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ARTICLE INFO ABSTRACT

Keywords: Crustaceans undergo periodic exoskeleton replacement during a rapid and highly regulated molt cycle to allow
Biomineralization encoding gene growth and/or morphological changes. The new exoskeleton is hardened in a biomineralization process
Crustaceans

involving various minerals, mainly amorphous calcium carbonate and calcite, its main crystalline polymorph.
Biomineralization also requires the involvement of proteins, but knowledge of the protein-encoding genes in
crustaceans remains scarce. To address this knowledge gap, we utilized binary expression pattern analysis of a
molt-related transcriptomic library generated from the cuticle-forming epithelium of the crayfish Cherax quad-
ricarinatus. We thereby mined a gene encoding a glycine-rich protein that was found to exhibit exoskeleton-
mineralization-related molt expression; we named this gene Craymin (crayfish mineralization). The Craymin
protein was found in the exoskeleton cuticle and in exuvia, and RNA interference knockdown of its encoding
gene reduced its relative expression in epithelium-forming cells by 90 %. Following knockdown, newly formed
cuticles were largely depleted of Craymin protein molecules, resulting in a 47 % reduction in exoskeleton cal-
cium content, together with larger CaCO3 crystallites, compared to the control. Concomitantly with the reduction
in calcium content, more than 80 % reduction in confined high-density regions (representing highly mineralized
cuticular areas) was measured following knockdown, resulting in an overall reduction of cuticular density. These
alterations were phenotypically translated into a 50 % reduction in cuticular width, accompanied by decreased
structural integrity. Craymin thus seems to be a key protein in the crustacean exoskeleton, being involved in
cuticular mineralization by mediating the deposition of calcium and the control of its crystalline polymorphs.

Exoskeletal CaCO3

1. Introduction

As long as three decades ago, Lowenstam and Weiner described
crustaceans as the ‘champions of mineral mobilization and deposition in
the animal kingdom’ [1]. Since that time, significant research has been
devoted to the ways in which the crustacean exoskeleton is formed and
mineralized [2-10]. Much of that research was conducted on crayfish
species, which are regarded as particularly suitable species for the study
of protein-encoding genes related to mineralization processes [11-15].
The utility of crayfish as model species is due largely to the availability
of a well-established marker — the molt mineralization index (MMI;
gastrolith width /carapace length) — that can be used to monitor the molt

cycle precisely, easily and non-invasively [16]. Paradoxically, however,
there are very few reports of crayfish genes encoding proteins known to
be directly involved in or to govern biomineral crystallization [10,17],
with most of the work on the subject being reported for mussels and
scallops [18-22].

Previous work has indicated that the formation of the crustacean
exoskeleton involves different forms of calcium carbonate (amorphous
or crystalline polymorphs) [15,16,23-25] and that biomineral crystal-
lization can be directed in a time- and location-dependent manner [16].
Calcium distribution across C. quadricarinatus cuticle was found to be
heterogenous with calcium concentration ranging between 0 and 60 %
at some points (personal connection, unpublished data). Proper
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exoskeletal properties and functions in crustaceans depend on precise
control of the biomineral polymorphs that form the hardened shell
essential for supporting muscle movements and providing protection
from predators [15,26]. While a small number of protein-encoding
genes responsible for exoskeleton scaffold formation are already
known in crustaceans [27,28], it is believed that there are many more
functional protein-encoding genes that act in concert in the biominer-
alization process [29]. Examples from other biomineralizing organisms
suggest that proteins with acidic moieties are required for the initiation
of mineralization (i.e., mineral nucleation and sedimentation) [30-34].
On the basis of some known examples from mussels, scallops and even
mineralizing bacteria, it has been suggested that — among such proteins —
relatively short (around 150AA) glycine-rich proteins play a key role in
biomineralization [20,35-38]. Nonetheless, while much is known about
crustacean exoskeleton mineral composition and polymorphs
[4,9,39-42], the genetically encoded proteinaceous toolkit involved in
controlling biomineralization and directing biomineral crystallization is
yet to be deciphered in its entirety. Some information regarding proteins
with possible involvement in the process of biomineralization is avail-
able for a small number of invertebrates [2,43-49]; these proteins all
exhibit the common feature of glycine-rich regions [20,38,45]. Indeed,
functional genomics and in-vitro crystallization experiments have
shown that glycine-containing proteins, more specifically proteins with
glycine repeats (G-G-X or G-X), affect CaCOs; biomineralization
[38,50,51], although to date there are no studies demonstrating that
such proteins interact directly with calcium compounds.

With an ultimate aim to reveal the genetic and molecular toolkit of
crustacean exoskeleton mineralization and the immediate aim to search
for novel candidate protein-encoding genes involved in exoskeleton
hardening, we focused on the redclaw crayfish Cherax quadricarinatus as
a model crustacean species. The current study leverages previous work
performed in our laboratory, namely, the development of binary
expression pattern analysis, the generation of a wide molt-related
transcriptomic database [29,52], and an experimental protocol based
on molt induction, followed by noninvasive tracking of molt progress
[16] by monitoring the MMI over the molt cycle [16].

Beyond the basic need to understand how crustaceans control the
function of biominerals through prevention or promotion of crystalli-
zation [15,26,53], interest in exoskeleton biomimesis for diverse ap-
plications is on the rise [54-56]. Mining and characterizing a novel
protein-encoding gene involved in C. quadricarinatus exoskeleton
mineralization will contribute to revealing the entire intricate mecha-
nism controlling the functioning of CaCO3 polymorphs.

2. Materials and methods
2.1. Animals and molt induction

C. quadricarinatus crayfish were grown in and collected from artifi-
cial ponds as previously described [53]. For molt induction experiments,
inter-molt crayfish were held in individual cages and endocrinologically
induced to enter pre-molt through daily injections of a-ecdysone (Sigma-
Aldrich) for 10 days [52]. Molt cycle progression of each animal was
monitored daily by X-raying the gastrolith and then determining the
MMI, which is known to correlate with molt stage and hormonal levels
[16]. Post-molt animals were harvested on the day following ecdysis.
For all dissections, crayfish were first anesthetized on ice for 10-15 min.

2.2. In-silico mining and characterization of mineralization-protein-
encoding genes

To mine and characterize mineralization-protein-encoding genes,
the binary expression pattern [52] was utilized on the molt-related
transcriptomic library described before [29]. This method subjects
each candidate transcript to a four-digit code, representing relative
expression level at each of the molt stages, whereas ‘0’ and ‘1’ denote
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relatively low and high expression levels, respectively, requiring a sig-
nificant statistical difference between the two. Transcripts exhibiting a
binary expression pattern of 0001 at the molt-related transcriptomic
library, which indicated high expression concomitant with post-molt
cuticle mineralization, were selected as candidate transcripts and
compiled into a list. The list was filtered such that it retained only
relatively short protein-encoding genes (~ 500 bp open reading frames
(ORFs)), with GGX-encoding repeats, suggesting their function as
mineralization-related protein-encoding genes. The selected candidate
transcripts were then computationally translated into proteins using the
Translate Tool from the ExPASy Proteomics Server [57]. Mined candi-
date proteins were examined against the molt-related transcriptomic
library [29] to find possible paralogues by using TBLASTX [58]. Pre-
dicted protein sequences were then analyzed using various bioinfor-
matics tools. First, the amino acid content and predicted pl of each
protein were calculated using the ProtParam tool (http://web.expasy.
org/protparam/). Thereafter, to find sequence similarities, multiple
sequence alignment (MSA) was conducted with Clustal Omega [59].
Intrinsically disordered regions and a-helices in the active protein were
predicted with the XtalPred web server [60]. In summary, by imple-
mentation of binary expression pattern analysis on our molt-related
transcriptomic library, a new protein-encoding gene with putative
mineralization properties was mined. This gene, which we designated
Craymin (crayfish mineralization), was subsequently found to encode a
small (~17 kDa) glycine-rich protein (see below).

2.3. 3 and 5 rapid amplification of cDNA ends (RACE)

To reveal the full ORF of the Craymin protein-encoding gene in
cuticle-forming epithelium, 3' and 5 RACE were carried out using the
SMARTER RACE kit (Takara Bio, Mountain View, CA, USA). RNA from
cuticle-forming epithelium obtained post-molt was transcribed accord-
ing to the SMARTER RACE kit protocol. Primers for 3' and 5' RACE were
designed using the Primer3 tool [61] and are listed in Table S1. PCR
product size was determined in 1.5 % agarose gel. The PCR product was
then cleaned using Nucleospin gel and PCR cleanup columns (Machery-
Nagel, Diiren, Germany), cloned, and sequenced. Sequences were
analyzed using Sequencher software (Gene Codes Corporation, Ann
Arbor, MI, USA) to determine sequencing quality, resulting in delinea-
tion of the complete ORF of the Craymin gene.

2.4. Craymin glycosylation and phosphorylation prediction

The Craymin protein sequence was analyzed to determine any pu-
tative glycosylated and phosphorylated amino acid residues. Glycosyl-
ation and phosphorylation predictions were performed using the
NetNGlyc 1.0 tool [62] and the NetPhos 3.1 tool [63], respectively.

2.5. Craymin spatial-temporal expression

The Craymin spatial-temporal expression pattern was examined by
RT-PCR, as follows. Molting was induced in 24C. quadricarinatus males,
and six animals were then dissected at each of the four main molt stages
(inter-molt, early pre-molt, late pre-molt, and post-molt). Total RNA was
isolated from the carapace cuticle-forming epithelium, mandible-
forming epithelium, eye-forming epithelium, hepatopancreas and
abdominal muscle of the animals at the four main molt stages by using
an EZ-RNA Total RNA Isolation Kit (Biological Industries, Beit Haemek,
Israel) according to the manufacturer's protocol. First-strand cDNA was
synthesized by reverse transcription using the qScript cDNA Kit (Quanta
BioSciences, Gaithersburg, MD, USA) with 1 pg of total RNA. The spe-
cific primers used for PCR amplification are given in Table S1. PCR was
performed with REDTaq ReadyMix PCR Reaction Mix (Sigma, St. Louis,
MO, USA) under the following conditions: 94 °C for 2 min, followed by
40 cycles at 94 °C for 155, 55 °C for 30 s, 72 °C for 30 s, and 72 °C for 2
min. C. quadricarinatus 18S rRNA (accession no. AF235966) served as
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the positive control.
2.6. In-vitro expression pattern validation using gPCR

RNA was extracted from the carapace cuticle-forming epithelium. In
addition, for normalization, RNA was extracted from the muscle tissue of
an inter-molt animal. First-strand cDNA was synthesized in a reverse
transcriptase reaction. Relative quantification of transcript levels was
performed using Roche Diagnostics FastStart Universal Probe Master
Mix (Basel, Switzerland) and Roche Universal Probe Library probes.
Probe #60 was used for Craymin qPCR. C. quadricarinatus 18S rRNA,
which served as a normalizing gene, was also quantified by means of
real-time RT PCR using the qcq18S F and qcql8S R primers with probe
#74. All primer sequences are listed in Table S1. Reactions were per-
formed with the ABI Prism7300 Sequence Detection System (Applied
Biosystems, Foster City, CA, USA).

2.7. dsRNA production and silencing efficiency test

Craymin was silenced by RNA interference (RNAi) using dsRNA. For
the production of dsRNA templates, two primer pairs, with a T7 over-
hang attached to one of them (forward or reverse) were planned using
Primer3 [61]. Two PCR products were thus generated: the sense dSRNA
strand of Craymin was generated with the primers Craymin dsRNA-F +
T7 and Craymin dsRNA-R, while the anti-sense dsRNA strand was
generated with the primers Craymin dsRNA-F and Craymin dsRNA-R +
T7 (Table S1). Prior to molt induction, a total of 20C. quadricarinatus
males at the intermolt stage (10 for treatment and 10 for control), each
weighing 5-7 g, were injected once a week (for a total of two weeks)
with Craymin dsRNA or crustacean saline [64], at a concentration of 5 pg
dsRNA or saline per 1 g of body weight. Crustacean saline was used as a
control, since it had previously been shown to be more suitable for this
purpose than the dsRNA of an exogenous gene, such as GFP [65].
Thereafter, injections of dsRNA or saline were given every two days,
concomitant with the daily injections of ecdysone. Molt stage was
assessed every three days by X-ray imaging of the developing gastroliths
and MMI calculations, as described above [16]. Total RNA extractions of
the cuticle-forming epithelium were carried out one day post molt, and
first-strand ¢cDNA was used for relative quantification of Craymin
expression levels by real-time PCR.

2.8. Cuticular mineralization phenotypic effects following Craymin
knockdown

C. quadricarinatus males weighing 5-9 g were injected with dsRNA or
crustacean saline together with ecdysone, as described above. Molt stage
was determined in terms of the MMI prior to beginning the experiment,
and only intermolt individuals were used. The cephalothorax section of
the cuticle was subjected to protein extraction for assessment of
knockdown efficiency at the protein level. Determination of phenotypic
silencing effects on cuticle mineral content, distribution and structural
integrity were performed on dried cuticular fragments.

2.9. Protein extraction from cuticles and exuviae

For quantitative determination of Craymin protein following the
knockdown experiment, post molt cuticles from eight silenced and eight
control animals were harvested, and proteins were extracted from sec-
tions of the cephalothorax region, as described before [15]. Total mass
of 2.38 g of cuticle was pooled from eight control and eight treated in-
dividuals. Extractions in each category (control and treated cuticles)
were pooled, flash frozen in liquid nitrogen, and kept at —80 °C until
analyzed. Protein bands were separated on 4-20 % SurePAGE gels
(GenScript) using MES running buffer and visualized using Coomassie
brilliant blue. A standard curve for protein quantification was con-
structed with bovine serum albumin (BSA). For standard curve
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construction, aliquots (0.5, 1, 2, and 3 pg) of BSA were separated on the
same gel as that used for the analysis of the control and treated cuticle
samples. Protein quantification was performed using the gel analysis
function of ImageJ software [66].

To determine whether Craymin is also present in the discarded
exoskeleton, namely, whether the Craymin protein is a structural con-
stituent of the cuticle, proteins were extracted from 45 g control post-
molt cuticles and exuviae. The total cuticle and the whole shed shell
were used for these protein extractions. The same protocol as that
described above for treated and control cuticles was applied, with a
modification of manual separation of the exoskeletal scaffold layer from
both the cuticle and the exuvia immediately after the first centrifugation
of the tissue homogenates. Those fractions were then centrifuged to
facilitate separation of the soluble proteins from the exoskeletal scaffold.
Samples were then centrifuged at room temperature at 1000 xg for 1
min, and the protein supernatants were separated on 4-20 % SurePAGE
gels (GenScript) with the same running conditions as those described
above.

2.10. Tandem mass spectrometry (MS/MS) of cuticular and exuviae
proteins

Extraction of protein bands from the above-described protein gels,
mass spectrometry, and data analysis were performed according to
Shechter et al. [7]. The reduction, alkylation, and trypsinization steps of
the protein bands cut from the gels and then analyzed by MS/MS were
carried out as previously described [67]. Proteins were validated against
the transcriptomic library and the C. quadricarinatus proteome from
Uniprot (https://www.uniprot.org/taxonomy/27406); for this purpose,
the Sequest algorithm search tool of Proteome Discoverer 1.2 software
(Thermo Fisher Scientific, San Jose, CA, USA) was used with the
following search parameters: proteolytic enzyme trypsin, maximum two
missed cleavage sites, cysteine carbamidomethylation, methionine
oxidation, and a maximum of 20 ppm or 0.02 Da error tolerance for full
scan and MS/MS analysis, respectively. Protein identification criteria
were defined as a minimal score of >100, a minimum of two peptides,
and a false discovery rate (FDR) with a P-value <0.01, as described
before [68].

2.11. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

Carapace cuticles extracted from five control (injected with saline)
and five treated crayfish (injected with Craymin dsRNA) were air-dried
in a desiccator for three days. Thereafter, cross sections of each cuticle
were embedded in Epon, which was cured at 60 °C for 48 h. Each
specimen was positioned with the cuticle parallel to the block to ensure
that the cuticle cross-section would be vertical to the electron beam. To
expose the sample surface, the bottoms of the blocks were trimmed with
a razor blade, and to reveal the cuticle cross sections, excess resin was
cut off the tops of the blocks with a UC Enuity ultramicrotome (Leica,
Wetzlar, Germany) equipped with a diamond knife. The trimmed blocks
were mounted on clamp-equipped holders, wrapped in carbon tape
(excluding the polished top surface) and sputter-coated with a 10-nm
layer of iridium. A Helios G4 UC (Thermo Fisher Scientific, San Jose,
CA, USA) dual-beam microscope was used for surface imaging. After the
region of interest (ROI) had been located (in a vertically oriented and
non-damaged cuticle), SEM images were acquired under different con-
ditions (i.e., voltage, current, working distance) to provide differential
information on the cuticular layers. Elemental EDS maps were acquired
using Xflash 6160 EDS detector (Bruker, MA, USA) on the same dual-
beam microscope at 10 kV beam energy and 1.6 nA beam current for
30 min (to acquire sufficient data for reliable quantitative maps).
Quantitative elemental maps were calculated for the relevant cuticular
elements (calcium, phosphorus and carbon). Line scans were extracted
from the acquired maps. Calcium-rich layers found in EDS were then
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analyzed by X-ray diffractometry (XRD) to find the most abundant
CaCOj3 polymorph.

2.12. X-ray diffraction of cuticle samples

The same cuticular samples described above (both control and
silenced) were air-dried and then left as such or processed further by
either mounting in Epon or grinding to a fine powder. CaCO3 poly-
morphs in the samples were analyzed by XRD using a Panalytical
Empyreanlll Diffractometer with iCore/dCore automated optics at-
tachments and a pixCEL 3D detector. The diffractometer was operated in
transmission (unprocessed cuticle) and reflectance (Epon mounted or
ground samples) modes at 45 mA and 40 kV using a Cu-Ka source. Initial
transmission and reflectance measurements were used to determine the
CaCO3 polymorphs present in the control and silenced cuticles. To
investigate changes in CaCOs distribution across the cuticle and possible
changes in the polymorphs with depth through the layers of the cuticle,
dried cuticle samples were embedded in Epon in an upright position
(with the epicuticle layer facing up) and cured as described above.
Sample surfaces were exposed using the same protocol as that performed
for SEM. Background XRD spectra of pure Epon were acquired prior to
the first exposure. Serial exposures (increasing the depth into the cuticle
by 2 pm each time) were performed on both control and treated cuticle
samples until the most prominent calcite peak observed in each serial
XRD measurement started to decrease, meaning the detected calcium-
rich layer had already been crossed. These measurements were per-
formed in the high-resolution (HR) symmetric reflectance XRD mea-
surement geometry with a fixed irradiation area of 4 mm?2 All
measurements were conducted in the 2q range of 10-60°. Analysis of the
collected diffractograms was performed using HighScore advanced
diffraction analysis software (version 5.1) [69]. Rietveld refinement of
the cuticle depth profile results was performed to investigate changes in
CaCOj3 concentration and crystallinity/crystallite size in each measured
layer.

2.13. Cuticle micro-CT analysis

Three-dimensional scans of control and treated cuticles were per-
formed using a Bruker SkyScan 1272 micro-CT (Bruker, MA, USA).
Scans were collected at 40 kV and 80 pA with an image voxel size of 2.5
pm per side. The scans were reconstructed using NRecon (version
1.7.5.9, Bruker). Visual analysis was performed, and images were
generated using StradView (https://mi.eng.cam.ac.uk/Main/StradVi
ew). Detection of high-density (X-ray transmission below transmission
in air) and low-density (X-ray transmission equivalent to transmission in
air) regions within the measured samples were performed on equivalent
volumetric regions of interest (VOI) for the control and silenced samples
by using CT Analyser (version 1.21.2.0, Bruker). The number of low-
density (permeable to X-rays) regions surrounded by high-density
(non-permeable to X-rays) barriers was counted, and the volume of
the low-density regions and the surface areas of the surrounding barriers
were calculated to reveal changes following Craymin knockdown.

2.14. Statistical analyses

For RT-qPCR, statistical analysis of relative transcription levels at the
different molt stages was performed using one-way ANOVA followed by
Tukey-HSD post hoc test. Prior to analysis, data were assessed for
normality and homogeneity of variances. A logarithmic transformation
was applied to meet the assumption of homogeneity of variances.
Craymin silencing efficiency was assessed using Student's t-tests of in-
dependent groups. P < 0.05 was considered statistically significant in all
statistical analyses performed.
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3. Results
3.1. The Craymin protein-encoding gene

Craymin is a protein-encoding gene highly enriched in nucleotides
encoding for glycine in a repetitive manner (Fig. 1a). Indeed, it was
found that glycine comprises 25 % of Craymin protein amino acids
(Table S2). In addition, the Craymin protein has a signal peptide and
three consecutive low complexity regions (Fig. 1b). All these findings,
together with a marked number of GGX repeats (Fig. 1c), suggest that
Craymin is involved in CaCO3 mineralization and crystallization. Cray-
min protein glycosylation and phosphorylation predictions suggest one
glycosylation site (Supplementary Fig. S1a) and several phosphorylation
sites per Craymin molecule (Fig. S1b).

3.2. Craymin transcription patterns in the exoskeleton-forming epithelium

The Craymin protein-encoding gene was found to be highly expressed
at the post-molt mineralizing stage of C. quadricarinatus cuticular
forming epithelia in silico, presenting a 0001 binary expression pattern
(Fig. 2a), with significant statistical difference between high and low
expression levels, as required (see materials and methods). Spatial-
temporal transcription analysis confirmed this pattern, demonstrating
the presence of Craymin in cuticle-forming epithelia (Fig. S2). Validation
through RT-qPCR confirmed these in-silico and in-vitro observations and
revealed a mineralization-related transcription of Craymin in the cuticle-
forming epithelium, confirming the clear 0001 binary expression
pattern described above (Fig. 2b). These findings supported further
study of the Craymin protein-encoding gene as a mineralization-related
candidate as a means to acquire a more comprehensive understanding of
the mineralization process in the crayfish exoskeleton.

3.3. Structural association of Craymin with the exoskeletal scaffold

To validate the presence of Craymin in the exoskeleton, we specif-
ically extracted proteins from exuviae and cuticle preparations as
illustrated in Fig. S3a, aiming at extracting proteins associated with the
exoskeletal scaffold. Profiles of proteins extracted from cuticles and
exuviae of the chitinous skeletal scaffolds were found to contain Cray-
min (Fig. S3b, c). The protein bands representing Craymin from the
cuticle and exuvia extractions were analyzed by MS/MS, revealing short
peptides covering 35 % and 33 % of the full protein sequence, respec-
tively. This analysis suggested that Craymin is indeed associated, either
directly or through other proteins, with the chitinous structural scaffold
(Fig. S3d).

3.4. Craymin knockdown efficiency at the RNA and protein levels

To study the role of Craymin in the mineralization of the
C. quadricarinatus exoskeleton, we utilized temporal knockdown of
Craymin via RNAI (i.e., dsRNA injections). RT-qPCR, performed to assess
knockdown efficiency, revealed an approximately 90 % reduction in
Craymin transcription levels compared to control (Fig. 3a). To assess the
knockdown effect at the protein level, Craymin concentrations in control
and treated animals were quantified by SDS-PAGE (using a BSA cali-
bration curve) (Fig. S4). It was found that Craymin levels were signifi-
cantly reduced following knockdown (Fig. 3b, c), as evidenced by almost
invisible protein bands in the silenced samples (Fig. 3b) vs. clearly
visible bands in the control samples (Fig. 3b, red ellipse). Those bands
were validated as Craymin protein by MS/MS. A 60 % reduction in the
Craymin protein level was found following knockdown via RNAi
(Fig. 3¢).
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Fig. 1. Sequence characteristics of the Craymin protein-encoding gene. a) Craymin gene sequence with nucleotides encoding for glycine indicated in yellow. b)
Schematic representation of the functional domains of the Craymin protein derived from SMART. c¢) Craymin protein sequence with GGX repeats indicated in yellow.
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Fig. 2. In-silico expression levels and in-vitro validation of Craymin molt-related transcription pattern in the cuticle-forming epithelium. a) Transcriptomic library-
derived expression pattern of Craymin in the four main molt stages (intermolt, early premolt, late premolt, and post molt) of C. quadricarinatus. b) Real-time PCR
results of Craymin in the cuticle-forming epithelium in the four main molt stages. Error bars represent standard error. Different letters indicate statistically significant
differences (one-way ANOVA followed by Tukey-HSD post-hoc test; P < 0.05).
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3.5. Reduction in cuticular calcium content following Craymin
knockdown

to >23.3 % (Fig. 4, top panel), but at some points even reached >50 %
(Fig. 4, top right panels). In contrast, the Craymin-silenced sample
showed a significant reduction in calcium concentration, reaching a

Calcium content was determined by EDS, revealing a significant
reduction in calcium content following Craymin knockdown (Fig. 4). In
the control sample, calcium concentrations generally varied from 4.2 %

maximum of approximately 3.5 % (Fig. 4, bottom left panel), thus rep-
resenting a maximum calcium content reduction of 47 % following
Craymin knockdown. Cross-sectional line scans followed the same trend,
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with the maximum measured calcium concentration in the silenced
sample not exceeding 5 % (Fig. 4, bottom right panels). While the EDS
spectrum of the control sample (Fig. S5a, left) was comparable to that of
the wild-type crayfish [15], the calcium peaks on the EDS spectrum of
the treated sample were significantly reduced (Fig. S5a, right). None-
theless, other representative mineralization-related peaks were not
affected in the silenced sample (Fig. S5a, right). In addition, calcium
distribution in the control sample (Fig. S5b, left) differed significantly
from that in the silenced sample (Fig. S5b, right). Mapping of oxygen
and carbon distributions in the silenced sample (Fig. S5c, d, right)
revealed marked differences compared to the control sample (Fig. S5c,
d, left), indicating that the altered calcium distribution described above
was probably a reflection of the presence of CaCOs3 in the cuticular cross
section. It is noteworthy that cuticle width also changed, with an
average width of approximately 80 pm in the control group (Fig. 4, top
left), and almost half that in the Craymin silenced sample (Fig. 4, bottom
left). The main layer affected is probably the exocuticle, noted by the
significant reduction of the calcium-rich layers seen at the EDS scans
following Craymin knockdown (Fig. 4, bottom left) compared to the
control sample, demonstrating clear calcium rich layers (Fig. 4, top left).

3.6. Changes in calcium carbonate polymorphs following Craymin
knockdown

To determine whether there were changes in the CaCO3 polymorphs
following Craymin knockdown, we used XRD to analyze both the cuticle
surface and the most calcium-rich layers identified by quantitative EDS
mapping (Fig. 5a, b). XRD revealed significant changes in the CaCO3
polymorphs following Craymin knock-down. In both control and treated
samples, peaks attributed to aragonite and calcite were identified
(Fig. 5¢). While aragonite is not common in crustaceans exoskeletons, it
has been reported before to be present in relatively lower amounts
compared to calcite [70,71], thus this finding was not investigated
further. The calcite peaks in the control sample were less sharp for dif-
fractograms acquired 2 and 4 pm beneath the surface (Fig. 5c, left, red
and blue lines) vs. the corresponding peaks in the silenced cuticular
sample (Fig. 5c, right, red and blue lines), implying enhanced calcite
crystallization following Craymin knockdown. Rietveld refinement
revealed highly crystalline calcite with large crystallites following
Craymin knockdown. Calcite crystallite sizes determined by Rietveld
refinement were in the nanometer-scale range for the control sample vs.
larger than few micrometers (between tens to hundreds micrometers) in
the silenced sample (Fig. 5d). Furthermore, full width at half maximum
(FWHM) values were significantly higher in the control sample (~ 5.5),
indicating poorly crystallized calcite; in the silenced sample, FWHMs
were significantly lower (= 0.2), indicating sharper diffraction peaks
and higher crystallinity. To confirm these findings, we also analyzed, by
XRD, full cuticular cross sections from both the control and silenced
samples to determine the main calcium carbonate polymorphs (Fig. S6).
Transmission mode spectra acquired for control and silenced samples
were similar, with clear peaks attributed to aragonite and calcite
(Fig. S6a) being sharper in the silenced sample. Reflectance mode
measurements of powdered control and silenced cuticular samples
revealed the presence of similar phases (Fig. S6b).

3.7. Cuticle microstructure and ratio between high- and low-rigidity
material following Craymin knockdown

To further investigate structural changes in the cuticle following
Craymin knockdown, micro-CT scanning was applied (Fig. 6). Density
maps revealed a typical cuticle cross section, with a cross-sectional
width of ~0.1 mm in the control sample (Fig. 6a, left) vs. a signifi-
cantly thinner cuticle in the silenced sample (0.03 mm; Fig. 6a, right).
These results are in keeping with the data acquired from SEM mea-
surements, suggesting that Craymin knockdown interferes with cuticle
structural integrity due to decreased mineralization and calcium
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dispersion, resulting in fewer hardened cuticular regions. The number of
low-density (permeable to X-rays) regions surrounded by high-density
(impermeable to X-rays) barriers was reduced by 83 % following Cray-
min knockdown. In keeping with the drop in the in number of low-
density regions, the volume of low-density regions and the surface
area of their surrounding barriers were markedly reduced in the silenced
cuticle by 82 % (Fig. 6b). Following Craymin knockdown, the overall
reduction in mineralization leads to a significant decrease in calcium-
rich regions total area.

4. Discussion

Crustaceans are considered one of the most suitable groups of or-
ganisms in which to study biological mineral storage and mobilization,
as first suggested by Lowenstam and Weiner [1] and subsequently
demonstrated in numerous studies [2-7,25,41,72,73]. Due to its distinct
and inducible molt cycle, which can be monitored non-invasively [16],
together with the availability of a wide molt-related transcriptomic
database [29], C. quadricarinatus has acquired the status of a leading
crustacean for the study of protein-encoding genes involved in
exoskeleton formation and mineralization [14,15,27,29,74]. Although
several protein-encoding genes involved in exoskeleton formation and
mineralization have already been identified, the complete proteinaceous
toolkit is far from being revealed, and, in particular, there is a striking
lack of knowledge on protein-encoding genes involved in the controlled
deposition and crystallization of CaCOj3 in this study animal.

Our preliminary search for proteins involved in the mineralization of
the C. quadricarinatus exoskeleton revealed an as-yet unknown glycine-
rich protein-encoding gene that was significantly expressed during the
C. quadricarinatus cuticle mineralization stage. Interestingly, unlike
other functional protein-encoding genes involved in such processes, this
new candidate gene was not found in other exoskeletal structures, e.g.
gastrolith, suggesting its function to be specific to cuticular minerali-
zation. Given the protein's properties, namely, a low molecular weight
(17 kDa) and glycine-rich regions encoded by repetitive nucleotide se-
quences, which are similar to known mineralization-related proteins in
other invertebrates [38,45,51], the candidate gene was termed Craymin
(crayfish mineralization). Among the glycine-rich proteins in other taxa
that are known to be involved in CaCOs; biomineralization
[21,38,45,51,75,76], several have G-X and G-G-X repeats that are
believed to facilitate protein interaction with calcium at biominerali-
zation sites [49,75-78]. The significantly higher expression levels of
Craymin in the cuticle-forming epithelium in the post-molt stage,
together with the protein's G-G-X repeats and predicted post-
translational modifications, which facilitate proper protein folding and
translocation, suggest that Craymin plays a central role in proper
cuticular mineralization. Moreover, the presence of Craymin in both the
cuticular and exuvia matrices suggests that it is an integrated structural
constituent of the exoskeleton extracellular matrix.

A reduction in Craymin RNA transcripts via RNAi and, therefore, a
reduction in Craymin levels, resulted in a significant decrease in
exoskeletal calcium levels, suggesting that Craymin is involved in the
initial nucleation and sedimentation of biominerals. Similarly, in mol-
lusks, knockdown of a similar glycine-rich protein-encoding gene named
Shematrin resulted in reduced CaCOj3 crystallization (and thereby
decreased shell repair following induced shell breaks)
[20,21,37,38,45,79]. Our findings, demonstrating not only calcium
reduction but also the formation of larger calcite crystals following
Craymin knockdown, suggest similar functions for Craymin and She-
matrin. Unlike the oyster shell, where CaCOs crystals are well ordered
and layered [38], the 3D cuticular structure of crustaceans such as
C. quadricarinatus is less well ordered, with chitin fibers and different
CaCO3 mineral polymorphs [14] being dispersed throughout the cuticle.
Following the discovery that Craymin knockdown resulted in significant
calcium reduction in the mineralizing cuticle, however a direct proof of
correlation between Craymin presence and calcium distribution could
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Fig. 6. Cuticle structure and dense material. a) Micro-CT images of control (left) and silenced (right) cuticle samples reveal changes in the distribution of high- and
low-density material across the scanned sample. Scale bars are 0.1 mm for all images. b) Table showing the number of low-density (permeable to X-rays) regions
surrounded by high-density (non-permeable to X-rays) barriers, their volume, and the surface area of the surrounding barriers, with the corresponding changes in %.

be a future line of research. At any rate, a reduction was also found in the
width of the calcium-rich layer compared to that of the control cuticle.
This finding suggests a common mechanism of action for Craymin and
its counterparts in mineralized biosystems of other organisms, such as
mollusks [37] and corals [80]. Similarity could be found even in
humans, where glycine-rich proteins are thought to initiate or take part
in mineralization, affecting calcium distribution in hardened tissues
where collagen serves as a glycine-rich protein scaffold [81,82]. Such
findings suggest that glycine-rich proteins like Craymin form a chemi-
cally suitable environment for calcium carbonate crystallization,
allowing the creation of the required microenvironmental conditions for
initial mineral nucleation.

It is noteworthy, that while the most abundant CaCOs mineral
polymorph was calcite (apart from the bulk non crystalline mineral
comprising ACC [83]) in both the control and silenced cuticles, crystal
size was significantly larger (micrometric) in the silenced sample than in
the control (nanometric), despite the overall lower abundance of Ca in
the silenced cuticle. This finding suggests a compensation mechanism
[32,84-86] to maintain the structural and physical integrity [79] of the
silenced cuticle in which large calcite crystals grow to fill in the gaps in
the exoskeleton of the silenced animals due to the tempered exoskeletal
scaffold. Such phenomena are known and documented in various bio-
mineralization systems, including those of mollusks, echinoderms, and
calcareous dinoflagellates [32,84,85].

In keeping with the findings reporting a tempered exoskeleton with
larger calcite crystallites, it was intriguing to discover that Craymin
knockdown also affected cuticular width and structural integrity, indi-
cating that Craymin might reside inside a chitin-associated protein
complex and hence affect the chitin-protein-minerals 3D network, as has
been previously suggested in crustaceans and other mineralized in-
vertebrates [6,14,49,56,87]. This premise is supported by the micro-CT
results showing that Craymin knockdown cause a decrease in total sur-
face area of X-ray impermeable barriers within the cuticle. Similarly,
other studies have shown that matrix proteins, such as Pif and
Shematrin-2, play a crucial role in regulating mineral density and
crystallographic orientation in other biomineralizing systems, such as

mollusk shells [22,88]. These findings further strengthen the importance
of Craymin in cuticle mineralization and structural integrity, suggesting
that it acts as a key protein inside a structural protein complex
[6,49,79,87,89] responsible for supporting the shape and size of CaCO3
crystallites in the mineralizing cuticle.

The notion that Craymin is structurally associated with the
exoskeletal scaffold was further supported by its presence in protein
extracts from cuticle and exuviae exoskeletal scaffolds. Similar proteins
were found in other chitin-based biomineralizing organisms [90-93].
Unlike other proteins that are directly associated with chitin
[10,68,94-96], Craymin does not possess any of the known chitin-
binding domains, and thus its structural association with chitin take
place via one of the two already published options in crustaceans
[14,68]. First, Craymin could be attached to chitinous structures via its
putative glycosylated site, as previously shown for the protein crusta-
cean larval factor in the spiny lobster Sagmariasus verreauxi [97]. Sec-
ond, Craymin could be part of a major protein complex that includes a
chitin-binding domain-containing protein, which serves as an anchor
to the chitin scaffold, as described in a previously suggested crustacean
cuticle model [6,24,27,36,49,89].

In conclusion, this research expands the knowledge on protein-
encoding genes involved directly in the sedimentation and poly-
morphism of CaCO3 minerals in the exoskeletal matrix of the crustacean,
C. quadricarinatus. The discovery of Craymin as a structural protein,
combined with recent advances in understanding the 3D architecture of
crustacean exoskeletons [68], lays down the groundwork for creating
advanced biomimetic materials that effectively mimic these natural
designs. Such systems are highly promising for tissue engineering pro-
cesses such as the formation of bone replacement materials.
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