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Crustose coralline algae (CCA) are one of the most
important benthic substrate consolidators on coral
reefs through their ability to deposit calcium
carbonate on an organic matrix in their cell walls.
Discrete polysaccharides have been recognized for
their role in biomineralization, yet little is known
about the carbohydrate composition of organic
matrices across CCA taxa and whether they have the
capacity to modulate their organic matrix
constituents amidst environmental change,
particularly the threats of ocean acidification (OA)
and warming. We simulated elevated pCO2 and
temperature (IPCC RCP 8.5) and subjected four mid-
shelf Great Barrier Reef species of CCA to 2 months
of experimentation. To assess the variability in
surficial monosaccharide composition and
biomineralization across species and treatments, we
determined the monosaccharide composition of the
polysaccharides present in the cell walls of surficial
algal tissue and quantified calcification. Our results
revealed dissimilarity among species’
monosaccharide constituents, which suggests that
organic matrices are composed of different

polysaccharides across CCA taxa. We also observed
that species differentially modulate composition in
response to ocean acidification and warming. Our
findings suggest that both variability in composition
and ability to modulate monosaccharide abundance
may play a crucial role in surficial biomineralization
dynamics under the stress of OA and global warming.
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matrix
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INTRODUCTION

Crustose coralline algae (CCA) are benthic calcify-
ing marine red macroalgae that play an integral role
in the structural stability of the world’s reefs.
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However, due to ongoing anthropogenic ocean
acidification (OA) and warming, it is established
that calcifying organisms like CCA are some of the
most negatively impacted, particularly on tropical
coral reefs (Hofmann and Bischof 2014, Cornwall
et al. 2019). The production of calcium carbonate
(CaCO3) in the form of high-magnesium (high-Mg)
calcite crystals in their cell walls via calcification,
and the accumulation of calcified cell layers allow
CCA to contribute to reef accretion and consolida-
tion of loose substrate (Steneck 1986, Adey 1998).
Yet, these same high-Mg calcite skeletons are sensi-
tive to the decreasing pH that characterizes OA,
which can result in reduced calcification rates,
increased dissolution, and even partial mortality,
thus challenging reef integrity (Martin and Gat-
tuso 2009, Diaz-Pulido et al. 2012, Nash et al. 2015).
CCA also facilitate ecological functioning through
the provision of substrate for invertebrate larval set-
tlement across phyla, e.g., corals (Harrington
et al. 2004), abalone (Daume et al. 1999), sea urch-
ins (Rowley 1989), and polychaetes (Gee and
Knight-Jones 1962). However, the magnitude of
impact that OA and warming have on CCA skele-
tons varies across taxa (Hofmann and Bischof 2014),
suggesting some might possess coping mechanisms
that would allow them to uphold these ecological
roles into the Anthropocene. Due to the limited
availability of mechanistic information about calcifi-
cation in CCA (Borowitzka and Larkum 1987, Corn-
wall et al. 2017, DeCarlo et al. 2019, McNicholl
et al. 2019, Nash et al. 2019), the potential for
CaCO3 skeleton regulation remains unclear. To bet-
ter understand the calcification dynamics in CCA
under environmental change, greater knowledge of
the mechanisms by which calcification occurs at the
cellular and structural level is needed.

Calcium carbonate precipitation in CCA occurs in
the cell wall, as opposed to corals or green calcify-
ing algae (i.e., Halimeda) in which it occurs in the
intercellular space (Goreau 1961, Borowitzka and
Larkum 1987). Crystal nucleation can also occur
intracellularly in other organisms such as coccol-
ithophores (Brownlee and Taylor 2004). Calcifica-
tion in CCA is associated with a cell wall organic
matrix. Cell walls are largely made up of carbohy-
drate polymers that are organized into a latticework,
or organic matrix, which provides the scaffolding
necessary for mineralization to occur (Borowitzka
and Larkum 1987, Bilan and Usov 2001, Nash
et al. 2019). A bio-induced calcification mechanism
in CCA proposes that CaCO3 crystal nucleation on
structural polysaccharides is induced when sur-
rounded by a matrix fluid comprised of endogenous
polysaccharides, i.e. inducing polysaccharides, and
seawater (containing inorganic carbon and cal-
cium/magnesium; Nash et al. 2019). These struc-
tural and inducing polysaccharides from the CCA
matrix have been isolated and identified to an
extent, where some are unique to corallines (i.e.,

corallinins; e.g., particular sulfated xylogalactans, or
SXGs; Usov 1992, Usov et al. 1995, Takano
et al. 1996, Usov and Zelinsky 2013), some are com-
mon across red algae (e.g., carageenans and agar-
ans; Lee 2018), and others are present in multiple
algal phyla (e.g., cellulose, alginates and chitin; Sie-
gel and Siegel 1973, Rahman and Halfar 2014). The
biomineralization-inducing function of particular
carbohydrate polymers has been confirmed by stud-
ies that have isolated polysaccharides, specifically
particular sulphated xylogalactans (SXGs), from cor-
alline cell walls, and observed in vitro crystallization
in the presence of calcium-containing seawater
(Pavez et al. 2005). While it is presumed that the
inducing polysaccharides would be positively corre-
lated with crystal formation, the relationship
between both inducing and structural polysaccha-
rides and calcification is still poorly understood. It
is also not presently understood whether a polysac-
charide can possess both inducing and structural
properties, and if this dual functionality could be
context-dependent. Additionally, other matrix con-
stituents suggested to be inhibitory (Borowitzka and
Larkum 1987) are expected to be negatively corre-
lated with CaCO3 deposition, but these are also
poorly characterized. Thus, it is still not clear how
matrix constituents as a whole are related to the cal-
cification process, whether matrix composition can
be regulated by CCA, and perhaps more impor-
tantly, it is completely unknown whether increased
seawater pCO2 (reduced pH) and warming influ-
ence the composition of the organic matrix and
consequently CCA calcification.
Recent data suggest that calcification is a

biologically-induced process, rather than biologically
controlled (Nash et al. 2019), but the degree of reg-
ulation that CCA possess over calcification is cur-
rently under debate. Research supports the ability
of CCA to regulate the matrix fluid carbonate chem-
istry potentially as a means for controlling calcifica-
tion (Cornwall et al. 2017, Comeau et al. 2018). Yet
on the other hand, one of the characteristic features
of bio-induced mineralization is that there is an
absence of control over the calcifying fluid. Nash
et al. (2019) argue that although the organism-
produced fluid can be metabolically controlled, the
porosity of the CCA surface allows free exchange of
seawater, resulting in the final mixed matrix fluid
being uncontrolled. Although, there is some evi-
dence that CCA control the calcifying fluid chem-
istry (Cornwall et al. 2017, Comeau et al. 2018), the
precipitation of high Mg-calcite crystals would also
be largely dependent on the existence of a suitable
cell-wall organic matrix (Borowitzka and Lar-
kum 1987, Nash et al. 2019). To date, there is no
information regarding the modulation of cell wall
organic constituents in CCA under environmental
change. As seawater temperature increases and pH
decreases, it will be crucial to determine the effects
these environmental factors have on organic matrix
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composition and whether calcification is differen-
tially affected across CCA taxa.

This study aimed to determine how monosaccha-
ride composition of polysaccharides varies across
species and whether CCA are capable of altering
monosaccharide composition in carbohydrate poly-
mers under environmental changes, in hopes of
achieving a greater understanding of the relation-
ship between the cell wall organic matrix and
biomineralization. Ideally, the fine structure of
polysaccharides must be determined to assess and
confirm the importance of their function. However,
due to the difficulty of obtaining enough biomass
from CCA to finely characterize polysaccharides,
their monosaccharide composition was determined
in the first instance. Here we hypothesized that: (i)
the monosaccharide composition of polysaccharides
varies across CCA taxa, and (ii) CCA differentially
shift the relative abundance of monosaccharide con-
stituents in their cell walls, as well as experience
changes in calcification rates, in response to OA
and/or warming. These findings contribute to a bet-
ter understanding of calcification dynamics in CCA
through the mechanistic exploration of organic
matrix modulation under OA and warming.

MATERIALS AND METHODS

Sample collection and study area. Lizard Island, northern
Great Barrier Reef (GBR; 14°41017.4″ S 145°28003.6″ E &
14°41047.0″ S 145°27002.9″ E) was chosen as the study site for
its accessible lagoonal reefs, which are composed of an abun-
dant and diverse CCA community (E. Bergstrom and G. Diaz-
Pulido, pers. obs.). Additionally, the northern third of the
GBR has experienced substantial loss of coral cover over the
past decades due to successive coral bleaching events, crown
of thorns starfish outbreaks, and cyclones, where >50% of
corals in shallow habitats died in 2016 alone (Tarte and
Hughes 2020). Thus, under these circumstances there is an
increasing amount of dead coral that provides opportune
substrate for CCA to settle, grow, and consolidate the reef.

The following four species were selected for this study in
order to assess cell wall matrix composition variability across
CCA: Porolithon cf. onkodes (orange morph), Lithophyllum cf.
insipidum, Lithothamnion proliferum, and Sporolithon cf. durum.
The species identity of all specimens was verified via morpho-
logical examination under a dissecting microscope and
selected specimens were examined anatomically under a com-
pound microscope according to the following taxonomic
resources: Gordon et al. 1976, Adey et al. 1982, Ringeltaube
and Harvey 2000, and Kato et al. 2011, among others (for fur-
ther species identification methods, see Appendix S1 in the
Supporting Information). These species are common reef
builders, abundant throughout the GBR (Dean et al. 2015)
and the Indo-Pacific region (Adey et al. 1982), and they rep-
resent three of the four existing CCA lineages: Corallinales,
Hapalidiales, and Sporolithales (fourth: Corallinapetrales;
Peña et al. 2020, Jeong et al. 2021). Fragments of approxi-
mately 6 cm2 from each species were removed from the reef
using hammer and chisel. Porolithon cf. onkodes and L. cf. in-
sipidum commonly occur at 2 m where mean incident irradi-
ance is 314 � 22 SE μmol photons � m−2 � s−1 (LI-COR LI-
1500 light sensor logger coupled to an LI-193SA underwater
spherical quantum sensor), and L. proliferum and S. cf. durum

at 6 m where it is 44 � 7 SE μmol photons � m−2 � s−1, as
their corresponding lineages have evolved to occupy high
and low light environments, respectively (Aguirre et al. 2000).
Fragments were brought back to the outdoor aquarium facil-
ity at Lizard Island Research Station (LIRS) to acclimatize at
ambient seawater temperature and pCO2 for one week.

Collected fragments were subsequently removed of unnec-
essary substrate and visible endobionts, and a thin layer of
Coral Glue® (EcoTech Marine) was spread across exposed
calcium carbonate underneath the fragments so as to mini-
mize changes in fragment weight that are not related to the
metabolic processes of the algae (e.g., dissolution of loose
CaCO3).

Experimental design. To test the effects of OA and warming
on the composition of the CCA cell wall matrix, a manipulative
tank experiment was conducted that employed a full factorial
design of an ambient and an elevated level of both seawater
temperature (27.2 and 29.4°C) and pCO2 (465 and 1025
μatm), totaling 4 treatment combinations, each with five repli-
cates (20 experimental tanks). This experiment was conducted
in a flow-through mesocosm system at LIRS from the end of
austral spring to summer (October–December), 2018. One
CCA fragment per species was placed in each experimental
tank and these were subjected to treatments for 2 months, with
the exception of Lithophyllum cf. insipidum, which was removed
at 1 month due to health decline (paling of surficial pig-
mented tissue) in fragments across all treatments. Further
details of the ocean acidification and warming experiment and
a description of the seawater carbonate chemistry analyses con-
ducted in this study can be found in Appendix S1.

Light levels of approximately 30 and 250 μmol photons �
m−2 � s−1 were targeted for low- and high-light CCA, respec-
tively. Shade cloth was placed on the top (to reduce incident
light) and bottom (to limit reflection) of one half of each
experimental tank where low-light species were situated. The
other side was kept uncovered for the high-light species. Pho-
tosynthetically active radiation (PAR) was measured at various
times of the day on both sides of the experimental tanks.
PAR on the shaded side measured 20 at 9:00, 65 at 12:00 and
20 at 17:00 (μmol photons � m−2 � s−1). The unshaded side
measured 100 at 9:00, 220 at 12:00, and 100 at 17:00 (μmol
photons � m−2 � s−1).

Post-experimentation, fragments were cleaned of surficial
epiphytes, dried at 60°C for 24 h and stored in silica desic-
cant, transported to Griffith University (Nathan) for process-
ing and inorganic carbon content analysis, and then
transported to the University of Adelaide for monosaccharide
analysis (see below).

Cell wall carbohydrate analysis. Algal sample preparation: To
characterize cell wall organic matrix composition across spe-
cies and treatments, the surficial organic algal tissue of exper-
imental fragments was isolated according to Bergstrom
et al. (2020). Field and experimental tank CCA fragments
were decalcified in 10% aqueous HCl for approximately
1.5 min. The fragments were rinsed immediately in deionized
(DI) water to remove any debris and the decalcified surficial
cell layers were scraped off using a sterile razor blade under a
dissecting microscope (Olympus SZX16), targeting only the
surficial, pigmented cell layers. This corresponds to new cells
produced during experimentation (i.e., approximately 15–
80 μm into the crust). This range of surficial cell growth was
determined by Bergstrom et al. (2020) via calcein staining
and microscope observations performed on the same species
under nearly identical treatment conditions. Algal tissue was
placed on a 47 mm Whatman GF/F filter, rinsed five times
with DI water and dried overnight at 60°C. Samples were ball
milled in 2-mL polypropylene tubes for 30 s at 30 Hz using a
Retsch Mill MM400.

ORGANIC MATRIX COMPOSITION IN CORALLINE ALGAE 3
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Alcohol-insoluble residue (AIR) preparation, hydrolysis and deriva-
tization: To prepare the alcohol-insoluble residue comprising
organic matrices, ground material was extracted twice with
70% aqueous ethanol on a slow rotor at room temperature
for 15 min, then once each with ethanol and acetone, fol-
lowed by drying in a desiccator.

Monosaccharide analysis: Technical duplicates were pro-
duced for each sample by weighing approximately 0.5 mg of
algal AIR samples into Eppendorf tubes and hydrolyzed with
100 μL 2 M trifluoroacetic acid (TFA) at 100°C for 3 h. After
cooling to room temperature, the hydrolysates were dried in
a centrifugal evaporator, re-suspended in 50 μL methanol,
dried again, and finally dissolved in water. The resulting solu-
tions were analyzed for monosaccharide content (type and
relative abundance) essentially as described in Little
et al. (2019). Carbohydrates in appropriately diluted hydroly-
sates (10 μL) were derivatized with 1-phenyl-3-methyl-5-
pyrazolone (PMP) along with the same volume of a suitable
set of calibration standards. 2-Deoxy-ribose was used as the
internal standard and the solutions of derivatives were ana-
lyzed using reversed phase High-Performance Liquid Chro-
matography (HPLC) on an Agilent 1260 liquid
chromatography (LC) system. 10 μL of each derivative solu-
tion was injected onto a Phenomenex Kinetex C18 column
(dimension: 100 × 3 mm; particle size 2.6 μm; porosity
100 Å), operated at a flow rate of 0.8 mL�min−1 and 30°C.
The eluents used were (A) 10% acetonitrile, 40 mM ammo-
nium acetate (pH 6.8), (B) 70% acetonitrile, and (C) 40 mM
acetic acid. The gradient was 8 to 17% (B) over 9.3 min with
(A), and then flushed for 1 min with 90% (B)/10% (C)
before re-equilibrating to start conditions. The monosaccha-
ride derivatives were detected by measuring the absorbance
at 250 nm. The concentrations of the following monosaccha-
rides were determined by comparison of the corresponding
peak areas on the LC chromatograms to standard curves of
calibrants: D-guluronic acid (GulA), D-mannuronic acid
(ManA), D-mannose (Man), L-ribose (LRib), D-glucosamine
(GlcN), D-glucuronic acid (GlcA), D-galacturonic acid
(GalA), D-glucose (Glc), D-galactose (Gal), D-xylose (Xyl), L-
arabinose (LAra), L-fucose (LFuc), and unidentified peaks
(UNI) B – G. UNI-A was identified as GlcN and for all fur-
ther analysis GlcN was included as a calibrant. Unidentified
peaks were arbitrarily quantified as xylose equivalents as the
extinction coefficients of monosaccharide PMP derivatives at
250 nm do not vary significantly. L-Galactose (LGal) was not
quantified. It is found to be present in a 1:1.05 ratio to D-
galactose in the calcified intergenicula of a coralline alga
(Martone et al. 2010), and thus, results should be interpreted
with this in mind. The concentrations of all discrete
monosaccharides present in each sample were summed and
the relative abundance of each monosaccharide (expressed as
mol%) was calculated by dividing its individual concentration
by the total concentration of all monosaccharides. SXGs are
characterized by their ratio of Gal to Xyl (Usov et al. 1995,
Navarro et al. 2011). To gauge insights into the presence of
SXGs, the D-galactose:D-xylose ratio was calculated by divid-
ing the relative abundance of the former monosaccharide by
that of the latter.

Characterization of unidentified monosaccharides: Fractions
containing PMP derivatives that did not co-elute with calibra-
tion standards were manually collected, desalted using C-18
Solid Phase Extraction (SPE), and analyzed using Liquid
Chromatography-Mass Spectrometry (LC-MS2) on an Agilent
1290 LC system coupled to an Agilent 6545 quadrupole time
of flight (qTOF) mass spectrometer (Agilent Technologies,
Singapore; Little et al. 2019).

Surficial inorganic carbon content. To determine the calcifi-
cation rate of the surficial thallus, we quantified the surficial
inorganic carbon content by isolating the inorganic skeleton

from the organic tissue in only the photosynthetic cell layers.
A 1-cm2 surface area of surficial, pigmented tissue was uni-
formly dry-scraped with a sterile razor blade from a different
individual fragment than those used for monosaccharide
analyses of the same species for each tank. The powder was
placed in a tin tray and samples were ignited in a muffle fur-
nace (Lenton ECF12/4) at 550°C for 3 h to remove all
organic tissue, leaving only CaCO3, according to the Loss-On-
Ignition Method (Dean 1974). Isolated inorganic skeleton
(i.e., CaCO3) was then pre-weighed into separate tin capsules,
pelleted, and analyzed for carbon content (Cinorg, μg) using
an Elemental Analyzer (Europa EA-GSL) coupled to an Iso-
tope ratio Mass Spectrometer (Sercon Hydra 20–22) cali-
brated to certified reference material (IAEA-CH-6 Sucrose,
Australian National University, Canberra). To normalize mea-
surements to a proxy for biomass, the surface area of frag-
ments was calculated using the aluminum foil technique
(Marsh Jr 1970).

Net calcification. To better understand the role and rele-
vance of the relationship between organic matrix dynamics
and biomineralization in the CCA crust, net calcification rates
of the whole thallus were quantified using the buoyant weight
method (Langdon et al. 2010). Individual live fragments were
weighed at the beginning and at the end of the experiment
and net calcification was calculated using the following
sequential equations:

ΔW a ¼ W wf�W wið Þ
SA 1� ρw

ρs

� � (1)

where ΔWa is the change in dry weight of the CCA fragment
from initial to final measurement, Wwf is the final buoyant
weight, Wwi is the initial buoyant weight, ρw is the density of
seawater (1.023 g � cm−3), ρs is the density of skeletal material
(calcite, 2.71 g � cm−3), and SA is the surface area.

G ¼ ΔW a

Δt
(2)

where G is the net calcification rate (mg CaCO3 cm−2 d−1),
ΔWa is the change in dry weight of the CCA fragment from
initial to final measurement, and Δt is the change in time
between initial and final measurements (expressed in days).

Statistical analyses. To assess the dissimilarity of cell wall
monosaccharide composition across treatments in the four
species, a multidimensional scaling (MDS) ordination analysis
was performed with the Bray Curtis dissimilarity metric using
the vegan package (Oksanen et al. 2019). Data were square
root-transformed to reduce the influence of extreme values
on ordination. To test the effects of pCO2 and temperature
on monosaccharide relative abundance, the galactose:xylose
ratio, net calcification, and surficial Cinorg content across the
four species of CCA, we used two-way Analyses of Variance
(ANOVAs) with pCO2 (two levels) and temperature (two
levels) as fixed factors and tanks as replicates. Two-way ANO-
VAs were conducted for each species separately. Outliers were
removed, resulting in n = 4–5 across treatments. Normality
and equality of variance assumptions were evaluated via
graphical analysis of residuals. For some response variables
the data were log-transformed to meet these assumptions. So
as to not overpower the effects of pCO2 and temperature on
the other less abundant monosaccharides, glucose was
excluded from the mol % calculation for the ANOVA analy-
ses, and thus, its data were analyzed as concentrations (μM).
Mol % values were recalculated for the remaining monosac-
charides to exclude the relative abundance of glucose. ANO-
VAs were followed by Tukey’s HSD post hoc pairwise
comparisons when a significant interaction was detected

4 ELLIE BERGSTROM ET AL.
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between pCO2 and temperature. Otherwise, a t-test or one-
way ANOVA was run if there was a significant effect of only
one variable. To assess the relationship between ambient sur-
ficial Cinorg content and net (whole-thallus) calcification, a
linear regression analysis was performed. All analyses were
performed in R v3.5.1.

RESULTS

Cell wall carbohydrate composition. There was a dis-
tinct separation between matrix monosaccharide
compositions across CCA species (Fig. 1; MDS
stress = 0.048). Porolithon cf. onkodes and Lithophyllum
cf. insipidum were the most similar in composition,
whereas Sporolithon cf. durum and Lithothamnion pro-
liferum appear to be equally dissimilar to each other
and to the other two species (Fig. 1). Glc residues
were the dominant constituent in the cell walls of
all but S. cf. durum, ranging from 25–74% of total
monosaccharides (Fig. 2). In S. cf. durum and L. pro-
liferum, Glc residues comprised <50% of monosac-
charides, and in P. cf. onkodes and L. cf. insipidum,
they comprised >50% (Fig. 2). Porolithon cf. onkodes
had the highest abundance of GulA and ManA resi-
dues, S. cf. durum had the highest abundance of
Man residues (its most abundant constituent), and
L. proliferum (24.5%) and S. cf. durum (25.5%) had
higher abundances of Gal residues than P. cf.
onkodes (7.8%) and L. cf. insipidum (11.4%; Fig. 2).
In addition, ratios of galactose:xylose spanned a
large range across species, varying from 2.5–11:1
(Fig. 3).
Characterization of unidentified monosaccha-

rides. High-resolution mass analysis of peaks eluting

at retention times of known standards showed
masses consistent with PMP derivatives of the corre-
sponding monosaccharides (data not shown). Analy-
sis of the unidentified peaks (D, E, F, G; Fig. 4a)
gave fragmentation patterns with dominant m/z sig-
nals of 175.09 and 373.17, consistent with molecular
ions of PMP-methyl-hexosyl derivatives, within a 10-
ppm variation range (Fig. 4b). These are possibly
methylated Gal residues (Usov 2011). Unidentified
peak E was seen to split into two peaks under the
LC conditions used for this analysis; both these
peaks showed the same molecular ion as D, F, and
G. We were unable to identify peaks B and C due to
low sample quantities.
Shifts in carbohydrates under OA and warm-

ing. When excluding Glc, total monosaccharide
concentration did not significantly change across
treatments (Table S1 in the Supporting Informa-
tion), except in Lithophyllum cf. insipidum, where a
main temperature effect resulted in a greater total
concentration at elevated temperature than ambient
temperature, regardless of pCO2 (two-way ANOVA,
main pCO2 effect, F1,16 = 7.04, p = 0.017; Table S2
in the Supporting Information). Monosaccharide
richness was also largely unaffected by treatments
across species (Table S1). Investigations into the rel-
ative abundances of individual matrix components,
however, showed different responses across CCA
taxa to pCO2 and temperature stress (Tables 1, S1,
S3 in the Supporting Information, two-way
ANOVA). For all species, either pCO2 or tempera-
ture had a significant effect on Glc concentration
(Fig. 5). In Porolithon cf. onkodes and Sporolithon cf.

FIG. 1. Multidimensional scaling (MDS) ordination plot illustrating the dissimilarity (Bray Curtis) of the monosaccharide composition
of polysaccharides across CCA species exposed to seawater pCO2 and temperature treatments (465 μatm and 27.2°C, 465 μatm and 29.4°C,
1160 μatm and 27.2°C, 1160 μatm and 29.4°C). Lithophyllum cf. insipidum (upper right-hand cluster), Lithothamnion proliferum (lower left-
hand cluster), Porolithon cf. onkodes (lower right-hand cluster), and Sporolithon cf. durum (upper left-hand cluster; stress = 0.048).

ORGANIC MATRIX COMPOSITION IN CORALLINE ALGAE 5
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durum, a pCO2 effect was observed (two-way
ANOVA, main pCO2 effect, F1,16 = 5.36, P = 0.034;
F1,16 = 6.01, P = 0.026, respectively), resulting in 52
and 72% more Glc, respectively, under elevated
pCO2 than ambient pCO2, regardless of temperature

(Fig. 5, a and d). For Lithothamnion proliferum and L.
cf. insipidum, a temperature effect was observed
(two-way ANOVA main temp effect, F1,13 = 14.51,
P = 0.002; F1,16 = 7.31, P = 0.016, respectively),
resulting in 89 and 54% more Glc, respectively,

FIG. 2. Ambient cell wall monosaccharide composition of the crustose coralline algae (a) Porolithon cf. onkodes, (b) Lithothamnion pro-
liferum, (c) Lithophyllum cf. insipidum, and (d) Sporolithon cf. durum. Pie charts depict relative abundance (mean mol% � SE) of glucose
compared to other monosaccharide constituents. Doughnut charts represent relative abundances of non-glucosidic constituents, having
excluded glucose from the abundance calculation, i.e., percentages in doughnut chart = 100% instead of the indicated “other” percent in
the pie chart. All constituents with abundances <1% are considered negligible and are not labeled (n = 5). UNI signifies unidentified
monosaccharide peaks that classify as methylated galactosyl residues (except UNI-B, which remains uncharacterized).
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under elevated temperature than ambient tempera-
ture, regardless of pCO2 (Fig. 5, b and c).

Much smaller shifts in the less abundant
monosaccharides were observed in response to
pCO2 and temperature (Table S3). In Porolithon cf.
onkodes, elevated pCO2 and temperature often
affected monosaccharide abundances (mol %) in
opposite directions (Table S1). Within observed
interactive pCO2/temp effects, elevated pCO2 at
ambient temperature resulted in increased GulA
and UNI-B in P. cf. onkodes, while it also led to
decreased Xyl. Also, in P. cf. onkodes, a main temper-
ature effect resulted in decreased Man at elevated
temperature (Tables S1, S3). For Lithophyllum cf. in-
sipidum, the sole elevation of temperature resulted
in increased UNI-B, while Xyl increased under ele-
vated pCO2, regardless of temperature (two-way
ANOVA, F1,8 = 6.01, P = 0.028; F1,16 = 14.59,
P = 0.002, respectively). In L. proliferum, there was
an antagonistic interactive effect of pCO2 and tem-
perature on GulA and UNI-C (two-way ANOVA,
interaction pCO2 x temp, F1,13 = 8.06, P = 0.015;
F1,8 = 7.03, P = 0.029, respectively), where elevated
temperature largely resulted in either an increase or
decrease in abundance that pCO2 ultimately amelio-
rated. Unidentified monosaccharide peaks (i.e.,
UNIs) aligned most closely with methylated hexosyl

residues and were treated as such in interpretations
(except UNI-B, which remains unidentified; Fig. 4).
In Sporolithon cf. durum, interactive effects of pCO2

and temperature were present for Man, LRib, GlcA,
and Xyl (two-way ANOVA, interaction pCO2 × temp,
F1,15 = 6.87, P = 0.019; F1,15 = 6.09, P = 0.026;
F1,16 = 6.03, P = 0.026; F1,16 = 5.37, P = 0.034,
respectively). Elevated temperature largely resulted
in an increased abundance of LRib, GlcA, and Xyl
and a decreased abundance of Man, which were
ultimately mitigated by elevated pCO2 (Table S1).
The galactose:xylose ratio responses to pCO2 and

temperature differed marginally across species
(Table S3). In Porolithon cf. onkodes, when consider-
ing the unidentified (i.e., UNI) monosaccharides as
Gal residues (except UNI-B), an interactive effect
resulted in increased galactose (all):xylose ratios
under the sole elevation of pCO2 or temperature
(Fig. 3a, two-way ANOVA interaction pCO2 × temp,
F1,16 = 8.88, P = 0.009). No effect was observed for
Lithothamnion proliferum (Fig. 3b). In Lithophyllum cf.
insipidum, there was a trend of decreased galactose:
xylose ratios, regardless of the inclusion or not of
the unidentified peaks, under elevated pCO2,
regardless of temperature (Fig. 3c, two-way ANOVA,
main pCO2 effect, F1,15 = 5.10, P = 0.039;
F1,15 = 4.31, P = 0.055, respectively). In Sporolithon
cf. durum, there was an antagonistic interaction,
regardless of the inclusion or not of the unidenti-
fied peaks, where galactose:xylose ratios decreased
under elevated temperature, but the effect was miti-
gated by elevated pCO2 (Fig. 3d, two-way ANOVA,
interaction pCO2 × temp, F1,16 = 7.77, P = 0.013;
F1,16 = 6.63, P = 0.020, respectively).
Surficial and whole-thallus calcification. Surficial cal-

cification measured as inorganic carbon content was
significantly affected by elevated pCO2 and/or tem-
perature in all CCA, but the nature of the effect dif-
fered across species (Table S4 in the Supporting
Information). Porolithon cf. onkodes was the only spe-
cies to decrease surficial Cinorg content under ele-
vated pCO2 due to a main pCO2 effect (Fig. 6a, two-
way ANOVA, F1,14 = 8.64, P = 0.011). In Lithophyllum
cf. insipidum, Sporolithon cf. durum, and Lithothamnion
proliferum, there were antagonistic interactions. In
the former two, the antagonistic interaction resulted
in increased surficial Cinorg content at elevated tem-
perature, which was reversed by elevated pCO2

(Fig. 6, c and g, two-way ANOVA, interaction pCO2

× temp, F1,13 = 5.17, P = 0.041; F1,12 = 9.00,
P = 0.011, respectively). In the latter species, the
antagonistic interaction resulted in increased surfi-
cial Cinorg content at elevated pCO2, which was
reversed by elevated temperature (Fig. 6e, two-way
ANOVA, interaction pCO2 × temp, F1,14 = 12.62,
P = 0.003). There was no significant correlation
between the net calcification response and surficial
inorganic carbon content response for any species
(Fig. S1 in the Supporting Information, LM, all
P > 0.05).

FIG. 3. Responses of the ratio of galactose:xylose and galac-
tose:xylose (all; i.e., galactose + all unidentified methylated galac-
tosyl residues) to the full factorial combination of ambient (465
μatm) and elevated (1160 μatm) pCO2 and ambient (27.2°C) and
elevated temperature in (a) Porolithon cf. onkodes (n = 5), (b)
Lithothamnion proliferum (n = 4–5), (c) Lithophyllum cf. insipidum
(n = 4–5), and (d) Sporolithon cf. durum (n = 5). Values are
means � SE. Significant differences (P < 0.050) between treat-
ments resulting from Tukey HSD post hoc pairwise comparisons
are indicated by unalike lowercase letters.
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Whole-thallus net calcification rates (via buoyant
weight) were differentially affected by pCO2 and
temperature across CCA taxa (Fig. 6, Table S4).
Lithothamnion proliferum had no significant change
in net calcification across treatments (Fig. 6f). In
contrast, Lithophyllum cf. insipidum displayed
decreased net calcification under elevated pCO2,
regardless of temperature (Fig. 6d, two-way
ANOVA, main pCO2 effect, F1,15 = 12.07,
P = 0.003). The response of Porolithon cf. onkodes
was similar to L. cf. insipidum, but the decrease
was not significant due to within-pCO2 treatment
variability (Fig. 6b, two-way ANOVA, pCO2,
F1,14 = 2.22, P > 0.05). For Sporolithon cf. durum, a
non-additive interaction resulted in significantly
lower net calcification at elevated pCO2 and

temperature than the control (Fig. 6h, two-way
ANOVA, interaction pCO2 × temp, F1,13 = 18.36,
P = 0.001).

DISCUSSION

Organic matrix composition differed across the
four CCA species tested from mid-shelf GBR com-
munities, which indicated variability in the polysac-
charides present, and thus, the properties of their
organic matrices. We also establish for the first time
that CCA have the ability to modulate monosaccha-
ride abundances to varying degrees under OA and
warming. Porolithon cf. onkodes was the only species
whose change in the monosaccharide composition
of polysaccharides occurred alongside a decline in
surficial calcification, whereas the changes in com-
position in Lithophyllum cf. insipidum, Sporolithon cf.
durum, and Lithothamnion proliferum were associated
with maintained or even marginally increased surfi-
cial calcification. Our findings of variable calcifica-
tion responses and modulation of organic matrix
carbohydrates highlight implications of the different
structural and inducing components of organic
matrices across species and environmental scenarios
that enhance our understanding of biomineraliza-
tion in CCA.
Variability in organic matrix constituents across CCA

species. Dissimilarity among species’ monosaccha-
ride constituents suggests that different polysaccha-
rides compose organic matrices across CCA taxa.
The types of monosaccharide residues present, as
well as the relative ratios of particular monosaccha-
rides, can be indicative of the matrix component
they comprise in the cell wall. Our results show that
Glc was the most abundant sugar in matrix polysac-
charides in Porolithon cf. onkodes, Lithophyllum cf. in-
sipidum, and Lithothamnion proliferum. Previous
linkage analyses of the Glc residues present in an α-
amylase-treated (i.e., no starch present) articulate
coralline identified them as 4-linked Glc. In coralli-
nes, 4-linked Glc residues likely arise from cellulose
(Martone et al. 2019) or α-glucans (i.e., floridean
starch; Al Abdallah et al. 2016). However, starch is
largely stored intracellularly (i.e., in the cytosol) in
red algae (Pueschel 1990, Viola et al. 2001) and any
cell wall α-glucans would likely be soluble as their
mean chain length is in the range 9–17 (Turvey and
Simpson 1966, Ozaki et al. 1967). Thus, we predict
that our insoluble Glc residues largely arise from
cellulose, a common microfibrillar skeletal compo-
nent in macroalgae (Frei and Preston 1961,
Usov 1992, Tsekos 1999, Vreeland and Kloareg 2000,
Lee 2018), particularly in the secondary cell walls of
corallines (Martone et al. 2019). It still must be con-
firmed through further research whether most cellu-
lose present in the cell walls of CCA is microfibrillar
(CMFs). The lower percentage of Glc in Sporolithon
cf. durum may suggest fewer or shorter cellulose
chains.

FIG. 4. HPLC analysis of crustose coralline algae. (a) Chro-
matograms of acid hydrolyzed and PMP-derivatized samples of
Lithothamnion proliferum and Porolithon cf. onkodes showing the
unidentified peaks D, E, F and G. (b) LC-MS2 analysis of uniden-
tified peaks collected from HPLC analysis. Masses are consistent
with PMP derivatives of methylated hexoses and fragmentation
patterns are consistent with those of known PMP-standards.
Abbreviations: Rg, reagent; GulA, guluronic acid; ManA, man-
nuronic acid; Man, mannose; Rib, ribose; GlcN, glucosamine;
GalA, galacturonic acid; Glc, glucose; Gal, galactose; Xyl, xylose;
Ara, arabinose.
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Moreover, after Glc, Man and Gal residues are
among the most abundant constituents of coralline
cell wall polysaccharides. The latter typically indi-
cates the presence of galactans in coralline algae
(Navarro and Stortz 2008, Navarro et al. 2011). Our
findings of higher abundances of Gal residues in
Lithothamnion proliferum and Sporolithon cf. durum
than Lithophyllum cf. insipidum and Porolithon cf.
onkodes suggest that the former species’ organic
matrices may possess a relatively greater portion of
galactans. Regarding galactose:xylose ratios,
although that of P. cf. onkodes is currently most
indicative of SXG presence (close to 2.3:1; Usov
et al. 1995), further analyses would be required to
quantify LGal and ascertain UNI residue identities
to determine how their presence impacts the ratio
across species. In addition, Man residues typically
form the backbone of linear β-(1 → 4)-mannans,
which can form microfibrils in fleshy rhodophytes
(Rodrı́guez-Gacio et al. 2012). Mannans are also
found in the cell walls of calcified red algae, Galax-
aura squalida and Liagora valida (Stiger-Pouvreau
et al. 2016). Although mannans are not yet reported
in corallines (Martone et al. 2010), the Man yield
and linkage type previously reported for Lithotham-
nion heterocladum suggested the presence of 4-linked
mannans and Man-containing heteropolysaccharides

in the cell wall (Navarro et al. 2011). Considering
this, our findings of the highest abundance of Man
in S. cf. durum (Man also being the most abundant
sugar in its matrix polysaccharides), could suggest
that mannans and other heteropolysaccharides are
relatively more abundant in the organic matrix of
this species. Linkage analyses would be required to
characterize the ratio of mannan and/or Man-
containing heteropolysaccharides, as well as to assess
their ability to form microfibrils. This is however
challenged by the difficulty of isolating sufficient
quantities of these polymers in crustose coralline
algae.
Differential abundance of GulA and ManA resi-

dues across taxa could indicate differences in poly-
uronide presence. These residues are the only
monomers of alginates (Okazaki et al. 1982, Bilan
and Usov 2001, Navarro et al. 2011), which are a
polymeric systemic marker of Corallinaceae (Bilan
and Usov 2001). We found the highest abundances
of GulA and ManA residues in Porolithon cf. onkodes,
suggesting a relatively higher abundance of alginates
in the organic matrix of this species. Continued dis-
coveries of cell wall polysaccharide and glycoprotein
structure and identity (e.g., Martone et al. 2009,
2010, Rahman and Halfar 2014, Rahman
et al. 2019), as well as variability in metabolomic

TABLE 1. Summary of the effects of temperature and pCO2 on the monosaccharides in the cell wall organic matrices of Por-
olithon cf. onkodes, Lithothamnion proliferum, Lithophyllum cf. insipidum, and Sporolithon cf. durum.

Species Monosaccharide Temperature effect pCO2 effect Interactive effect

Porolithon cf. onkodes Glc 52%↑
GulA High pCO2 40%↑
UNI-B High pCO2 231%↑
Xyl High pCO2 22%↓
Man 16%↓
Gal(all):Xyl High temp 12%↑, high pCO2 13%↑
Surficial Cinorg 19%↓

Lithothamnion proliferum Glc 89%↑
GulA No pairwise significance
UNI-C No pairwise significance
Surficial Cinorg High pCO2 38%↑

Lithophyllum cf. insipidum Glc 54%↑
UNI-B 30%↑
Xyl 9%↑
Gal:Xyl 7%↓*
Gal(all):Xyl 8%↓
Surficial Cinorg High temp 71%↑
Whole-thallus calcification 88%↓

Sporolithon cf. durum Glc 72%↑
Man No pairwise significance
LRib No pairwise significance
GlcA No pairwise significance
Xyl No pairwise significance
Gal:Xyl High temp&pCO2 29% > high temp
Gal(all):Xyl High temp&pCO2 26% > high temp
Surficial Cinorg High temp 44%↑
Whole-thallus calcification High temp 51%↓, High pCO2 57%↓,

High temp&pCO2 42%↓

Values indicate the magnitude of change (%) from ambient conditions (except italicized results) and the arrows indicate the
direction.

*Indicates a nearly significant trend.
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profiles (Jorissen et al. 2021), will likely result in a
refined understanding of matrix composition and
biomineralization in coralline algae.
Potential implications of organic matrix composition for

biomineralization. There are various implications for
biomineralization based on the different structural
and inducing properties of the observed con-
stituents across CCA taxa. Mannans, cellulose, and
other polymers form physically different structures
(Kloareg and Quatrano 1988). Depending on the
monomer configuration, mannans can form dimers
and two-fold helical structures, whereas cellulose
forms ribbon-like structures (Stiger-Pouvreau
et al. 2016). The comparatively higher abundance
of the monomer that is characteristic of mannans in
Sporolithon cf. durum could implicate different struc-
tural properties of the matrix than the other spe-
cies. Additionally, the comparatively greater
presence of cellulose, that is predicted to form
CMFs, in the cell walls of Porolithon cf. onkodes and
Lithophyllum cf. insipidum could play a role in
biomineralization. CMFs are proposed to be the
substrate that is crystallized when surrounded by
inducing polysaccharides (Lowenstam 1981, Borow-
itzka and Larkum 1987, Nash et al. 2019), however,
cellulose abundance alone has not been implicated
in biomineralization, and it is well known that cellu-
lose is present in the cell walls of many other spe-
cies of non-calcifying red algae (Siegel and
Siegel 1973). In the articulated coralline, Cal-
liarthron sp., cellulose comprised the same percent-
age of algal wet weight in genicula as it did in

decalcified intergenicula (Martone et al. 2019, Janot
et al. 2022). Thus, biomineralization would likely
also depend on the abundance of inducing polysac-
charides.
Alginates are shown to be involved in the biomin-

eralization of corallines (Okazaki et al. 1982,
Navarro et al. 2011) due to their good scaffold-
forming property (Venkatesan et al. 2015) and high
affinity for bivalent cations, particularly calcium
(Rees and Welsh 1977, Bilan and Usov 2001). Due
to their gel-forming properties, it is logical that algi-
nates likely occupy the matrix fluid of coralline cell
walls alongside other polymers (Venkatesan
et al. 2015, Nash et al. 2019). The relatively high
ambient abundance of monomers characteristic of
alginates in Porolithon cf. onkodes may be indicative
of a strategy of compensating for the large quantity
of cellulose to achieve biomineralization. Further-
more, galactans are also recognized for their gelling
properties across red seaweeds, and are classified as
agarans or carrageenans depending on their stereo-
chemistry (Stortz and Cerezo 2000). Particular SXGs
are unique to corallines and are recognized as
matrix fluid inducing polysaccharides (Cases
et al. 1994, Navarro and Stortz 2008, Martone
et al. 2010). The suggested higher relative abun-
dance of monomers characteristic of galactans in
Lithothamnion proliferum and Sporolithon cf. durum
than P. cf. onkodes and Lithophyllum cf. insipidum
could differentially affect the properties of the
organic matrix between the former and latter spe-
cies depending on the galactan substituents (Fer-
reira et al. 2012). Continued research into the
comparative presence of SXGs would shed light on
the biomineralization mechanisms of these species.
Organic matrix modulation under OA and warming

and implications for biomineralization. In agreement
with our hypothesis, shifts in monosaccharide con-
stituent abundance varied under elevated pCO2

and/or temperature across taxa, suggesting that
CCA are differentially capable of modulating the
abundance of discrete cell wall constituents. Based
on the properties of the shifting constituents and
the responses of calcification to global change, we
postulate about the impacts that modulation may
have on biomineralization. It is worth addressing
the fact that surficial calcification (i.e., inorganic
carbon content) and whole-thallus net calcification
(i.e., buoyant weight) responses to OA and warming
differed from each other and across CCA. The
absence of a correlation between the two metrics
can be explained by the respective portion of the
thallus they represent. Surficial Cinorg content was
quantified in the uppermost cell layers, whereas net
calcification rates can reflect the change in CaCO3

mass of the whole thallus (Langdon et al. 2010). It
is important to note that growth (vertical and lat-
eral), cell size, CaCO3 density, and thallus thickness
can vary within and across CCA taxa (Kamenos and
Law 2010, Ragazzola et al. 2012, McCoy and

FIG. 5. Responses of D-glucose content (μM) of the alcohol
insoluble fraction to the full factorial combination of ambient
(465 μatm) and elevated (1160 μatm) pCO2 and ambient
(27.2°C) and elevated temperature (29.4°C) in (a) Porolithon cf.
onkodes, (b) Lithothamnion proliferum, (c) Lithophyllum cf. insipidum,
and (d) Sporolithon cf. durum. Values are means � SE of n = 5.
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FIG. 6. Surficial calcification (Cinorg content) and whole-thallus net calcification (G) responses of Porolithon cf. onkodes (a, b), Lithophyl-
lum cf. insipidum (c, d), Lithothamnion proliferum (e, f), and Sporolithon cf. durum (g, h) to the full factorial combination of ambient (465
μatm) and elevated (1025 μatm) pCO2 levels and ambient (~27.2°C) and high (29.4°C) temperature levels. Values are means � SE of
n = 4–5. Significant differences (P < 0.050) between treatments resulting from Tukey HSD post hoc pairwise comparisons are indicated by
unalike lowercase letters.
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Ragazzola 2014). Calcite density can decrease at ele-
vated temperature (Kamenos and Law 2010) and
thallus thickness can be altered under OA
(McCoy 2013, McCoy and Ragazzola 2014), which
can have varied implications for growth and biomin-
eralization. This means that the impacts of growth
particularities cannot be teased out of our monosac-
charide and surficial calcification data. While we
acknowledge that this is a caveat, our findings still
reveal important, novel associations between the
general state of monosaccharide composition and
surficial calcification across global change scenarios.
Here we choose to focus on surficial calcification, as
we believe it is more representative of the relation-
ship in discussion.

The only common trend across all CCA species
examined was increased Glc abundance under ele-
vated pCO2 or temperature, but this shift could
affect species differently based on other con-
stituents. This suggests that cellulose chains may
increase in number and/or length across species,
which in theory, if present as CMFs would provide
increased surface area for potential crystallization.
However, the lack of a concomitant increase in both
GulA and ManA in Porolithon cf. onkodes, monomers
of the potentially inducing polysaccharide alginate,
could counteract the potential benefits of increased
Glc in the cell wall. Indeed, a decrease in surficial
calcification under elevated pCO2 appears to corrob-
orate this suggestion. Shifts in other constituents of
P. cf. onkodes may also contribute; such as the simul-
taneous 231% increase in UNI-B. Interestingly,
Lithophyllum cf. insipidum experienced increased sur-
ficial calcification while increasing Glc under ele-
vated temperature, and this species increased UNI-B
by only 30%. Research suggests some cell wall poly-
mers actually inhibit high-Mg calcite biomineraliza-
tion (Borowitzka and Larkum 1987), although the
exact mechanisms are unclear (Wada et al. 1993,
Long et al. 2014). It would be valuable to test
whether there might be a threshold for modulation
of sugars like UNI-B until it becomes inhibitory, and
whether pCO2 and/or temperature can interact with
this effect differently across species. Although it is
well known that net calcification rates can be
directly suppressed by lowered pH, our novel find-
ings of monosaccharide modulation under global
change suggest an increased importance of consid-
ering the interplay of the organic matrix in biomin-
eralization.

Predictions of shifts in discrete cell wall polysac-
charides under global change could have implica-
tions for the structural nature and inducing capacity
of the organic matrix. Xylans can form dimer, heli-
cal, or triple helical structures that can be physically
significantly different from cellulose and mannans
(Kloareg and Quatrano 1988, Stiger-Pouvreau
et al. 2016). Xylans also commonly replace cellulose
as structural polysaccharides in rhodophytes
(Usov 2011). Thus, the suggested shifts in the cell

wall matrix structure could have particularly serious
implications for the function of P. cf. onkodes, as spe-
cies of Porolithon are the most important reef-
building algae in tropical reefs worldwide
(Adey 1978, Littler and Littler 1984, Gabrielson
et al. 2018). Structural compromise to reef frame-
work stability will ultimately be dependent on
biomineralization responses of CCA under OA and
warming.
Moreover, temperature alone may have the poten-

tial to uniquely affect the organic matrix-
biomineralization dynamic in particular reef-
builders. Under the sole elevation of temperature,
the capacity of Lithothamnion proliferum to increase
surficial calcification coincides with a decrease in
GulA content and methylated Gal substitution,
which could have effects on the gelling and/or
inducing capacity of its organic matrix. In Sporolithon
cf. durum, there was an association between the
capability of modulating monosaccharide abun-
dances and ratios and increasing surficial calcifica-
tion under the sole elevation of temperature, even
though interactions with pCO2 ultimately amelio-
rated these effects. Since this involved both the
increase and decrease of five monosaccharides, the
relative contribution of each constituent is some-
what ambiguous, but provides important grounds
for further exploration. In Porolithon cf. onkodes, the
decreased abundance of Man under elevated tem-
perature, regardless of pCO2, may indicate a modu-
lation of mannan content, and thus matrix
structure. Altogether, these findings reveal that
organic matrix modulation is differentially impacted
by temperature across CCA taxa.
Concluding remarks and future directions. Overall, by

exploring the relationship between organic matrix
constituents and biomineralization across CCA taxa
and environmental change, this study shows that
CCA species differ greatly in their organic matrix
composition and have variable capacities for modu-
lating monosaccharide abundance under OA and
warming. This ability would result in different struc-
tural and inducing properties of organic matrices
across species and environmental scenarios, which
could impact biomineralization. Thus, the species-
specific calcification responses to global warming
and ocean acidification recorded to date (Martin
and Gattuso 2009, Johnson and Carpenter 2012,
Hofmann and Bischof 2014, McCoy and Ragaz-
zola 2014, Cornwall et al. 2018) could suggest that
the diversity of organic matrix composition across
CCA taxa may be influencing the varied experimen-
tal responses. In order to further explore the rela-
tionship between discrete carbohydrate constituents,
their regulation, and their relationship with calcifi-
cation throughout the thallus, comparative studies
should be carried out on the surficial thallus,
perithallus, and hypothallus. Microscale analytical
techniques can be used to overcome the challenge
of biomass restrictions in CCA. For example,
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Raman spectroscopy and synchrotron-based
Fourier-transform infrared spectromicroscopy can
be used to further characterize cell wall organic
content and compare with mineralogy, Mg/Ca
ratios, and calcifying fluid saturation state (DeC-
arlo et al. 2018, 2019, Valdespino-Castillo
et al. 2021). In addition, it will be key to pair this
information with genomic and proteomic data
regarding the expression of (i) polysaccharide syn-
theses responsible for producing cell wall matrix
constituents (e.g., cellulose, xylan, and mannan
synthase proteins; Pauly et al. 2013, Zhu
et al. 2019), and (ii) enzymes responsible for the
addition and modification of side chain units
(e.g., fucosyltransferase, galactosyltransferase,
guluronosyltransferase; Pauly et al. 2013). Global
change processes affect coralline algal calcification
via a variety of mechanisms (e.g., direct effects on
crystal biology, changes to algal metabolic pro-
cesses, alterations to carbonate chemistry in the
water column and calcifying fluid). However, our
study provides new evidence suggesting that in
addition to these previously identified mecha-
nisms, the organic compounds in the cell wall
matrix proposed to enable calcification also
change under elevated OA and temperature and
may thus serve as another crucial mechanism
involved in global change response. Finally, our
study shows the complexity of considerations
needed to tease apart the processes contributing
to how CCA respond under global change, all of
which may have profound ramifications for the
ability of reef-building coralline algae to continue
to cement reef frameworks in a rapidly changing
environment.
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found in the online version of this article at the
publisher’s web site:

Appendix S1. Supplementary Methods.

Figure S1. Linear regressions comparing the
relationships between surficial calcification (Cinorg

content) and whole-thallus net calcification (G)
across pCO2 and temperature treatments in (A)
Porolithon cf. onkodes, (B) Lithothamnion proliferum,
(C) L. proliferum, and (D) Sporolithon cf. durum.
Values are means of n = 3–5.

Table S1. Mean relative abundance of monosac-
charides � SE (n = 4–5) under the full factorial
combination of ambient (465 μatm) and elevated
(1160 μatm) pCO2 and ambient (27.2°C) and ele-
vated (29.4°C) temperature in Porolithon cf.
onkodes, Lithothamnion proliferum, Lithophyllum cf.
insipidum, and Sporolithon cf. durum. Tukey HSD
post hoc pairwise comparisons from two-way
ANOVAs are indicated in superscript where pre-
sent. Where there was a main pCO2 effect, aster-
isks indicate the pCO2 level with significantly
greater values. Where there was a main tempera-
ture effect, bolded data indicate the temperature
level with significantly greater values. Where an
interactive effect between pCO2 and temperature
was present, unalike lowercase letters indicate sig-
nificant differences between treatments.

Table S2. Two-way ANOVA results showing the
effects of pCO2 (two levels) and temperature (two
levels) on Total Monosaccharide Concentration
(μM; excluding Glucose) for Porolithon cf. onkodes,
Lithophyllum cf. insipidum, Lithothamnion proliferum,
and Sporolithon cf. durum.

Table S3. Two-way ANOVA results showing the
effects of pCO2 (two levels) and temperature (two
levels) on monosaccharide abundances for Poroli-
thon cf. onkodes, Lithophyllum cf. insipidum,
Lithothamnion proliferum, and Sporolithon cf. durum.

Table S4. Two-way ANOVA results showing the
effects of pCO2 (two levels) and temperature (two
levels) on net calcification (G) and surficial Cinorg

content for Porolithon cf. onkodes, Lithophyllum cf.
insipidum, Lithothamnion proliferum, and Sporolithon
cf. durum. G data for P. cf. onkodes was log-trans-
formed.
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