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Vaterite: A Mineralization Product of the Hard Tissues 
of a Marine Organism (Ascidiacea) 

Abstract. X-ray diffraction and infrared absorption spectra show that the spicules 
of the common tropical ascidian, Herdmania momus, are mineralized with vaterite. 
These are the first strictly marine organisms known to normally precipitate 
vaterite. The biomineralization of vaterite may constitute another link between 
the urochordates and vertebrates. The vaterite of ascidian spicules immersed in 
natural seawater remains mineralogically unchanged for 1 year, which indicates 
that vaterite may be preserved transiently in marine sediments. 
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Vaterite (CaCO3) is a metastable 
polymorph of crystalline calcium car- 
bonate. It is easily precipitated in the 
laboratory, but it is rare in nature as 
it usually converts to one of the more 
stable carbonate phases, aragonite or 
calcite, and possibly to monohydrocal- 
cite (CaCO3 H20) (1). Vaterite is 
precipitated in nature by a variety of 
organisms, both normally and under 
pathologic conditions (2, 3). It has 
been found also in artificially induced 
skeletal repair and in laboratory cul- 
tures under abnormal conditions (4, 5). 
In the sea vaterite is synthesized by 
two fish species: Acipenser sturio, a 
sturgeon, which migrates occasionally 
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from rivers to marine waters, and 
Gadus morrhua, a cod, which deposits 
vaterite under pathologic conditions (3). 

Here we report the normal skeletal 
mineralization by vaterite of a sessile, 
benthic marine animal, the tunicate, 
Herdmania momus (Savigny, 1816) 
(Urochordata: Ascidiacea), and com- 
ment on its possible evolutionary and 
sedimentary implications. Herdmania 
momus is a highly variable species (or 
species complex), widely distributed in 
warmer seas. It is most abundant in 
nearshore waters 0 to 30 m in depth, 
but occasionally occurs below 500 m 
(6). Its mineralized hard parts consist 
of fusiform spicules, fringed by rows of 
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rig. 1. Scanning electron micrographs showing spicule morphology (A); crystal fabric 
of the spicule core as seen in a lengthwise cut (B) and in cross section (C); arrange- 
ment and crystal habits of fringing spines (D); and crystal shapes of fringing spines 
of a spicule after exposure to seawater for 1 year; note the patchy, crystal coatings (E). 
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Fig. 2. X-ray diffraction patterns of (A) reference vaterite; (B) spicules from Tas- 
mania; (C) spicules from Hawaii. 

appressed spines (6). The spicules in 
our samples range in length from 170 
to 1710 /m and in width from 20 to 60 
tm. This study is based on samples 
obtained from the Atlantic, Pacific, and 
Indian oceans (7) and preserved in 70 
percent ethanol. 

Spicules were extracted from the 
body tissues with a 5.25 percent solu- 
tion of NaCIO. Scanning electron micro- 
graphs were obtained with an Etac 
Autoscan and a Cambridge Mark II 
instrument. X-ray diffraction analyses 
were performed on powdered samples 
in milligram quantities with a Debye- 
Scherrer camera and nickel-filtered Cu 
Ka radiation. Infrared absorption spec- 
tra were obtained on microgram-sized 
samples with a Perkin-Elmer 180 
spectrophotometer. Semiquantitative 
chemical analyses were made with an 
ETEC-MAC V SM3 automated electron 
microprobe. Spicules weighing 2 mg, 
extracted from a single specimen with 
NaClO, were stored at room tempera- 
ture in 700 ml of sand-filtered natural 
seawater in a sealed Pyrex container 
for 12 months (8). Artificially precipi- 
tated vaterite crystals, matching the 
x-ray diffraction pattern indexed on 
Joint Committee Powder Diffraction 
Standards (JCPDS) cards, served as a 
reference sample in x-ray diffraction 
and infrared analyses (9). 

Scanning electron micrographs show 
that spicules in samples from all three 
oceans have the same basic building 
plan: a fusiform axis, surrounded by 
rows of equidimensional, anteriorly in- 
clined, tapering spines (Fig. 1A). Spic- 
ules of samples from different locali- 
ties differ in the shape, size, and 

morphology of their fringing spines. 
Lengthwise cuts show that the spicule 
core is composed of acicular crystals, 
which radiate at an angle from the cen- 
ter (Fig. 1B). Transverse sections of the 
core indicate that the crystals vary in 
diameter and have hexagonal outlines 

(Fig. 1C). The crystal faces are rarely 
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equidimensional in densely packed ag- 
gregates (Fig. 1C insert, upper right 
corner). The fringing spines of the 
spicules are surface extensions of the 
acicular crystals, with basal prismatic 
sections and pyramidal terminations 
(Fig. 1D). The dimensions and shapes 
of their prismatic and pyramidal sec- 
tions are always the same within single 
individuals but show considerable vari- 
ations in spicules from different popu- 
lations. 

Electron probe analyses show that 
Ca is the major constituent (average 
39.4 percent) and Sr, Mg, P, Fe, Na, 
and K are present in trace amounts 

(totaling 0.3 percent) (samples from 
one Atlantic and two Pacific localities). 
X-ray diffraction patterns of spicules 
from Tasmanian and Hawaiian speci- 
mens (Fig. 2, B and C, respectively) 
match that of the reference vaterite 

sample (Fig. 2A) in both spacings and 
intensities. A comparison of the infrared 

spectra of the synthetic vaterite stan- 
dard and of spicules from samples from 
seven other localities shows them to be 
identical. 

The spicules stored in seawater for 1 

year were sampled quarterly. Scanning 
electron micrographs obtained after the 

experiment showed no morphological 
changes of the spicular crystals (Fig. 
1E). Localized surface coatings, com- 

posed of micrometer-sized crystals, de- 

veloped on the crystal faces of the 

fringing spines during the experiment 
(Fig. 1E). Infrared absorption spectra 
showed the presence of vaterite and, 
after 6 months, the addition of trace 
amounts of calcite. 

The data show that the spicules in 
adults of H. momus are mineralized 
entirely with vaterite. These ascidians 
are the first strictly marine organisms 
known to normally precipitate vaterite 
in nature. 

Ascidians are invertebrate members 
of the phylum Chordata. They share 
with the vertebrates a common plan 

of embryonic development, a notochord, 
a dorsal tubular nerve cord, a postanal 
tail, pharyngeal clefts, an endostyle 
(homolog of the vertebrate thyroid 
gland), and the ability to synthesize 
thyroxine. At a more tenuous level, even 
the production of cellulose by ascidians 
has its vertebrate parallels (10). 

We suggest that the biomineralization 
of vaterite may indicate another such 
parallel. Among invertebrates, vaterite 
occurs only as a precursor of the more 
stable polymorphs, aragonite and calcite, 
in the repair of exoskeletons of adult 
gastropods and bivalves (4, 5). In the 
chordates, vaterite, while rare, occurs 
as a stable strengthening agent of tissue- 
enclosed hard parts in adults, that is, 
in the form of spicules of certain as- 
cidians and the otoliths of some fish. 
Available data indicate that skeletal 
mineralization of vaterite in adults is a 
transient, short-lived phenomenon in the 
invertebrate phyla; in the chordates this 
carbonate phase is a stable constituent. 
Future investigations should show 
whether this distinction is more than a 
coincidence (11). 

Vaterite has been precipitated from a 
solution approximating seawater (12), 
but not from natural seawater (13), 
nor has vaterite been found in marine 
sediments (13). The occurrence of 
vaterite in otoliths of two fish species 
indicates biosynthesis of this carbonate 
polymorph in the sea (3). Acipenser 
sturio is a transient marine dweller, and 
it is not known whether vaterite accre- 
tion continues during its brief incursions 
into the open sea. Our study of Herd- 
mania momus provides the first conclu- 
sive evidence that vaterite is widely 
synthesized by a strictly marine animal. 

Vaterite precipitates of individual in- 
digenous and transient marine chordates 

range from 55 fag to about 200 mg 
(11, 14). At present, H. momus appears 
to be the most important agent of 
vaterite mineralization. While it is not 

yet possible to estimate the volume of 
vaterite biologically synthesized in the 

sea, it is doubtless quite small compared 
to the enormous volume of biologically 
precipitated calcite and aragonite. Our 

experiment shows that the vaterite 
spicules of this ascidian remained min- 

eralogically unchanged after immersion 
in natural seawater for 1 year. In the 
absence of evidence to the contrary, 
we interpret the calcite deposits on 
the spicular crystal faces as products 
of direct precipitation from seawater. 
If the experiment approximates natural 
conditions, one can expect vaterite- 

bearing hard tissues to reach the sea 
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floor mineralogically unchanged. This 
supports the possibility of short-lived 
vaterite preservation in the initial phase 
of its incorporation into tropical marine 
sediments at shallow depth. To deter- 
mine whether vaterite-bearing hard parts 
become transient constituents of the 
depositional environment under these 
conditions will require careful search for 
them in shallow-water marine deposits. 
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antibody to rat immunoglobulin. 

It is generally accepted that in the 
mixed lymphocyte reaction (MLR) 
small lymphocytes from allogeneic 
donors transform into blast cells, syn- 
thesize DNA, and proliferate (1, 2). 
Most of the evidence to date indicates 
that the responding lymphocytes and 
the resulting blast cells are thymus- 
derived (T) cells (3). However, evi- 
dence suggesting that bone marrow- 
dependent cells (B cells) with immuno- 
globulin (Ig) receptors on their sur- 
faces may also undergo blastogenesis 
in the MLR (4). In view of the fact 
that the MLR represents a cell-medi- 
ated immune response (5) and that 
such responses may possibly involve 
both T and B cells (6), our study was 
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undertaken to further explore the pos- 
sibility that B cells respond in the MLR. 

To prepare MLR's, equal numbers 
(5 X 106) of cells from the thoracic 
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Fig. 1. Light microscopic radioautograph 
of a blast cell (left) treated with II-la- 
beled antibody to Ig. Two unlabeled blasts 
(center and bottom right) and a typical 
small lymphocyte (top right) are also 
shown (X 1000). 
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duct lymph (TDL) of young adult 
Lewis male rats and F1 hybrids of the 
Lewis and Brown Norway (BN) strains 
were mixed together in 5 ml of culture 
medium (2). Under these conditions, 
the MLR response is considered to be 
unidirectional with parental Lewis cells 
reacting against the BN component of 
the F1 hybrid (7). For controls, non- 
mixed cultures were prepared with 
10 X 106 TDL cells from either the 
Lewis or F1 donor. After 72 hours at 
37?C, cells from each culture were 
treated with 10 /tg of 125I-labeled rabbit 
antibody to rat Ig for 30 minutes at 
4?C (8). The cells were then washed, 
and smears were prepared for light 
microscopic radioautography. The anti- 
body to Ig (Cappel Laboratories, Inc.) 
was iodinated by the method of Green- 
wood et al. (9) and had a specific 
activity of 7.0 Ltc/iUg. Although the 
purity of the antibody to Ig was as- 
sured by immunoelectrophoresis, two 
additional tests were carried out in 
order to further define the specificity 
of the antibody. First, 10 X 106 Lewis 
rat thymocytes were treated with 125I- 
labeled antibody to Ig. Since less than 
0.3 percent of the cells were labeled, 
we concluded that the antibody to Ig 
would not bind to cells lacking surface 
receptors for Ig. Second, the 12I5-labeled 
antibody to Ig was incubated with puri- 
fied rat Ig prior to its exposure to 
MLR cells. Because lymphocytes and 
blast cells failed to label, we concluded 
that the Ig had reacted with the anti- 
body to Ig, thereby inhibiting the bind- 
ing of the latter to cell surfaces. 

The percentage and types of labeled 
cells in control and MLR cultures 
were determined by counting at least 
1000 cells per slide. Lymphoid cells 
were classified as either small lympho- 
cytes (SL) or large and medium 
lymphocytes (LML) (10). Blast cells 
were defined as those cells greater than 
14 ptm in diameter and having a nu- 
cleus with a fine chromatin pattern, 
observable nucleoli, and intensely baso- 
philic cytoplasm. 

Results indicated that TDL cells 
from either Lewis or F1 (Lewis x BN) 
animals consisted of only SL's and 
LML's before culture and at the end 
of 72 hours of incubation. When 
Lewis and F1 cells were mixed, the 
cells present after 72 hours included 
SL's and LML's as well as a signifi- 
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both mixed and nonmixed cultures 

365 

cant percentage (23 percent) of blast 
cells. Since the total number of cells 
surviving after 72 hours has been 
shown to be approximately the same for 
both mixed and nonmixed cultures 

365 

Immunoglobulin-Positive Cells: Their Appearance in 

the Mixed Lymphocyte Reaction 

Abstract. In mixed lymphocyte cultures prepared with thoracic duct lympho- 

cytes from allogeneic rats, approximately 20 percent of all blast cells that ap- 

peared at the end of 72 hours of incubation had surface receptors for rabbit 

Immunoglobulin-Positive Cells: Their Appearance in 

the Mixed Lymphocyte Reaction 

Abstract. In mixed lymphocyte cultures prepared with thoracic duct lympho- 

cytes from allogeneic rats, approximately 20 percent of all blast cells that ap- 

peared at the end of 72 hours of incubation had surface receptors for rabbit 


	Cit r96_c137: 
	Cit r97_c140: 
	Cit r99_c146: 
	Cit r95_c135: 
	Cit r96_c138: 
	Cit r103_c152: 
	Cit r104_c155: 


