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Abstract

Calcareous red algae are foundation species and ecosystem engineers with a global distri-
bution. The principles governing their calcification pathways are still debated and the mor-
phological characters are frequently unreliable for species segregation, as shown by
molecular genetics. The recent description of the new species Lithophyllum pseudorace-
mus, previously undetected and morphologically confused with Lithophyllum racemus,
offered a challenging opportunity to test the effectiveness of microanatomy and ultrastruc-
tural calcification traits as tools for the identification of these two species, for integrative tax-
onomy. High resolution SEM images of molecularly identified samples showed that the
different size of the perithallial cells and the features of the asexual conceptacle chambers
may contribute to the separation of the two species. The two species share the same crys-
tallite morphology in the primary and secondary cell-wall calcification, as previously
described in other species belonging to the same clade. However, the perithallial secondary
calcification was significantly thicker in L. racemus than in L. pseudoracemus. We described
a granular calcified layer in the innermost part of the cell wall, as a putative precursor phase
in the biomineralization and formation of the secondary calcification. The hypothesis of dif-
ferent pathways for the formation of the primary and secondary calcification is supported by
the observed cell elongation associated with thicker and higher Mg/Ca primary calcification,
the inverse correlation of primary and secondary calcification thickness, and the absence of
primary calcification in the newly formed wall cutting off an epithallial cell from the meristem.

Introduction

Non-geniculate “crustose” coralline algae (CCA) have a widely recognized global ecological
importance and provide multiple ecosystem services, which include, among others, their role
as habitat formers [1-8] and carbonate producers [9-14]. These properties derive from CCA
ability to precipitate high-magnesium calcite (containing more than 8-12 mol% MgCO3) in
the cell walls, along polysaccharide microfibrils [12, 15-18]. The mineralized thallus offers
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strength and protection to the alga against grazing and other disturbances [19] and can be pre-
served in the fossil record through geological times [14, 20-24]. During biomineralization,
CCA incorporate several major and trace elements that mirror the chemical properties of their
growth environment, becoming significant proxy records for paleoecology and palaeoceano-
graphy [25-28]. Longitudinal sections of some CCA species show dark and light bands (= thal-
lus zonation), especially obvious in long protuberances, reflecting a rhythmic, seasonal growth
pattern [1, 29-32]. Dark bands are formed by thick-walled small cells, while light bands are
made of longer, thin-walled cells. Annual growth bands can be used for establishing the age of
the CCA and for high-resolution time series analyses [25, 33, 34]. Cell wall calcification is com-
posed of radial high-Mg calcite crystallites, around the cell lumen, and other tangentially
arranged crystallites, the latter typically visible at the boundary between two adjacent cell fila-
ments [18, 35-39].

CCA species identification merely based on morphological descriptors can lead to uncer-
tainties, as highlighted by several systematic revisions based on molecular genetics [40-47]. In
other calcifying marine organisms such as foraminifera [48-50], coccolithophores [51] and
corals [52-55], the pattern of mineralization has been used for taxonomic identification, show-
ing consistency with molecular phylogeny. Recently, Auer and Piller [38] matched the micro-
and nanomorphology of CCA cell walls with molecular phylogeny, grouping different genera
based on the crystallite shape in the epithallial and meristematic cell walls. Moreover, recent
studies on the cell wall ultrastructure of Lithothamnion corallioides (P. Crouan & H. Crouan)
P. Crouan & H. Crouan revealed a consistent pattern in the crystallite shape and arrangement,
apparently unaffected by the environment [39].

CCA are common in Mediterranean benthic communities, where they are distributed from
the intertidal zone down to circalittoral depths [56, 57]. Nevertheless, their calcification pro-
cess is still poorly studied. Lithophyllum racemus (Lamarck) Foslie is a Mediterranean endemic
non-geniculate CCA, forming unattached globular rhodoliths, showing a typical “praline”
morphotype [56, 58-64]. A phylogenetic study [65] revealed the cryptic species Lithophyllum
pseudoracemus Caragnano, Rodondi & Rindi, that had been previously confounded with the
morphologically similar L. racemus. The two morphologically similar but genetically distinct
species L. racemus and L. pseudoracemus may occur sympatrically and provide an opportunity
to test the suitability of putative descriptors relying on calcification traits as a new taxonomic
character for CCA identification at species level. Beside the ultrastructural calcification traits,
we considered and measured different classical morphological descriptors that may help in
species identification., such as cell and conceptacle microanatomy. Both molecularly classified
samples of L. racemus and L. pseudoracemus [65], and other morphoanatomically similar sam-
ples that lack phylogenetic characterization were investigated.

Materials and methods
Sample collection

Samples were collected at different locations across the Western and Eastern Mediterranean
Sea (Table 1). They were recovered in the framework of the Italian “Marine Strategy” Pro-
gramme and by local surveys. The collection of rhodoliths of Lithophyllum racemus and L.
pseudoracemus does not require a permit. Four out of six samples have been targeted for a
multi-gene molecular phylogeny at Universita Politecnica delle Marche (AN) [65], and identi-
fied as L. racemus and L. pseudoracemus (Table 1). Sample DB661 is the neotype of L. racemus
[59]. The samples used for phylogenetic analyses are currently stored in the Herbarium Uni-
versitatis Florentinae, at the Natural History Museum in Florence (Italy). The last two samples,
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Table 1. L. racemus, L. pseudoracemus, L. cf. pseudoracemus and L. cf. racemus specimens examined under SEM.

Sample Herbarium Sampling site (latitude, longitude) Depth (m)
DB661 FI1058887 Capri, Gulf of Naples (Italy) (40°34°08”N, 14°13’32E) 50
DB867 FI058894 Pontian IsL. (Italy) (40°54'47°N, 12°52'58”E) 64.9
DB835 FI1058891 Villasimius, Sardinia (Italy) (39°08'32"N, 9°31'14"E) 40
DB768 F1058890 Pontian Isl. (Italy) (40°11'43”N, 12°53°07”E) 66.4
DB865 - Sveta Katarina, Rovinj (Croatia) (45°04’32”N, 13°37°38”E) 10
DB866 - Torre dell’Orso, Puglia (Italy) (40°14°00”N, 18°28’00”E) 44

https://doi.org/10.1371/journal.pone.0273505.t001

Species

Lithophyllum racemus
Lithophyllum racemus
Lithophyllum pseudoracemus
Lithophyllum pseudoracemus
Lithophyllum cf. racemus
Lithophyllum cf. pseudoracemus

referred to as L. cf. racemus (DB865) and L. cf. pseudoracemus (DB866), were not molecularly

classified (Table 1).

SEM image analysis

Specimens were washed and air-dried and then prepared for Scanning Electron Microscopy
(SEM) according to [39]. The samples were fragmented along the growth direction, mounted
on stubs by mean of graphite paste and finally chrome-coated before analysis under a Field
Emission Gun SEM (SEM-FEG) Gemini 500 Zeiss at the University of Milano-Bicocca.
Hereinafter, short cells will be referred to as slow-growing cells constituting dark bands and
produced in the cold season; long cells, instead, will be referred to as fast-growing cells consti-
tuting light bands and produced in the warm season [1, 30, 33, 37, 39]. Short cells are generally
described as smaller, with thicker calcification and with lower Mg/Ca ratio, compared to long
cells [33, 37, 39]. Information about biometry and calcification was extracted from 370 SEM
images from longitudinal or transverse sections of protuberances. In the descriptions, L
denotes the length, H is the height, D is the diameter. Measurements included the size of
epithallial and perithallial cell [66] and cell lumen [39], the conceptacle size [67], the pore
canal length, the number of cells in the pore canal filament and the number of epithallial cells
(Table 2). Other classical descriptors such as the cell, conceptacle and pore canal shapes, pit-
connections, conceptacle elevation, and presence and development of a calcified columella
were also described. For the description of the columella development, we indicate as H the
conceptacle height according to Adey and Adey [67], while the distance between the top of the
columella and the conceptacle roof is indicated as h1, as in Basso et al. [59]. Within the calci-
fied cell wall, primary calcification (PC) refers to the outer layer of Mg-calcite, formed by crys-
tallites arranged parallel to the cell membrane (Fig 1) (= PW in [39]). Secondary calcification
(SC) refers, instead, to the calcified layer which accounts for most of the cell wall thickness and
is constituted of crystallites radial to the cell membrane and normal to the PC crystallites (Fig
1C; SW in [39]). In SEM images of longitudinal sections of algal protuberances, the cell wall
area is measured as the calcified surface area surrounding the cell lumen and delimited by the
outer borders of the cell (Fig 1D). The boundaries of each cell run at the half of the PC, which
may be very thin (Fig 1E). The calcification was analysed mainly in epithallial and perithallial
cells. The occurrence of thallus growth over an old conceptacle gave the opportunity to observe
the cells of the secondary hypothallus [68], where the PC was particularly evident. The mea-
sured calcification traits included the SC maximum thickness, the PC maximum thickness and
the cell wall area of epithallial and perithallial cells. Moreover, the shape and size of primary
crystallites (= those forming the PC), the shape of secondary crystallites (= forming the SC)
were also described. The same information was extracted for short and long cells separately in

specimen DB867.
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Table 2. Depth of sample collection and mean values (+SD) of biometrical traits from SEM image (um).

Lithophyllum racemus

Lithophyllum pseudoracemus L. cf. pseudoracemus L. cf. racemus

DB661 DB867 DB835 DB768 DB866 DB865
Depth (m) 50 64.9 40 66.4 44 10
Perithallial cell (LxD) 179+43x11.2+24 27.2+4.6x 154+ 1.6x 16.28 £ 2.8 x 21.1+25x11.8+1.8 20.5+2.5x

(N = 39) 132+33(N=15) | 105+ 1.6(N=42) | 10.79+ 1.2 (N =22) (N = 34) 25+25(N=19)
Perithallial cell lumen 13.8+3.2x63+1.2 22.1+3.7x 125+2.0x4.9+09 14.06 + 2.6 x 194+28x73+1.1 19.8 +£2.5x
(LxD) (N =51) 7.1+ 19 (N =32) (N =63) 5.43 + 1.1 (N =58) (N =34) 7.6+ 12 (N=23)
Tetra/bisporangial 275.3+£355x 321.9x120.8 261.1£59x - 3189 +20.3x 325.1x136.9
conceptacle chamber 112.5+19.3 (N =23) N=1) 123.7 +£22.7 (N =3) 142.0+11.4 (N = 3) N=1)
(DxH)
Pore canal length 409 +3.0 N =6) - 41.7(N=1) 46.8 + 6.4 (N =3) 375(N=1)
Pore canal cells (n) 3-4 - 3 - 2-3 3
Epithallial cell (LxD) 3.7+09x11.5+£0.7 29+0.6x 3.8+0.5x10.1£1.0 521+04x 52x11.3(N=1) 48+1.0x

(N =5) 12.6 £ 0.6 (N = 3) (N=3) 9.03+0.7 (N =3) 13.1+1.6 (N=38)
Epithallial cell lumen (LxD) | 2.1+04x7.5+14 1.3+0.1x 23+04x72+1.1 2.75+0.5x 30+06x86+28 23+09x

(N =18) 8.9+0.1(N=4) (N=7) 6.16 + 0.6 (N = 5) (N =5) 86+1.4(N=9)
Epithallial cells (n) 3,upto5 3 1or2 lor2 1or2 1or2

https://doi.org/10.1371/journal.pone.0273505.t1002

Statistical analysis

Principal Component Analysis (PCA) was performed on differently combined datasets. A first
dataset included only biometrical data; the second only data on calcification traits and the last
dataset included both biometrical and calcification data. Biometrical data comprised epithallial
and perithallial cell size. Calcification data, instead, included the SC thickness and the cell wall
area in both epithallial and perithallial cells, as well as the PC thickness. The PCA analysis was
run in MATLAB R2020a software using the PCA toolbox released by [69]. Moreover, paramet-
ric and non-parametric univariate analysis of variance was applied to both biometrical and cal-
cification dataset, in order to evaluate the statistical significance of the differences among
group medians and means. Univariate analysis was also applied to compare results from short
and long cells. In particular, the Kruskal-Wallis test followed by the Dunn’s test for compari-
sons and the One-way ANOVA followed by the Tukey’s test for post-hoc analysis, were per-
formed in R 3.6.3 software.

Results
SEM image analyses

Scanning electron microscope (SEM) imaging of the cell walls showed similar shape of calcite
crystallites within L. racemus and L. pseudoracemus thalli. A detailed description of each sam-
ple, including observations on both biometrical parameters and calcification traits, is provided
below.

Lithophyllum racemus. Microscopic anatomy: specimens were pink in colour, non-genicu-
late and fruticose with protuberances up to 1 cm long (up to 5 mm in DB867). A longitudinal
section of protuberances showed perithallial filaments with a “fountain” pattern, with rows of
cells which ran parallel and then diverge towards the thallus surface following opposite direc-
tions (Fig 1A). Dark and light growth bands were also detected (Fig 1A; [65]). Three super-
posed flattened epithallial cells were frequently observed (up to 5 in DB661; Fig 1B and 1C), L
2.92-3.72 um and D 11.48-12.59 um (Table 2). Perithallial cells were connected by primary
and secondary pit-connections and lacked cell fusions (Fig 1D and 1E). Perithallial cells were
rectangular in longitudinal section, L 17.87-27.20 um and D 11.16-13.23 pm (Fig 1D and 1E;
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2 um . Ysecondary-
- - pit-conmection

Fig 1. SEM images showing longitudinal sections of Lithophyllum racemus. (a) Fountain pattern in the arrangement of perithallial
cells; two arrowheads indicate a growth band; (b) Four superimposed epithallial cells (numbered). Note the evidence of meristematic
division (white arrows); (c) magnification of the inset in (b) to show: a primary (PC), secondary (SC) and inner calcification (IC); (d)
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perithallial cells with primary and secondary pit-connections (arrows); the cell wall area corresponds to the surface included between the
two dashed lines; (e) magnification of (d) to show perithallial thin PC and rod-shaped crystallites of the SC; (f) conceptacles weakly
protruding from thallus surface (white arrows); (g) a conceptacle chamber showing a well-developed calcified columella (arrow); (h)
magnification of the inset in (g) showing the secondary hypothallus (arrow).

https://doi.org/10.1371/journal.pone.0273505.g001

Table 2). Trichocytes were not observed. Many asexual uniporate conceptacles weakly pro-
truded from the surface, with a sunken pore aperture (Fig 1F). The conceptacle chamber was
kidney-shaped in longitudinal medial section, D 275.34-321.93 um and H 112.48-120.82 um
(Fig 1G; Table 2), giving a mean D/H ratio of 2.55. A well-defined calcified columella rose
from the conceptacle floor (Fig 1G). The columella had a height exceeding half of the height of
the conceptacle chamber (H), therefore the distance between the columella top and the cham-
ber roof (h1 in [59] was < H/2. The pore canal was medially cut and observed only in the neo-
type DB661. It was conical, appearing triangular in section, about 41 um long, bordered by
filaments composed of 34 cells, and showing a rhomboidal enlarged cavity on its top (Fig 1Hj;
Table 2; [70]).

Calcification: the epithallial cells (Fig 1B) were strongly calcified with a cell wall area of
30.17-174.39 um* (Table 3). The PC between different cell filaments was composed of rod-
shaped crystallites running more or less parallel to the cell membrane (Fig 1C), while the PC
between epithallial cells of the same filament was very thin and hardly visible. The SC consisted
of one layer of rods perpendicular to the cell membrane, locally appearing as flattened, loosely
packed elements (Fig 1C). They determined an SC maximum thickness of 1.54 + 0.3 yum
(Table 3). We observed an additional, distinct, innermost thin calcified layer (= IC) in contact
with the plasma membrane, composed of irregular granules with crenate margins and appear-
ing as a granular surface bordering the cell lumen (Fig 1C). The meristematic cell, showing pri-
mary and secondary pit-connections, is superposed by several epithallial cells connected by
exclusively primary pit-connections (Fig 1B). The meristem cell and its several generations of
superposed epithallial cells shared the same PC and thick SC, as observed at the boundary with
the adjacent cell-filament. The cut-off of a new epithallial cell occurs by transversal division of
the upper (distal) part of the meristematic cell. The weak calcification of the newly formed hor-
izontal portion of the cell membrane was formed exclusively by the IC (Fig 1B and 1C), with a
later formation and then progressive thickening of the SC in older epithallial cells (Fig 1B and
1C).

The perithallial cells in longitudinal section had oblong lumen and strongly calcified cell
walls, with an area of 116.57-174.39 um® (Fig 1D and 1E; Table 3). The perithallial PC is com-
posed of packed irregular rhomboids with smooth indented margins, oriented parallel to the
cell membrane (Fig 2A and 2B). The PC measured between two adjacent cell filaments was

Table 3. Mean values (+SD) of calcification traits from SEM images (um, otherwise differently specified).

Lithophyllum racemus
DB661 DB867

Depth (m) 50 64.9
Perithallial SC thickness 2.7+ 0.6 (N =50) 2.9+0.6 (N =31)
cells PC thickness 05+02(N=28) | 0.9+02(N=35)

Cell wall area 116.6 + 34.7 174.4 £ 50.2

(pm?) (N=39) (N =24)
Epithallial cells | SC thickness 1.5+0.3 (N =18) 14+02(N=3)

Cell wall area
(um?)

302+ 8.4 (N=6)

https://doi.org/10.1371/journal.pone.0273505.t003

26.0+82(N=3)

Lithophyllum pseudoracemus

DB835
40
25404 (N =62)
1.0+ 0.3 (N = 31)

99.7 + 18.9
(N =35)

1.0+03 (N=3)
250+9.7 (N =5)

DB768
66.4
23404 (N=57)
1.6 £ 0.5 (N = 54)

100.5 + 21.3
(N =23)

0.9+02(N=5)
25.0 + 8.3 (N = 6)

L. cf.
pseudoracemus

DB866
44
24+0.5 (N =34)
1.2+ 0.3 (N =23)

117.7 £ 26.0
(N =22)

1.0+0.4 (N=4)
27.2+83 (N =4)

L. cf. racemus

DB865

10
29+0.6 (N =23)
1.3+ 0.3 (N = 24)

137.8 +£29.2
(N =21)

1.1+02(N=9)
35.8+12.0(N=7)
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Fig 2. SEM details of the calcification in Lithophyllum racemus. (a) Calcified perithallial cells; (b) magnification of the inset in
(a): rhomboidal crystallites of the primary calcification (PC, arrow) embedded in organic microfibrils (arrow); (c) transverse
section of the perithallus; (d) magnification of the inset in (c) showing the innermost calcified layer (IC, arrow); (e) secondary
hypothallus over the conceptacle pore canal in Fig 1H; (f) magnification of the inset in (e): regular rhomboidal crystallites of the
hypothallial PC (arrow).

https://doi.org/10.1371/journal.pone.0273505.g002

0.54-0.87 pm thick (Table 3). The perithallial SC was formed by one layer up to 2.94 pm in
maximum thickness, composed of rod-shaped crystallites perpendicular to the cell membrane
(Fig 1E; Table 3). The internal surface delimiting the cell lumen showed a granular calcifica-
tion. In transverse section, it was observed an IC composed of irregular, more or less blocky
granules (DB867; Fig 2C and 2D).

The primary hypothallus, i.e. the first algal cells growing directly over the substrate, was not
detectable in our samples, but some prostrate cells growing over a conceptacle roof were visi-
ble, forming a secondary hypothallus. Here, the hypothallial primary crystallites appeared as
packed regular and thin rhomboids, 0.4 x 0.4 £ 0.1 pum in size, which clearly progressed
between two adjacent cell filaments (Figs 1H, 2E and 2F). Depending on the visual perspective,
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the same thin rhomboids showed only their thinnest dimension, thus appearing as rod-like
structures parallel to the cell lumen, perfectly bordering the rounded shape of the outer cell
wall (Fig 2E and 2F).

Lithophyllum pseudoracemus

Microscopic anatomy: specimens were pink in colour, non-geniculate and fruticose with pro-
tuberances up to 5 mm long (up to 2 mm in DB768). In sample DB835, it was observed the
same “fountain” pattern in the arrangement of perithallial cells, as already observed in L. race-
mus (Fig 3A). The perithallial banding was not detected. One or two epithallial cells were ter-
minating each cell filament (Fig 3B), L 3.84-5.21 um long and D 9.03-10.07 um (Table 2). The
perithallial cells were rectangular in longitudinal section, with numerous secondary pit-con-
nections, L 15.40-16.28 pm and D 10.55-10.79 um (Table 2; Fig 3C). The external surface of
the asexual conceptacles appeared depressed, with a sunken pore aperture (Fig 3D). The asex-
ual uniporate conceptacles in sample DB835 had a rounded chamber corresponding to a D/H
ratio of 2.11 (Fig 3E; Table 2). The triangular pore canal was 42 pm long, counting 3 cells in
the pore canal filament (Fig 3F; Table 2). No calcified columella was observed (Fig 3E). Tricho-
cytes were observed exclusively at the periphery of a conceptacle chamber (Fig 3E). Sample
DB768 was sterile.

Calcification: the epithallial cells were highly calcified with a cell wall area of 24.96-

25.01 um?® (Table 3). The PC was not detectable between the epithallial cell and the underlying
meristem cell in the same filament, while the PC between two adjacent cell filaments was
highly calcified and consisted of irregular granules (Fig 3B). The epithallial SC reached

0.98 um in maximum thickness and was characterized by 1-2 layers of rods with granular tex-
ture laying perpendicular to the cell membrane (Fig 3B; Table 3). The internal surface delimit-
ing the cell lumen showed a granular calcification, forming an IC between the plasma
membrane and the perpendicular rods of the SC (Fig 3B).

The perithallus had oblong cells with strongly calcified cell walls (Fig 3C). The perithallial
cell walls had an area of 99.71-100.48 um” (Table 3). The perithallial PC was 0.95-1.55 pum in
thickness (Table 3), composed of packed irregular rhomboids with smooth indented margins
(Fig 3G and 3H). The perithallial SC was 2.31-2.53 pm in maximum thickness, consisting of
long perpendicular rods with a granular texture, arranged in 1 to 4 layers (Figs 3H and 4A, 4B;
Table 3).

Over a conceptacle roof, in proximity to the pore canal, some prostrate cells of a secondary
hypothallus clearly showed their PC (Fig 3F). This consisted of regular packed rhomboids, 0.4
x 0.4 £ 0.1 um in size (Fig 4C and 4D). The rhomboids appeared as thin slips in some areas.
The IC was detectable as a granular layer at the inner boundary of the SC (Fig 4D).

Lithophyllum cf. racemus. Microscopic anatomy: specimen DB865 was pink in colour,
non-geniculate and fruticose with protuberances up to 3 mm long. At small scale, it was visible
the “fountain” pattern of the perithallial growth and in some areas also the banding pattern.
One or 2 flattened epithallial cells were observed, L 4.78 + 1.0 pm and D 13.12 + 1.6 um (Fig
5A; Table 2). The perithallial cells were rectangular in longitudinal section L 20.52 + 2.5 um
and D 12.51 + 2.5 ym (Table 2). Trichocytes were not observed. The asexual uniporate concep-
tacle had a kidney-shaped chamber D 325.13 um and H 136.94 pm (Fig 5B; Table 2), equiva-
lent to a D/H ratio of 2.37. The conceptacle chamber had an evident, calcified columella,
reducing the conceptacle chamber height h1 to less than H/2 [59]. The pore canal was triangu-
lar in longitudinal section, 37.5 um long, lined by 3 cells, with a cavity on top (Fig 5B; Table 2).

Calcification: the epithallial cells were strongly calcified and their surface appeared covered
by a thick cuticle (Fig 5A). The epithallial cell wall area was 35.80 + 12.0 um? (Table 3). The PC
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Fig 3. SEM images showing longitudinal sections of Lithophyllum pseudoracemus. (a) A protuberance
longitudinally cut in half showing the fountain-like arrangement of perithallial cells, due to the diverging cell filaments
toward the thallus surface; (b) epithallial cells showing the primary calcification (PC), the secondary calcification (SC),
and the innermost calcified layer (IC); (c) the perithallus; (d) depressed conceptacle in surface view (arrow); (e)
conceptacle chamber with no calcified columella and a trichocyte on the right (arrow); (f) magnification of the inset in
(e) to show secondary hypothallial cells (arrow) over the pore canal; (g) the orientation of the PC crystallites is normal
to those of the SC; (h) magnification of the inset in (g) to show the perithallial rhomboidal crystallites of the PC and the
rod-shaped crystallites of the SC (arrows).

https://doi.org/10.1371/journal.pone.0273505.9003

between epithallial cells of the same filament was undetectable or absent. The thick epithallial
PC between adjacent cell filaments consisted of rhomboidal elements (Fig 5A). The epithallial
SC reached a maximum thickness of 1.05 + 0.2 pm and consisted of perpendicular rods
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Fig 4. SEM images showing longitudinal sections of the calcified thallus in Lithophyllum pseudoracemus. (a) Multiple layers
of secondary calcification forming the thick cell walls; (b) magnification of the inset in (a); the arrow points to the contact of two
layers of SC; (c), secondary hypothallial cells in the proximity of the pore canal in Fig 3F; (d) magnification of the inset in (c) to
show the rhomboidal crystallites in the hypothallial primary calcification (PC); the SC rods and the innermost calcified layer (IC).

https://doi.org/10.1371/journal.pone.0273505.9004

(Fig 5A; Table 3), slightly more regular in shape than those in the perithallial SC. The internal
surface delimiting the cell lumen was made of granules which constituted a very thin IC (Fig
5A).

The perithallus had oblong calcified cells with a cell wall area of 137.79 + 29.2 um?

(Table 3). The PC between two adjacent cell filaments, 1.28 + 0.3 pum thick (Table 3), was com-
posed of small irregular granules. The PC between cells of the same filament was inconspicu-
ous. The SC had a maximum thickness of 2.87 + 0.6 um and consisted of a single layer of rods
oriented perpendicular to the cell membrane (Table 3).

The secondary hypothallus was detected as prostrate cells growing over a conceptacle roof,
close to the pore canal (Fig 5C and 5D). These hypothallial cells had a PC consisting of packed
rhomboids, 0.3 x 0.3 £ 0.1 pm in size, running parallel to the cell membrane (Fig 5C and 5D).
The hypothallial SC was composed of thin granular rods perpendicular to the cell membrane
(Fig 5D). The IC in contact with the SC appeared granular from inside the cell lumen (Fig 5C).

Lithophyllum cf. pseudoracemus. Microscopic anatomy: specimen DB866 was dark pink
in colour, non-geniculate and fruticose with protuberances up to 4 mm long. One or 2 epithal-
lial cells were flattened, L 5.18 um and D 11.31 um (Fig 6A; Table 2). The perithallial cells were
L21.11 £2.5 um long and D 11.82 + 1.8 um (Fig 6B; Table 2). The perithallial zonation with
the banding pattern was not visible. The asexual uniporate conceptacles had a kidney-shaped
chamber D 318.95 + 20.3 um, H 141.96 + 11.4 um (Fig 6C; Table 2) and 2.25 in D/H. In some
conceptacles, a calcified columella was observed rising from the conceptacle floor (Fig 6C).
The columella was variably developed, but its height never exceeded half of the height of the
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Fig 5. SEM images showing longitudinal sections in Lithophyllum cf. racemus DB865. (a) Epithallial calcified cells covered by a
thick cuticle, and bordered by a primary calcification (PC), a secondary calcification (SC), and an innermost calcified layer (IC);
(b) a conceptacle with a well-defined calcified columella (white arrow); (c) secondary hypothallial cells in the proximity of a pore
canal and the innermost granular IC; (d) magnification of the inset in (c) showing the SC rhomboidal crystallites, and the PC
rhomboids.

https://doi.org/10.1371/journal.pone.0273505.9g005

conceptacle chamber, resulting in h1>H/2. The pore canal was triangular, about 47 um long,
composed of 2-3 cells, with a rhomboidal cavity on top (Fig 6C; Table 2).
Calcification: the epithallus was strongly calcified (Fig 6A). The cell wall area was
27.18 +8.3 pmz (Table 3). The PC between the epithallial and the subtending meristematic
cells was undetectable, while the PC between adjacent cell filaments was thick and formed by
irregular elements. The epithallial SC consisted of regular rods perpendicular to the cell mem-
brane, reaching 0.99 + 0.4 um of maximum thickness (Fig 6A; Table 3). The cell lumina were
delimited by the cell membrane which prevented the observation of the calcification (Fig 6A).
Nevertheless, there was the evidence of an IC of granular elements in contact with the SC.
The perithallial cells were oblong and regularly arranged in rows. The cell walls had
117.68 + 26.0 um” of area (Table 3). The PC between cells of the same filament was inconspicu-
ous. The perithallial PC between cells of two adjacent filaments was 1.24 + 0.3 um thick and
consisted of irregular elements which ran parallel to the cell lumen (Table 3). The perithallial
SC consisted of a single layer of rods oriented perpendicular to the cell membrane,
2.43 £ 0.5 pm in maximum thickness (Table 3). The internal surface delimiting the cell lumen
was granular, forming a clearly detectable IC layer in contact with the perpendicular rods of
the SC. In transverse section, the perithallial cells had a clear hexagonal perimeter (Fig 6D).
The primary hypothallus had a calcification similar to the cells of the secondary hypothallus
observed in the samples described above (Fig 6E and 6F). The PC was formed by packed
rhomboidal slips bordering the cell (Fig 6F). The SC consisted of perpendicular rods arranged
in 1 or 2 rows, very granular in texture.
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Fig 6. SEM images showing longitudinal sections of Lithophyllum cf. pseudoracemus DB866. (a) Epithallial cell bordered by
the rods of the secondary calcification (SC), and the innermost calcified layer (IC); (b) the calcified perithallus; (c) a conceptacle
with a short calcified columella (arrow); (d) transverse section showing the SC and the primary calcification (PC); (e) the primary

hypothallus growing over the substrate; (f) magnification of the inset in (e) showing multiple layers of hypothallial PC rhomboids
and SC rods.

https://doi.org/10.1371/journal.pone.0273505.g006

Statistics

The statistical analyses ran on biometrical features highlighted significant differences among
the perithallial cell sizes (p<<0.001; S1 Table, Fig 7). Particularly, the perithallial cells from
both samples of L. pseudoracemus (DB768, DB835) were significantly smaller than those in L.
racemus DB867 and the two non-molecularly classified DB865 and DB866 (p<<0.001; S1
Table; Fig 7). Instead, the L. racemus neotype (DB661) showed intermediate perithallial cell
size (Fig 7), differing significantly from the other samples (p<0.01), with the exception of L.
pseudoracemus DB768 (p = 0.23) (S1 Table; Fig 7). Other measured biometrical variables did
not highlight further distinction between L. pseudoracemus and L. racemus.
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The multivariate analysis on calcification traits was the only statistical test supporting a sig-
nificant distinction between L. racemus and L. pseudoracemus. In the PCA model, the first two
principal components (PCs) resolved the 83% of the total data variance (Fig 8). The main
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Fig 8. Principal component analysis (PCA). Score plot is shown in (a); loading plot of PCA on calcification data in
both perithallial (P.) and epithallial (E.) cells (b). The plots model 83% of the total data variance. Variance proportions
are shown along each component axis. Calcification types are evidenced with circles and classified in L. racemus type
and L. pseudoracemus type.

https://doi.org/10.1371/journal.pone.0273505.g008
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trend expressed on the PC-1 axis was the increasing SC thickness with increasing cell wall area,
expressed as high negative PC-1 loadings for the perithallial cell wall area and the SC thickness
(Fig 8). At the same time, the PC thickness tended to increase as the SC became thinner, as
shown by the high positive PC-1 loadings. The PC-2 axis displayed positive loadings of the cell
wall area, the perithallial PC thickness and SC thickness, as well as high negative loadings of
the epithallial SC thickness (Fig 8). Overall, from the PCA, it was possible to distinguish two
main calcification types based on natural groupings in the PC-2 versus PC-1 plot (Fig 8). The
L. racemus type plotted with negative PC-1 and negative PC-2 scores (Fig 8) and was character-
ized by perithallial cells with high values for cell wall area and SC thickness (Fig 8; Table 3).
The L. pseudoracemus type was characterized by positive PC-1 and negative or neutral PC-2
scores corresponding to perithallial cells with low values of cell wall area and thin SC. This cat-
egory included also L. cf. pseudoracemus DB866. The sample L. cf. racemus DB865 differed
from the other samples by having highly positive PC-2 and negative PC-1 scores (Fig 8). Since
the PC-1 scores explained 60% of the total data variance, they support the inclusion of L. cf.
racemus DB865 in the L. racemus type. Most of the difference between sample DB865 and the
other samples of the L. racemus type relied on the epithallial cell wall area, which was particu-
larly high (Fig 8; Table 3).

Given the results of the PCA, we explored the contribution of the considered variables in
supporting the separation of L. racemus from L. pseudoracemus. The perithallial SC thickness
was the only one to separate the two species with significant statistical support (Fig 9; 52
Table). Based on the PCA, L. cf. pseudoracemus DB866 was attributed to the L. pseudoracemus
calcification type, while L. cf. racemus DB865 was attributed to the L. racemus calcification
type (Figs 8 and 9; Table 2). The mean epithallial SC thickness was also different in L. racemus
and L. pseudoracemus (Table 3), but the ANOVA results did not support a statistical signifi-
cance of this feature.

In L. racemus DB867, it was also possible to clearly distinguish between size of short and
long cells within the perithallus (Fig 10). Long cells differed significantly from short cells by
length (25.25 pm and 19.58 pum respectively, p<0.001). Short and long cells had very similar
cell lumen area, but short cells had higher values of cell wall area and thicker SC, while long
cells had thicker PC (Fig 10). Nevertheless, none of these differences were statistically signifi-
cant (p > 0.05).

Discussion
Microscopic anatomy

At small scale, both L. racemus and L. pseudoracemus showed a “fountain” pattern in the
arrangement of perithallial cells (Figs 1A and 3A), as already observed by [59] (pl. 63, Figs 5
and 6). In the samples of L. racemus DB661, DB867 and in L. cf. pseudoracemus DB865, the
seasonal banding was also appreciable (Fig 1A).

The statistical analyses supported a significant difference between the size of perithallial
cells of L. racemus and L. pseudoracemus (Fig 7; Tables 2, 4 and S1 Table; [65]). However, the
molecularly identified samples of L. racemus show a very wide range of values of perithallial
cell area (Fig 7; Table 2), thus jeopardizing the applicability of this single character for species
separation.

The longitudinal medial section of the asexual conceptacle chambers of L. pseudoracemus
was more rounded than that of L. racemus, having a lower D/H ratio (2.11 against 2.55). This
pattern was confirmed also in the non-molecularly identified samples (2.25 in L. cf. pseudora-
cemus against 2.37 in L. cf. racemus). A calcified columella rising from the asexual conceptacle
floor was observed in most samples but not in L. pseudoracemus, in agreement with [65]. The
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calcified columella rising from the conceptacle chamber floor of L. cf. pseudoracemus DB866
appeared variably developed, but its height was lower than half the height of the conceptacle
chamber, consequently, h1 [59] was typically > H/2 (Fig 6C). The low number of observations,
however, prevents any attempt of statistical analysis of this feature, that would deserve further
investigation aimed at assessing its potential value.

Our biometrical analyses on molecularly characterized samples revealed some differences
with the measures reported by [65]. In particular, we observed smaller conceptacles with a
depressed surface in L. pseudoracemus (mean D 261.08 x H 123.75 um vs. D 321.25x H
175.00 um) reported by [65] (Table 2). Moreover, we observed 3-5 layers of superposed
epithallial cells in L. racemus instead of 1-2 as reported by [65]. These observations demon-
strated high variability in microanatomy among samples and even within the same specimen,
which would prevent a reliable distinction of the two species solely based on microanatomy
and biometrical analysis, in agreement with [65]. Trichocytes have been demonstrated in the
genus Lithophyllum only recently [71], but their mode of development hampers their identifi-
cation under SEM and in petrographic thin sections. Nevertheless, no trichocyte was observed
even in decalcified histological sections of L. racemus, while trichocytes were rarely detected in
L. pseudoracemus by [65]. Despite the active search for trichocytes in our investigations, we
were able to identify one single trichocyte exclusively in proximity of a conceptacle chamber in
L. pseudoracemus (Fig 3E), thus confirming the published report [65].
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Calcification traits

The suitability of skeletal ultrastructure for the taxonomy of calcareous red algae has been
proved only recently [38, 39, 70]. Auer and Piller [38] introduced the morphology of crystal-
lites in the PC of epithallial and meristem cells as a new morphological criterion to discrimi-
nate among different clades. Among the subfamily Lithophylloideae, Lithophyllum incrustans,
L. kotschyanum, L. lichenoides, L. pygmaeum and L. byssoides (as Titanoderma byssoides) were
analysed by [38]. According to these authors, the defining traits of Lithophylloideae are rhom-
bic plates as dominant morphotype of epithallial cell wall crystallites and perpendicular rod-
shaped crystallites in the SC [38]. Our observations are in substantial agreement, reporting
rhomboid-shaped crystallites in the PC and perpendicular rod-shaped crystallites in the SC in
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both L. racemus and L. pseudoracemus, as already concluded by a deep learning approach on
SEM images of the two species [70]. However, we found evidence of three different calcified
layers in L. racemus and L. pseudoracemus: the primary outer calcification formed by parallel
rhomboids (PC); the median one with perpendicular rods of the secondary calcification (SC)
and the innermost granular layer (IC) (Figs 1C and 4D). The IC appeared composed of granu-
lar elements (Fig 1C), was located between the plasma membrane and the SC, and was often
covered by organic residue of the plasma membrane. Moreover, we described regular and
obvious rhomboids in the hypothallial cells of both primary and secondary hypothallus (Figs
2E, 2F, 4C, 4D, 5C, 5D, 6E and 6F), while they were much less regular in the other cells, regard-
less of the sample. In fact, within the perithallus, the PC crystallites had irregular shapes and
rhomboids became hardly distinguishable, while the crystallites of the SC remained visibly
rod-shaped. The particularly regular PC rhomboids observed in the hypothallial cells were
apparently absent between epithallial cells of the same filament, and not obvious elsewhere,
except in the lateral (= between adjacent filaments) epithallial cell walls of L. cf. racemus
DB865 (Fig 5A). In the meristem, both L. racemus and L. pseudoracemus shared a similar pat-
tern of absence of PC and increasing SC thickness, in the newly formed horizontal cell wall
that cuts off a new epithallial cell (Fig 1B). At the same time of the new epithallial cut-off, the
lateral cell walls (between adjacent filaments) that contain the meristem cell and the epithallial
cells issued from it, appeared as a pre-existing calcite “envelope” with well-developed and rela-
tively homogeneous thickness (Fig 1B). In the congeneric species Lithophyllum kotschyanum
the pattern of calcification of the new epithallial cells differs, since an increasing thickness of
the SC toward the lower base of the meristem cell was observed [38]. This observation also
supports a species-specific control of calcification traits in CCA. DNA sequencing coupled
with the analysis of calcification traits on a broader range of species could elucidate the diag-
nostic potential of the pattern of calcification of the meristem cutting off the new epithallial
cells.

The loss of definition in the primary crystallite shape observed in perithallial cells of L. race-
mus and L. pseudoracemus could be related to solution/precipitation or recrystallization pro-
cesses and has been already reported in L. kotschyanum along with progressively increasing
calcification [38].

Considering the measured calcification traits, the PCA results (Fig 8) succeeded in allowing
the circumscription and separation of two groups of samples which included distinctively the
genetically classified L. racemus (DB661, DB867) and L. pseudoracemus (DB768, DB835).
Overall, L. racemus was characterized by perithallial cells with large cell wall area (145.48 pm”
by mean) and thicker SC (2.84 pm); L. pseudoracemus had instead small perithallial cell wall
area (100.09 pmz by mean) with thinner SC (2.42 um) (Fig 8; Table 3). To note is also the direct
proportion between the SC thickness and the cell wall area in the perithallus of our corallines
(Fig 8). The L. racemus and L. pseudoracemus specimens analysed in this work were collected
in the Western Mediterranean Basin. The specimens L. racemus DB867 and L. pseudoracemus
DB768 occurred sympatrically and at a similar depth (Table 1) and nevertheless showed a
highly significant distinction in terms of calcification traits (Fig 8). In particular, DB867 had
thin PC and high values of SC thickness and cell wall area, while DB768 had thick PC, thin SC
and small cell wall area (Fig 8; Table 3).

Samples L. cf. racemus DB865 and L. cf. pseudoracemus DB866, non-molecularly identified,
were collected in the Eastern Mediterranean, where the presence of both L. racemus and L.
pseudoracemus was also confirmed by molecular techniques [65]. According to the PCA, sam-
ple DB866 fell in the L. pseudoracemus calcification type (Fig 8). Interestingly, samples with
thick perithallial SC had also thick SC in the epithallial cells (Table 3). The epithallial cells in
specimen DB865 had the largest diameter (Fig 5A; Table 2), explaining the high cell wall area
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despite the relatively thin SC. In the perithallus, its cell wall area was large and the SC was
thick, in agreement with the major defining traits of L. racemus (Fig 8; Table 3) and actually
the PC-1 axis of the PCA, which explained most of the data variance (60%), supports the inclu-
sion of L. cf. racemus DB865 in the L. racemus calcification type (Fig 8). This specimen was col-
lected at the shallowest depth (10 m), while all the other specimens were collected deeper than
40 m, rising a question about the possible response of the epithallial cell size to light availability
or other still undefined oceanographic controls.

The distinct zonation (= banding) of L. racemus DB867 provided an opportunity to focus
on calcification traits in short and long cells separately (Fig 10). In literature, short cells are
reported to show thicker cell walls and lower Mg/Ca ratio compared to long cells [33, 37]. Our
results showed that L. racemus short perithallial cells possess higher SC thickness, and there-
fore a larger cell wall area, in comparison with long perithallial cells, although keeping an
almost stable cell lumen area (Fig 10). The PC observed between two cells of adjacent filaments
was thicker in long cells produced in the warm months, while short cells had larger cell wall
area due to the thicker SC (Fig 10) [39]. Therefore, we could speculate that warmer tempera-
tures and/or longer light periods would have triggered the production of primary crystallites.
The low values of PC thickness in short cells might be explained by a SC that could grow at the
expense of the PC during the cold months. This hypothesis is supported by the observation of
an inverse correlation between SC and PC thickness, observed in the perithallial cells of most
samples (Fig 8; Table 3).

Biomineralization

The calcification in coralline red algae had been traditionally considered a controlled process,
by means of cell wall mineralization [72-74]. This view was questioned by the report of differ-
ent Mg/Ca ratios associated to distinct anatomical structures in CCA [75] and in particular, of
higher-Mg calcite detected in wound repairs, in the primary calcification and in hypothallial
cells of Phymatolithon and Clathromorphum [18, 76]. Based on this considerable Mg/Ca ratio
variation observed in the Mg-calcite within single specimens, and on the observed relationship
of Mg/Ca with ambient temperature, a biologically induced origin of CCA calcification was
suggested [76]. The biologically induced mineralization is defined as the secondary precipita-
tion of minerals resulting from interactions between the biological activity and the environ-
ment [77].

In contrast with the idea of a biologically-induced calcification in CCA [76] it was recently
demonstrated that the ultrastructural shape and arrangement of crystallites in the cell walls is
shared by species belonging to the same phylogenetic clade [38, 39]. Moreover, [39] showed
the occurrence of species-specific distinct styles of PW calcification within the genus
Lithothamnion. Despite the variable and quite distinct cell size in L. racemus and L. pseudora-
cemus, the ultrastructures observed and analysed in this paper confirm the recently described
lithophylloid pattern [38], and the phylogenetic control on the calcification process and on the
morphology and orientation of the produced crystallites (Fig 8).

Raz et al. [78] experimentally demonstrated that high-Mg calcite forms via an amorphous
precursor phase, composed of spherical particles. Similar findings have been recorded later in
corals [79], where amorphous calcium carbonate (ACC) precursors precipitate before being
transformed into crystalline calcium carbonate (CCC) after about a day. Similar amorphous-
to crystalline pathways were reported in crustaceans, annelids, and mollusk larval shells [80].
From this perspective, the inner layer of calcified grains observed in our corallines (Fig 1C)
could represent an intermediate precursor phase preceding the formation of the rod-shaped
crystallites. The IC is the only calcification occurring just after the cut off of a new epithallial
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cell from the meristem, and we frequently observed multiple layers of perpendicular rods
within the SC (Fig 4A). Therefore, we suggest that IC would likely be the first step in the for-
mation of SC, with SC multiple-layer thickening deriving from a deposition of a new layer
after reactivation of IC. From this point of view, a CCA calcification proceeding from the
inner part of the cell wall towards its periphery appears the only plausible explanation [76].

The Mg/Ca ratio in CCA is variable not only among specimens or within a single specimen.
At a higher detail, NanoSIMS analysis of the Mg/Ca ratios in L. glaciale showed higher values
in summer cells, with a pronounced variation within a single cell wall, both in the natural envi-
ronment and in controlled conditions with constant temperature, although at a lesser extent
[37]. This observation would suggest that the Mg/Ca ratio is controlled primarily by the tem-
perature of the environment, as assessed across phyla at a global scale [81], but also that the liv-
ing CCA cells mediate the calcite Mg/Ca ratio at the ultrastructural scale. In the perithallial
cells of L. glaciale the highest ratios were recorded in the PC, and at the boundary of the cell
lumen, with NanoSIMS evidence of further high Mg/Ca values, localized concentrically in the
SC [37] (Fig 2A). This pattern of concentric higher Mg/Ca values supports the hypothesis of
successive activations of the IC, possibly driving the formation of additional SC crystallite
layers.

Interestingly, we observed the best developed calcite rhomboids in the PC among adjacent
cell filaments and in the hypothallial cell walls, both in the primary and secondary hypothallus.
We observed also thicker PC in longer cells, which explains the occurrence of higher Mg/Ca
ratio in the cell wall of longer perithallial cells produced during the warm season [25, 34, 37,
76]. These observations support the hypothesis that the primary and secondary calcification
may be controlled by distinct processes: the calcification of the actively (fast?) developing ana-
tomical parts (hypothallial cells, wound repairs), and in particular the PC and the IC, could be
mediated by a higher Mg/Ca phase controlled by distinct physiological activity of CCA cells
and their organic templates (e.g.: [15, 18]; on the contrary, the calcification of the SC would
develop from the IC and partially at the expenses of the PC, by incremental growth of one or
multiple generation of crystallites with relatively lower Mg/Ca ratio.

Conclusions

We used SEM image analyses to compare the classical biometrical descriptors and the calcifi-
cation traits of two morphologically similar, but genetically distinct sympatric species, L. race-
mus and L. pseudoracemus. The perithallial cell area differed significantly between L. racemus
and L. pseudoracemus and the shape of the asexual conceptacles together with the occurrence
and shape of the calcified columella could suggest a morphoanatomical criterion for species
identification, however, their use would be hampered by a non-negligible degree of variability
and values superposition. Therefore, a morphological identification solely based on biometri-
cal measurements of cells and reproductive structures confirmed to be ineffective for species
discrimination of L. racemus from L. pseudoracemus.

The morphology of crystallites in the high-Mg calcite cell walls was coherent with previous
studies on other species belonging to the same clade. We observed no distinction of crystallite
shape and organization at species level. We rather found differences in the degree of cell calci-
fication, and we could distinguish two L. racemus and L. pseudoracemus calcification types
from a multivariate analysis accounting for the SC thickness, the PC thickness and the cell wall
area. Most of the differences were explained by the perithallial SC thickness, higher in L. race-
mus and lower in L. pseudoracemus. One corollary is that the exclusive analysis of the cell-wall
ultrastructures in epithallial and meristematic cells is a valid diagnostic criterion for higher
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taxa, but other elements must be taken into account for the identification of congeneric and
very similar specimens.

Evidence from SEM images showed the presence of a granular calcified layer in the inner-
most part of the cell wall (IC), in addition to the SC and PC known in the literature. We sug-
gest that this could represent the precursor phase in the formation of secondary crystallites,
becoming an important clue of the biomineralization mechanism in CCA.

A comparative analysis of the calcification of short and long cells, in the framework of pub-
lished reports about the pattern of variation in the Mg/Ca ratio, suggested that cell elongation
both in the perithallus and in the hypothallus is associated with the enhanced production of
PC with higher Mg/Ca ratio, possibly triggered by warmer temperatures and/or longer light
periods. Moreover, the inverse proportion between perithallial SC and PC thickness, together
with the absence of PC in the newly formed wall cutting off an epithallial cell from the meri-
stem, support the existence of two different pathways for the formation of PC and SC.

Our findings suggest the existence of a taxon-dependent hierarchy of ultrastructural pat-
terns and calcification traits, still largely unexplored, consistent with the concept of biologi-
cally-controlled calcification in coralline red algae. Classical morphoanatomy should be
integrated with new characters such as skeletal ultrastructures, to be assessed in genetically
identified specimens, with the aim to improve rather than neglect the information about phy-
logeny, functions, adaptations and ecology, conveyed by anatomical structures and organiza-
tion patterns.
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