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Biologically Induced Reduction in Symmetry: A Study of Crystal Texture 
of Calcitic Sponge Spicules 
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Abstract: Organisms can exert a remark- 
able degree of control over crystal growth. 
One way of achieving this is by the ad- 
sorption of specialized macromolecules 
on specific planes of the growing crystals. 
With continued growth of the crystal, the 
macromolecules are incorporated inside 
the crystal bulk. Their presence does not 
change the crystal structure, but creates 
discontinuities in the perfect lattice. Here 
we study in detail three unusual cases of 
reduction in symmetry at  the level of crys- 
tal domain shapes, induced by this con- 
trolled intercalation. We examined sponge 
spicules, which are single crystals of Mg- 

bearing calcite. They were specifically 
chosen for this study, because their mor- 
phologies d o  not reflect the hexagonal 
symmetry of calcite. Their crystal textures 
(coherence lengths and angular spreads) 
were characterized by high-resolution X- 
ray diffraction with well-collimated syn- 
chrotron radiation. The results are com- 

pared to  analogous studies of synthetic 
calcite and Mg-bearing calcite. In all the 
selected spicules reduction in symmetry is 
observed in the coherence lengths among 
symmetry-related crystallographic direc- 
tions. The reconstructed shapes of the do- 
mains of perfect structure closely match 
the specific spicule morphologies. The 
synthetic crystals show no such reduction 
in symmetry. Although the manner by 
which such exquisite control is achieved is 
not known, we envisage it involving a 
combination of oriented nucleation with 
either physical or stereochemically driven 
adsorption. 

Introduction 

In the course of evolution, nature has developed strategies that 
endow biological processes with exquisite specificity and selec- 
tivity. The implications of this almost trivial statement are won- 
derfully exemplified in the realm of crystal formation by organ- 
isms. 

Crystals are used by organisms for a wide variety of purposes, 
the most common of which is to  provide stiffness to  their skele- 
tal parts. Even some of the most primitive species exercise a level 
of control over crystal nucleation, growth and material proper- 
ties that is almost unthinkable in artificial crystallization pro- 
cesses.[’] In particular, organisms d o  appear to recognize and 
exploit symmetry and intrinsic structural characteristics of crys- 
tals when beneficial, but are able to “overcome them at will” 
when necessary. Control over crystal formation is achieved in a 
variety of ways at  the cellular level and at  the molecular level by 
means of specialized macromolecules. Some of the latter are 
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adsorbed on specific faces of the growing crystals, and with 
continuing growth are incorporated inside the crystal bulk.[21 
This and other strategies used to control single crystal texture 
and morphology result in an effective reduction in crystal sym- 
metry at  the level of the microscopic domain shape. They are the 
focus of this study. 

Reduction in morphological symmetry has been observed in 
various biologically formed single crystals.“ Reduction in 
crystal lattice symmetry has been described in a number of dif- 
ferent molecular[31 and inorganic14] systems. This was achieved 
by selective substitution of an additive in a subset of sites that 
are nominally symmetry-related in the unit cell. The basic con- 
cept underlying this phenomenon is quite simple: addition of 
foreign molecules to a growing crystal always occurs at surfaces, 
whose symmetry may be lower than in the bulk structure. The 
incorporation of foreign molecules is thus dictated by the orien- 
tation and availability of each specific site a t  the particular 
surface. The bulk structure in each growth sector reflects the 
reduced symmetry of the face through which addition occurred. 
Furthermore, in a crystal formed of prochiral molecules, sym- 
metry may be reduced by site-selective introduction of a chiral 
additive at  enantiotopic 

The additive molecules in all the cases described to date are 
sufficiently similar to the basic component of the crystal to 
enable incorporation in the lattice as a solid solution. Macro- 
molecules, such as the proteins and glycoproteins present within 
biogenic crystals, are orders of magnitude larger than the unit 
cell of a small molecule or inorganic salt, and are not expected 
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to  be incorporated inside the perfect crystal lattice. We have 
demonstrated that such macromolecules are preferentially lo- 
cated on specific crystal planes.r6I We inferred that they are 
located at the boundaries of domains of perfect structure, creat- 
ing or stabilizing such imperfections and subsequently influenc- 
ing the crystal texture, rather than its bulk s t ruct~re. [~1 These 
effects were monitored through measurements of X-ray diffrac- 
tion peak broadening performed a t  high resolution with syn- 
chrotron radiation in the 4 2  0 mode, to yield the crystal coher- 
ence lengths, and in the o mode, to yield the alignment 
parameters of the crystals. The specimens examined included a 
series of biogenic calcite single crystals from sea urchin spines, 
teeth and larval spicules, mollusk and foraminifer shells, and 
calcareous sponge spicules, as well as some artificial model sys- 

morphologies d o  not even reflect the hexagonal symmetry of 
calcite. The Kebira giant monaxon can reach several millimeters 
in length.[9d] It is elongated in the [012] direction and curved 
with the convexity always in the positive direction of the c axis 
(Fig. 1 D). The Kebira ‘‘nail’’ spicule is a nail-shaped cylindrical 
element (about 300 pm long),[9d1 with its main morphological 
axis elongated in a direction oblique to  the crystallographic axis 
c by roughly 35”, between [OTS] and [Of61 (Fig. 1 E). The Sycon 
giant triactrgb] has two rays elongated in symmetry-related di- 
rections, [TO21 and [1T2], but the third is elongated along [Oi6] 
(Fig. 1 F ) .  They occasionally have a fourth ray, which develops 
in a direction that is symmetry-related to  the third. 

We showed ;hat the coherence lengths (or sizes of perfect 
domains) are well correlated with the anisotropic intercalation 
of proteins in specific directions that are related to the growth 
mode of the crystal. It was also shown that when no macro- 
molecules are present within the calcite crystals examined, an 
isotropic texture is present, such as  that of synthetic calcite.[’] 
We suggested that this intercalation is part of a complex concert- 
ed strategy used for the control of morphology, as well as mate- 
rial properties of the biogenic crystals.[’] Here we shall describe 
analogous synchrotron X-ray diffraction measurements on 
three types of sponge spicules, highlighting the aspect of reduc- 
tion in symmetry. 

The sponges (Porlfera) are among the most primitive of ani- 
mal phyla. Many members of this phylum form spicules com- 
posed of amorphous silica. One group (Calcarea), however, 
forms spicules composed of the most stable polymorph of calci- : 
um carbonate, calcite.[91 Calcite crystallizes in the trigonal cen- 
trosymmetric space group R5c. The crystals of pure calcite de- 
velop in a typical “cleavage rhombohedron” morphology, 
expressing the six 1104) faces[’’] (Fig. 1 A). Magnesium-con- 
taining synthetic calcite crystals develop, in addition, a set of 
rough (01 I}  faces (Fig. 1 B).f61 In contrast, the spicules of calci- 
sponges adopt a wide variety of morphologies that are often 
taxonomically specific. Each spicule is a single crystal of magne- 
sium-containing calcite, and the orientations of their crystallo- 
graphic axes bear a fixed relationship to the spicule morphology 
(Fig. 1 C - F ) .  One of the most interesting and unusual proper- 
ties of the spicules chosen for this study is that their macroscopic 
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Fig. 1 .  Scanning electron micrographs of the calcite crystals studied. A) Pure syn- 
thetic calcite. B) Synthetic Mg-bearing calcite. c) Symmetnc triradiate spicule from 
the calcareous sponge Clathrina conrorta. D) Curved rnonaxon spicule from Kebira 
ufeoides. E) “Nail” spicule from Kebira sp. F) Asymmetric triradiate spicule from 
S y o n  sp. The orientations of the crystallographic axes relative to the spicule mor- 
phology are indicated. 

It will be shown that all these spicules display reduced symme- 
try a t  the textural level. The reduction in symmetry is in every 
case correlated to  the crystal morphology and, through this, to  
the mechanism of crystal growth. The possible mechanistic ex- 
planations of this phenomenon will also be discussed. 

Results 

The diffraction peak profiles in the w and w/2 8 scan modes were 
monitored for one pure synthetic calcite crystal, two synthetic 
Mg-calcite crystals, three giant curved Kebira monaxons, one 
naillike Kebira spicule, and four Sycon asymmetric triradiate 
spicules. For greater reliability of interpretation, two spicules of 
the latter type were measured intact, two others were subdivided 
into three different rays. and each was studied separately. For  
comparison to the other spicules, we also show the data for one 
of the Clathrina triradiate spicules that have been reported sep- 
arately.[*] The following {hkl) families of reflections were mon- 
itored: {104}, {018}, {012}, {0012}, {006}, {110}, (030). and 
{ 202}, and for several crystals also { 024}, { 11  3 } ,  { 1 0 lo}, { TT6), 
{ 1 16}, and { 1 1 12}.  Three crystallographically equivalent re- 
flections were measured for each of these families.[’’l For 
Friedel pairs, the results were assumed to be equal. Thus, crystal 
imperfections in different crystallographic directions, as well as 
within a set of symmetry-related directions, could be examined. 
Representative diffraction peak profiles obtained for one crystal 
of each type are shown in Figure 2. The diffraction vectors of 
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Fig. 2. Representative sets of three symmetry-related diffraction peak profiles (012) or (104) for 
the different crystals, showing how one of the three symmetry-related reflections differs from the other 
two in the crystallogrdphica~~y asymmetric biogenic crystals. w/2B scan mode (left) and w scan mode 
(right) 

the reflections presented, namely, the { 104) and (012) sets,"'] 
were chosen because they coincide with the morphological axes 
directions of the different biogenic crystals examined here. Sur- 
prisingly, the 4 2  0 diffraction peak widths measured for the 
biogenic crystals vary not only between different crystallo- 
graphic directions. but also within families of identical crystallo- 
graphic directions (Table 1, Materials and Methods). Each crys- 
tal of the same type, however, shows similar deviations from 
isotropy. Notwithstanding the differences in peak maximum 
intensities and peak widths, the integrated intensities of the pro- 
files belonging to the same {hkl }  family agree moderately well 
(Table 1 ) .  Furthermore, the d spacings in the same {hkl} family 
do not change; this shows that the anisotropy is not due to 
asymmetric incorporation of magnesium or  protein in the lat- 
tice." '1 These facts confirm that the differences observed are 
indeed due to anisotropy in crystal texture. 

Synthetic calcite crystals: Pure calcite: The reflections in both 
modes of measurements are extremely sharp (Fig. 2 ) .  The peak 
widths a t  half height were close to  the resolution limit of the 
instrument (0.004-0.007 and 0.005-0.010" for the w and 4 2 0  
scan modes, respectively). The crystal is texturally almost 
isotropic (Fig. 3A,B). However, it should be noted that, for 
each family of crystallographically equivalent planes, there is a 
typical clustering of the coherence length values calculated for 
each of the {hkl} families of reflections (Fig. 3 A). This may be 
due to the empirical character of the Scherrer formula, which 
fails to  properly take into account the 20-dependence of the 
reflection width,['21 and/or to intrinsic differences in the calcite 
structure. However, the estimated coherence lengths are almost 
the same for differently oriented crystallographic planes that 
diffract a t  similar Bragg angles (note, for example. the (006) and 
{110} planes with 0 = 9.3 and 10.6", respectively, or (0012) and 
(030) planes with 0 = 18.9 and 18.6", respectively). In contrast, 
for the identical (lzkf) and (nh,nk,nf) planes that diffract a t  differ- 
ent Bragg angles, the calculated domain sizes differ significantly 
(note the(006)and(OO12)or (012)and 1024)pairsinFig. 3A). 

These differences may also be accounted for 
by the energy dispersion of the beam at  the 
different 2 0  angles. The differences in the 
peak widths within families of the symmetry- 
related crystallographic directions are rather 
small (R = 6.9 and 4.9% for the w and 4 2 0  
scan modes, respectively). Thus, the empiri- 
cal character of the Scherrer formula, which 
does not yield constant values for different 
Bragg angles, and the fact that the peak 
widths measured are close to the instrumental 
resolution limit are the main factors responsi- 
ble for the observed deviations ( z 25 YO) from 
the textural isotropy. 

Synrhelic Mg-calcite crystals: Growth of cal- 
cite in the presence of magnesium ions results 
in modified crystal morphology (Fig. 1 B). 
Besides the normal { 104} habit, the crystals 
are delimited by an additional stepped (011) 
family of faces.161 The total magnesium con- 
tent within the crystals determined by atomic 
absorption is 5.8 mol%. However, the mag- 
nesium content deduced from the reduction 
of the cell dimensions accounts for only 
3.0 mol YO. We infer that 3.0 mol YO magne- 
sium is within the crystal lattice in the form of 
a solid solution. while the remainder is con- 

centrated on the boundaries of crystalline domains. Even such 
a small amount of a foreign ion affects both textural parameters 
of calcite. The coherence lengths are isotropically reduced by a 
factor of 2-3 relative to those of the control pure crystal 
(Fig. 3 C). Clustering of the coherence length values, similar to 
that of the pure calcite crystal, is observed for different {hkl} 
families of reflections. The main effect caused by the presence of 
Mg2' on the boundaries is a n  enormous increase (by a factor of 
10- 15) of the angular spread of the domains (Fig. 3 D). How- 
ever, both textural parameters remain isotropic. The discrepan- 
cy factors between symmetry-related reflections are 7.9 and 
10.4% for the coherence lengths and angular spreads, respec- 
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Fig. 3. Coherence lengths (left) and angular spreads (right) for all measured diffrac- 
tion peak profiles of synthetic calcite crystals. expressed as a function of the dihedral 
angle (6) between the diffracting plane and the (001) plane. Different crystallograph- 
ic families of reflections are indicated. Where two families of crystal planes appear 
at the same dihedral angle, they are distinguished by different symbols. A-B. pure 
calcite. C-D. one of the measured Mg-calcite crystals. 
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tively. This implies that magnesium is homogeneously incorpo- 
rated within the growing crystals. 

Biogenic calcite crystals: The spicules of calcisponges are almost 
always single crystals of Mg-bearing calcite.'g1 However, their 
surfaces are rounded, smooth, and express none of the stable 
crystal faces of calcite (Fig. 1 C-F). The amounts of magne- 
sium introduced inside the crystal lattice of the calcitic spicules 
examined here are significantly higher than those obtained in 
vitro (Table 1). The morphological axes of the spicule rays and 
the crystallographic axes of the constituent calcite crystal always 
have a constant spatial relation. This does, however, vary from 
one species to  another and within a species between different 
spicule types. 

In order to  facilitate the interpretation of the textural mea- 
surements, we eliminate the intrinsic reflection-dependent effect 
observed in the synthetic calcite crystals. This is achieved by the 
normalization of each calculated spicule coherence length to the 
mean coherence length value obtained for the same family of 
crystallographic planes in the pure calcite crystal. 

The morphology of the Clathrina triradiate spicule reflects the 
trigonal symmetry of The c axis is oriented perpendic- 
ular to the plane of the spicule, and the a* axes are aligned along 
the rays (Fig. 1 C). The average angular spread of the domains 
is drastically increased compared to the pure calcite crystal, and 
is roughly the same in all crystallographic directions'"] 
(Fig. 4B). The average domain sizes are fourfold smaller than 
those of the control calcite crystal (Fig. 4A).  The reduction in 
coherence length is much greater along the c axis than that 
observed for the coherence length values estimated for the ab 
plane. No anisotropy is observed within families of symmetry- 
related crystallographic directions. The differences in the dif- 
fraction peak widths of the crystallographically equivalent re- 
flections are as small as those observed in the control calcite and 
Mg-calcite crystals (R = 7.8 and 6.7 % for the o and 4 2  0 scan 
modes, respectively). 

Fig. 4. Coherence lengths normalized to pure calcite (A) and angular spreads (B) 
for the diffraction peaks of a Clafhrirrn triradiate spicule. plotted as a function of the 
dihedral angle 6 (taken from ref. [S]). Where two families of crystal planes appear 
at the same dihedral angle. they are distinguished by different symbols. 

Giant curved monaxons from KebiraIgd' develop in a direction 
roughly perpendicular to  the (01 2) crystallographic plane and 
are restricted in growth perpendicular to the symmetry-related 
(102) and (112) (Fig. 1 D).  It is immediately evident 
that the standard deviations of the coherence length values esti- 
mated for the entire data set are unusually high (70 -80 %). This 
can be explained by the fact that, in both modes of measure- 
ment, the width of one peak in each family of equivalent reflec- 
tions is systematically different from the other two (Fig. 5A).  
Significantly, in all cases, the larger coherence lengths are 
found in the directions coincident with or  close to the direction 
of the spicule morphological axis. In order to visualize this 
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Fig. 5. Textural parameters of one Kebira curved rnonaxon spicule. A) Normalized 
values of coherence lengths as a function of dihedral angle (6) between the diffract- 
ing plane and the (001) plane. B) Normalized values of coherence lengths. expressed 
as a function of the angle (A)  between the diffracting plane and the (012) plane. C) 
Angular spreads as a function of 6. D) Angular spreads as a function of A.  Where 
two families of crystal planes appear at the same dihedral angle. they are distin- 
guished by different symbols. 

effect, the coherence lengths are plotted as a function of the 
angle between the diffracting plane and the (012) plane, which 
is the plane of symmetry of the spicule (Fig. 5 B). In this repre- 
sentation, it is clear that the domain sizes are not randomly 
distributed, but gradually decrease with increasing deviation of 
the diffracting vector from the morphological axis direction. In 
general, the smallest domain sizes (1 500 It 250 A) are observed 
in the ca plane, which is roughly perpendicular to  the longitudi- 
nal direction of the spicule. In this plane, the coherence lengths 
are sixfold smaller than those of the pure calcite crystal and are 
isotropic, independent of the specific crystallographic orienta- 
tion within the calcite structure. Domains in the direction per- 
pendicular to  the (01 2) crystallographic plane and roughly par- 
allel to the morphological axis of the spicule, are as large as 
those in the control calcite crystal (Table 1). The distribution of 
angular spreads of the domains follows the anisotropic features 
observed for the coherence lengths (Fig. 5C,D) ,  that is, it is 
smallest where the coherence length is largest. Thus, in these 
crystals texture is linked to  morphology, but is independent of 
lattice symmetry. This implies a high degree of biological con- 
trol over the microenvironment of crystal growth, particularly 
when taking into account the fact that one direction is differen- 
tiated from the other symmetry-related equivalent ones. 

"Nail"spicu1es from Kebira:Igd1 The morphological axes of these 
crystals are oriented a t  a constant angle of about 35" relative to  
the c crystallographic axis (Fig. 1 E). Thus, the spicules grow 
roughly perpendicular to only one member of the family of the 
crystallographically equivalent planes { 101) (1% 5 - 6 ) .  The 
family of reflections closest to this direction that we can monitor 
is { 104} . [ lol  Anisotropy of both textural parameters is observed 
within families of symmetry-related reflections for this biogenic 
element as well (Fig. 6 ) .  The coherence len th in the direction 

smaller values (2600 and 2750 A) are found for the directions 
perpendicular to  the symmetry-related (11 4) and (1 04) planes. 
The coherence lengths gradually decrease (Fig. 6 B) and the an- 
gular spreads increase (Fig. 6 D ) ,  when plotted as a function of 
the angle between the diffracting plane and the (Oil) plane. 

perpendicular to the (074) plane is 5650 x , whereas twofold 
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Fig. 6. Textural parameters of Kehira “nail” spicule. A) Normalized values of co- 
herence lengths as a function of dihedral angle (6) between the diffrdcting plane and 
the (001) plane. 8) Normalized values of coherence lengths. expressed as a function 
of the angle ( A )  between the diffracting plane and (Off) plane ( 1 ~ 5 - 6 ) .  C) Angular 
spreads as a function of 6. D) Angular spreads as a function of A .  Where two 
families of crystal planes appear at the same dihedral angle. they are distinguished 
by different symbols. 

Asymmetric triradiate spicules from S y c ~ n : [ ’ ~ I  The crystallo- 
graphic orientation of these triradiate spicules can be regarded 
as a combination of the above-mentioned types, in the sense that 
two rays of each spicule develop perpendicular to  the (702) and 
(172) planes, and the third ray grows perpendicular to the (076) 
calcite plane (Fig. 1 F).  So, although Sycon trirddiates appear 
morphologically similar to the Clalhrina symmetric triradiates. 
they are crystallographically quite different. The whole spicule 
also shows well-defined textural anisotropy within sets of sym- 
metry-related crystallographic directions (Fig. 7 A, B). Consis- 
tent with the observations made for the monaxon spicules, the 
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Fig. 7 .  Coherence lengths normalized to pure calcite (A) and angular spreads (B)  
for the diffraction peaks of one Sjcon asymmetric triradiate spicule, plotted as a 
function of the dihedral angle 6. Where two families of crystal planes appear at the 
same dihedral angle. they are distinguished by different symbols. 

larger coherence lengths and the smaller angular spreads are 
present in the crystallographic directions coincident with, or 
close to, the directions of the morphological axes of the spicule 
rays. However, the textural features obtained for the whole 
spicule correspond to the average values derived from the three 
differently oriented rays. In order to  avoid this averaging effect, 
which may distort the real textural features, the anisotropy of 
every spicule ray was monitored separately for two triradiates. 
Figure 8 shows diffraction peak profiles of the representative 
{ 104) and 1012) reflections for three rays of the same spicule.t101 
In general, two symmetrical rays, which develop perpendicular 

1024) . .  

m r s v s  -ray 

Fig. 8. Diffraction peak profiles of the (024) (A) and { 104) (8) families of reflec- 
tions for the three separated rays of one asymmetric triradiate spicule from Sycon. 
Note that the symmetric rays are elongated in the [204] and [224] directions. and the 
asymmetric ray in the [Of61 direction. 

to  the (T02) and (1T2) crystallographic planes. display textural 
features that are remarkably similar to those observed for the 
Kebira curved monaxons. The third ray, which grows roughly 
perpendicular to the (076) crystallographic plane, is similar to 
the naillike Kebira spicule. 

Discussion 

In general, the morphological symmetry of a crystal is either 
higher or equal to the symmetry of its internal structure.t131 
Under non-biogenic conditions, the internal structure dictates 
the morphological symmetry because crystal morphology is de- 
termined by the rate of growth of the crystal in the different 
directions.It41 The “rule of thumb” is that crystal planes perpen- 
dicular to directions of slow growth will develop into stable 
faces. The rate of addition of new layers in a given direction is 
in turn determined by the layer energy and by the interactions 
with the environment, including the solvent and C O S O I U ~ ~ S . ~ ~ ~ ~  
Symmetry-related planes have identical layer energies and iden- 
tical surface interactions in an isotropic environment. Hence, in 
such an environment, the resulting morphology respects the 
symmetry of the component’s structure. This restriction is cer- 
tainly not applicable to crystals grown in biological environ- 
ments, which may display morphological symmetries lower than 
the constituent structure and not related to it. 

In this study we have examined three types of calcareous 
sponge spicules, which are all beautiful examples of how the 
biological environment induces a reduction in crystal symmetry. 
The Kebira giant monaxon has morphological symmetry m, the 
Kebira “nail” spicule mm 2 (but not related to the calcite crystal 
axes), and the Sycon asymmetric triradiate spicule has symme- 
try m. They are each composed of one single crystal of calcite 
that has point group symmetry 3m. This peculiar reduction in 
morphological symmetry is achieved through the controlled in- 
troduction of macromolecules along specific crystallographic 
and morphological directions. The intercalation occurs during 
the formation of the crystals, where it modulates the crystal’s 
growth in different directions. It does not change the crystal 
structure, but rather creates discontinuities in the perfect lattice. 
The presence of the macromolecules is permanently imprinted 
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as a modification in crystal microtexture (i.e., coherence length 
and angular spread). We have shown here that the anisotropy of 
the spicule morphology is closely matched by similar anisotropy 
in the textural parameters, irrespective of the crystallographic 
symmetry. For comparison, we have also examined the synthet- 
ic crystals, namely calcite and magnesium-containing calcite. In 
addition, the Clarhrina triradiate spicule was included as an 
example of a calcareous sponge spicule whose morphology does 
reflect the symmetry of calcite. Figure 9 shows the three-dimen- 
sional plots of the vectors of all the coherence lengths for each 
crystal studied. These visually represent the symmetry of the 
perfect domains that constitute different crystals, 

F .  

\ 

Fig. 9. Three-dimensional representation of the coherence lengths in all the mea- 
sured crystals, drawn in the same orientation and to the same scale. Each line 
represents a vector originating at the center of the plot. whose length is proportional 
to the coherence length in a defined crystallographic direction. normalized to the 
corresponding value measured for the synthetic calcite crystal. The c axis is oriented 
vertically. A) Synthetic pure calcite. B) The two synthetic Mg-calcite crystals. C) 
Clarhrina trirddiate spicule. D) The three Kehiru curved monaxons; the vectors of 
the symmetry-related (012) reflections are designated by thicker lines. E) Kehiru 
"nail" spicule: the vectors of the symmetry-related (104) reflections are designated 
by thicker lines. F) The two Sycon asymmetric trirddiate spicules measured intact. 
The vectors of the { 104) and (012) families of reflections are represented by thicker 
and dashed lines. respectively. 

Pure calcite is texturally isotropic, highly aligned, and pre- 
serves a coherent lattice organization up to micron-size domains 
(Fig. 9 A). The experimental limitations, due to the intrinsic 
resolution of the instrument, combined with the empirical na- 
ture of the Scherrer formula, make it very diflicult to establish 
an upper limit to the coherence length. The same limitations 
may obscure the detection of intrinsic lattice-dependent differ- 
ences in coherence length in the different directions. In order to 
neutralize such effects, all the data on the biogenic crystals were 
normalized to pure calcite for each diffraction peak. 

The synthetic calcite crystals containing magnesium ions are 
also isotropic in texture (Fig. 9 B). Their angular spread, how- 
ever, is increased by one order of magnitude relative to pure 
calcite, while the coherence length decreases by only a factor of 
two to three. In addition, the amount of magnesium in the 
crystals, as evaluated from atomic absorption, is larger than that 
deduced from the change in cell dimensions. These observations 
indicate that a significant portion of the magnesium ions are 
preferentially accumulated at existing dislocation sites, as op- 
posed to being intercalated inside the lattice creating new dislo- 
cation sites. It cannot, however, be assumed that under biolog- 
ical conditions the same effects would occur. Organisms are able 
to introduce much more magnesium into their calcite crystals 
than can be achieved in vitro.llb] The manner in which they do 
this, and consequently the effect on crystal texture, may thus 
also be different. We can only infer, on the basis of the data on 
synthetic crystals, that a small ion, introduced from an isotropic 
environment, has an isotropic effect on the crystal texture. 

The Clarhrina symmetric triradiate spicules that contain the 
largest percentage of magnesium are also isotropic in texture in 
the ab plane (Fig. 9C). This is consistent with their isotropic 
average morphology in this plane."] The other spicules display 
a distinctly anisotropic texture, which does not relate in any way 
to the crystal symmetry; this implies that organisms are able to 
differentially affect symmetry-related crystallographic direc- 
tions, and thus overcome the intrinsic symmetry of the crystal 
(Fig. 9D-F).  The observed reduction in symmetry within sym- 
metry-related directions is highlighted for the families {012} and 
{ 104) .[''I These include the directions of major morphological 
development for the Kebira and Sycon spicules. The curved 
monaxons are examined in greater detail below, as an example 
of how much reduction in symmetry may be achieved. 

The Kebira curved monaxons may be up to several millime- 
ters in length. Sycon also produces curved monaxons with exact- 
ly the same morphology as Kebira, but much smaller. The vol- 
umes of the spicules from these two genera differ by up to two 
orders of magnitude. Surprisingly, the data from the two species 
are almost superimposable (spicules from Sycon have also been 
measured, and the results were reported separatelyfa1). In addi- 
tion to providing credibility to the measurements, this identity 
shows that the properties measured are microscopically con- 
trolled and are not scale-dependent. This is particularly impor- 
tant for the angular spread, which could well be an additive and 
hence a volume-sensitive parameter. 

By combining all the information available, the following 
picture of the curved monaxon spicule microtexture emerges: It 
consists of an assembly of perfectly coherent domains, each 
having roughly the shape of a cylinder. The long axis corre- 
sponds to [012] or close to it. Adjacent cylinders are misaligned 
relative to one another around the cylinders' axes. The misalign- 
ment between the cylinder axes is, however, almost negligible. 
The surface of the cylinder incorporates many different crystal- 
lographic directions, yet proteins are apparently intercalated at 
regular intervals along these directions, totally independently of 
the structure. This can be deduced from the observation that the 
textural properties perpendicular to the cylinder axis are almost 
isotropic. At this time we can only speculate on how this 
astounding level of control can be achieved in the biological 
environment, which ultimately results in the marked reduction 
in textural symmetry observed. 

A crucial observation is that the positive direction of the 
calcite c axis is always oriented with the convexity of the spicule. 
This indicates that not only is there a distinction between three 
symmetry-related {hkl} planes, but also between the positive 
and negative surfaces of the same plane ( (hko relative to (hV)). 
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This additional type of reduction in symmetry can be achieved 
only through oriented nucleation. Although the location and 
structure of the actual nucleation plane is unknown, we deduce 
from the above that it cannot be of the type (001) o r  (hkO), 
because such planes are equivalent relative to  the positive and 
negative directions of the c axis. The (012) plane is a good 
candidate and is useful for explaining how the positive and 
negative directions could be distinguished during nucleation. As 
[012] is the morphological axis of the spicule, nucleation would 
occur a t  the extremity of the spicule. The (012) plane is com- 
posed of layers of calcium ions, alternating with layers of car- 
bonate ions (Fig. 10). The planar carbonate anions form an 

asymmetric triradiate spicules from Sycon (Fig. 9F). The latter 
has two equivalent rays developing in the [TO21 and [1T2] direc- 
tions, and one in the [Of61 direction. Each one of these rays must 
be considered as a n  element on its own, as far as growth control 
is concerned. The overall textural picture would be expected to 
be a combination of the three, and thus somehow distorted. 
Indeed, textural measurements of the separated rays of the 
asymmetric spicule unequivocally show the extent of reduction 
in symmetry that can be achieved for each of the growing sub- 
units of the same crystal (Fig. 11). The average shapes of the 
highly anisotropic perfect domains of each spicule ray reflect the 
macroscopic morphology to  a remarkable degree. 

To the best of our  knowledge, this is the first 
demonstration of reduction in crystal symmetry at  
the textural level, without a concomitant reduction 
in the intrinsic symmetry of the crystal structure. It 
is conceivable that such textural effects also occur 

dp 8 dp 8 $ 8 8 in solid solutions formed by “tailor-made” in- . . . . . . . hibitors within crystals.[18f These, however, have 
not been monitored. This higher level of control is 
reminiscent of the effect of chirally resolved amino 
acids on crystals of chiral racemic (serine) or  achi- 

7 \c 

‘g 1 g 1 g 8 8 ....... 
(01 2) (oi2) 

Fig. 10. Structure of the (012) crystallographic plane (left) compared to the ( O l ? )  plane (right). The 
crystal growth direction is perpendicular to the layers of calcium and carbonate ions. 

.ca 
0 0  
o c  

angle of 64” with the plane of calcium ions. The concept of 
oriented nucleation would imply in this case that the nucleating 
surface controls not only the assembly of the ions, but also 
determines the angle (64 or 116”) that the carbonate ions form 
with the nucleating surface. Interestingly, oriented nucleation of 
calcite crystals from the (01 2 )  plane with the same type of recog- 
nition has been observed on acidic polydiacetylene We 
also note that biological discrimination between the positive and 
negative surfaces of the same crystal plane, achieved through the 
oriented nucleation of crystals, has also been described in mag- 
netotactic bacteria“61 and coccoliths.[’ ’] 

After nucleation, crystal growth would proceed unidirection- 
ally within a closed volume into which the cells secrete the ions 
and the macromolecules, which interact specifically with the 
crystal. These macromolecules would be selectively adsorbed on 
the matching surfaces that are exposed during growth, that is, 
on (OOl) ,  ( l O 2 ) ,  and (717) (and possibly other surfaces), but not 
on (OTZ), which is blocked by the nucleating surface. As a result, 
crystal growth would be inhibited in all directions apart from 
[012], where spicule elongation is unimpeded. Thus, oriented 
nucleation, together with unidirectional growth in the presence 
of specific macromolecules, could result in the observed reduc- 
tion in symmetry. This hypothesis is supported by morphologi- 
cal evidence showing that the intracrystalline macromolecules in 
vitro preferentially adsorb on faces of the type (011) ( 1 ~ 2 )  and 

An alternative explanation combines oriented nucleation 
with physically rather than chemically driven adsorption. Con- 
ceivably. macromolecule adsorption could be induced exclusive- 
ly by physical contact between the membrane and the growing 
crystal at the site of secretion, or by gradients and directional 
flows inside the closed volume, which target the proteins to 
specific sites, regardless of the nature of the surfaces exposed. 
The presence of  these driving forces should certainly not be 
underrated in biological environments. The combination of 
molecular recognition at  the highest level on the nucleation site 
with its total absence during growth would be surprising, but is 
not inconceivable. 

Analogous arguments can be invoked for the other two 
spicule types-the “nail” spicule from Kebira (Fig. 9 E) and the 

(001) .[El 

ral (glycine) a-amino acids, where reduction in 
symmetry occurs concomitantly with the choice of 
specific sectors and with reduction in morphologi- 

cal symmetry of the crystal.[51 It is even more striking in the 
biogenic crystals, because the carbonate molecule does not dis- 
play obviously chiral or prochiral centers. In relation to chirali- 
ty, it is noteworthy that etch pits of enantiomorphous shapes 
were induced by tartaric, malic, and lactic acid on calcite crys- 
t a l ~ . [ ~ ~ ’  Whether the chiral nature of the protein is directly in- 
volved in the mechanism of growth of the biogenic crystals is 
impossible to establish at  this stage. This is but one additional 
facet of interest in the understanding of the complex process of 
crystal growth by organisms, which is a most intriguing manifes- 
tation of molecular control exerted in nature. 

[oi4] 

% 
t 

Fig. 11. Textural anisotropy of the separated rays of the same asymmetric triradiate 
spicule (top) relative to the intact spicule (bottom). The coherence length vectors are 
defined as in Fig. 9. 
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Materials and Methods 

Materials: Calcareous sponges Clathrina contorra. S y o n  
sp. (eastern Mediterranean), and Kebira ufroides (Red Sea) 
were collected, washed with fresh water. and rapidly frozen 
in liquid nitrogen. in order to avoid dissolution of the 
spicules or crystallization of calcium carbonate on the 
spicules. After thawing, the tissues were treated with 2.5% 
sodium hypochlorite solution and placed on a rocking table 
for 1 h. The spicule suspension was then rapidly rinsed sev- 
eral times with doubly distilled water. and the cleaned 
spicules were air-dried. Specimens of symmetric triradiate 
spicules from Clathrina. “nail” spicules and curved monax- 
on spicules from Kebiro. and asymmetric triradiate spicules 
from Syron were selected for further study. In order to 
separate the individual rays of the same asymmetric triradi- 
ate spicule without introducing stress in the crystal. a small 
drop of dilute HCI solution (pH = 5) was placed at the 
point of intersection of the rays. The separated individual 
rays were immediately rinsed with doubly distilled water 
and air-dried. 
Synthetic calcite crystals were grown by slow diflusion of 
ammonium carbonate vapor into a 7.5 mM calcium chloride 
solution or into a mixture of 2Smu calcium chloride and 
5 mM magnesium chloride solutions. Magnesium contents 
were determined from the reduction in the calcite cell di- 
mensions by using X-ray diffraction [I l l .  

Synchrotron X-Ray Diffraction Mensurements: Selected in- 
dividual spicules and synthetic crystals were glued to thin 
glass fibers in different orientations to eliminate a possible 
effect of their position relative to the beam on crystal tex- 
ture. The fibers were attached to brass pins. Determination 
of the orientation matrix and preliminary measurements 
were performed on a Rigaku rotating Cu-anode four-circle 
diffractometer. equipped with a Siroflux double monochro- 
mator condensing-collimating system. As calcite crystals 
are extremely ordered, their fine textural parameters are 
beyond the resolution of standard X-ray equipment. High- 
resolution diffraction peak profiles were therefore collected 
by using wellcollimated synchrotron X-radiation at the 
National Synchrotron Light Source at Brookhaven Na- 
tional Laboratory (line X7B). The line is equipped with a 
six-circle Huber diffractometer. with reducing gears on w. 
28. x. and 9. and on the analyzer w and 28 ,  to allow a 
maximum step-to-step resolution (sampling frequency) of 
5 x  10~4degon8andw[7].AGe(220)analyzercrystalwas 
mounted on the detector arm: this made it possible to de- 
convolute the w and m/28 profiles. In the w-scan mode, the 
detector is fixed at the Bragg angle 28, and the crystal is 
rotated about the diffractometer main axis by an angle Aw. 
The peak width in this mode provides information on the 
angular dispersion of the mosaic blocks within the crystal. 
In the wl28 scan mode, the rotation of the detector by 2AO 
follows the rotation of the crystal by Aw. where Atu = AO. 
Thus. the peak broadening due to angular spread is exclud- 
ed, and the size of perfect domains can be determined. 

Table 1. Measurement parameters and the characteristics of the w/28 scans for all crystals examined. 

10 1-21 

[a] Maximum intensity divided by the mean background value. [b] Full width at half maximum. [c] The 
(024) family of reflections is presented instead of the (012). 

Every profile consisted of 100 data points with sampling frequencies of 0.004” 
for the o scans and 0.001 10.002” for w,Q 8 scans. respectively. For the highly ordered 
synthetic calcite crystal. sampling frequencies in the two modes were O.OOO5‘ ( w )  
and O.OOOS/O.OOln (w /28 ) .  The measurement parameters and the characteristics 
of the OJ/ZB scans of the same reflections for all crystals examined are shown in 
Table 1. 

Data Analysis: Two parameters of crystal texture were derived from analysis of the 
peak profiles. The coherence length ( C L )  was calculated applying the Scherrer 
formula [12] [Eq. (l)] to the diffraction peak width measured in the 0128 scan 

The Scherrer formula includes a multiplicative constant K that is shape-depen- 
dent and may assume values O.S<K<Z.O [20]. In the present data analysis, K is 
taken lo be equal 1, although the crystal morphologies are not spherically symmet- 
ric. We note. however, that while it is difficult to exactly evaluate K for these 
complicated morphologies, the application of appropriate values of K #  1 would, in 
all cases, further exaggerate the observed anisotropies. For example. for thin plates 
the values of K for directions in the plane of the plate are greater than 1, as is the 
K value in the direction ofelongation for needle-shaped crystals. This means that the 
coherence lengths in morphologically more developed directions are even larger 
than those calculated with K = I .  

C L =  A 

C O S 8 V 5 $ - g 2  
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