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Coralline algae (Rhodophyta, Florideophyceae) are one of the most abundant organisms
in the hard-bottom marine photic zone where they provide settlement substrates,
structure and shelter on rocky substrates. Coralline algae also play important roles in
tropical reefs, both cementing corals together and producing substantial amounts of
calcium carbonate. The ecological roles of coralline algae in the marine environment are
related to the biomineralization process that occurs in the cell walls. Currently, this group
of algae is receiving renewed attention from researchers from different fields, especially
due to possible effects of climate changes over its magnesium calcite skeleton. Despite
this renewed attention, we still have poor information regarding the first steps of coralline
algae ontogeny and calcification. The aim of this study was to describe the earlier steps of
Lithophyllum corallinae development and its calcification process. Algae were collected at
Vermelha Beach, Rio de Janeiro city. Adult crusts released spores that settled over
microscope slides. The germinating spores were analyzed by Polarizing Light Microscopy,
Scanning Electron Microscopy, Energy Dispersive Spectroscopy, Transmission Electron
Microscopy and Atomic Force Microscopy. Results showed that cell walls mineralization
begins at third spore cell division (8 cells specimen), evidenced by changes in light
polarization, elemental composition and hardness, restricted to the cell walls of the
innermost part of the developing spore. Nanopores in calcite crystals structure were
identified, evidencing macromolecules occlusion, a feature especially important to prevent
calcite skeleton cracking in high-energy environments. The beginning of this process
could be related to spore size, availability of organic matrix and energy from
photosynthesis. All the analysis also confirmed the lack of calcification in the cell walls
of the outermost part of the germinating spore, which allows the growth of the individual;
but mainly indicates a high level of control in coralline algae mineralization process,
representing a relevant information in future studies on coralline algae calcification,
including those testing climate changes scenarios.
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INTRODUCTION

Coralline algae (Rhodophyta, Florideophyceae) are one of the
most abundant organisms in the hard-bottom marine photic
zone, where they are noticeable marine calcifiers, growing
attached to the substrate (crustose coralline algae – CCA) or as
free-living nodules, known as rhodoliths (Steneck, 1986; McCoy
and Kamenos, 2015).

These algae are widespread in tropical and temperate
intertidal and sub tidal environments, where they provide
settlement substrates, structure and shelter for many marine
organisms (McCoy and Kamenos, 2015). Coralline algae also
play important roles in tropical reefs, both cementing corals
together and producing substantial amounts of calcium
carbonate (Foster, 2001; Nelson, 2009; Amado-Filho et al.,
2012; Foster et al., 2013).

The ecological roles of coralline algae in the marine
environment are related to the biomineralization process that
occurs within its cell walls, which became heavily calcified
(McCoy and Kamenos, 2015). Crystals formed by coralline
algae are made of calcium carbonate, normally in the form of
high magnesium calcite, Ca(Mg)CO3, which presents a high
degree of Ca2+ substitution by Mg2+ at the crystal lattice (more
than 4 wt.%), with the majority of species containing Mg
substitution higher than 12 wt.% (Smith et al., 2012).

At the nanoscale, these crystals consisted of several single
crystallites assembled and associated with the cell wall organic
matter, with a high level of spatial organization. In addition,
calcification in coralline algae is dependent both on the soluble
and insoluble organic matrix, which are directly involved in the
control of crystals formation as well as their spatial organization
through an organic matrix-mediated process (Carvalho
et al., 2017).

Regarding the early stages of coralline algae development,
Johansen et al, 1981 observed that coralline algae spores in
planktonic phase do not exhibit calcium carbonate crystals
within the cell wall, which could help in flotation and
dispersion of this spores. Later works suggested that the first
steps of calcification occurred in some moment after the spore is
attached to the hard substrate (Vesk and Borowitzka, 1984;
Cabioch et al., 1986).

Currently, this group of algae is receiving renewed attention
from researchers from different fields, especially due to possible
effects of climate changes in seawater chemistry (McCoy and
Frontiers in Marine Science | www.frontiersin.org 2
Kamenos, 2015). It is important to emphasize that, considering
the fact that coralline algae form magnesium calcite crystals in
their cell walls, this group of algae is more susceptible to possible
skeletal dissolution promoted by changes in seawater chemistry
driven by the higher absorption of CO2 (Andersson et al., 2008).
Recently, Ordoñez et al., 2017 reported that several spore
germination processes (i.e. formation of the germinating disc,
initial growth and germiling survival) of coralline algae is
negatively impacted by the independent and interactive effects
of ocean acidification, increasing seawater temperature and
irradiance intensity.

Despite this renewed attention, we still have poor information
regarding the first steps of coralline algae calcification. Taking
into account the threat against these calcifying organisms, it is
important to expand the knowledge about the first steps of
calcification in the current seawater pH for future comparisons
with in vitro and in vivo experiments.

Thus, the aim of this study was to describe the earlier steps of
development andmineralization process in Lithophyllum corallinae.
METHODS

Sampling
Lithophyllum coralline was choose for this study because it is one
of the main coralline algae found over the Brazilian shelf and is
also recognized in Brazil as an important rodolith-forming
coralline algae (Bahia, 2014). In addition, it is also common in
many sub-tropical and tropical habitats in the Atlantic and Indo-
Pacific regions (Henriques et al., 2014). Small crusts of
Lithophyllum corallinae were collected at Vermelha Beach
localized in the city of Rio de Janeiro (Rio de Janeiro, 22°
95’38”S, 43°16’27”W) over the rocky shore by divers in depths
ranging 3 to 5 meters. The adult samples were transferred to
Algae Laboratory (from Rio de Janeiro Botanical Garden
Research Institute) and maintained in a 400 L aquarium with
synthetic seawater prepared with deionized water and synthetic
salt (Red Sea Fish Pharm, Houston, USA) until spore release
experiments (approx. 2 weeks). The aquarium was set to mimic
abiotic in situ features, i.e. from the sampling site (Table 1).
Water temperature, pH, total alkalinity, salinity, dissolved
oxygen were measured with a YSI 556 Multiparameter (YSI
Incorporated, Ohio, USA), light intensity was measured with
HOBO Pedant sensors (ONSET, Massachusetts, USA) and Mg/
TABLE 1 | Natural and artificial seawater quality parameters measured at Vermelha Beach (Natural seawater) and aquarium.

Parameter Natural Seawater (Vermelha Beach) Artificial Seawater (Aquarium)

pH 8.05 ± 0.21 8.08 ± 0.17
Salinity (ppm) 37.52 ± 0.11 37.50 ± 0.15
Temperature (°C) 20.33 ± 0.11 20.37 ± 0.12
Total Alkalinity (µmmol.Kg-1) 2585.11 ± 57.79 2576.34 ± 5.65
Ca (ppm) 415 ± 5 417.1 ± 4.08
Mg (ppm) 1230 ± 20 1238.57 ± 16.3
Mg/Ca ratio 2.963 ± 0.01 2.969 ± 0.01
Ω calcite 5.28 ± 0.32 5.15 ± 0.12
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Ca proportion was obtained by Ca and Mg concentration
analysis with colorimetric rapid tests (Red Sea Fish Pharm,
Houston, USA). To mimic field light conditions (i.e. light
intensity, diurnal and nocturnal light cycle, etc) we used AI
Vega lights (Aqua Illumination, Pennsylvania, USA). Adult
Specimens were identified from morphological and
reproductive characters (Supplementary Figure 1) observed in
sections prepared using methods detailed in Maneveldt and Van
Der Merwe, 2012.

Spore Release Method
For spore releasing, we induced the fertile adult crusts adapting a
combination of previous methods (Ichiki et al., 2000; Ordoñez
et al., 2017). The aquarium was kept under low light intensity (16 –
32 µmol photons m-2 s-1) during the diurnal light cycle and the
aquarium temperature was reduced to 18°C for 4 hours. We did
not quantify the number of released spores or the reproductive
output of the L. corallinae adult crusts.

Spore Settlement
Microscopy slides (30 mm diameter; n = 80) were previously
treated with 2/3 of ethanol (> 99.8%, absolute, Sigma-Aldrich)
and 1/3 of hydrochloric acid (> 32% P.A., Sigma-Aldrich)
solution to increase roughness and enhance the possibility of
spore settlement (Fletcher and Callow, 1992). After the
treatment, the slides were washed with distilled water, dried
and glued with double-face tape (3M, Scotch, Brazil) over eleven
20 cm wood sticks (n = 7 slides per wood stick). These wood
sticks were submerged into the 400 L aquarium where the
Lithophyllum corallinae adult crusts were placed. The
submersion was done in aquarium regions were the water flow
were more intense in order to orientate this settlement substrate
direct against the water flow, thus presenting a higher probability
of planktonic spores to settle. Settlement of spores of L. corallinae
were confirmed by optical microscopy, using previous literature
that described the dimension, morphological features and cell
division patterns exhibited by coralline algae spores (Chihara,
1974; Ichiki et al., 2000).

Monitoring Lithophyllum Corallinae Cell
Wall Development
The first slides were removed from the aquarium after 4 hours of
exposure to the water flow. Later slides were removed in different
times (6, 8, 12 and 24 hours). To follow cell wall earlier
calcification process in germinating spores of Lithophyllum
corallinae, the slides were gently placed over microscope slides
where 3 drops of seawater were pipetted. A Zeiss Axioplan-2
Optical Microscope with crossed polarizers and 20x objective
lens was used to observe the presence of birefringent material,
which could indicate the presence of the calcium carbonate
crystals. A phase plate (l = 551 nm) was also used to indicate
the slow and the fast rays (higher and lower effective refractive
indexes respectively) of the material. The higher effective
refractive index of the phase plate is indicated by the double
arrow in Figure 1.
Frontiers in Marine Science | www.frontiersin.org 3
Elemental Composition of L. Corallinae
Cell Walls
Ten slides observed by Polarized Light Microscopy (PLM) that
presented the highest amount of settle individuals in different
development stages were fixed (4% paraformaldehyde; 2.5%
glutaraldeheyde; 0.1 M cacodylate; pH = 8.2), dehydrated in
increasing concentrations of acetone at room temperature,
dried at the CO2 critical point dryer equipment (Bal-Tec
CPD030, Leica, Wetzlar, Germany) and coated with a thin
carbon layer (108C Auto Carbon Coater, Ted Pella, California,
USA). The slides were observed in a FEI Quanta 250 Scanning
Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) was performed with an EDAX Octane
silicon drift x-ray detector (New Jersey, USA) operated at 15
kV. Ca and Mg maps from the young individuals were acquired
in order to localize and compare the amount of these ions in
different development stages.

Nanostructure and Crystalline Structure of
Early Cell Wall Spores
Samples were prepared as described above. After critical point
drying with CO2, coverslips adhered settle individuals were
embedded overnight in spurr resin and polymerized for 24h at
70°C. After polymerization, samples were thawed onto liquid
nitrogen to separate SPURR embedded settle individuals from
glass cover slips. Ultrathin sections (80 nm) were obtained
using a Leica EM UC7 ultramicrotome (Leica, Wetzlar,
Germany), collected onto 300 mesh lacey carbon grids
(Electron Microscopy Sciences-EMS). No staining was
performed. Grids were observed on a Tecnai-T20 electron
microscope (Thermosfisher) with a LaB6 source operating at
200 kV. Images were recorded using a 1k CCD camera (Veleta,
Olympus). Electron diffraction patterns were obtained in the
select areas at 1.75m camera lenght.

Changes in Nanomechanical and
Nanostructure of Settled Spores
The production of calcium carbonate crystals in coralline cell
walls can affect directly the topography and mechanical
properties of these structures and the modification of these
parameters could be a good indication of calcification initiation.
To identify differences in the cell wall topography and
mechanical properties between different development stages,
Atomic Force Microscopy (AFM) images of 2 to 8 celled newly
germinated individuals (3 hours after settlement) and 16 to 32
celled individuals (12 hours after settlement) were acquired
using a Bioscope Catalyst (Bruker, California, USA) operated at
the Peak Force Tapping mode (Pittenger et al., 2012). AFM is
one of the Scanning Probe Microscopies techniques in which a
cantilever with a very sharp tip is used to scan the sample (a few
atoms of the tip that actually touch the sample), providing
atomic resolution images. Recently, Peak Force Tapping mode
(®Bruker, California, USA) was developed, in which the
resulting force curve from the interaction between the tip and
the sample could provide complementary information, such as
June 2022 | Volume 9 | Article 900607
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elasticity (Young´s modulus), adhesion, dissipation and
deformation. In this study, we obtained the elasticity
information from the coralline epithallial cells. In this sense,
the section of the force curve where the sample and the tip are
in contact is fitted using the contact mechanics models. In this
case, we used the Derjaguin-Muller-Toporov (DMT) model,
which is more realistic because it takes into consideration the
adhesion effects (Derjaguin et al., 1975). High resolution maps
of topography and elasticity (DMT Modulus) were acquired
with Quantitative Nanomechanical Mapping (QNM, Bruker,
California, USA). Tip calibration was performed using the
absolute method, as recommended by the manufacturer, prior
to each experiment. Peak Force Tapping was performed using
silicon tips (ScanAsyst-Fluid, Bruker, California, USA, nominal
spring constant of 0.7 N/m). The slides were fixed on a Petri
dish, and 3 mL of seawater were added for fluid scanning.
Images were acquired with 512×512 pixels of resolution at a low
scan rate (0.5 Hz), and image processing (line-wise flatten only)
was performed using NanoScope Analysis 1.6 (Bruker, Santa
Barbara, CA). Statistical analyzes were performed to test
differences of elasticity. Force curves (n = 30) from the cell
Frontiers in Marine Science | www.frontiersin.org 4
wall area and central area of the 4 and 16 cell stage were
acquired. Kolmogorov-Smirnov Test showed that the values
had a normal distribution, thus Analysis of variance
(Anova) was performed in Statistica software (Statsoft,
Hamburg, Germany).
RESULTS

Monitoring the Development of Spores
By monitoring spore’s development using polarized light
microscopy (PLM), it was possible to follow changes in the
structure of young germinating spores (n > 20 settled spores in
each microscopic slide) in the different growth stages. Images
showed that spores with 2 cells presented numerous possible
starch grains inside the cells (Figure 1A), which became less
abundant with the growth and subsequent cell divisions. Besides,
individuals with 2 cells, presented a transparent and thin cell wall
(Figure 1A), while in samples with 4 cells a different cell wall
composition seemed evident, with an opaque material present in
all the cell wall structure (Figure 1B). PLM observations
FIGURE 1 | Microscopic images of L. corallinae germinating spores in different development stages. 2, 4, 8, 16 and 32 germinating spores over the slides; Light
microscopy (A–E), PLM (F–J) and PLM with phase plate (K–O). PLM showed the presence of polarized material inside the cell walls since the 2 cells spores
(Figure 1F). PLM images with the utilization of a phase plate (l = 551 nm) confirm the presence of calcite crystals with the c axes oriented perpendicular to the cell
walls beginning from the 8 cell stage (K–O). Scale bar: 1A – 1C = 10 µm; 1D – 1E = 20 µm.
June 2022 | Volume 9 | Article 900607
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confirmed the cell wall difference that seems to take place after
the second cell division (4 cells). Samples with 2 cells presented a
lower birefringence in comparison with 4 cells spores and the
spores that are in other development stages. It is interesting to
notice that the polarizing material seen in 4 cells samples and in
the subsequent stages is concentrated in the cell walls of the
innermost part of the growing thallus while the cell walls facing
the external medium do not present this polarizing material
(Figures 1G–J). With the insertion of the phase plate (pinkish
images), the birefringence presented by the walls of 4 cells spores
(Figure 1L) had a specific pattern of orientation of the blue and
yellow colors, which were inverted relatively to the walls of older
germinated spores, with “yellow” cell walls parallel and “blue”
cell walls perpendicular to the phase plate direction. As it will be
shown in the next section, calcium ions were not found in the
innermost cell walls of 2 and 4 cell spores, revealing that
macromolecules (such as cellulose fibrils) or shape anisotropy
of the walls were responsible for the weak birefringence observed.
On the other hand, the cell walls of 8 cells spores were clearly
birefringent and that their low ray axis direction were parallel to
the low ray axis of the phase plate (double arrow in the
Figure 1K) and thus perpendicular to the cell wall contours.
This interpretation comes from the observation of blue and
yellow colors, corresponding to directions perpendicular and
parallel to the cell wall contours relative to the phase plate low
ray axis, respectively. This would be in favor of the presence of
calcite crystallites inside each cell wall with the c axis (which is
the optic axis in calcite) oriented parallel to their contours with
an increase of intensity mainly after 8 and 16 cells stages
(Figures 1N, O). The c axis of a birefringent crystal (e.g.,
calcite crystal) is a direction under which the incident light
rays, suffer no double refraction when traveling inside the crystal.
In this propagation direction, the light passes through the crystal
as if it were a non-birefringent material. In other propagation
directions, the light is split into two polarized rays that migrate
with different velocities associated with specific refractive indices
(for details about this subject see Wood, 1977).

Spore Settlement, Ultrastructure and
Elemental Composition
The first recovered slides presented settled L. corallinae spores (>
10 spores/slide) with 2 to 4 cells (Figures 2A, B) with an oval to
spherical shape and with 43.81 ± 1.52 µm as mean diameter (n =
10). The cell walls were thin in the 2 cells individuals and became
more evident in 4 cells germinating spores. The germinating
spores presented a network-like material over its structure,
probably extracellular matrix used for spore fixation or
bacterial EPS. The second cell division occurred in a cruciate
morphology, which is typical of the Amphiroa type of growth
described by Chihara, 1974, in which Lithophyllum is also a
genus that presents this feature in spore growth. The latter slides
(After 12 hours of culture) presented germinating spores with 16
to 128 cells with radial or filamentous-like type of growth. The
cells presented a different shape from the youngest germinating
cell with a rectangular shape. The most evident difference is the
increased thickness of the cell walls of the innermost part of the
Frontiers in Marine Science | www.frontiersin.org 5
developing thallus (Figures 2C, D). The removal of the
superficial cell tissue revealed the resemblance of these call
walls with cell walls seen in mature coralline algae. Elemental
analysis of the cell walls from L. corallinae germinating spores
revealed changes in composition of these structures during the
development stages. While in 2 and 4 cells (Figures 2A, B) it is
not possible to observe calcium or magnesium signal inside the
structure of the cell wall, germinating spores with approx. 16 cells
(Figures 2C, D) presented a higher calcium signal in the cell
walls that are in the innermost part of the new thallus
corroborating the change of cell wall composition observed in
the Optical and Polarized Microscopy analyzes. Mg signal also
starts to appear in the cell walls of the 16 cells germinating spore.

Nanosctructure and Nanocrystallinity of
Cell Walls
High resolution transmission electron microscopy of uppermost
cells from the epithallus of a 16 cells germinating spore (n = 10)
showed the presence of early needle calcite crystals growing in
the outermost part of the cell walls (middle lamella) and a
thinner cell wall infill with tangential crystals (Figure 3A).
Cells that are immediately under the epithallial cells present a
thicker cell wall, with the presence of calcite crystals that grew
perpendicular to the cell wall (yellow asterisk). Tangential
crystals present different sizes and orientations with needle-like
and hexagonal shapes (Figure 3B). The calcite crystals from
different parts of the cell wall presented nanopores in their
structure with a diameter of 4.982 ± 0.77 nm (N = 100)
(Figure 3C). Selected area electron diffraction (yellow circle in
Figure 3A) indicated that the crystals from the middle lamella
are indeed high magnesium calcite, with the (104) peak at 2.964
nm (d-spacing) which represents a magnesium substitution of
approx. 25% mol% MgCO3 according to Zhang et al.,
2010 (Figure 3D).

Changes in Nanomechanical and
Nanostructure Patterns
Confirming the results of the change in composition of cell walls
from 4 cells to later development stages obtained with the other
techniques used in this study, Atomic Force Microscopy also
detected structural and mechanical differences. Topographical
images of 4 cells germinating spores (Figure 4A) showed that the
central part of the cells is higher than the cell walls surrounding
the cell lumen. The cell walls are thin and almost imperceptible
(Figure 4A). In contrast, cell walls from 16 cells samples are
more evident, four times thicker than the 4 cells (1.56 ± 0.3 mm x
0.39 ± 0.2 mm). At this stage the central part of the cell is
topographically lower in comparison with the surrounding cell
wall, as a flattened or compressed shaped epithallial cells
(Figure 4B). DMT modulus images (elasticity) showed that 4
cells germinating spores presented a uniform elasticity along the
analyzed cells, with regions ranging between 1.5 MPa to 3.7 MPa
(Mean = 2.6 ± 0.6 MPa; Figure 4C). The cell wall region and the
central part of the 4 cell spores presented similar elasticity
(Anova, p = 0.82725; Table 2) Meanwhile, DMT modulus
images of germinating spores with 8 to 16 cells showed the
June 2022 | Volume 9 | Article 900607
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FIGURE 2 | Scanning Electron Microscopy images and EDS maps (calcium and magnesium) of L. corallinae germinating spores that settled over the microscope
slides. 2 cells spore presenting a thin cell wall dividing the cells and a framework material that seems to help with the settlement process (A, scale bar = 10 µm). 4
cells germinating spore with cruciate cell division and with the same framework material covering all the spore and part of the microscope slides (B, scale bar = 10
µm). 12 to 16 cells germinating spore with the superficial tissue removed (C, scale bar = 20 µm). 24 to 32 cells germinating spore with a filamentous growth,
showing the small cells from divisions that occurs in the distal regions (D, scale bar = 20 µm).
Frontiers in Marine Science | www.frontiersin.org June 2022 | Volume 9 | Article 9006076
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decreased elasticity in the cell walls of cells that are in the
innermost region of the spore structure (Anova, p = 0.00001;
Table 2), with some regions of the cell walls ranging up to 35.8
MPa, which is almost ten times less elastic than the 4 cell wall
tissue and the central part of the cell spore with 16 cells
(Figure 4D). Although the increase of cell walls inflexibility,
the tissue of the central part of the cells in this development stage
remained with a similar elasticity (Mean = 3.1 ± 1.2 MPa) of the
4 cells tissues (Anova, p = 0.94775 and p = 0.98949; Table 2).
DISCUSSION AND CONCLUSION

This study takes over the ontogeny and development of coralline
algae ultrastructure and biomineralization process that started
over 40 years ago providing the first insights of cell division
patterns and the appearance of the first structures inside the cell
Frontiers in Marine Science | www.frontiersin.org 7
walls that were related to the early deposition of CaCO3 crystals
(Chihara, 1974; Borowitzka and Vesk, 1978; Vesk and
Borowitzka, 1984).

Some of the key questions raised up by these studies were how
the cell wall develops, what is the composition of the early cell
walls and if deposition of the organic matrix precedes the CaCO3

deposition or vice versa.
In this sense, our study with L. corallinae provided new

information that can be incorporated with the previous studies
and draw a preliminary picture of the early stages of coralline
algae germinating spore development and the changes in the cell
wall that culminates in the heavy deposition of CaCO3.

The germinating spores of L. corallinae obtained in the slides
presented a diameter that is in accordance with the Lithophyllum
group mentioned by Chihara, 1974 that ranged between 20 and
45 µm. The cell division was also related to the same pattern seen
in this study, with the cruciate division of the 4 cell spore and the
subsequent small lateral division and a partially radial growth.
A B

C D

FIGURE 3 | Transmission electron microscopy images of 16 cells L. coralline germinating spore showing epithallial cells with thinner cell walls with needle-like and
elongated calcite tangential crystals. Perithallial cells with thicker cell walls and perpendicular calcite crystals (A, asterisk). Detail of the tangential crystals with different
sizes and orientations (B). Needle-like and elongated calcite nanocrystals with presence of nanopores in the crystalline structure (C). Selected area electron
diffraction (SAED) of needle-like calcite nanocrystals evidencing the random orientation and the identification of high magnesium calcite through SAED pattern
indexing (D).
June 2022 | Volume 9 | Article 900607
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The growth patterns exhibited by the germinating spores after 8
cells can be related to several conditions, including water motion,
space competition, depth and temperature (McCoy and
Kamenos, 2015).

Cell wall formation followed by Polarized Light Microscopy
revealed polarizing material in the cell wall from the germinating
spores since the first cell division and the observations with the
Frontiers in Marine Science | www.frontiersin.org 8
phase plate showed that the birefringence ray axes change from 4
cell spores to higher than 4 cells spores. This fact shows that in
early growth stages, the materials that polarizes light are cellulose
fibrils (Srivastava, 2002) or the shape anisotropy of the apposed
cell walls, while for stages with higher number of cells,
birefringence is caused by calcite crystallites (Cheng et al.,
1998). Calcite is known as a negative birefringent crystal,
TABLE 2 | Summary of the data from the ANOVA analyzes and Post Hoc Tukey HSD test with DMT Modulus (elasticity).

Result Details

Source SS df MS

Between-treatments 16403.1003 3 5467.7001 F = 883.45002
Within-treatments 717.9277 116 6.189 P < 0.00001
Total 17121.0279 119

Pairwise Comparisons HSD.05 = 1.6744
HSD.01 = 2.0441

Q.05 = 3.6864 Q.01 = 4.5003

T1:T2 M1 = 2.56
M2 = 3.11

0.55 p = 0.82725

T1:T3 M1 = 2.56
M3 = 2.91

0.35 p = 0.94775

T1:T4 M1 = 2.56
M4 = 29.86

27.30 p = 0.00001

T2:T3 M2 = 3.11
M3 = 2.91

0.20 p = 0.98949

T2:T4 M2 = 3.11
M4 = 29.86

26.75 p = 0.00001

T3:T4 M3 = 2.91
M4 = 29.86

26.95 p = 0.00001
June 2022 | Volume 9
T1 = 4 cells stage (cell wall); T2 = 4 cells stage (central part of the cell); T3 = 16 cells stage (central part of the cell); T4 = 16 cells stage (cell wall).
A B

C D

FIGURE 4 | Topographical and elasticity images of 4 cells (A, B) and 16 cells (C, D) showing the topographical and hardness (DMT Modulus) differences of the cell
surfaces between these two developmental stages.
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which means that in this type of crystals, the refractive index
experienced by the extraordinary ray (electric field vibration
plane that contains the c axis) is less than that for the ordinary
ray (Inoué, 2008).

Taking this information into account, the EDS analysis
performed in this work was determinant to point that the
material inside the cell wall of the two and four cell individuals
is cellulose, while in older germinating spores, in which
cell division promotes a confined space between the cells,
the detection of calcium and magnesium reveals the
biomineralization of high magnesium calcite first on the
middle lamella and later within coralline algae cell wall.

High resolution transmission electron microscopy images
confirmed the development sequence of coralline algae cell
wall proposed by Cabioch and Giraud, 1986, with the
production of high magnesium calcite elongated crystallites in
the middle lamella, tangential to the cell walls in the outermost
part of the cell wall. Finally, perpendicular crystals are formed in
subepithallial cells, where the secondary cell wall is well
developed. The high magnesium calcite biomineralization of
the juvenile L. corallinae is in agreement with the calcification
model proposed by Nash et al., 2019, with similarities in the cell
wall structure of Amphiroa anceps analyzed by these authors,
which is also from the Lithophylloideae subfamily (Aguirre
et al., 2010).

Regarding the appearance of the first calcite crystals, the
explanation could be related to the size of the germinating
spore. In fact, previous evidences point out for a “trans
calcification” mechanism proposed by McConnaughey and
Whelan (1997) for calcifying macroalgae. In their proposition,
calcification is enzymatically controlled, based on the
transformation of HCO3

-1 in CO2 for photosynthesis by a
carbonic anhydrase, which in turn produces CO3

-2 and the ion
pumps provide the efflux of Ca2+ inside the cell wall for ion
supersaturation. One of the most accepted idea is that
calcification rate is directly proportional to the photosynthetic
rate (Borowitzka and Larkum, 1976; Jensen et al., 1985) and for
Halimeda tuna Borowitzka and Larkum have shown that
photosynthetic rate must exceed a threshold value of 100 to
200 nmol CO2 fixed g-1 dry weight min.-1 before calcification is
stimulated (The carbon dioxide utilization theory). Besides
providing the optimal conditions, coralline algae present an
organic matrix inside cell walls composed by polysaccharides
that presents a high affinity of divalent ions (Bilan and Usov,
2001, Carvalho et al., 2017). This could be the reason for the
biomineralization to take place after a minimum growth of the
germinating spore, which in fact will present greater
photosynthetic surface and more organic matrix production,
which can provide the energy and a template necessary for
the process.

Another feature that we have noticed in our results is the low
concentration of calcium and magnesium in the cell walls that
faced the external medium. According to previous studies there
are three occasions in which coralline algae cell walls are not
calcified, 1) non-calcified segments (intergenicula) of articulated
coralline algae (Bilan and Usov, 2001); 2) Regions where some
Frontiers in Marine Science | www.frontiersin.org 9
tissue lesion occurred, e.g. fish bites, bacterial infection (Pueschel
et al., 2005); 3) Epithallial cells or reproductive structures
(Borowitzka and Vesk, 1978). In this sense we can establish
that coralline algae exert control over the areas that will be
calcified in the thallus. The concentration of ions observed after
the 4 cell stage in the EDS analyzes lead us to hypothesize that
this process initiates, with the help of photosynthetic energy, in
the moment that the germinating spore presents cell walls that
are totally isolated of the external medium, corroborating with
the intercellular biomineralization hypothesis for coralline algae
presented by Mann (2001) and the bioinduced mineralization
hypothesis raised by Nash et al., 2019.

The formation of high magnesium calcite crystals after the
isolation of the cell walls of the innermost cells in 8 celled
germinating spores is in agreement with previous studies which
reported the production of crystals in confined spaces in other
marine organisms, such as sea urchins (Robach et al., 2005). It is
well known that this metastable calcite polymorph can only be
precipitated synthetically, without the presence of additives such
as proteins and polysaccharides, mixed solvents, organic
monolayers or via solid transformation process, at high
temperatures and high pressure (Long et al., 2014), so in the
case of marine organisms, the isolation from the external media
and the presence of specialized macromolecules is essential to
produce these highly non-equilibrium crystals.

High resolution images from the tangential crystals produced
by the epithallial cells from L. corallinae germinating spores also
revealed an interesting feature of the high magnesium calcites,
which is the presence of nanopores inside the crystal structure.
One of the explanations of this phenomenon could be the
presence of macromolecules (proteins and polysaccharides)
inside its crystalline structure. During the mineralization
process, some proteins and polysaccharides adhere to the
growing crystal, then crystal growth rate can be fast enough to
avert the macromolecule rejection, which eventually becomes
overgrown. In this process, these substances can be occluded
inside the crystal structure (Blake and Peacor, 1981; O'Neill,
1981; Berman et al., 1990).

Previous studies stated that one of the advantages of these
macromolecules occlusion is the fact that they can enhance the
toughness and cause the conchoidal fracture morphology of
echinoid calcite skeletal elements, which corresponds to a
change in the intrinsic brittleness of synthetic calcite (Berman
et al., 1990; Berman et al., 1993).

Carvalho et al., 2017 showed the presence of fibers inside
mature coralline algae calcite crystals, which was interpreted as
organic matter inside the crystal structure. The combination of
these organic fibers (evidenced by the possible occluded
macromolecules) together with calcification process, found in
this study, could indicate that coralline algae high magnesium
calcite exhibits a structure that inhibits cracking of the calcite
skeleton in high energy environments, such as coastal areas with
strong waves or areas with strong currents.

Up to date, this is the first study that accessed nanomechanical
properties of live coralline algae cells. Atomic Force microscopy
analyzes revealed the hardening of the cell walls of germinating
June 2022 | Volume 9 | Article 900607
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spores from 4 cells to 16 cells, which became ten times harder, with
elasticity similar to other mineralizing tissues like silica stripes
found in diatoms that presented 43.7 MPa (Pletikapic´ et al.,
2012). The elasticity of the central part of the 16 cells germinating
spores remained similar to the 4 cell spore, which suggests that this
part of the coralline structure is not calcified and it is probably
covered by a soft tissue, confirming the PLM, SEM and EDS
results. The lack of calcification in the upper cortical cells is a
feature long known for coralline algae (Borowitzka and Vesk,
1978) and this study revealed in which development stage this can
be already seen. Mechanical properties (hardness and elastic
modulus) from adult crusts were accessed by Nash (2016) with
another technique (nanoindentation) and the analyses showed
that there is a transition from soft Mg-calcite surface to fracture
resistance in the perithallus, which presents dolomite. The
modulus recorded for these crusts was in GPa order of
magnitude, which differs from what we observed (MPa order of
magnitude) because this study was performed in dead polished
coralline algae skeleton, with no soft tissue cover. Moreover,
nanoindentation uses much more force to indent on the sample
surface, causing the deformation of the material, which is different
from Atomic Force Microscopy, which uses an atomic scale sharp
tip and much less force, only enough to press soft samples without
damaging it aiming to provide elasticity measurements of the
sample itself, not the substrate or anything else that is beneath
the material.

The results herein presented, revealing the formation of first
calcite crystals between 8 to 16 cells stages in L. corallinae, may
support future studies availing the response of germinating
spores and early biomineralization to changes in some
environmental factors predicted in future atmospheric and
seawater scenarios (IPCC, 2022), like seawater acidification
and greenhouse effect. Some of the effects of these changes
were already reported by Bradassi et al. (2013) with rising of
spore mortality and abnormalities and the decrease of
calcification rates. Although the study was performed with
only one species (Phymatholithon lenormandii) and
germinating spores developed for one week, perhaps these
effects could be detected even earlier, in spores with few
hours of development and with different intensities regarding
different coralline algae species.

Based on the results obtained in this study, the
mineralization process in the cell wall of germinating spores
of Lithophyllum corallinae begins after 8 to 16 cell of settled
germinating spores. This fact was evidenced by the change in
the cell wall composition seen with the Polarized Light
Microscopy, with the presence of Ca and Mg ions inside the
cell walls of the innermost part of the individuals, the
identification of high magnesium calcite in the cell wall and
the increase of hardness presented by these cell walls. The
explanation for the beginning of the calcification in the cell
walls could be related with the increase of the spore size
together with the increase of the photosynthetic tissue and
cell wall organic matrix. The presence of occluded
macromolecules in calcite crystals exhibits may be especially
important to prevent cracking of the calcite skeleton in high
energy environments, such as coastal areas with strong waves or
Frontiers in Marine Science | www.frontiersin.org 10
areas with strong currents. All the analysis also confirmed the
lack of calcification in the cell walls of the outermost part of the
germinating spore, which allows the growth of the individual
and indicates some level of control from coralline algae over its
biomineralization process.
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Inoué, S. (2008). Collected Works of Shinya Inou: Microscopes, Living Cells, and
Dynamic Molecules (Singapore: World Scientific).

IPCC (2022). “Climate Change 2022,” in Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. [H.-O. Pörtner, D.C. Roberts,
M. Tignor, E.S. Cambridge (UK): Cambridge University Press

Jensen, P. R., Gibson, R. A., and Littler, M. M. (1985). Photosynthesis and
Calcification in Four Deep-Water Halimeda Species (Chlorophyceae,
Caulerpales). Deep-Sea Res. 32, 451–464. doi: 10.1016/0198-0149(85)
90091-3

Johansen, W. H. (1981). Coralline Algae, a First Synthesis (Inc: CRC Press).
Long, X., Ma, L., and Qi, (2014). Biogenic and Synthetic High Magnesium Calcite

– A Review. J. Struct. Biol. 185, 1–14. doi: 10.1016/j.jsb.2013.11.004
Maneveldt, G. W., and Van Der Merwe, E. (2012). Heydrichia Cerasina Sp. Nov.

(Sporolithales, Corallinophycidae, Rhodophyta) From the Southernmost Tip
of Africa. Phycologia 51, 11–21. doi: 10.2216/11-05.1

Mann, S. (2001). Biomineralization, Principles and Concepts in Bioinorganic
Materials Chemistry (Oxford: Oxford University Press).

McConnaughey, T. A., and Whelan, J. F. (1997). Calcification Generates
Protons for Nutrient and Bicarbonate Uptake. Earth Sciences Reviews
42:95–117.

McCoy, S. J., and Kamenos, N. A. (2015). Coralline Algae (Rhodophyta) in a
Changing World: Integrating Ecological, Physiological and Geochemical
Responses to Global Change. J. Phycology 51 (1), 6–24. doi: 10.1111/jpy.
12262

Nash, M. C. (2016). “Assessing Ocean Acidification Impacts on the Reef Building
Properties of Crustose Coralline Algae,” in PhD Thesis (Canberra, Australia:
The Australian National University), 436.

Nash, M. C., Diaz-Pulido, G., Harvey, A. S., and Adey, W. (2019). Coralline Algal
Calcification: A Morphological and Process-Based Understanding. PloS One 14
(9), e0221396. doi: 10.1371/journal.pone.0221396

Nelson, W. A. (2009). Calcified Macroalgae – Critical to Coastal Ecosystems and
Vulnerable to Change: A Review. Mar. Freshw. Res. 60, 787–801. doi: 10.1071/
MF08335

O'Neill, P. L. (1981). Polycrystalline Echinoderm Calcite and its Fracture
Mechanics. Science 213 (4508), 646–648. doi: 10.1126/science.213.
4508.646

Ordoñez, A., Kennedy, E. V., and Diaz-Pulido, G. (2017). Reduced Spore
Germination Explains Sensitivity of Reef-Building Algae to Climate
Stressors. PloS One 12 (2), e0189122. doi: 10.1371/journal.pone.0189122

Pittenger, B., Erina, N., and Su, C. (2012). “Quantitative Mechanical Property
Mapping at the Nanoscale With PeakForce QNM,” in Bruker Corporation
Application Note An128. California (USA): Bruker Surface Division. doi:
10.13140/RG.2.1.4463.8246

Pletikapic´, G., Berquand, A., Radic´, T. M., and Svetlic˘ic´, V. (2012).
Quantitative Nanomechanical Mapping of Marine Diatom in Seawater Using
Peak Force Tapping Atomic Force Microscopy. J. Phycology 48, 174–185. doi:
10.1111/j.1529-8817.2011.01093.x

Pueschel, C. M., Judson, B. L., and Wegeberg, S. (2005). Decalcification During
Epithallial Cell Turnover in Jania Adhaerens (Corallinales, Rhodophyta).
Phycologia 44, 156–162. doi: 10.2216/0031-8884(2005)44[156:DDECTI]
2.0.CO;2

Robach, J. S., Stock, S. R., and Veis, A. (2005). Transmission Electron Microscopy
Characterization of Macromolecular Domain Cavities and Microstructure of
Single-Crystal Calcite Tooth Plates of the Sea Urchin Lytechinus Variegatus. J.
Struct. Biol. 151 (1), 18–29. doi: 10.1016/j.jsb.2005.04.001
June 2022 | Volume 9 | Article 900607

https://doi.org/10.1666/09041.1
https://doi.org/10.1666/09041.1
https://doi.org/10.1371/journal.pone.003517
https://doi.org/10.1371/journal.pone.003517
https://doi.org/10.3354/meps07639
https://doi.org/10.3354/meps07639
https://doi.org/10.1126/science.250.4981.664
https://doi.org/10.1126/science.250.4981.664
https://doi.org/10.1021/j100121a052
https://doi.org/10.1021/j100121a052
https://doi.org/10.1023/A:1009584516443
https://doi.org/10.1093/jxb/27.5.879
https://doi.org/10.1007/BF00391400
https://doi.org/10.1007/s00227-013-2260-2
https://doi.org/10.1111/j.1529-8817.1974.tb02712.x
https://doi.org/10.1111/j.1529-8817.1974.tb02712.x
https://doi.org/10.1016/0021-9797(75)90018-1
https://doi.org/10.1080/00071619200650281
https://doi.org/10.1046/j.1529-8817.2001.00195.x
https://doi.org/10.11646/phytotaxa.190.1.9
https://doi.org/10.2216/i0031-8884-39-5-408.1
https://doi.org/10.1016/0198-0149(85)90091-3
https://doi.org/10.1016/0198-0149(85)90091-3
https://doi.org/10.1016/j.jsb.2013.11.004
https://doi.org/10.2216/11-05.1
https://doi.org/10.1111/jpy.12262
https://doi.org/10.1111/jpy.12262
https://doi.org/10.1371/journal.pone.0221396
https://doi.org/10.1071/MF08335
https://doi.org/10.1071/MF08335
https://doi.org/10.1126/science.213.4508.646
https://doi.org/10.1126/science.213.4508.646
https://doi.org/10.1371/journal.pone.0189122
https://doi.org/10.13140/RG.2.1.4463.8246
https://doi.org/10.1111/j.1529-8817.2011.01093.x
https://doi.org/10.2216/0031-8884(2005)44[156:DDECTI]2.0.CO;2
https://doi.org/10.2216/0031-8884(2005)44[156:DDECTI]2.0.CO;2
https://doi.org/10.1016/j.jsb.2005.04.001
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


de Carvalho et al. Ontogeny and Calcification Process of Lithophyllum coralinae
Smith, A. M., Sutherland, J. E., Kregting, L., Farr, T. J., and Winter, D. J. (2012).
Phylomineralogy of the Coralline Red Algae: Correlation of Skeletal
Mineralogy With Molecular Phylogeny. Phytochemistry 81, 97–108. doi:
10.1016/j.phytochem.2012.06.003

Srivastava, L. M. (2002). Plant Growth and Development (Hormones and the
environment. Oxford: Academic Press).

Steneck, R. S. (1986). The Ecology of Coralline Algal Crusts: Convergent Patterns
and Adaptive Strategies. Annu. Rev. Ecol. Systematics 17, 273–303. doi:
10.1146/annurev.es.17.110186.001421

Vesk, M., and Borowitzka, M. A. (1984). Ultrastructure of Tetrasporogenesis in the
Coralline Alga Halipton Cuvireri (Rhodophyta). J. Phycology 20, 501–515. doi:
10.1111/j.0022-3646.1984.00501.x

Wood, E. A. (1977). Crystals and Light. An Introduction to Optic Crystallography
(New York: Dover Publications Inc).

Zhang, F., et al. (2010). "A Relationship Between D 104 Value and Composition in
the Calcite-Disordered Dolomite Solid-Solution Series." American Mineralogist
95 (11-12), 1650–6.
Frontiers in Marine Science | www.frontiersin.org 12
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 de Carvalho, Wendt, Willemes, Bahia, Farina and Salgado. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
June 2022 | Volume 9 | Article 900607

https://doi.org/10.1016/j.phytochem.2012.06.003
https://doi.org/10.1146/annurev.es.17.110186.001421
https://doi.org/10.1111/j.0022-3646.1984.00501.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Ontogeny and Early Steps of the Calcification Process in Coralline Algae Lithophyllum corallinae (Florideophyceae, Rhodophyta)
	Introduction
	Methods
	Sampling
	Spore Release Method
	Spore Settlement
	Monitoring Lithophyllum Corallinae Cell Wall Development
	Elemental Composition of L. Corallinae Cell Walls
	Nanostructure and Crystalline Structure of Early Cell Wall Spores
	Changes in Nanomechanical and Nanostructure of Settled Spores

	Results
	Monitoring the Development of Spores
	Spore Settlement, Ultrastructure and Elemental Composition
	Nanosctructure and Nanocrystallinity of Cell Walls
	Changes in Nanomechanical and Nanostructure Patterns

	Discussion and Conclusion
	Acknoledgments
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


