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Vertical organizations of skeletal elements are found in various vertebrate teeth and invertebrate
exoskeletons. The molecular mechanism behind the development of such structural organizations is
poorly known, although it is generally held that organic matrix proteins play an essential role. While
most crustacean cuticular organizations exhibit horizontal chitinous layering, a typical vertical organiza-
tion is found towards the surface of the teeth in the mandibles of the crayfish Cherax quadricarinatus.
Candidate genes encoding for mandible-forming structural proteins were mined in C. quadricarinatus
molt-related transcriptomic libraries by using a binary patterning approach. A new protein family, ter-
med the Mandible Alanine Rich Structural (MARS) protein family, with a modular sequence design pre-
dicted to form fibers, was found. Investigations of spatial and temporal expression of the different MARS
genes suggested specific expression in the mandibular teeth-forming epithelium, particularly during the
formation of the chitinous vertical organization. MARS loss-of-function RNAi experiments resulted in the
collapse of the organization of the chitin fibers oriented vertically to the surface of the crayfish mandibu-
lar incisor tooth. A general search of transcriptomic libraries suggested conservation of MARS proteins
across a wide array of crustaceans. Our results provide a first look into the molecular mechanism used
to build the complex crustacean mandible and into the specialized vertical structural solution that has
evolved in skeletal elements.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

of vertically oriented chitin fibers (Al-Sawalmih et al., 2008). Two
particularly representative examples in the invertebrates are the

In the animal kingdom, skeletal elements characterized by a
vertical or perpendicular orientation relative to the surface of the
element are to be found in some high-impact and/or load-
bearing regions of the skeleton (Al-Sawalmih et al., 2008). An
excellent example of such vertical elements is the vertebrate tooth
in which the outer enamel layer consists of apatite rods oriented
vertically to the tooth surface (Lucas, 2004). Examples in terrestrial
and aquatic invertebrates include the mollusk shell, in which an
outer prismatic layer mineralized with calcite rods is oriented ver-
tically to the surface (Chateigner et al., 2000; DiMasi and Sarikaya,
2004), and the crustacean cuticle, in which an outer mineralized
layer containing calcite crystals is vertically oriented on a scaffold
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vertical arrangement of non-mineralized fibers in the incisor tooth
tip of the terrestrial crustacean isopod Porcellio scaber (Huber et al.,
2014) and the enamel-like apatite structure oriented vertically to
the surface of the molar tooth in the mandibles of our study
species, the crayfish Cherax quadricarinatus (Bentov et al., 2012).
This vertical orientation structural solution that is prevalent in
the animal kingdom suggests convergent evolution in different
invertebrates and vertebrates. However, although the structural
aspects have been well researched, the molecular and biochemical
mechanisms underlying the formation of such vertical elements
remain to be revealed.

In C. quadricarinatus, the two mandibles form the anterior
mouthparts, located directly in front of the oral opening. Each
mandible consists of a large basal segment that is capped with
two teeth, the molar tooth, serving as a massive grinding surface
for mastication, and the incisor, whose function is grabbing and
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holding food. Similarly to other cuticular structures, the mandibles
and teeth of crustaceans are replaced during each molt cycle
(Bentov et al., 2012). The crustacean molt cycle comprises four
stages: inter-molt, pre-molt, ecdysis and post-molt. Following the
inter-molt stage between two molting events, pre-molt comprises
partial resorption of the old exoskeleton in parallel to the initial
formation of the new exoskeleton. The outer non-chitinous epicu-
ticle and the middle chitinous layer the exocuticle are formed dur-
ing this stage. Following pre-molt, ecdysis - the actual shedding
the old exoskeleton - takes place. In the post molt stage, the cuticle
fully forms and hardens by mineralization (Roer and Dillaman,
1984). Unlike most the rest of the exoskeleton of the crayfish,
the molar tooth is special in that it is already partially mineralized
in the pre-molt stage (Tynyakov et al., 2015a). This type of pre-
molt mineralization is known to exist in different tooth of other
crustaceans, with the deposition of silica minerals in the mandibu-
lar tooth of calanoid copepods (Miller et al., 1990) and the ossicles
of the gastric mill of the blue crab (Nesbit and Roer, 2016).

The formation and mineralization of extracellular matrixes,
such as the mandibles of C. quadricarinatus, are controlled by an
organic matrix. Important components of this organic matrix are
structural proteins, which play a variety of roles in matrix forma-
tion (Weiner and Dove, 2003). In crustaceans, the expression of
structural-protein genes is tightly linked to the progress of molt
cycle events (Roer et al., 2015). This linkage may be exploited for
the development of specialized study tools, one of which is the bin-
ary patterning approach developed in our laboratory. This tool was
designed to assist the mining of molt-related proteins by clustering
genes sharing a common pattern of expression during the molt
cycle (Abehsera et al., 2015).

Assisted by the above binary patterning tool, we discovered a
novel protein family, designated the Mandible Alanine Rich Struc-
tural (MARS) protein family. Here, we show that the MARS proteins
are involved in the formation of the chitinous vertical skeletal
organization towards the surface of the mandible incisor. Their
putative role is reinforcement of these vertical elements in the
direction of the normal axis, since their loss of function resulted
in almost complete collapse of the vertical structure.

2. Materials and methods
2.1. Animals and molt induction

C. quadricarinatus crayfish were grown in and collected from
artificial ponds at Ben-Gurion University of the Negev, Beer-
Sheva, Israel. Food comprising shrimp pellets (Rangen Inc., Buhl,
ID, USA, 30% protein) were supplied ad libitum three times a week.
Temperature was kept at 27 + 2 °C, and a photoperiod of 14 h light
and 10 h dark was applied. Water quality was assured by circulat-
ing the entire volume of water through a bio-filter. The pH of the
water was 8.3 +0.5, the nitrite concentration was less than
0.1 mg/l, the nitrate concentration was less than 50 mg/l, ammo-
nium levels were negligible, and oxygen levels exceeded 5 mg/1.
For all molt induction experiments, inter-molt crayfish were held
in individual cages and endocrinologically induced to enter pre-
molt through daily o-ecdysone injections, as previously described
(Abehsera et al., 2015). Progression of the molt cycle was moni-
tored daily by measuring the gastrolith molt mineralization index
(MMI), which is known to correlate with molt stages and hormonal
titers (Shechter et al., 2008a). MMI values for the molt stages were:
inter-molt, 0; early pre-molt, 0.02-0.04; and late pre-molt 0.1-0.2.
Post-molt animals were harvested on the day following ecdysis.
For all dissection procedures, crayfish were placed on ice for
10-15 min until they became anesthetized.

2.2. In-silico mining for candidate mandible-forming proteins

Mining for candidate mandible-forming proteins was con-
ducted on the basis of our molt-related transcriptomic library
(Abehsera et al., 2015). In brief, a reference C. quadricarinatus tran-
scriptome was constructed from next generation sequencing (NGS)
of samples originating from two types of forming epithelium—the
molar tooth and the gastrolith. Animals in the four different molt
stages were sampled for each type of forming epithelium: inter-
molt (one pool of three animals, i.e., n=1), early pre-molt (one
pool of three animals, i.e., n = 1), late pre-molt (two single animals
and one pool of two animals, i.e., n = 3) and post-molt (two single
animals, i.e., n = 2). Filtering for candidate mandible-forming pro-
teins was performed using the binary-patterning mining approach
described earlier (Abehsera et al., 2015). With this approach, tran-
scripts having a binary pattern concomitant with molar formation,
hence high expression during pre-molt (binary pattern 0110), were
grouped and viewed as potential candidates, thereby producing a
list of candidate transcripts. This list was then submitted to several
additional in silico mining filters. The first filter aimed at mining for
candidates expressed uniquely in the molar-forming epithelium
and not in the gastrolith-forming epithelium. The filtered candi-
date transcripts were then computationally translated to a protein
using the translate tool from the EXPASy Proteomics Server
(Gasteiger et al., 2005) (http://ca.expasy.org/tools/dna.html), and
the longest open reading frame was selected as the putative pro-
tein sequence. Finally, as the last filter, we mined for candidate
proteins possessing known structural protein features using the
three following determinants: the presence of a signal peptide,
which was calculated using SignalP 4.0 (Petersen et al., 2011),
the abundance of repeating motifs, which was calculated using
REPRO (George and Heringa, 2000), and the presence of predicted
intrinsically unstructured regions, which was calculated using
IUPRED (Dosztanyi et al., 2005). In addition, the mined candidate
proteins were examined against the molt-related transcriptomic
library with the aim to find possible paralogues using TBLASTX
(Altschul et al., 1990).

2.3. Characterization of the MARS protein family

The complete mRNA sequence was confirmed using 3’ and 5’
rapid amplification of cDNA ends (CLONTECH Laboratories), per-
formed according to the manufacturer’s guidelines. Predicted pro-
tein sequences were analyzed using various bioinformatics tools.
First, the amino acid content and predicted pl of each protein were
calculated using the ProtParam tool from the ExPASy Proteomics
Server (Gasteiger et al., 2005) (http://web.expasy.org/protparam/).
Thereafter, to find sequence similarities, a Multiple Sequence
Alignment (MSA) was constructed using Clustal Omega (Sievers
and Higgins, 2014). The prediction of proprotein convertase cleav-
age sites using ProP 1.0 (Duckert et al., 2004) was conducted. The
presence of intrinsically disordered regions and o-helixes in the
active protein was predicted using XtalPred web server (Slabinski
et al., 2007).

2.4. Spatial-temporal expression

Spatial-temporal expression patterns of genes were examined
using RT-PCR. Total RNA was isolated from the molar-forming
epithelium, incisor-forming epithelium, carapace cuticle-forming
epithelium, gastrolith-forming epithelium, hepatopancreas and
abdominal muscle from males in four main molt stages (inter-
molt, early pre-molt, late pre-molt and post-molt) using 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 gScript cDNA Kit
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(Quanta BioSciences, Gaithersburg, MD) with 1 ug of total RNA.
Specific primers were used for PCR amplification, PCR was per-
formed with REDTaq ReadyMix PCR Reaction Mix (Sigma); using
specific conditions: 94 °C for 1 min, followed by 35 cycles of
94 °C for 1min, 60°C for 30s, 72°C for 1min, followed by
10 min at 72 °C. C. quadricarinatus 18S (accession no. AF235966)
amplification served as the RNA positive control.

2.5. In-vitro expression-pattern validation using qPCR

C. quadricarinatus males were induced for molting and then dis-
sected in the different main molt stages (inter-molt, early pre-
molt, late pre-molt and post-molt), as described above (n=5 for
each molt stage). RNA was extracted from the molar- and the
incisor-forming epithelia, as described above. In addition, RNA
was extracted from the muscle tissue of an inter-molt animal for
normalization. First-strand cDNA was synthesized by means of a
reverse transcriptase reaction, as described above. Relative quan-
tification of transcript levels was performed using Roche Diagnos-
tics FastStart Universal Probe Master Mix (Basel, Switzerland) and
Roche Universal Probe Library probes. The following primers and
probes were used: for MARS1, qMARS1 F and qMARS1 R, Probe
#25; for MARS2, qMARS2 F and qMARS2 R, Probe #22; for MARS3,
qMARS3 F and qMARS3 R, Probe #22; for MARS4, qMARS4 F and
qMARS4 R, Probe #22. C. quadricarinatus 18S, which served as a nor-
malizing gene, was also quantified by means of real-time RT PCR
using the primers, qcq18S F and qcq18S R, Probe #22. All primer
sequences are shown in Table S5. Reactions were performed with
the ABI Prism7300 Sequence Detection System, Applied Biosys-
tems (Foster City, CA). Statistical analyses for relative transcript
levels between the molt stages were performed using the non-
parametric Kruskal-Wallis rank sum test, followed by multiple
pair-wise comparisons using the Wilcoxon rank sum test;
p < 0.05 was considered statistically significant.

2.6. Extraction and mass spectrometry of molar proteins

Molar proteins were extracted and separated by 2D elec-
trophoresis, as described previously (Tynyakov et al., 2015a) with
slight modifications. For isoelectric focusing, the Immobiline dry
strip (11 cm, pH 3-10) was rehydrated and aligned on an isoelec-
tric focusing tray. The molar protein extract was loaded adjacent
to the anode, and voltage was applied for a total of 11.9 kV-h. Fol-
lowing isoelectric focusing, the gel strip was equilibrated in a buf-
fer comprising 6 M urea, 0.375 M Tris-HCI, pH 8.8, 2% SDS, and 20%
glycerol and incubated in 2% dithiothreitol for reduction, followed
by 8% iodoacetamide for alkylation. Then, the strip was mounted
on 15% SDS-PAGE with the Tris/glycine running buffer system, as
described previously (Lucas, 2004). Spots suspected of belonging
to the MARS protein family were visualized with Coomassie Blue
staining; gel pieces were excised and prepared for mass
spectrometry as follows. Proteins in the molar extracts were tryp-
sin digested, purified and dissolved as described previously
(Tynyakov et al., 2015a). Nanoliquid chromatography and mass-
spectrometry analysis was performed as described previously
(Glazer et al., 2010) using a 75-pum internal diameter fused silica
column, packed with C18 (NewObjective, Woburn, MA, USA) and
connected to an Eksigent nano-LC system (Eksigent, Dublin, CA,
USA). Mass spectra were acquired using an LTQ-Orbitrap XL (Ther-
moFisher Scientific, San Jose, CA, USA) and analyzed using the
PEAKS Mass Spectrometry Software. Protein validation was
performed by the Sequest and Mascot algorithms operated under
Proteome Discoverer 2.0 (ThermoFisher Scientific) against the
deduced protein sequences of the entire molt-related transcrip-
tomic library.

2.7. Histological preparations

The mandible of an early pre-molt animal was decalcified in a
histological decalcifying agent (Calci-Clear Rapid; National Diag-
nostics, Atlanta, GA) with paraformaldehyde (4%) as a fixation
agent. Samples were than dehydrated and embedded in paraffin
and sectioned as previously described (Ventura et al., 2009). Sec-
tions (5pum) were stained with hematoxylin and eosin and
observed under a light microscope.

2.8. dsRNA production and silencing efficiency experiment

Two representative MARS genes, MARS3 and MARS4, were
selected for loss-of-function experiments using RNAi. These MARS
proteins genes were selected since the entire MARS family was tar-
geted and these MARS proteins genes had higher similarity to the
other MARS protein genes. To synthesize dsRNA, two PCR products
were generated using a T7 promoter anchor (T7P) attached to one
of the two primers used to amplify each product. The primers used
for generating the template for MARS3 and MARS4 sense-strand
RNA synthesis were: as the forward primer dsMARS3F+T7 and
dsMARS4F+T7, respectively, and as the reverse primer dsMARS3R
and dsMARS4R, respectively. For MARS3 and MARS4 anti-sense
strand RNA synthesis, the forward primers were dsMARS3F and
dsMARS4F, respectively, and the reverse primer were dsMARS3R
+T7 and dsMARS4R+T7' respectively. All primer sequences are
shown in Table S5. PCR amplicons were separated and visualized,
followed by dsRNA preparation, hybridization, quantification and
maintenance, as described previously (Sharabi et al., 2013). For
the silencing efficiency experiment, inter-molt C. quadricarinatus
males (10-15 g) that were induced to molt were used. Animals
were separated to two groups, a control group injected with an
exogenous dsRNA of dsGFP (n = 5) and a treatment group injected
with a mix of dsRNA of MARS3 and MARS4 (n=5) (termed the
dsMARS treatment). The concentration of dsRNA was 2 pg/g
dsMARS per g body weight (i.e., 1 ug/g body weight for each MARS
gene); the dose was determined in preliminary experiments, which
showed optimal survival at that concentration (data not shown).
The injections of dsRNA began when the animals reached an
MMI of 0.02 and were given daily over a period of five days. On
the sixth day, the animals were dissected, and mRNA from the
mandible-forming epithelium was extracted, as described above.
Relative expression of MARS encoding genes in the mandible-
forming epithelium of the two groups was evaluated using qPCR,
and statistical analyses were performed as described above.

2.9. Phenotypic effects following RNAi

To test for phenotypic effects in mandible formation, loss-of-
function experiments were conducted in parallel to molt induction.
Fourteen inter-molt C. quadricarinatus males (5-10g) were
induced to molt and divided to two groups, a control group
injected with dsGFP (n=8), and a treatment group injected with
dsMARS mix (n = 6). The experiment was conducted with a dsRNA
concentration of 2 pg/g body weight (i.e., 1 ug/g body weight for
each MARS gene) and with the following injection routine: every
two days one injection was given until early pre-molt; thereafter,
injections were given on a daily basis for one week, followed by
injections every two days until ecdysis. Animals at two days
post-molt were anesthetized, as described above, and the newly
formed mandible was dissected. This experimental design was
used since it permitted better survival (data not shown) compared
to daily injections. Incisor tooth sharpness was measured as previ-
ously described (Popowics and Fortelius, 1997). In brief, for each
one of the incisor teeth, the base was regarded as 1 and was used
as the basis for normalizing different sized teeth, then; the radius
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(r) of the fitting circle within the tip was calculated. The calculated
radius was then transformed to a blade sharpness index calculated
as 1-r. All analyses of tooth sharpness were performed on the left
mandible incisor using Image] (Abramoff et al., 2004). Within each
incisor, sharpness of teeth number 2-5, as shown in Fig. 6, was
measured, yielding a tooth sharpness parameter. Kruskal-Wallis
rank sum test was performed followed by multiple pair-wise com-
parisons using the Wilcoxon rank sum test comparing the sharp-
ness of teeth number 2-5 between the control and silenced
groups. P < 0.05 was considered statistically significant.

2.10. SEM and EDXS

For Scanning Electron Microscopy (SEM), incisor teeth were; air
dried, separated to single tooth, manually fractured and then gold-
coated for 6 s. All samples were characterized by a JEOL JSM-7400f
electron microscope at the Ilse Katz Institute for Nanoscale Science
& Technology, Beer Sheva, Israel. Measurements of calcium and
phosphate count were determined using an Energy Dispersive X-
ray Spectroscopy detector (EDXS, Kevex; Thermo Scientific, Scotts
Valley, CA), the acceleration voltage was set on 25 kV and the EDXS
signal was accumulated over 50s. The calcium and phosphorus
counts represent the integrated signal of the elements along the
acquisition time. Raman spectroscopy was performed as previously
described (Bentov et al., 2012).

2.11. Phylogenetic analysis

To find homologous MARS proteins in other species, a multiple
sequence alignment (MSA) of the found MARS proteins from C.
quadricarinatus was created using the editor Jalview (Clamp
et al.,, 2004) based on Clustal Omega with default parameters.
Based on this alignment, an HMMER profile was created using
the UGENE software (Okonechnikov et al., 2012), which was then
used to perform an “hmmsearch” with the HMMER web server
(Finn et al., 2011). In addition, homologous proteins were searched
in the following five NGS libraries: A transcriptome library from
the Pacific white shrimp L. vannamei composed of a wide array of
developmental stages [published by Wei et al. (2014)], a transcrip-

tome library from the Chinese shrimp F. chinensis composed of sev-
eral individuals at 15days post larvae stage (Li, personal
communication), a transcriptome library from the ridgetail prawn
E. carinicauda composed of several adult individuals with a body
length about 5 cm (Li, personal communication), our transcrip-
tomic library from the giant freshwater prawn Macrobrachium
rosenbergii composed of a wide array of tissues and developmental
stages (Sharabi et al., 2015), and the only publicly available
crustacean-genome of the common water flea Daphnia pulex avail-
able online via: http://wfleabase.org/ and described by Gilbert
et al. (2005). Finally, representative MARS proteins from different
crustaceans and an outgroup from an insect were used to build a
maximum likelihood tree using MEGAG6 software (Tamura et al.,
2013), with default parameters, coupled to a bootstrap test set
on 10 x 10° repetitions.

3. Results
3.1. Characterization of the Pre-Molt incisor and molar

The processes occurring during the formation of the mandible
in the pre-molt stage were followed by optical and SEM micro-
scopy. The formation of new mandibular structures could be seen
during this stage (Fig. 1a and d), and the newly forming incisor
(Fig. 1b) and molar (Fig. 1e) were clearly visible at the higher mag-
nification. The underlying forming epithelium could be seen
underneath the newly forming molar and incisor. For both the inci-
sor and the molar, it was found that the tips of the teeth were
formed in the pre-molt stage (Fig. 1b and d). SEM images of the
newly forming incisor (Fig. 1¢) showed fibers oriented vertically
to the surface consisting of chitin-protein complex which are prob-
ably originating from the pore canal system. SEM images of the
newly forming molar (Fig. 1f) revealed mineral deposition over a
chitinous-fiber scaffold (Fig. S1).

3.2. The MARS protein family

To study the molecular basis underlying the formation of the
above-described vertical elements, candidate structural proteins

Incisor

Molar

Fig. 1. Tips of the mandible teeth consisting of vertical elements that are formed during pre-molt. a) Optical micrographs of old (indicated with a brace) and newly formed
incisor of a pre-molt animal and b) higher magnification of the newly formed incisor. c) SEM micrograph of the newly formed incisor. d) Optical micrographs of a pre-molt
animal old (indicated with a brace) and newly formed molar and e) higher magnification of the newly formed molar. f) SEM micrograph of the newly formed molar. See also

Fig. S1.
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were mined from our mandible-forming epithelium molt-related
transcriptomic libraries. A new gene family predicted to be
involved in mandible formation was discovered and characterized.
This newly revealed family, with almost 30% alanine in its deduced
amino acid sequence (Table S1), was designated the Mandible Ala-
nine Rich Structural (MARS) protein family. In total, four MARS
protein family members were found in C. quadricarinatus: MARS1
(KY197784), MARS2 (AKI87814), MARS3 (KY197785) and MARS4
(KY197786) (Fig. 2a). Sequence similarity among the four MARS
proteins ranged from 49% to 66% (Table S2). Alanine was the most
abundant amino acid, followed by glycine and glutamine (Table S1
and Fig. 2a). The predicted pl differed among the different family
members, ranging from 5.8 to 9.1 (Table S3). A signal peptide
was predicted in the N’-terminal of all the MARS proteins, followed
by a predicted proprotein R(E/D)KR convertase cleavage site.
Within the putative active protein, three modules were detected
that are each enriched with particular amino acids in a repetitive
manner. First is an N’-terminal glycine-rich module characterized
by GGX repeats and conserved tyrosine residues (positions 37-76
in the alignment shown in Fig. 2a). This module is followed by a
middle module rich in alanine and glutamine and characterized
by AAX and AQ repeats (positions 77-243 in the alignment shown
in Fig. 2a). The third module is a C’-terminal glycine-rich module
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with sequential characteristics similar to those of the N’-terminal
glycine-rich module (positions 244-265 in the alignment shown
in Fig. 2a), as can be seen in Fig. 2. Secondary structure prediction
using XtalPred showed that the MARS proteins are mostly intrinsi-
cally disordered, with regions predicted to be disordered also
found in parallel to regions predicted to form a secondary struc-
ture, such as a-helixes (Fig. S2).

3.3. Spatial and temporal expression

Spatial and temporal expression experiments were performed
to elucidate the timing and location of MARS expression in the
mandible-forming epithelium compared to other skeletal and
somatic tissues. The four MARS genes were expressed at all the
molt stages, mainly in the mandible-forming epithelium, including
the molar- and incisor-forming epithelia. Only in the early pre-
molt stage were these genes expressed in another skeletal element,
the gastrolith-forming epithelium (Fig. 3).

3.4. Expression-pattern during the molt cycle

To further investigate the possible involvement of the MARS
protein family in mandible formation, qPCR quantifying the
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Fig. 2. Sequence characteristics of the putative MARS proteins, including a signal peptide, a conserved cleavage site, and glycine-, alanine- and glutamine-enriched regions. a)
Multiple sequence alignment of the MARS proteins found in C. quadricarinatus. For each position in the sequence-alignment, the conservation, degree, alignment, quality, and
consensus logo sequence are shown below. b) A schematic representation of the “general” MARS protein. Red box represents a signal peptide, scissors represent the R(D/E)KR
cleavage site, which is followed by an N’-terminal glycine-enriched domain (G), an alanine-glutamine-enriched domain (AQ), and a C'-terminal glycine-enriched domain (G).

See also Fig. S2 and Table S1-S3.
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Inter-molt

Early pre-molt

Late pre-molt Post-molt

Fig. 3. Spatial-temporal expression of the MARS protein-encoding genes expressed mainly in mandibular-forming epithelium. For each gene, spatial-temporal expression is
shown in the following six tissues sampled in animals at four different molt stages: 1 — molar-forming epithelium, 2 - incisor-forming epithelium, 3 - carapace cuticle-
forming epithelium, 4 - gastrolith-forming epithelium, 5 - hepatopancreas, and 6 - abdominal muscle. nc - negative control.
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Fig. 4. In the mandibular-forming epithelium, the MARS genes are highly expressed at pre-molt. a) Read count of the MARS genes in the molt-related transcriptomic library
originating from the molar-forming epithelium. b) Relative levels of the MARS genes in the molar-forming epithelium in four molt stages, as determined by qPCR. For all molt
stages n = 5. ¢) Relative levels of the MARS genes in the incisor-forming epithelium in four molt stages, as determined by qPCR. For all molt stages, n = 5. The four molt stages,
namely, inter-molt, early pre-molt, late pre-molt and post-molt, are represented on the X axis. For all sections, different letters represent groups that are significantly different

(p <0.05); error bars represent standard error.

expression during the molt cycle in the mandible-forming epithe-
lium was performed. This method was used first to validate in vitro
the pre-molt related expression pattern of MARS-protein-encoding
genes in the molar-forming epithelium, as found in silico in the
molt-related transcriptomic library (Fig. 4a). qPCR was also used
to provide information on the MARS protein expression pattern
in the incisor-forming epithelium. The pre-molt-related expression

pattern in the molar-forming epithelium was verified in vitro for all
the MARS genes with the exception of MARS1 for which late pre-
molt expression was not significantly different from post-molt
expression (Fig.4b). The pre-molt-related expression patterns
were basically similar in the incisor- and molar-forming epithelia
(Fig. 4c) but with a few differences: In the incisor-forming epithe-
lium - but not in the molar-forming epithelium - expression in the
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early pre-molt period was significantly higher than in the late pre-
molt period. In addition, calculated relative quantification (RQ)
levels during early pre-molt were ~10? higher in the incisor-
forming epithelium than in the molar-forming epithelium
(Fig. 4b and c).

3.5. Identification of a MARS protein in the mandible

The determination of MARS proteins in the mandible was per-
formed by extracting the proteins, followed by separation by 2D
electrophoresis and identification by mass spectrometry. The pro-
cess resulted in the localization of only one MARS family protein in
a prominent dot in the 2D gel (Fig. 5). The protein was identified as

MW
(kDa)
A

100

70 -
55 :

‘ : MARS2
35 &

25
15 N

- > pl

3 4 5 6 7 8 9 10

Fig. 5. Two-dimensional electrophoresis of C. quadricarinatus molar proteins.
Related to Figs. 3 and 4. Proteins extracted from mandible cuticle were separated
on a linear 3-10 pH gradient. Following mass spectrometry and peptide identifi-
cation, a prominent MARS2 spot was identified (indicated with a circle) in the 27-
kDa spot at pI ~9.3. See also Table S3.

MARS2 with a molecular mass of 27 kDa and a pl of ~9.3-values
that were similar to the predicted size and pl of MARS2.

3.6. Silencing efficiency

In preparation for the loss-of-function experiment, the reduc-
tion in gene expression following injections with dsMARS mix
MARS3 and 4 was evaluated using qPCR. The specific silencing
showed a significant decrease in gene expression between the con-
trol (dsGFP injected) and treatment groups, with 90% efficiency for
MARS3 and 99% efficiency for MARS4. In addition, another MARS
encoding gene was significantly silenced when the dsMARS mix
was injected, i.e. MARS1 which was silenced with 65% efficiency
(Fig. S3).

3.7. Phenotypic effects of the loss-of-function experiments

To study the role of MARS proteins, RNAi-based loss-of-
function experiments were conducted to study mandible forma-
tion. Clear phenotypic differences between the control and
silenced groups in the shape and ultrastructure of the incisor teeth
were detected. While in the control group the incisor teeth were
sharp, with pointed serrations possessing a triangular form, in
the silenced group the teeth exhibited semi-circular scallops with
surface irregularities, as can be seen in the representative incisors
depicted in Fig. 6a. The significant reduction in tooth sharpness in
the silenced group vs the control group is clearly demonstrated in
Fig. 6b.

To better understand the differences in tooth composition, elec-
tron microscopy was utilized. Imaging of a section of an incisor
from the control group showed the typical arrangement of the dif-
ferent layers within the incisor tooth (Fig. 7a). The bottom layer
(~120 um) arranged horizontally to the surface showed the typical
plywood pattern of the crustacean cuticle. The middle layer
(~200 pm) oriented vertically to the surface was built up of tightly
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Fig. 6. Phenotypic effects following loss-of-function experiments in the incisor teeth of C. quadricarinatus. a) Representative left mandible incisors of animals from the dsGFP-
injected control group (left) and dsMARS-injected group (right). Numbering of the incisor teeth is shown for the dsGFP-injected group. b) Blade sharpness results for tooth
numbers 2-5 of the left mandible incisor of animals injected with dsGFP (n = 8) compared to animals injected with dsMARS (n = 6). Letters represent statistical groups that
are significantly different (p < 0.05); error bars represent standard error. See also Figs. S4 and S5.
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Fig. 7. Phenotypic effects following loss-of-function experiments on the formation of a horizontally arranged chitin layer in the incisor-teeth. a&b) SEM micrographs of a
representative cross-section of an incisor tooth of an animal from the dsGFP-injected and dsMARS-injected groups, respectively. The two layers found in the incisor and their
thickness is indicated. c) Calcium and phosphate count calculated using EDXS along the central axis of a cross section of an incisor tooth from the dsGFP-injected group (top)
and the dsMARS-injected group (bottom). The dashed red line including the point’s number in the electron micrographs shows the positions from which the EDXS results

were taken. See also Figs. S4 and S5.

packed fibers and followed the typical triangular shape of the
incisor tooth, showing a ratio of vertical layer thickness to horizon-
tal layer thickness of 1.63. This layer was covered with an outer
layer (=~6 pm) of non-fibrous matter (Fig. S4a). In the incisor from
the silenced group, the bottom and top layers were similar to those
of the control group with a bottom layer of (<155 pm). The middle
layer in the silenced group was of irregular orientation (Fig. S4b)
and dramatically reduced to a thickness of ~46 um (Fig. 7b) show-
ing a ratio of vertical layer thickness to horizontal layer thickness
of 0.29. A similar outer layer of non-fibrous matter (~5 pm) is seen
in the silenced group (Fig. S6b). A qualitative calcium and phos-
phate count [energy-dispersive X-ray spectroscopy (EDXS) analy-
sis] along the central axis of the incisor aiming to test for the
presence or absence of these minerals in both the control and
silenced teeth showed that the minerals were deposited in the
inner part of the tooth starting along the bottom of the vertically
oriented layer and continuing in the horizontally oriented layer,
while no calcification was detected at the top of the vertically ori-
ented middle layer (Fig. 7c).

Raman analyses of incisor teeth from the silenced and control
groups showed no differences between the two groups in the com-
position of the different layers. The Raman peaks at ~1104 cm™!
have a major contribution from o-chitin vibrations (symmetric
stretching of COC) and in experiments of chitin deproteinization,
it is used to identify chitin vs. proteins (Iconomidou et al., 2001;
Serrano et al., 2016). The peak at ~1004 cm™! is a typical indicator
of proteins (Phen), especially in crustacean cuticle in which sclero-
tization is exerted by phenolic cross linking. Thus, the peaks at
1104, 1004 cm™! can serve to estimate chitin/protein ratio and
indeed the incisors fibers of the control and silenced group show
both bands (various ratios), confirming that it is a chitin-protein
complex. (Fig. S5a). The spectrum of the horizontal lower part
showed peaks at 956 and 1085 cm™!, indicating the presence of

amorphous calcium phosphate (ACP) and amorphous calcium car-
bonate (ACC), respectively, in addition to the presence of the caro-
tenoid pigment astaxanthin, as indicated by prominent peaks at
1007 and 1157 cm™! in both the treatment and control groups
(Fig. S5b).

3.8. Phylogenetic analysis

Mining for homologous proteins was performed with the aim to
study the evolutionary occurrence of MARS proteins in other crus-
taceans and pancrustaceans. Searching in available online data-
bases revealed homologous proteins only in the branchiopod
crustacean Daphnia pulex (13 proteins in total). In addition, a weak
homology was found with several insect proteins; however, unlike
the MARS proteins, the insect proteins also contained an unknown
conserved domain (DUF745). Therefore, a representative DUF745-
containing protein from an insect (the fly Megaselia scalaris) was
used as an outgroup in our analysis. Searching for homologous pro-
teins in the decapod crustaceans Litopenaeus vannamei, Fennerope-
naeus chinensis, Exopalaemon carinicauda and Macrobrachium
rosenbergii transcriptomic libraries (Sharabi et al., 2015) revealed
several highly conserved MARS proteins. A phylogenetic tree con-
structed on the basis of representative MARS proteins from C
quadricarinatus, L. vannamei, F. chinensis, E. carinicauda, Macro-
brachium rosenbergii and Daphnia pulex (Fig. 8) showed the pres-
ence of paralogous genes, such as in Daphnia pulex, in which the
MARS proteins were found to be clustered together. Orthologous
genes were found in C. quadricarinatus, L. vannamei, F. chinensis,
E. carinicauda and Macrobrachium rosenbergii; for example, MARS3
proteins were clustered together, as seen in Fig. 8. Accession num-
bers of the different MARS proteins and the outgroup protein are
given in Table S4.
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Fig. 8. Paralogues and orthologues of the MARS proteins found in different crustaceans. A maximum likelihood tree composed of MARS proteins from C. quadricarinatus, L.
vannamei, F. chinensis, E. carinicauda, Macrobrachium rosenbergii and D. pulex. A non-crustacean protein from the fly Megaselia scalaris having an unknown domain (DUF745)
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4. Discussion

It has been suggested that the origin of organizations vertical to
the surface of the crustacean skeleton lie in the pore canal system
(Compere and Goffinet, 1987). Previous observations have focused
on the co-occurrence of such vertical elements along with the hor-
izontal organization comprising the greater part of the crustacean
cuticle (Al-Sawalmih et al., 2008; Compere and Goffinet, 1987). Our
recent study of vertical elements in the structure of the C. quadri-
carinatus molar showed that such elements occur towards the sur-
face of the tooth without any horizontal organization (Bentov et al.,
2012). In that study, we posited that this structural solution is
related to the role of the molar in food processing [similarly to that
suggested for the incisor of the isopod P. scaber (Bentov et al., 2012;
Huber et al., 2014)], but we did not investigate such an organiza-
tion in other mandibular locations, such as the incisor. The present
study shows that in the C. quadricarinatus incisor, too, there is the
typical vertical arrangement consisting of tightly packed chitin
fibers oriented vertically to the surface. The function of such verti-
cal elements in the incisor is probably also related to their role in
food processing by providing reinforcement in the load-bearing
direction. Such an arrangement, which differs in orientation from
the bulk of the horizontally layered crustacean cuticle, seems to
be a specialized cuticular structure that has evolved in crustaceans.

An important question arising from the above-described obser-
vations is: From which cuticular layer does the chitinous vertical
arrangement originate? Such a question has been asked previously
with regard to the layer of non-mineralized vertical elements in
the incisor tip in P. scaber (Huber et al., 2014). At that time, with
no knowledge regarding the timing of formation and type of mate-

rial of these vertical elements, it would have been difficult to give a
definitive answer. In the present study, the timing of the formation
of the vertically oriented chitin fibers in the mandible was found to
be the pre-molt stage, i.e., concomitant with the formation of the
epicuticle and exocuticle layers, indicating that the vertical chitin
layer could be derived from either one of these two layers. The
presence of phenolic compounds indicates sclerotization processes
(Andersen, 2010; Hasson and Sugumaran, 1987), which are typical
of the epicuticle (Cloudsley-Thompson, 1950), including its vertical
elements (Vatcher et al., 2015). However, the logical choice is the
exocuticle, a thick layer comprising tightly packed chitin fibers
(Roer and Dillaman, 1984), rather than the epicuticle, the outer-
most skeletal layer, which is known to be a thin non-chitinous
layer. Therefore, we assume that the vertically oriented chitin
fibers in C. quadricarinatus mandibles are specialized elements of
exocuticular origin. We posit that the horizontally arranged chitin
fibers have vanished from this specialized exocuticle and that the
pore canal system dominates the structure, suggesting a clear evo-
lutionary advantage.

The similarities between the incisor and the molar teeth of C.
quadricarinatus in terms of timing of formation, structure and, pre-
sumably, a common origin suggests common biochemical mecha-
nisms and gene regulation. Therefore, we suggest that specialized
mandible-forming proteins, in particular, the novel MARS proteins
discovered in this study, are part of such a specialized toolkit for
structural assembly. The predicted MARS proteins have a modular
sequence design in which each module is characterized by enrich-
ment in specific amino acids with the alanine/glutamine-rich mod-
ule spanning most of the sequence of the MARS proteins. Alanine
has a high helix propensity (Chakrabartty et al., 1994), with
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glutamine stabilizing the helical structures (Vila et al., 2000),
which indicates a possible helical structure for the MARS proteins.
The presence of predicted intrinsically disordered regions (IDRs) in
parallel to the predicted o-helixes suggests that the MARS protein
secondary structure might be formed only upon binding to a sub-
strate, as found for other IDR-bearing proteins exhibiting a
disorder-to-order transition (Dyson and Wright, 2002; Vuzman
and Levy, 2012). Such a substrate in the extracellular matrix is
likely to be another structural protein, possibly another MARS pro-
tein, with two different MARS proteins interacting to create a
supercoil structure. Other known invertebrate structural proteins
having a similar modular design are the suckerin proteins, which
are involved in the formation of the squid sucker teeth (Ding
et al.,, 2014) and in many known spider silk protein sequences
(Gatesy et al., 2001; Hayashi et al., 1999). The latter proteins form
fibers through inter- and intra-molecular interactions. This type of
design is therefore known in fiber-forming structural proteins
involved in the formation of stiff biological materials, suggesting
that the MARS proteins might act as fiber-forming structural pro-
teins enhancing the stiffness of the extracellular matrix.

The results of the investigation of temporal and spatial expres-
sion of MARS proteins suggest a specialized role for these proteins
in mandible formation. Timing of the expression of the MARS
encoding genes during the molt cycle shows a clear relation of pro-
tein expression to pre-molt during which the mandible vertical
elements are formed. Such a pattern was also found in a protein
involved in molar mineralization (Tynyakov et al.,, 2015b). The
putative role of the MARS proteins in mandible formation is also
suggested by the presence of MARS family proteins in the mature
mandibles. The fact that only MARS2 was found in our experiments
to extract and separate mandibular proteins on a 2D gel might be
due to technical difficulties obtaining a sufficient amount of
detectable protein from the small-sized cuticular mandibular
elements.

Loss-of-function experiments using RNAi have been used previ-
ously to provide a clear phenotypic indication of the roles of matrix
proteins (Glazer et al., 2010; Shechter et al., 2008b). In the current
study, the central role of MARS proteins was exemplified by alter-
ations in the phenotypic ultrastructure of the incisor tooth, in
which the vertically oriented layer almost completely collapsed
showing an irregular arrangement in response to silencing. EDXS
results confirmed this observation, showing a net reduction in
the thickness of the non-calcified layer composed of the vertically
oriented chitinous elements. The irregular phenotype showing a
reduction in tooth sharpness, which would affect the efficiency of
the incisor as a food processing apparatus, suggests that MARS pro-
teins are crucial for survival.

It was hypothesized many years ago that specialized proteins
play a role in the formation of vertical chitinous elements
(Compere and Goffinet, 1987). The exact role of the MARS proteins
in the formation of such elements is as yet unclear, but a hint can
be found in the silencing experiment results, namely, in our find-
ings that no structural abnormalities were seen in calcified vertical
elements in the molar, which are heavily calcified already at pre-
molt (Tynyakov et al., 2015a), as opposed to the lack of calcification
in the vertical chitinous elements of the incisor. It is noteworthy
that calcification assists in the reinforcement of mineralized hori-
zontally layered cuticles (Huber et al.,, 2015) and even more so
for vertical elements that need additional support. Thus, MARS
proteins seem to be involved in reinforcement along the normal
axis of vertically oriented chitin fibers, which explains the struc-
tural collapse in the absence of MARS proteins.

It is logical that the involvement of MARS proteins in the verti-
cal arrangement of chitin fibers would include a linkage between
the proteins and the chitinous scaffold. In the absence of a
chitin-binding domain in the MARS proteins, a possible linkage

mechanism would be crosslinking of the proteins to other chitin-
binding proteins or directly to the chitinous scaffold through scle-
rotization, as is known in arthropods (Andersen, 2010; Roer et al.,
2015). The highly conserved lysine residues in the C'-terminal of
the MARS proteins might take part in such a linkage, since these
residues are involved in crosslinking in the process of sclerotiza-
tion (Andersen and Roepstorff, 2007; Gordon and Carriker, 1980).
The modular design of the MARS proteins, which are presumed
to form fibrils (Guerette et al., 1996, 2014; Hayashi et al., 1999),
might provide the orientation of the structure such that the pre-
dicted reinforcement of the vertical chitinous elements is towards
the normal axis.

MARS protein homologs were found by us in a wide array of
crustacean libraries, from Daphnia to decapods, including several
cases of orthologous and paralogous proteins. This conservation
is probably due to a strong evolutionary pressure based on the
importance of the vertically reinforced specialized mandibular-
structure for food capture and processing. Proteins having a weak
homology to the MARS protein family, found in numerous promi-
nent insects such as Drosophila melanogaster, Tribolium castaneum
and Megaselia scalaris, indicate a possible pancrustacean ancestor
protein. Unlike the MARS proteins found in the present study,
the insect homologs all contain a DUF745 domain, implying that
they might belong to an as-yet uncharacterized insect protein fam-
ily. To the best of our knowledge, no studies have been conducted
on DUF745-containing proteins in insects, meaning that their role
is still unknown.

In conclusion, the structural complexity of the mandible of C.
quadricarinatus answers the need for a variety of tooth functional-
ities. The biochemical mechanisms that have evolved concomitant
to the formation of such structural complexity include the novel
MARS structural protein family. It appears that this protein family
specializes in the support of vertical chitin fibers in the mandible
teeth, providing structural reinforcement and maintaining the
teeth in the correct orientation. The molecular function of the
MARS proteins is predicted to be linked to their modular sequence
design. Similar sequences have been suggested in the past to sup-
port fiber formation (Ding et al., 2014; Guerette et al., 2014;
Hayashi et al., 1999). The results of the current study therefore pro-
vide the first valuable insights into the evolution and molecular
mechanism underlying the formation of vertical organizations in
high-impact regions of the crustacean skeleton.
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