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Summary. Calcification in Rhodogorgon carriebowensis J. Norris et 
Bucher was associated with a particular cell type in the cortex. Cal- 
ciferous cells were 4-6 times the length of cortical assimilatory cells. 
The distal two-thirds of the calcifying cell was invested with a thick 
wall that stained with periodic acid Schiff. Thick fibrils formed a 
reticulum and surrounded grains of calcium carbonate that ranged 
in shape from rhombohedraI to subspherical and were up to 200 nm 
in greatest dimension. The proximal third of the cell was a tapering 
uncalcified stalk. The narrow base of the cell was attached to the 
subtending cell of the', fascicle by a normal septum with a pit plug. 
The cell within the calcified wall matrix was usually flattened and 
had a very small volume. Cellular contents were dense; even when 
organelles could be discerned, they could not be identified. X-ray 
microanalysis revealed that other elements commonly found mixed 
with calcium carbonate are virtually absent from mineraI deposits 
in R. earriebowensis, but electron diffraction study showed d-spacings 
that varied from those of pure calcite. Current models of red algal 
calcification are discussed in light of the findings on this alga. 

Keywords: Calcification; Calcium carbonate; Rhodogorgon; Red al- 
gae. 

Abbreviations: CaCO3 calcium carbonate; DIC differential interfer- 
ence contrast; PAS periodic acid Schiff; SEM scanning electron mi- 
croscopy; TEM transmission electron microscopy. 

Introduction 

Calc ium c a r b o n a t e  minera l i za t ion  is a widespread  phe-  

n o m e n o n  in the  algae. A n  ent ire  o rde r  o f  red algae, 

the Coral l inales ,  is charac te r ized  by  the depos i t ion  o f  

calcite.  The i r  cell walls are impregna t ed  with CaCO3 

in such abundance  tha t  for  m a n y  years  the algal  na ture  

of  the g roup  was unclear  (Silva and  Johansen  1986). 

* Correspondence and reprints: Department of Biological Sciences, 
State University of New York at Binghamton, Binghamton, NY 
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Par t i cu la r  members  o f  o ther  red algal  orders,  especial ly 

the Nemal ia les ,  calcify less extensively, and  they depos i t  

a ragon i te  r a the r  than  calcite (Borowi tzka  et at. 1974). 

Nor r i s  and  Bucher  ( i989)  r epor t ed  that  bo th  species 

o f  the newly descr ibed  red  alga,  Rhodogorgon, depos i t  

C a C O  3 in assoc ia t ion  with special ized cells and  tha t  

the minera l  form is calcite. Rhodogorgon appears  to 

have affinities with the Ba t rachospermales  (Norr i s  and  

Bucher  1989, Pueschel  et al. 1992), an otherwise  exclu- 

sively f reshwater  order .  I t  is the first  ma r ine  non-cor -  

a l l ina lean  red a lga  found  to have calcite and  the first  

red a lga  r epor t ed  to have special ized calcif ied cells. 

The  general  u l t ras t ruc ture  o f  Rhodogorgon carriebow- 
ensis J. Nor r i s  et Bucher  was descr ibed by Pueschet  

e ta l .  (1992). The present  s tudy focuses on the unique  

calciferous cells. Calc ium ca rbona te  depos i t s  and  fea- 

tures o f  these specialized cells involved in calc i f icat ion 

are descr ibed based  on  l ight  mic roscopy  and  scanning  

and t ransmiss ion  e lect ron microscopy .  Analys is  o f  the  

minera l  deposi ts  using X- ray  microana lys i s  and  elec- 

t ron  d i f f rac t ion  is repor ted .  Impl ica t ions  o f  this s tudy 

for  mode l s  o f  red algal  calcif icat ion are considered.  

Materials and methods 

Collection data and preparatory procedures for 1ight and electron 
microscopy of Rhodogorgon carriebowensis are described in Pueschel 
et al. (1992). To obtain internal views of the mineralized ceils walls 
of calciferous cells, specimens were cryofractured in liquid nitrogen 
at the 75% ethanol stage of dehydration. Some specimens were 
exposed to 0.I N HC1 in 75% ethanol for t0min during the dehy- 
dration series to remove calcification, Dehydrated specimens were 
dried by the critical point method or were air dried after replacement 
of ethanol dehydrant by two changes of I,l,l,3,3-hexamethyldisi- 
lazane (Nation 1983). Sections prepared for TEM examination of 
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Figs. 1-4. Light micrographs of calciferous cells. Bars: 20 }am 

Fig. 1. Scrapings from living thallus, in seawater, Mineralized portion of calciferous cells is birefringent, DIC 

Fig. 2. Cortical fascicle with several assimilatory filaments, Calciferous cells (arrows) have lost birefringence and integrity of demineralized 
matrices. Gtutaraldehyde, cacodylate buffer, pH 6.5, DIC 

Fig. 3. Whorled appearance of decalcified organic matrix. Phosphate buffer, pH 7.2, DIC 

Fig. 4. Semi-thick resin section. PAS stains stalks (arrows) and distal mineralization matrix of calciferous cells. Brightfield 

Figs. 5-8. SEM 

Fig. 5. Longitudinal fracture through several calciferous cells, Cell lumens (arrows) appear as median grooves, Bar: 5 gm 

Fig. 6. Paradermal fracture of cortex showing transversely cleaved calciferous cells. In most calciferous cells, both walls and lumens (arrows) 
are flattened, Bar: 5 gm 

Fig. 7. Crystalline nature of CaCO3 gramlles is shown by plane surfaces. Bar: 0.21am 

Fig. 8. Crystals were removed by mild acid treatment, leaving a collapsed organic matrix. Bar: 1 gm 
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mineral deposits were 0.1~).2gm thick and were not stained. For 
routine ultrastructural examination, 60-90nm thick sections were 
stained in 2% uranyl acetate followed by Reynolds' lead citrate. 
Energy dispersive X-ray microanaiysis was performed using a PGT 
System 4 interfaced with a Hitachi H-7000 TEM. Spectra were col- 
lected from unstained sections, ca. 0.2 gm thick, for 100 sec at 75 kV 
with the microscope in scanning-transmission mode. Spectra were 
collected from crystals, from the walls immediately adjacent to the 
crystals, and from areas that included both crystals and cell walls. 
Electron diffraction was performed on the same microscope in se- 
lective area mode, using silver sections and an acceleration potential 
of 125 kV. Single crystals with rhombohedral morphology were se- 
lected for analysis. A gold standard for calibration of the camera 
constant was photographed separately, or a sputter coater was used 
to apply gold directly to sections of the embedded specimen. 

Results 

Calciferous cells were easily recognized by their mineral 
deposits, club-like morphology, and length, up to 75 ~tm 
(Figs. 1 and 2). They were borne on the same cells that 
supported assimilatory filaments and were almost as 
long as entire assimilatory filaments of 4-6 cells. The 
distal one-half to two-thirds of each mineralized cell 
was highly refractile under DIC optics (Fig. 1), pro- 
ducing an image of bright edges and a dark midline. 
The CaCO3 deposits were embedded in a thick matrix 
of wall material (Figs. 2-4), but some of the same so- 
lutions that removed CaCO3 also extracted the asso- 
ciated organic matrix. Unfixed calciferous cells exposed 
to 1.0 N HC1 lost their distal thickening entirely; the 
simultaneous loss of mineralization and wall left no 
evidence of the existence of the latter. Calcium car- 
bonate deposits and most of the wall matrix were lost 
in TEM and SEM preparations that employed caco- 
dylate buffer at pH 7.2. Fresh specimens in this buffer 
eventually lost birefringence, but the organic matrix 
persisted longer, sometimes having a whorled appear- 
ance (Fig. 3). Calcium carbonate and its organic matrix 
were better preserved in phosphate buffer at pH 7.6. 
The presence of an organic matrix associated with 
biomineralization was demonstrated conclusively by 
PAS, a stain for neutral carbohydrates. The complete 
form of the mineralized cell wall was produced when 
imaging only the carbohydrates (Fig. 4). The wall of 
the stalk-like portion was more densely stained by PAS 
than was the thicker calcified matrix (Fig. 4), presum- 
ably due to the portion of matrix volume occupied by 
CaCO 3, which is PAS-negative. 
SEM examination showed the CaCO3 deposits to be 
composed of numerous individual grains, 150-200 nm 
in diameter. The grains appeared spherical at low mag- 
nification (Figs. 5 and 6), but angular outlines of some 
grains were seen at high magnification (Fig. 7). Among 

the grains were fine fibrils, presumably remnants of the 
organic matrix. Cells exposed briefly to dilute hydro- 
chloric acid in ethanol during specimen dehydration 
lost the CaCO3 grains, but matrix, though somewhat 
collapsed, was visible (Fig. 8). 
Specimens prepared for TEM using a fixative in phos- 
phate buffer, pH 7.6, retained CaCO3 crystals. The 
crystals appeared in sections as electron-dense grains, 
rhombohedral to roughly circular in outline (Figs. 9 
and 10). The grains were not infiltrated by the embed- 
ding resin, so tears in the resin and loss of grains were 
common (Fig. 9). Calcium carbonate grains were en- 
tirely removed by staining sections with uranyl acetate 
or lead citrate (Fig. 11). It was not determined whether 
chemical dissolution or mechanical stress from staining 
and washing of sections was responsible for extraction 
of mineral deposits. 
Staining of sections allowed visualization of the fibrillar 
component of the mineralization matrix. Location of 
CaCO3 grains was apparent as holes in the resin 
(Figs. 11-14). Thick, electron-dense fibrils formed a re- 
ticulum. Holes left by lost CaCO 3 particles were lined 
by fibrils and were relatively evenly distributed within 
the reticulum (Fig. 11). 
The most puzzling feature of the calciferous cells was 
the condition of the cellular contents. In longitudinally 
fractured cells viewed with SEM, the cell lumen ap- 
peared as little more than a crease in the middle of the 
thick walls (Fig. 5). The cells were better defined in 
paradermal fractures, but the lumen appeared flat- 
tened, with little space between opposing cell walls 
(Fig. 6). The flattened cell shape may be an artifact 
resulting from the plasticity of the wall composed of 
individual CaCO3 grains. 
In TEM preparations, the contents of the calciferous 
cells were electron-dense and amorphous (Figs. 12-14), 
when they could be detected at all. Areas of differing 
density were found, but organelles could not be iden- 
tified with confidence. The cellular contents appeared 
to be in a state of degeneration, not artifactual alter- 
ation. Some cells had a bulbous tip that was covered 
by a relatively thin part of the cell wall. TEM exami- 
nation confirmed that the highly elongated calcified 
structures were, in fact, individual cells, each with a 
normal pit plug at its base. Despite the degenerate 
appearance of the calciferous cells, no evidence was 
found that pit plugs at the base of these cells were 
sealed off by either the calciferous cell or its subtending 
cell. 
X-ray spectra were collected from 0.2 gm thick sections 
of embedded specimens. Individual crystals (Fig. 15), 
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Figs. 9-11. TEM. Sections 1.5 to 2.0gin thick 

Fig. 9. Unstained section. CaCO 3 crystaIs are electron-dense. Note cell lumen (arrow). Bar: t gm 

Ng. 10. Unstained section. Some particles are clearly rhombohedral. Bar: 0.1/am 

Fig. 11. Uranyl acetate, lead citrate staining removed CaCO3, leaving holes (electron-transparent areas) in section. Organic matrix has fibrillar 
component that forms a retieulum in which mineral deposits were embedded. Bar: 0.25 ~tm 
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Fig. 15. Energy dispersive X-ray spectrum of individual CaCO3 crystal (solid line) superimposed with spectrum collected from matrix 
immediately adjacent to crystal (vertical bars) 

Fig. 16. Electron diffraction pattern generated from selected area analysis of a single CaCO 3 crystal. Rings are from gold sputtered onto the 
section to serve as a standard for calibration of camera constant. The most prominent ring represents the hkl (111) of gold 

organic matrix immediately adjacent to crystals 

(Fig. 15), and large areas containing many  crystals and 
the matrix surrounding them were analyzed. All spectra 

showed a small copper K a peak due to the copper 
support  grid. When electron-dense crystals were ana- 

lyzed, the Ks and K~ of  calcium were the only peaks, 
other than copper, that were conspicuously above 
background (Fig. 15). The X-ray detector had a be- 
ryllium window, so light elements, including carbon 
and oxygen in the carbonate, were not detectable. Spec- 
tra collected from the organic matrix had a small chlor- 
ine peak not seen in spectra gathered from crystals 
(Fig. 15), presumably due to the abundance of  chlorine 
in the embedding resin; the resin was able to infiltrate 
cell walls but not mineral deposits. Sulfated wall car- 
bohydrates probably  were responsible for a small sulfur 
peak that was found in spectra of  the matrix but not 
in spectra of  crystals. A very small magnesium peak 
sometimes was detectable in crystals (Fig. 15). 

Despite the characteristic calcitic morphology (Fig. 10) 
of  crystals chosen for analysis and the elemental purity 
of  the mineral deposits, as indicated by X-ray microan- 
alysis (Fig. 15), electron diffraction patterns (Fig. 16) 

showed variations from the d-spacings appropriate for 
pure calcite. 

Discussion 

Calcification in Rhodogorgon has the following fea- 
tures: the mineral deposits occur as aggregations of  
discrete particles; calcification is limited to a particular 
cell type mixed in with uncalcified cells; calcification 
occurs only within the carbohydrate matrix surround- 
ing part  of  the calciferous cells; the contents of  the 
calciferous cells are either degenerate or exceptionally 

sensitive to fixation; and the mineral form of  the CaCO3 
deposits is calcite. This combination of features is 
unique and provides a valuable perspective on the cal- 

Figs. 12-14. TEM, longitudinal views of stained calciferous cells 

Fig. 12. Contents of calciferous cell are dense and disorganized; organelles can not be identified with certainty. Bar: 1 ~tm 

Fig. 13. Apical end of a calciferous cell containing distinct but unrecognizable structures. Bar: 1 gm 

Fig. 14. Thick-walled, calciferous part of cell is borne on slender, uncalcified stalk (arrows). Bar: 2 gm 
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cification process in other algae, especially the calcite- 
depositing Corallinales. 
The question of why some algae and aquatic plants 
calcify their cell walls and others do not, does not have 
a simple answer (Borowitzka 1982a, 1984). In Rho- 
dogorgon, the question is even more intriguing; why do 
some cells calcify when adjacent cells do not. One strik- 
ing difference between calcified and uncalcified cells is 
the nature of the cell walls. A thick, PAS-positive wall 
layer, containing a network of fibrillar material is 
uniquely associated with calcification. Not only is cal- 
cification restricted to cells with this type of wall; it is 
restricted to the distal portion of the calciferous cells, 
where the thick wall is located. The stalks of these cells 
are thin-walled and uncalcified. Clearly, the calcifica- 
tion process in Rhodogorgon, as in the Corallinales 
(Borowitzka 1982 a, b; Cabioch and Giraud 1986; Pen- 
tecost 1980), involves a carbohydrate matrix. The pre- 
cise association of organic matrix and calcification in 
Rhodogorgon could provide a unique experimental sys- 
tem for the study of matrix calcification. 
The morphology of CaCO 3 crystals in Rhodogorgon 
differs from that found in CoraUinales and in other 
algae, as well (Borowitzka et al. 1974). Giraud and Ca- 
bioch (1979) described the CaCO3 crystals first depos- 
ited in growing regions of corallinalean species as being 
needle-like and tangentially oriented to the cell surface. 
Subsequent deposition saturates the wall with thicker, 
but still elongate crystals whose long axis is oriented 
perpendicular to the cell surface (Borowitzka etal. 
1974, Borowitzka 1982a, Cabioch and Giraud 1986, 
Giraud and Cabioch 1979). Elongate crystals were not 
observed in Rhodogorgon. The smallest crystals were 
often the most geometrically precise rhombohedral par- 
ticles. Other particles were less angular, but they were 
not elongated, never fused, and lacked the typical crys- 
tal orientation found in the Corallinales. The size of 
Rhodogorgon crystals was relatively uniform, 150- 
200 nm in longest dimension. How mineralization in 
Rhodogorgon gives rise to unfused, uniform crystals is 
yet another problem to be addressed. 
The calcification matrix in Rhodogorgon consists of a 
reticulum of dense fibrils. Calcareous crystals appear 
to be surrounded by a coating of organic material and 
to occupy spaces within the reticulum. This might be 
viewed as evidence in support of the compartment hy- 
pothesis (Pentecost 1980) and perhaps an explanation 
for the relatively uniform size and lack of fusion of 
crystals. However, caution is required in drawing con- 
clusions about the possibility of an organic template 
for crystal growth. Crystal growth within a completely 

homogeneous matrix could cause deformation of the 
matrix, redistributing the wall material to conform to 
the shape of the growing crystals. Rather than the ma- 
trix acting as a template for the crystals, the crystals 
might mold the matrix constituents to their own mor- 
phology. To some extent, matrix fibrils in Rhodogorgon 
may be gathered and compressed by crystal growth, 
but the existence of a reticulum apart from the crystals 
is clear. 
The calcification matrix sometimes had the appearance 
of a whorled substructure in light microscopic images 
(Fig. 3) (Pueschel etal. 1992: Fig. 2), but SEM and 
TEM images of the calciferous cells did not show this 
feature so clearly. 
That calcification is specific to particular cells implies 
distinctive features of those cells. In most models of 
plant calcification, photosynthesis is necessary for 
CaCO 3 precipitation (Borowitzka 1982 a, 1984; Digby 
1977; Pentecost 1985). In the simplest model, photo- 
synthetic utilization of carbon dioxide increases the 
alkalinity of the external cellular environment, thus 
favoring carbonate, which precipitates if calcium is 
present (Borowitzka 1982 a, 1984). Given there is little 
or no photosynthetic apparatus evident in calciferous 
cells of Rhodogorgon, photosynthetic activity of these 
cells could not drive biomineralization. Calcification 
by nonpigmented cells in corallinalean algae is believed 
to be supported by translocation (La Velle 1979, Pearse 
1972). Pit plugs between calcified cells and subtending 
cells have normal structure and are not sealed off by 
wall material, so the possibility of translocation to cal- 
cifying cells of Rhodogorgon cannot be discounted. 
However, if photosynthetic activity of assimilatory cor- 
tical cells supports calcification, why are these pho- 
tosynthetic cells not calcified? In the absence of pho- 
tosynthetic activity of the calcified cells, metabolically- 
driven models of calcification would require all the 
following features: translocation of a diffusible sub- 
stance along a gradient towards the calcifying cells, 
viability of calcifying cells, and restriction of efflux of 
the ionic species directly involved in calcification to 
calcifying cells. These requirements constrain some the- 
ories of algal calcification. The complexities of phys- 
iologically-driven calcification of specialized cells con- 
trasts strongly with the simple observation that calcified 
and unealcified cells differ in the nature of their cell 
coverings. The thick organic matrix of the calcified cells 
must play a significant role in nucleating CaCO3 crys- 
tals. 
Halimeda and other calcified, siphonous green algae 
are able to generate an alkaline environment in which 
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carbonate precipitation can occur by having an anat- 
omy that restricts diffusion into and out of the cortical 
intercellular space (Borowitzka 1982 a, Borowitzka and 
Larkum 1976). From SEM images of the thallus surface 
of Rhodogorgon (Pueschel etal. 1992), it is clear that 
calcified cells are just beneath the cortical surface, not 
buried deep in the cortex, and there is no layer of 
laterally contiguous apical cells forming a barrier to 
diffusion. As in the Corallinales, cell walls in Rhodo- 
gorgon are thick and relatively open to the environ- 
ment. This condition makes it more difficult to explain 
how photosynthetically incompetent cells are able to 
calcify. 
The function of calcification in Rhodogorgon is obscure 
(Norris and Bucher !989). Calcification involves only 
specialized cells and may not be abundant enough to 
provide mechanical strength, deter herbivores, or sig- 
nificantly reduce illumination, functions commonly as- 
cribed to calcification (Pentecost 1980). But if C a C O  3 

is viewed as an undesirable physiological by-product, 
then cells specialized to nucleate CaCO3 precipitation 
could provide a means of controlling CaCO3 concen- 
tration with minimal adverse effect. 
Differences in the mineral forms of C a C O  3 deposited 
by red algae show some systematic correlations. All 
Corallinates deposit calcite, whereas mineralizing Nem- 
aliales and Peyssonnelia (Gigartinales) deposit arago- 
nite (Borowitzka et al. 1974). Calcite deposition in Rho- 
dogorgon might be viewed as suggesting an affinity with 
the Corallinales, but calcite formation by members of 
the Batrachospermales has been reported (Probeguin 
1954). Ultrastructural features of pit plugs in Rhodo- 
gorgon (Pueschel et al. 1992) are consistent with affin- 
ities to either of these two orders. Interpretation of 
possible systematic affinities based o n  C a C O  3 crystal 
forms are not entirely straightforward. Thermody- 
namics favor the formation of calcite, but in the pres- 
ence of cations, aragonite is deposited more readily 
(Borowitzka 1982 a). As a result, calcite deposition is 
favored in freshwater and aragonite is favored in ma- 
rine waters. An organic matrix is considered crucial for 
the deposition of calcite in marine waters, but unnec- 
essary in freshwater. The context in which calcification 
occurs, not just the mineral form, must be considered. 
Both freshwater and marine species may deposit calcite, 
but Corallinales deposit in an organic matrix and Ba- 
trachospermales do not (Pobeguin 1954). It is clear that 
Rhodogorgon deposits calcite in an organic matrix; 
however, all other aspects of calcification in the Cor- 
allinales and Rhodogorgon are different and offer little 
support for homology. 

A l t h o u g h  C a C O  3 is the predominant mineral deposit 
of red algae, other inorganic deposits are formed. In 
an X-ray diffraction study of fifteen samples repre- 
senting several genera of Corallinales, Chave (1954) 
found that magnesium carbonate made up 7-29% of 
the total mineral deposits. Magnesium hydroxide and 
strontium carbonate have also been reported in smaller 
amounts (Borowitzka et al. 1974). Energy dispersive X- 
ray microanalysis of individual crystals in Rhodogorgon 
showed them to be almost entirely calcium compounds, 
with only a trace of magnesium. Rates of magnesium 
deposition in corallines varies with season (Chave and 
Wheeler t965) and growth rate (Moberty t968). Ftajs 
(1977) demonstrated that wall layers of some corallines 
differed markedly in their magnesium content. Our X- 
ray microanalysis addresses only the purity of individ- 
ual grains and may not be representative of the min- 
eralogical composition of the entire thallus at all sea- 
sons.  

Electron diffraction results suggest that there are im- 
purities in the calcite crystals. The small amounts of 
magnesium detected by elemental analysis may have 
been responsible, or perhaps components of the organic 
matrix were incorporated into the crystals. Glycopro- 
tein components in sea urchin spines change the frac- 
ture planes from crystalline cleavage expected for pure 
calcite to conchoidat fractures, typical of amorphous 
materials (Berman etal. 1990). The crystals in Rho- 
dogorgon were too small to be split by the cleavage 
plane during cryofracturing for SEM, so observations 
of crystal fracture faces were not possible. 
The remarkable features of calcification in Rhodogor- 
gon, especially its restriction to a specialized cell type, 
the calciferous cell, make this alga an excellent subject 
for detailed study of the calcification process. 
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