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Despite the widespread occurrence of intracellular crystalline inclusions in unicellular eukaryotes, scant attention has been paid to
their composition, functions, and evolutionary origins. Using Raman microscopy, we examined >200 species from all major
eukaryotic supergroups. We detected cellular crystalline inclusions in 77% species out of which 80% is composed of purines, such as
anhydrous guanine (62%), guanine monohydrate (2%), uric acid (12%) and xanthine (4%). Our findings shifts the paradigm
assuming predominance of calcite and oxalates. Purine crystals emerge in microorganisms in all habitats, e.g., in freshwater algae,
endosymbionts of reef-building corals, deadly parasites, anaerobes in termite guts, or slime molds. Hence, purine biocrystallization
is a general and ancestral eukaryotic process likely present in the last eukaryotic common ancestor (LECA) and here we propose two
proteins omnipresent in eukaryotes that are likely in charge of their metabolism: hypoxanthine-guanine phosphoribosyl transferase
and equilibrative nucleoside transporter. Purine crystalline inclusions are multifunctional structures representing high-capacity and
rapid-turnover reserves of nitrogen and optically active elements, e.g., used in light sensing. Thus, we anticipate our work to be a
starting point for further studies spanning from cell biology to global ecology, with potential applications in biotechnologies, bio-
optics, or in human medicine.
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Crystalline inclusions, conspicuous in many unicellular eukaryotes
(protists), have attracted the attention of scientists since the
emergence of microscopy. After Charles Darwin documented the
crystal-like particles in flagellates [1], Haeckel coined the term
“biocrystal” for calcite (CaCO3), celestite (SrSO4), silica (SiO2), and
oxalate in protists [2]. Biocrystals or biogenically originated
crystalline inclusions of either organic or inorganic chemical
nature, are typically formed inside vacuoles and grow into shells
and scales on cell surfaces, e.g., calcite scales of coccolithophores
that take part in the global carbon cycle [3]. On the other hand,
rarely reported purine inclusions of guanine, xanthine, hypox-
anthine, or uric acid are often overlooked [4–8]. The recent
resurgence of research on purine inclusions has shown rapid
uptake kinetics of different nitrogen compounds that are
converted into massive guanine nitrogen stores with sufficient
capacity, in some cases, to support three consecutive cell cycles
[8]. As a fundamental biogenic element, nitrogen represents a
great share of biotic elemental stoichiometry, from cellular to
global scales, impacting Earth’s climate [9]. Biocrystalized guanine
polarizes and reflects light in many animals, e.g., fish with the
opalescent guanine crystals in the iridocytes of their scales
resembling glittery camouflage, or as an adaptation for vision in
scallops, deep-sea fishes, and arthropods that exhibit guanine-
reflective retinal tapeta in their eyes [10–12] with analogous
functions in alveolates [5, 13, 14].

Using Raman microscopy, we have screened all major
eukaryotic groups, >200 species, most of them for the first time,
searching for birefringent (light-polarizing) crystalline inclusions
(for Raman spectra, see Figs. S1–S5). They are wobbling by
Brownian motion inside vacuoles (Movies S1–S8). We detected
common biocrystals in accordance with previously described
crystalline inclusions, such as calcite, oxalate, celestite, and baryte
[3], together with other birefringent structures (i.e., starch,
chrysolaminarin, strontianite, and newly observed crystals of
sterols and carotenoids). However, apart from these, we found a
surprisingly broad occurrence of purines (>80% of examined
species containing crystals), particularly crystalline anhydrous
guanine (62%), uric acid (12%), xanthine (4%) and guanine
monohydrate (2%), (Fig. 1; Table S1; Supplementary Text). We
found anhydrous guanine crystals as dominant type in model and
biotechnologically important species. It commonly occurs in
cosmopolitan marine and freshwater algae—including bloom-
causing dinoflagellates, in the endosymbionts of corals—crucial
for the maintenance of entire coral reef ecosystems, in unicellular
parasites of warm-blooded animals and in cellulose-digesting
anaerobic symbionts of termites, or in slime molds. Additionally,
we found uric acid in cryptophytes, diatoms, zygnematophytes,
and klebsormidiophytes. We identified xanthine crystals in
Amoebozoa and in biotechnologically important microalgae
(e.g., Chlorella and Isochrysis). We also discovered pure guanine
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Fig. 1 Distribution of purine inclusions identified by Raman microscopy in the eukaryotic tree of life. The occurrence of anhydrous
guanine (cyan), guanine monohydrate (violet), uric acid (yellow) and xanthine (orange) are illustrated in the evolutionary scheme as pie charts
and in Raman maps (A–Q) together with the Raman spectra (R). Ratio of species positively tested for purine inclusions out of the total number
of screened samples are expressed for each taxonomic category. Lineages highlighted in gray possess purine inclusions already reported
elsewhere. A Eimeria maxima, (B) Glenodinium foliaceum, (C) Paramecium sp., (D) Eutreptiella gymnastica, (E) Naegleria gruberi, (F) Tribonema
aequale, (G) Schizochytrium sp., (H) Tetraselmis subcordiformis, (I) Pediastrum duplex, (J) Gefionella okellyi, (K) Nannochloropsis oculata, (L)
Bigelowiella natans, (M) Isochrysis sp., (N) Chlorella vulgaris, (O) Cryptomonas sp., (P) Klebsormidium flaccidum, (Q) Penium margaritaceum. Scale
bars: 5 µm (A–D, I, Q), 1 µm (E–H).
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Fig. 2 Proposed scheme of guanine inclusions metabolism with emphasis on the transporters potentially involved. A Examples of
analyzed protein families of nucleobases, nucleosides and nucleotides transporters: CNT concentrative nucleoside transporter, ENT
equilibrative nucleoside transporter, NAT nucleobase-ascrobate transporter, NCS1 nucleobase-cation symporter 1, SLC solute carrier family,
VNUT vesicular nucleotide transporter. Metabolic enzyme HGPT hypoxanthine-guanine phosphoribosyl transferase is located in the cytoplasm
and possibly inside of the crystal containing vesicles (? in yellow). ENT and HGPT protein families show possibly general distribution among
eukaryotes (Fig. S8, Table S3). There may be more unkown tranporters and enzymes or crystallization nuclei involved (???). B Summary table of
phylogenetic distribution of the purine transporters in relation to the purine crystals occurrence in tested phylogenetic lines: NCS1, NAT,
AzgA, and the metabolic enzyme of salvage pathway—HGPT. There are notions on horizontal gene transfer (HGT) in two cases. In the case of
AzgA we anticipate a possible origin in last eukaryotic common ancestor (LECA).
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monohydrate in marine diplonemids or its admixture to uric acid
in green algae. Particular triggers for purine inclusion formation
are unknown, but they are often produced after transfer to fresh
growth media, media containing surplus sources of nitrogen, and
under stress conditions [4, 6]. The lack of purine inclusions in some
strains (Table S1) does not exclude the ability to form biocrystals
because the induction of crystal formation may occur only under
specific conditions. As previously reported, purine crystals may act
as nitrogen storage for microalgae in which they are formed in a
type of luxury uptake resulting in net removal of nitrogen from the
medium [8].
Our results suggest that purine crystals might have been

present in the last eukaryotic common ancestor (LECA), becoming
the first type of biocrystals in eukaryotes contingent on the
emergence of cell compartmentalization in early eukaryotes.
We employed comparative transcriptomics and genomics to
identify candidate proteins of ancient pathways responsible for
purine crystal formation (PCF). Firstly, we proved the key enzyme
of the salvage pathway—hypoxanthine-guanine phosphoribosyl
transferase (HGPT) to be omnipresent among eukaryotes (Fig. 2,
Fig. S8)—it might be responsible for purine release from its
derivatives during PCF or its reusage after crystal degradation.
Then, we focused on the transporters of nucleobases (i.e., purines),
nucleosides and nucleotides that must be delivered to the
vesicles where crystals are formed (Fig. 2). Despite the purine
transporters were considered omnipresent among eukaryotes
[15], our exhaustive homolog search and subsequent phyloge-
netic analyses challenged the ubiquity of the three of them
(Supplementary Text). Nucleobase-cation symporter 1 exists in
several paralogs in eukaryotes, at least three of them emerged
by relatively recent horizontal gene transfer from eubacteria
(Figs. S8, S9). Nucleobase-ascorbate transporter emerged inde-
pendently four times in eukaryotes (Fig. S10). Only the AzgA could
be possibly present in the LECA (Fig. 2, Fig. S11), although
distribution of both its eukaryotic paralogs is rather limited.
Finally, the solo-purine transporters are absent in some of the
purine crystal-forming groups (Heterolobosea, Ciliophora, and
Apicomplexa) indicating that they do not participate in PCF.
The exact distribution, function, and localization of nucleotide

transporters (e.g., vesicular nucleotides transporter) cannot be
reliably predicted in silico without further biochemical studies [16].
Our analyses of nucleoside transporters showed that the
concentrative nucleoside transporters (CNT) occur only infre-
quently (Table S2). However, the equilibrative nucleoside trans-
porters (ENT) are omnipresent in eukaryotes (Table S3) becoming
the most promising target for further studies on nucleotide/
nucleoside/nucleobase transporters involved in PCF. Members of
the ENT family are specific for nucleosides and nucleobases,
operating in a bidirectional mode or as cation symporters, with
different localization in the plasma membrane or in intracellular
vesicles [17]. The metabolism and transport of nucleobases,
nucleosides and nucleotides is essential for all organisms and
hence transporters involved in PCF may play multiple roles in the
cell and are retained even when the lineage has lost the ability to
form purine crystals. Thus, extensive biochemical and proteomic
studies have to be employed to answer this question in future.
Due to low-solubility and high-capacity, purine inclusions might

have emerged as an adaptation to nitrogen detoxification,
protection against exposure to high levels of ammonia or nitrates,
utilizing vacuoles as a versatile sequestration space. Simulta-
neously, as nitrogen-rich storage, they became a competitive
advantage during nitrogen fluctuations. Currently, the nitrogen-
rich microbes might be of use in biofertilizers. The value of algae-
based food supplements may be limited by the medical issues
associated with regular intake of purines, e.g., hyperuricemia
manifesting as gouty arthritis [18]. Conversely, unicellular model
organisms can help to understand the biocrystallization in the

gouty joints yielding in its potential treatment, which is currently
missing [18]. The exceptional optical activity of purine crystals can
be exploited in bio-optics [10]. In conclusion, purine biocrystalliza-
tion is a general and an ancestral eukaryotic process operating by
an as-yet-unknown mechanism bringing enough material for
future studies spanning from cell biology to global ecology.
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