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The organic matrix (OM) contained in marine calcifiers has a key role in the regulation of crystal
deposition, such as crystalline structure, initiation of mineralization, inhibition, and biological/
environmental control. However, the functional properties of the chitin-rich skeletal organic matrix on
the biological aspect of crystallization in crustose coralline algae have not yet been investigated. Hence,
the characterization of organic matrices in the biomineralization process of this species was studied

to understand the functions of these key components for structural formation and mineralization

of calcium carbonate crystals. We purified skeletal organic matrix proteins from this species and
explored how these components are involved in the mineralization of calcium carbonate crystals

and environmental control. Intriguingly, the analytical investigation of the skeletal OM revealed the
presence of chitin in the crustose coralline alga Leptophytum foecundum. The sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the OM revealed a high molecular mass
protein as 300-kDa. Analysis of glycosylation activity exposed two strong glycoproteins as 300-kDa and
240-kDa. Our study of the biominerals of live collected specimens found that in addition to Mg-calcite
up to 30% aragonite were present in the skeleton. Our experiment demonstrated that the chitin-rich
skeletal OM of coralline algae plays a key role in the biocalcification process by enabling the formation
of Mg-calcite. In addition, this OM did not inhibit the formation of aragonite suggesting there is an as
yet unidentified process in the living coralline that prevents the formation of aragonite in the living
skeletal cell walls.

While abundant data is available on the organic matrices of corals, calcareous sponges, and molluscans'~7, very lit-
tle is known about coralline algal organic matrices and their role in calcification. This is despite the fact that coral-
line algae are important ecosystem engineers with a high spatial coverage of both hard and soft substrate shallow
benthic habitats in coastal areas worldwide®. Particularly, in the high latitudes of the Northern Hemisphere coral-
line algae are likely the single most common shallow benthic calcifier’. The organic matrix components contained
in calcifying marine organisms play a key role in controlling the formation of calcium carbonate (CaCO;) min-
erals in the biomineralization process, particularly in response to changes of seawater chemistry">”1%!1. When
carbon dioxide (CO,) is absorbed by seawater, chemical reactions occur that reduce seawater pH, carbonate ion
concentration, and saturation states of biologically important calcium carbonate minerals. Recent studies of the
chemistry of global oceans have revealed that the changes in seawater chemistry over the course of geologic time
have had a significant influence on the biomineralization of many marine organisms>!>13,
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Figure 1. Biological function of OM in the formation of minerals. Electrophoretic analysis of skeletal matrix
proteins extracted from coralline alga L. foecundum. Lanes 1 and 2 indicate the SDS-PAGE analysis with
Coomassie Brilliant Blue (CBB) staining (see Fig. S3 for full-length gel image). Lane 1 shows the protein marker,
Lane 2 shows purified skeletal matrix protein as 300 kDa. Arrows indicate protein bands. Lanes 3, 4 and 5
indicate the SDS-PAGE gel with Periodic Acid-Schift (PAS) staining (see Fig. S4 for full-length gel images). Lane
3 shows the protein marker in PAS staining. Lanes 4 and 5 demonstrate very strong glycosylation activities with
two highly abundant chitin associated glycoproteins (300 kDa and 240kDa) in algal skeletons after purification
of matrix protein. SEM image A, precipitation of minerals after introducing the chitin associated glycosylation
OM components in the experimental design of skeletal formation. The red arrows and yellow circles indicate
aragonite and calcite minerals, respectively. Image B, AFM of skeletal minerals with both calcite (blue arrows)
and needle-like aragonite (red arrows) crystals on the surface (arrows). A finely polished skeletal sample was
mapped using an AFM. Image C shows an original skeletal structure in the species L. foecundum, which was
most likely formed by the major components of chitin associated glycoproteins containing in the OM.

The bulk of CaCO; precipitation in seawater is skeletal and the crystalline polymorphs are calcite, vaterite, and
aragonite. The most abundant calcium carbonate polymorphs in seawater reactions are aragonite and calcite>4-2,
and they are naturally distributed within the specific groups. We previously found chitin in the organic matrix of
skeletons from a different type of coralline alga, Clathromorphum compactum, and the chitin appears to contrib-
ute to the biomineralization process®..

Chitin is one of the key components of cell walls and has been identified in bacteria, fungi, plants®?. Ehrlich
et al.® reported the chitin for the first time in marine sponges and subsequently this biopolymer was recognized
as an integral part in the calcification and silicification process of sponges?*. The latter study also demonstrated
the functional roles of chitin in relation to the templating properties in both calcification and silicification®.
The functional and structural properties of chitin in coralline algae exposed similar features as the calcification
process of sponges revealed.

Chitin also plays a vital role in the biomineralization system of diatoms®". Interestingly, both coralline and
diatom have cell walls with a slight difference in the organic matrix components. Brunner ef al.>? extracted
chitin-containing biosilicates from the diatom Thalassiosira pseudonana. This study showed that cell walls in
diatoms contain an organic network, which comprises crosslinked chitin fibers with biocilicates and other related
organic components. However, organic components in the cell walls of coralline algae are different as they are
mainly occupied by CaCO; minerals?!, specifically Mg-calcite, which, as shown below, could be formed by the
influence of chitin-containing organic matrix.

The skeletal formation of biominerals is controlled by two interacting mechanisms: (1) the secretion of OM
proteins and (2) the transportation of ions (e.g., magnesium, calcium, bicarbonates, and protons) to the site of
mineralization (in the case of calcification)**. Organic matrix macromolecules, such as proteins and polysac-
charides, play an important role in the process of biologically controlled calcification***. The OM is thought to
regulate different facets of crystal deposition, such as the initiation of mineralization, assembly in crystalline
structures and inhibition®*. Thus, the skeletal OM plays a key role in the whole biomineralization process. In
the present study, we investigated the role of skeletal organic matrix in biomineralization of the coralline alga L.
foecundum. Leptophytum foecundum is a widely distributed Arctic species that extends into the subarctic photic
zone* and grows on pebbles and stones®®. Specimens used in this study were live collected at 16-18 m water depth
at Port Manvers Bay, Labrador, Canada (56°57.10N, 61°32.80 W) in 2013.

Specifically, this study had two main goals. Firstly, to identify the composition of the organic matrix of L. foecun-
dum and secondly to determine if or how the mineral formation is influenced by the skeletal organic matrix (OM).
We carried out this analysis by applying ATR-FTIR (Attenuated Total Reflection-Fourier Transform Infrared),
AFM (Atomic Force Microscopy), DXRxi Raman, SEM (Scanning Electron Microscope), XRD (X-ray Diffraction),
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Figure 2. FTIR spectra of skeletons and OM. (A) FTIR spectra of powder samples of skeletons show calcite
and aragonite bands (B,C) ATR-FTIR spectra of SOM and IOM extracted from skeletons of the coralline alga L.
foecundum showed chitin bands.

SDS-PAGE (Sodium Dodecyl Sufate Polyacrylamide Gel Electrophoresis), and In Vitro crystallization techniques
(see supplementary information for in-depth description of techniques). We then carried out an experiment adding
the separated OM to aragonite and calcite solutions to determine the influence of OM on the mineral formation.

Results

Using SDS-PAGE analysis, we identified two high molecular masses of proteins as 300-kDa and 240-kDa (Fig. 1).
Interestingly, both proteins appeared as glycoproteins, while 240-kDa did not appear in the Coomassie Brilliant
Blue (CBB) staining, which means L. foecundum has a strong glycosylation activity. It is reported that the glyco-
protein plays a key role to make the skeleton stronger®”. We also confirmed that both these skeletal proteins are
chitin associated (see Fig. 2 for details).

An ATR-FTIR analysis was performed to understand the structural properties of the OM components of the
skeletal materials. Figure 2 shows the FTIR spectra of the soluble and insoluble organic matrices. The spectrum
(Fig. 2A) reveals both calcitic and aragonitic skeletal components. In the analysis of lyophilized soluble organic
matrix (SOM) (Fig. 2B) and insoluble organic matrix (IOM) (Fig. 2C), the IR showed structural protein bands as
amide A (3000-3600 cm™!), amide B (2800-2950 cm™!), amide I (1550-1700 cm™"), amide II (1350-1590 cm™1)
and amide III (1200-1250 cm '), while the amide III is weaker in IOM than SOM. The main chitin band in SOM
and IOM is present at 1660 cm ™! and 1641 cm ™!, respectively. A strong band accredited to the chitin doublet
(1056 and 1034 cm™!) is visible in the IOM in the range 1030-1110 cm ™! (stretching the C=O) (Fig. 2C). Another
very strong band in SOM at 1099 cm™" in the range 1030-1110cm™! (stretching the C=0O) is also indicative of
chitin (Fig. 2B). The IR spectra of both SOM and IOM in the fingerprint region (dashed red box in Fig. 2B, C)
showed a-chitin formation®,

We performed an X-ray diffraction (XRD) analysis using the powdered samples of L. foecundum skeletal mate-
rial to verify the purity of the mineral phases. The XRD indicated that the majority of the skeleton is Mg-calcite
(Fig. 3A); however, a lesser amount (~29%) of crystal phases are aragonite (Fig. 3A,B). We randomly analyzed
different portions of the skeletons and found aragonite scattered throughout. These results were supported by the
confocal Raman spectroscopy of both powder and original skeletons (Fig. 4). In addition, atomic force micro-
scope (AFM) images of the surface of the crust revealed the needle-like crystals typical of aragonite minerals
(Fig. S1A,B). The characterization of organic matrix components revealed chitin bands in the calcite planes.
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Figure 3. XRD pattern and Raman analysis of skeletons. (A) The XRD pattern of 26 scan identifies aragonite
and Mg-calcite crystals formation in original skeletons. Green dashed arrows show chitin bands in the calcite
planes. (B) Raman analysis of L. foecundum indicates aragonite minerals in skeletons. Raman analysis was
conducted throughout skeletons with many specific spots.
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Figure 4. Raman spectroscopic imaging. (A) Raman Image and Multivariate Curve Resolution (MCR) analysis
of powder sample. Light (A1) and Multivariate Curve Resolution (MCR) Raman (A2, A3) images of sample.
The 2 components of MCR analysis corresponding to red and blue areas in image and showing, respectively,
Raman peaks of Calcite (1086, 711, 284 and 158 cm™!) and Aragonite (1082, 700, 279, 205 and 150 cm™). Blue
areas corresponding to aragonite occupy about 29% of the total area of sample. (B) Detection of minerals in the
skeleton. Representative averaged Raman spectra from red (aragonites) and green (calcites) areas of the image,
respectively, showing a peak at 206 cm™ and shift of most intense peaks from 1087 to 1083 cm. This provides
evidence for the presence of aragonite in red areas. Spectra are shown on a common scale.

Figure 3A shows the XRD pattern of both o and 3-chitins (a-chitins in calcite planes 012, 110, 202; 3-chitin in
calcite plane 122)?!383

To enhance our understanding of how OM might influence biomineralization, we tested the influence of
the OM on mineral formation in an aragonitic solution (50 mM MgCl,, Mg: Ca=5:1) representing the modern
seawater composition. In the control solution, only aragonite formed (Fig. 5A-C), however the aragonitic solu-
tion with OM (containing 1.4 ug/mL proteins) formed Mg-calcite (30%) as well as aragonite (70%) (Fig. 5D-F).
Figure 5F shows the X-ray diffraction patterns of crystals in the skeletons. The diffraction angle, 20 =29.9° in the
calcite (104) indicates Mg-calcite because the diffraction angle for pure calcite is 20 =29.3°2%4°, These results indi-
cate that OM can induce precipitation of Mg-calcite, but the presence of the OM does not inhibit the formation of
aragonite. As per the ratio of magnesium in aragonitic solution, it was expected to form 100% aragonite, but due
to the influence of OM up to 30% Mg-calcite was formed. The external morphology of the L. foecundum skeletons

SCIENTIFIC REPORTS |

(2019) 9:11869 | https://doi.org/10.1038/s41598-019-47785-2


https://doi.org/10.1038/s41598-019-47785-2

www.nature.com/scientificreports/

SElI 15kV WD10mm  SS54 X750 ZOUDN roie——

SEl 15kV WD10mm = S854 X270 50pm

a = Aragonite

Intensity

0O+ ey
25 30 35 40 45 50 55

Diffraction angle 26
A

’
b}
N
:

g

=

SEl A5k WD10mm. ' SS54

3500 ¢+ F ‘ ------- Aragonite |
3000

------- Calcite

15kV 'WD10mm $840 x1,900 1 0L = —

2500

Intensity
= N
v O
o O
o O

P ——,
e e

25 30 35 40 45
Diffraction angle 26

Figure 5. SEM images of aragonite and calcite grown in vitro and identification of polymorphism using XRD.
(A) Crystals grown in aragonitic solution without any presence of OM; only aragonite crystals were grown. (B)
An extended view of aragonite crystals, arrows indicate aggregation of aragonite. (C) Verification of aragonite
crystals by XRD. (D) Crystals grown in aragonitic solution in presence of OM (containing 1.4 ug/mL proteins),
70% aragonitic and 30% calcitic crystals were formed. (E) An extended view of crystals. The red arrows and
yellow circles indicate aragonite and calcite minerals, respectively. (F) XRD verification of experimental crystals
formed demonstrating 70% aragonite and 30% calcite minerals (including the main band of Mg-calcite).

has been shown in Fig. S2. The detail analytical studies of this species in the skeletal, as well as in their decalcified
state, might lead not only to suggestions about the structure of the organic skeletons but also to the way in which
carbonate crystals are deposited.
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Discussion

In this study, we have identified the organic matrix and explored how functional organic molecules can regulate the
biomineralization process of L. foecundum. We have confirmed the presence of chitin in L. foecundum. This is con-
sistent with the finding of chitin in Clathromorphum?! and suggests that chitin is likely to be present in more genera
of coralline algae. Although chitin is new in coralline algae, it has already been reported for other marine organisms
as a universal template for biomineralization®*. Chitin contained in the organic matrix serves as a template for
preferential sites for nucleation and controlling the orientation and location of mineral phases®. It was also demon-
strated that two minerals (amorphous and crystalline CaCOj,) were eventually formed from chitin?. The functional
roles of chitin in the above are similar to our findings. In the present study, the experimental results showing that the
OM enables the nucleation of Mg-calcite indicating that this OM likely plays a fundamental role in regulating the
type of mineral formed by L. foecundum and specifically enabling Mg-calcite formation. Additional experimental
work with other coralline genera is required before concluding that Mg-calcite formation is enabled in all coralline
algae by the OM contained in their skeletons, however, our results suggest that is a distinct possibility. This is sup-
ported by experimental work by Raz et al.! who demonstrated that organic extracts (not specifically identified)
from articulated coralline algae enabled the increase in the amount of Mg incorporated into the Mg-calcite.

The presence of aragonite (approx. 29%) in the skeleton of L. foecundum raises a key question. How does
this relatively high amount of aragonite nucleate and grow in the skeletons? Krayesky-Self, et al.*? reported in a
different species that aragonite infills overgrown conceptacles and the amount of aragonite is a maximum 9.4%
in one location and other locations are 0% to maximum 2.7%. They proposed “metabolites released by vegetative
cells composing the conceptacle wall could influence the seawater chemistry and microenvironment within the
conceptacles, favoring aragonite precipitation (Krayesky-Self, et al.)*?”. In our study, the experimental results
demonstrated that aragonite can be formed without the presence of OM (that is, in the control solution) and that
the addition of the purified OM enabled nucleation of Mg-calcite but did not prevent the formation of aragonite.
These findings are contrary to the proposal by Krayesky-Self et al., where they suggest a metabolic influence may
favour aragonite precipitation.

From our results, it can be proposed that aragonite in L. foecundum can form where there is either no meta-
bolic influence, such as in areas where a part of the crust is dead or in association with OM. Previous studies have
shown the aragonite not only forms in emptied conceptacles but also in cell vacuoles of the crust near exposure to
seawater such as at the base or in parts of the coralline crust that have been damaged by micro-borers*.This study
was conducted with tropical coralline algae. However, there are no studies that have found aragonite forming as
part of the coralline algal cell wall. This indicates that aragonite is completely inhibited from forming in these
skeletal parts despite our experiment demonstrating aragonite can form in parallel with Mg-calcite. This inhibi-
tion suggests that perhaps it is only once the part of the crust is no longer metabolically active that aragonite can
form, as is the condition in the experiment. Consequently, it can be surmised that there is an as yet unidentified
process that completely inhibits aragonite formation in the actively forming skeletal parts.

Previously, Walker and Moss** examined crustose coralline algal attachment related to the mineralization.
They observed that upon the construction of space in between the attached crust and the substratum, aragonite
crystals were precipitated below the crust and filled in the space helping in crust attachment. Walker and Moss*
proposed that metabolites secreted by the hypothelial cells may play a role in influencing aragonite precipitation.
In this study, we did not specifically analyze OM from the hypothalial cells, so this proposal cannot be supported
or refuted by our results. However, if the proposal by Walker and Moss is correct, that would suggest the metab-
olites secreted would have to differ from the main crust as otherwise Mg-calcite would be expected to form in
parallel with the aragonite between the base and substratum.

Regarding the environmental control, Basso*® and Nelson*® have stated that coralline algae with their high
magnesium calcite skeleton are more vulnerable to disbanding in response to increasing ocean acidification (OA)
as compared to other marine calcifiers that precipitate aragonite. The findings in our study reveal that the rela-
tively high amount of aragonite in the skeleton of L. foecundum may alter the dynamics of disbanding and may
slow the dissolution response.

The control of mineral morphologies and structures in biological and synthetic systems has been discussed in
detail?’. It is well known that mollusks (e.g., Abalone shells) contain two distinct polymorphs (calcite and arago-
nite) of calcium carbonate. While L. foecundum also contains aragonite, there is no evidence that this aragonite
forms as part of the living process as it does in mollusks, although it appears the formation of aragonite can occur
in parallel with living processes continuing in other parts of the crust.

Concluding Remarks

This new finding with the characterization of the skeletal organic matrix in another (previously reported*!) cor-
alline algal genus contributes substantially to our understanding of controls on coralline algal calcification. The
key question now is whether chitin is common to all coralline algae. The experimental results also prompt the
question of how aragonite formation might be inhibited from forming in the coralline cell wall and if this inhibi-
tion can break down under differing environmental conditions. The present results could influence our thinking
about the future response of coralline algae to global climate change. Further functional studies of the effect of
these organic matrix molecules (including chitin in coralline) on the nucleation and growth of calcite/aragonite
crystals are required to build a deeper understanding of various biomineralization processes.
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