidney stone disease: An update on current concepts. Adv. Urol. 2018,
3068365(2018),10.1155/2018/3068365.

1. K. Takeuchi, Electron microscopy of two types of reflecting chromatophores (iridophores and
leucophores) in the guppy, Lebistes reticulatus Peters. Cell Tissue Res. 173,17-27 (1976),10.1007/
BF00219263.

T.Hama, On the coexistence of drosopterin and purine (drosopterinosome) in the leucophore of
Oryzias latipes (teleostean fish) and the effect of phenylthiourea and melamine. Chemis. biol.
pteridines 391-398(1970).

Y.Nagao et al., Distinct interactions of Sox5 and Sox10 in fate specification of pigment cells in
medaka and zebrafish. PLoS Genet. 14, 1007260 (2018), 10.1371/journal.pgen.1007260.
T.Kimura et al., Leucophores are similar to xanthophores in their specification and differentiation
processes in medaka. Proc. Natl. Acad. Sci. U. S. A. 111, 7343-7348 (2014),10.1073/
pnas.1311254111.

Y. Tsunogai et al., Contribution of sox9b to pigment cell formation in medaka fish. Dev. Growth
Differ. 63, 516-522 (2021),10.1111/dgd.12760.

R. Deis et al., Genetic control over biogenic crystal morphogenesis in zebrafish. Nat. Chem. Biol. 21,
383-392(2024), 10.1038/s41589-024-01722-1.

A.Wagner et al., Macromolecular sheets direct the morphology and orientation of plate-like
biogenic guanine crystals. Nat. Commun. 14, 589 (2023), 10.1038/541467-023-35894-6.

D. Guretal., In situ differentiation of iridophore crystallotypes underlies zebrafish stripe patterning.
Nat. Commun. 11,6391 (2020), 10.1038/s41467-020-20088-1.

7. Eyal etal., Plate-like guanine biocrystals form via templated nucleation of crystal leaflets on
preassembled scaffolds. J. Am. Chem. Soc. 144, 22440-22445(2022),10.1021/jacs.2¢11136.

https://doi.org/10.1073/pnas.2424979122

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

M. Goda, A. Miyagi, T. Kitamoto, M. Kondo, H. Hashimoto, Uric acid is a major chemical constituent
for the whitish coloration in the medaka leucophores. Pigm. Cell. Melanoma R. 36,416-422 (2023),
10.1111/pemr.13102.

C. Janiak, A critical account on zt-x stacking in metal complexes with aromatic nitrogen-containing
ligands. J. Chem. Soc., Dalton Trans. 32, 3885-3896, (2000), 10.1039/b0030100.

T. Lemcoff et al., Brilliant whiteness in shrimp from ultra-thin layers of birefringent nanospheres.
Nat. Photonics. 17, 485-493 (2023), 10.1038/541566-023-01182-4.

0. Franzen, L. M. Gan, J. L. M. Bjorkegren, PanglaoDB: A web server for exploration of mouse and
human single-cell RNA sequencing data. Database (Oxford) 2019, baz046 (2019), 10.1093/
database/baz046.

A.G.A. Howard etal., An atlas of neural crest lineages along the posterior developing zebrafish at
single-cell resolution. eLife 10, 60005 (2021), 10.7554/eLife.60005.

T. Subkhankulova et al., Zebrafish pigment cells develop directly from persistent highly multipotent
progenitors. Nat. Commun. 14,1258 (2023), 10.1038/541467-023-36876-4.

C.W.Higdon, R. D. Mitra, S. L. Johnson, Gene expression analysis of zebrafish melanocytes,
iridophores, and retinal pigmented epithelium reveals indicators of biological function and
developmental origin. PLoS ONE 8, 67801 (2013), 10.1371/journal.pone.0067801.

P. Salis et al., Thyroid hormones regulate the formation and environmental plasticity of white bars in
clownfishes. Proc. Natl. Acad. Sci. U.S.A. 118, 2101634118 (2021), 10.1073/pnas.2101634118.
A.P.Singh, C. Nusslein-Volhard, Zebrafish stripes as a model for vertebrate colour pattern formation.
Curr. Biol. 25,R81-R92 (2015), 10.1016/j.cub.2014.11.013.

L. M. Saunders et al., Thyroid hormone regulates distinct paths to maturation in pigment cell
lineages. eLife 8,e45181(2019), 10.7554/eLife.45181.

J. A Lister, Larval but not adult xanthophore pigmentation in zebrafish requires GTP cyclohydrolase
2 (gch2) function. Pigment Cell Melanoma Res. 32, 724-727(2019), 10.1111/pcmr.12783.
X.Tiana et al., Sepiapterin reductase (Spra and Sprb) regulate carotenoid and pteridine metabolism
influencing the koi carp (Cyprinus carpio L) coloration. Aquacult. Rep. 34, 101900 (2024),
10.1016/j.aqrep.2023.101900.

K.C. Lietal, Cell-surface SLC nucleoside transporters and purine levels modulate BRD4-dependent
chromatin states. Nat. Metab. 3, 651-664 (2021), 10.1038/s42255-021-00386-8.

M. Miyadai et al., A gene regulatory network combining Pax3/7, Sox10 and Mitf generates diverse
pigment cell types in medaka and zebrafish. Development 150, dev20211(2023), 10.1242/dev.202114.
M. E.Turner et al., The lysosomal trafficking regulator “LYST": An 80-year traffic jam. Front. Immunol.
15, 1404846 (2024), 10.3389/fimmu.2024.1404846.

A.N.Hume et al., Rab27a regulates the peripheral distribution of melanosomes in melanocytes. J.
Cell Biol. 152, 795-808 (2001), 10.1083/jcb.152.4.795.

L. Bento-Lopes et al., Melanin's journey from melanocytes to keratinocytes: Uncovering the
molecular mechanisms of melanin transfer and processing. Int. J. Mol. Sci. 24,11289 (2023),
10.3390/ijms241411289.

V.M. Lewis et al., Fate plasticity and reprogramming in genetically distinct populations of Danio
leucophores. Proc. Natl. Acad. Sci. U.S.A. 116, 11806-11811(2019), 10.1073/pnas.1901021116.
R.M.Touyz, L. L. Camargo, Primer on the Autonomic Nervous System (Academic Press, 2023) pp. 345-352.
Z.Eyal etal., Controlled pH alteration enables guanine accumulation and drives

crystallization within iridosomes. BioRxiv [Preprint] (2024) https://www.biorxiv.org/
content/10.1101/2024.07.20.604036v1. (Accessed 23 July 2024).

J.B. Presores, J. A. Swift, Solution-mediated phase transformation of uric acid dihydrate. Cryst. Eng.
Comm. 16,7278-7284(2014), 10.1039/c4ce00574k.

M. Kinoshita, K. Murata, K. Naruse, M. Tanaka, Eds., Medaka: Biology, Management, and
Experimental Protocols (John Wiley & Sons, 2009).

J.R.Kremer, D. N. Mastronarde, J. R. McIntosh, Computer visualization of three-dimensional image
data using IMOD. J. Struct. Biol 116, 71-76 (1996).

R. Satija, J. A. Farrell, D. Gennert, A. F. Schier, A. Regev, Spatial reconstruction of single-cell gene
expression data. Nat. Biotechnol. 33,495-502 (2015), 10.1038/nbt.3192.

Y. Barzilay et al., Data from "Specialized molecular pathways drive the formation of light-

scattering assemblies in leucophores”. NCBI GEO. https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE280941. Deposited 3 November 2024.

pnas.org


https://doi.org/10.1073/pnas.28.10.396
https://doi.org/10.1371/journal.pgen.1004246
https://doi.org/10.1002/adma.202408060
https://doi.org/10.1021/jacs.2c00724
https://doi.org/10.1038/s41396-022-01264-1
https://doi.org/10.1038/s41396-022-01264-1
https://doi.org/10.1073/pnas.2005460117
https://doi.org/10.1186/s12915-023-01572-8
https://doi.org/10.1186/s12915-023-01572-8
https://doi.org/10.1002/jez.a.85
https://doi.org/10.1093/biolinnean/blab052
https://doi.org/10.1111/j.1365-3040.2008.01909.x
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1126/science.170.3953.98
https://doi.org/10.1136/annrheumdis-2017-212288
https://doi.org/10.1136/annrheumdis-2017-212288
https://doi.org/10.1056/NEJMcp1001124
https://doi.org/10.1007/s40620-013-0034-z
https://doi.org/10.1155/2018/3068365
https://doi.org/10.1007/BF00219263
https://doi.org/10.1007/BF00219263
https://doi.org/10.1371/journal.pgen.1007260
https://doi.org/10.1073/pnas.1311254111
https://doi.org/10.1073/pnas.1311254111
https://doi.org/10.1111/dgd.12760
https://doi.org/10.1038/s41589-024-01722-1
https://doi.org/10.1038/s41467-023-35894-6
https://doi.org/10.1038/s41467-020-20088-1
https://doi.org/10.1021/jacs.2c11136
https://doi.org/10.1111/pcmr.13102
https://doi.org/10.1039/b003010o
https://doi.org/10.1038/s41566-023-01182-4
https://doi.org/10.1093/database/baz046
https://doi.org/10.1093/database/baz046
https://doi.org/10.7554/eLife.60005
https://doi.org/10.1038/s41467-023-36876-4
https://doi.org/10.1371/journal.pone.0067801
https://doi.org/10.1073/pnas.2101634118
https://doi.org/10.1016/j.cub.2014.11.013
https://doi.org/10.7554/eLife.45181
https://doi.org/10.1111/pcmr.12783
https://doi.org/10.1016/j.aqrep.2023.101900
https://doi.org/10.1038/s42255-021-00386-8
https://doi.org/10.1242/dev.202114
https://doi.org/10.3389/fimmu.2024.1404846
https://doi.org/10.1083/jcb.152.4.795
https://doi.org/10.3390/ijms241411289
https://doi.org/10.1073/pnas.1901021116
https://www.biorxiv.org/content/10.1101/2024.07.20.604036v1
https://www.biorxiv.org/content/10.1101/2024.07.20.604036v1
https://doi.org/10.1039/c4ce00574k
https://doi.org/10.1038/nbt.3192
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE280941
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE280941

	Specialized molecular pathways drive the formation of light-scattering assemblies in leucophores
	Significance
	Results
	Optical Properties and Cell Isolation.
	Ultrastructure of Pigment Cells.
	Chemical Composition of Leucosomes.
	Leucophore Molecular Machinery and Pigmentation Pathway.

	Discussion
	Materials and Methods
	Ethics and Safety Statement.
	Medaka Husbandry and Handling.
	Live Imaging.
	Chemical Fixation and TEM.
	Tissue Dissociation and Cell Isolation.
	FACS.
	Imaging Flow Cytometry.
	High-Pressure Freezing of Medaka Larvae and Scales.
	Freeze Fracture and CryoSEM.
	Plunge Freezing.
	CryoET.
	Cryogenic Electron Diffraction (CryoED).
	Segmentation.
	Micro-Raman Spectroscopy.
	Dissociation of Tissue and Preparation of Single-Cell Suspension.
	Single-Cell Library Preparation Using the Chromium 10x Genomics Platform.
	Next-Generation Sequencing of Single-Cell Libraries.
	Single Cell RNA Sequencing Bioinformatics.
	Venn Diagram Calculation.
	Pigmentation Score.
	HPLC.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 41



