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B O N E  SALTS I N  U N I C E L L U L A R  O R G A N I S M S  

F. G. E. P A U T A R D  

Department o[ Biomolecular Structure, University o[ Leeds (Great Britain) 

In animals, calcium phosphate as hydroxyapat i tO with o+cluded carbonates and 
citrates is usually confined to the mineral complement of bone and teeth in the 
Vertebrata. An apparent  close X-ray  diffraction relationship between the bone salts 
and the adjacent collagen fibrils has been found by  CARLSTROM, ENGSTROM AND 
FINEAN 2, but  there is as yet no clear-cut evidence on the mode of transport  of the 
participating ions or on the growth and alignment of bone crystallites. FITTON- 
JACKSON AND RANDALL 3, however, have demonstrated the presence of small particles 
in embryonic skeletal tissue. 

In the Invertebrata ,  calcification predominantly involves the carbonate, which 
varies from amorphous deposits to well-characterized crystalline calcite or aragonitO. 
Calcium phosphate is largely absent from skeletal structures, although POBEGUIN 
has recently suggested that  phosphate may  stabilize the colloidal carbonate of certain 
crustaceansL 

During the course of work on the structure of flagella and other motile organs it 
has been observed that  culture of unicellular flagellated algae in media containing 
proprietary casein hydrolysate preparations (Difco "bacto- tryptone")  and tapwater 
has resulted in flagella giving X-ray  diffraction diagrams closely resembling those of 
hydroxyapati te .  While a note of caution has already been sounded about these 
artifacts 6, substances also closely Iesembling bone salts have now been noted in the 
ciliate Spirostomum ambiguum collected from natural  sources or grown in a medium 
free of "bacto- t ryptone" ,  and it would therefore appear that  the power of formation 
of such inorgalfiC complexes may  be inherent in the metabolism of these unicellular 
creatures. 

This paper is a preliminary account of the appearance of hydroxyapat i te  both in 
cultured and in naturally-occurring organisms. 

EXPERIMENTAL 

Tile flagellated unicellular algae: Polytoma uvella, Polytomella caeca and Chlorogonium elongalum, 
and the ciliate Spirostomum ambiguum were obtained from the Culture Collection of Algae and 
Protozoa, Cambridge. Natural ly-occurr ing Spirostomum was collected from a long-established 
pond at  Bramhope,  near  Leeds. 

The algae were grown in sterile neu t r a l  media containing combinat ions  of sodium acetate 
(0.2%), yeast  ext rac t  (o.2%), Difco "bac t o - t r yp t one"  (0.2%) in distilled or tap  water.  Spirostomum 
was allowed to thr ive in a t ank  containing source pondwa te r  (pH 6.8) wi th  weeds, mud and 
organisms f rom the pond, or cultured in a bar ley-soi l - tapwater- -chalk  medium containing yeast  
ext rac t  bu t  no bac to- t ryptone .  

After growth  of algae in acetate media (lO-14 days) the p H  of the exhausted  culture fluid 
was generally in the region of 9.o and the unfixed cells were harvested by centrifugation at 
150o × g. They were then washed once or twice by careful suspension in about  5 ° w)l. distilled 
water  followed by centr ifugat ion,  again at 15oo × g. The washed algae (about 6o % of the flagella 
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were still a t tached to the bodies at  this  stage) were suspended in 20 vol. distilled water  and the  
flagella detached from the  cells by  sharp shaking for about  15 sec. After separation from the cell 
bodies by  centrifugation a t  3ooo × g the  suspended flagella were sedimented to a viscid pellet by  
fur ther  spinning a t  8ooo × g. For  X-ray  examinat ion the  flagella were taken up in a small (about 
× 2) volume of distilled water  and then  dried down on a glass block t reated with a water-repellent 
(dichlordimethylsilane or a suitable silicone). When quanti t ies  permitted,  the  films of flagella were 
cut  into narrow (i mm) strips which were mounted  on top of one another  across a slotted brass 
support.  More usually, the  dried flagella were scraped from the  glass block and heaped into a narrow 
fillet, af ter  wetting, on a very th in  collodion film (prepared by  allowing a drop of collodion in amyl 
acetate to spread over a water  surface) mounted  across a brass support. 

Spirostomum ambiguum cells were prepared for diffraction analysis by  f i rs twashingtheanimals  
in distilled water  and then  mount ing  t hem on a th in  collodion film on a brass support  by  t rans-  
ferring them one at  a t ime on a fine glass fibre, allowing in this  way up to 200 organisms to dry 
"en  masse" in a drop about  i m m  in diameter.  

All specimens were examined in s tandard  diffraction equipment  using CuKa radiat ion 
collimated by 1/2-mm lead-glass capillary, and a flat-film camera with a 2 cm or 4 cm specimen- 
to-film distance. 

RESULTS 

Normal flagella pattern in algae 
T h e  f lage l la  of  Polytoma, Polytomella, a n d  Chlorogonium s e p a r a t e d  f r o m  cells  

g r o w n  i n  a m e d i u m  c o n t a i n i n g  a c e t a t e - y e a s t  e x t r a c t - b a c t o - t r y p t o n e  i n  distilled 
w a t e r  s h o w  i n  t h e  e l e c t r o n  m i c r o s c o p e  t h e  n o w  f a m i l i a r  a r r a n g e m e n t  of  t w o  i n n e r ,  

a n d  n i n e  o u t e r ,  sub f ib r i l s .  T h e i r  X - r a y  d i f f r a c t i o n  p a t t e r n  i n d i c a t e s  a p r o t e i n ,  b u t  

u n o r i e n t e d  a n d  n o t  s u f f i c i en t l y  speci f ic  i n  t h e s e  d i a g r a m s  to  e s t a b l i s h  t h e  p r e s e n c e  of 

e i t h e r  t h e  a a n d / o r  fl c o n f i g u r a t i o n s .  T h i s  " n o r m a l "  p a t t e r n ,  s h o w n  for  Polytoma 
f l age l la  in  F ig .  I ,  is c h a r a c t e r i s t i c  of a l l  t h e  a lga l  f l age l la  s t u d i e d  ( i n c l u d i n g  t h e  m a r i n e  

a l g a  Syracosphaera g r o w i n g  n a t u r a l l y  in  s e a - w a t e r )  a n d  of  t h e  f lage l la  of  t h e  spe r -  

m a t o z o a  of  f i sh  s u c h  as  Perca fluviatilis, Salmo [ario, Salvelinus willoughbii, Gadus 
morrhua, Esox lucius a n d  Harengus harengus. 

Fig. I. Flagella from Polytoma uvella grown 
in sodium acetate (0.2%), yeast ext rac t  
(0.2 %) and bacto- t ryptone (0.2 %) in distilled 
water. Powder diagram of dry  flagella on 

collodion film. 

"A patite" patterns in algae 
W h e n  Polytoma, Polytomella a n d  Chlorogonium were  g r o w n  i n  m e d i a  c o n t a i n i n g  

b a c t o - t r y p t o n e  a n d  tapwater as t h e  t w o  c o m m o n  fac to r s ,  t h e  f lage l la  a p p e a r e d  to  

b e c o m e  e n c r u s t e d  w i t h  m a n y  e l e c t r o n - d e n s e  f la t  p l a t e s ,  o f t e n  t o  s u c h  a n  e x t e n t  t h a t  

t h e  s u b f i b r i l s  w e r e  b a r e l y  d i s ce r n i b l e .  T h e s e  depos i t s ,  v i s i b l e  in  a n d  n e a r  t h e  Polytoma 
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flagellum shown in the electron micrograph in Fig. 2, vary from particles less than 
about 5o ,& in diameter to plates measuring about 6ooo A >< 2ooo ~, depending on the 
age and composition of the culture. The X-ray diffraction pattern (Fig. 3) of these 
encrusted flagella reveals the presence of low-molecular-weight substances, the main 
reflexions agreeing very closely with those of defatted ox vertebral bone (shown in 
the comparison photograph in Fig. 3). The algal cell bodies appeared not to contain 
these apatite-like substances and the major bulk of the artifact seemed to be con- 
centrated on the flagella. 

W h e n  treated wi th  o.1 N N H ~ O H ,  an aqueous solution of bacto-tryptone gave a 
precipitate, from which a lighter, more colloidal, fraction was separated by cen- 
trifugation. This fraction, when dried and mounted, gave an X-ray diffraction pattern 
similar in many respects to the algal "apatite" pattern. Moreover, algae grown in a 
!apwat,;r medium containing yeast extract, acetate and the supernatant after treating 
bacto-tryptone with ammonia, gave a "normal" diffraction pattern devoid of any 
"apati te" spacings. 

Flagella showing apatite artifacts were decalcified in I 4 N HC1. The residual 
material gave pronounced diffraction patterns suggesting protein but the size of the 
preparations was too small to test for collagen with any certainty. Autoclaving the 
flagellar "bone" ill distilled water resulted in a soluble fraction, also too small to be 
satisfactorily examined. 

Spiroslomum amtJiguum 

All the specimens of 5;. aml)i,~ltztm examined so far have shown evidence of 
hydroxyapatite, although this has not yet been identified with any specific part of 
the organism. A typical "bo~m salt" pattern from 5pirostomttm is shown in comparison 
with ox vertebral b,'me in Fig. 4, and as in the case of the flagella artifacts there are 
strong reflexions in the region of 4.05 A and ~.S .k indicative of protein. These and the 
extensive low-angle scatter tend to obv, cure some of the detail, but the reflexion3 that 
are visible, are in \ 'ely close agreement with those from bone. 

Comp,risou o~ reyc,viol~s 

A comparison of reflexions from flage!lar and Spirostomnm hydroxyapatite and 
ox vertebral bone is shown in Table I. The characteristic strong reflexions at 2.8 .\ and 
3.4 A are present in every case, and the minor variations in the spacings of the weak 
and very weal< reflexions are in keeping with the accepted lattice variations in the 
biological apatites (see CAI~LS'rI{6M, for example). 

DISCUSSION 

Hydroxyapatite being the most stable form of calcium phosphate in the aqueous 
phase s, its formation by precipitation of soluble calcium and phosphorus from slightly 
alkaline solution might therefore be expected during the growth of the acetate 
[lagcllates when the pH rises to 9 and more, and in fact the in vitro precipitation of 
almtitc lil<e fractions from weakly all<aline solutions of bacto-tryptone in distilled 
water suggests that the bacto-tryptone is merely a convenient source of calcium and 
1)hosphate. Yet no apatite-like substances can be detected in Polvloma cells unless 
tapwater is present, and i1~ rive it would seem that some contribution from the tap- 
water salts is essential. 
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Fig. 2. F lagel la  f rom Polytoma uvella g rown  in s o d i u m  ace t a t e  (0.2%),  y e a s t  e x t r a c t  (0.2%) a n d  
b a c t o - t r y p t o n e  (0.2 %) in t apwa t e r .  Gold-shadowed.  N u m b e r s  of p la te le t s  h a v e  becom~ de tached  
f rom t h e  flagella du r i ng  dry ing .  T he  ill-defined dense  masse s  r ep resen t  t he  t ang led  and  c lumped  

flagella more  u sua l l y  observed.  

Fig. 3. Compar i son  be t ween  diff ract ion p a t t e r n s  f rom enc rus t ed  flagella ( lef t -hand d i a g r a m  A) 
a n d  de f a t t ed  ox ve r t eb ra l  bone  (B). T he  flagella (dry powder  on collodion film) were f rom Polytoma 
uvella g rown  in s o d i u m  ace t a t e  (0.2%),  yea s t  e x t r a c t  (0.2%) and  b a c t o - t r y p t o n e  in t a p w a t e r .  
The  bone,  as filed dus t ,  was  also m o u n t e d  on collodion film. Original  compa r i son :  2 c m  spec imen-  

to-f i lm-dis tance .  
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Fig. 4. Comparison between diffraction patterns from Spirostomum ambiguum {left-hand diagram 
C) and defatted ox vertebral bone (13). The Spirostomum preparation consisted of about 200 whole, 
dried animals (from soil-barley-chalk medium) mounted on collodion film. Original comparison: 

2 cm specimen-to-film distance. 

TA13LE I 

Algal l~.g, ellar Spirostomum Ox vertebral bone 
"kydroxyapalile . . . .  kydroxyapatite" 

A A A 

Chlorogonium ? ? 9.29 M 
6.55 V.W ? 6.3 o W 
5.1o W 5.1o W 5.1o W 
4.07 V.W 3.67 V.W 3.86 V.W 
3.38 S 3.45 S 3.45 S 
3.1o M 3.09 M 3.12 M 
2.79 S 2.8I S 2.81 S 
2.54 W 2.64 W 2.64 W 

? 2.23 W 2.25 W 
? 1.93 V.W 1.93 W 
? 1.82 V.W 1.82 W 

Again, the well-defined "crys ta l l ine"  structures,  found at  the same t ime a~ X-ray  
evidence for hydroxyapat i te ,  are seen on the flagella only and  not  (as might  be 
expected) on the cell bodies also or in the cul ture  solution. This suggests thaf  the 
flagellum alone may  be concerned with the precipi ta t ion of insoluble phosphate,  
perhaps as the site of some metabolic  react ion-"f ixing" and  otherwise labile t ransfer  
of ions. I t  might  be, for example, tha t  since the locomOtive ac t iv i ty  of the flagellum 
m a y  be influenced by  the concentra t ion of Ca++ and  O H -  ions 9, the presence of phos- 
phatases in  the organ 1° might  create high local concentra t ions  of phosphate  under  
condit ions where a t t endan t  increase of pH allows irreversible precipi ta t ion of insoluble 

Re]erences p. 520. 



VOL. 28 (1958) BONE SALTS IN UNICELLULAR ORGANISMS 519 

phospha te ,  pa r t i cu l a r l y  if the  reac t ion  is " f ixed"  b y  calc ium ca rbona te  or b i ca rbona t e  
in the  su r rounding  solution.  W h a t e v e r  the  reason for the  appea rance  of h y d r o x y -  
apa t i t e  on the  f a g e l l a  of cells grown in t a p w a t e r - b a c t o - t r y p t o n e  combina t ions ,  the  
w a y  in which the  p la te - l ike  encrus ta t ions  bu i ld  up on the  f lagellum might  represent  
some, or all,  of the  calcifying mechan i sm t h a t  evolved  the  ve r t e b r a t e  skeleton,  though  
whether ,  as in the  case of bone.  col lagen (or some pro te in  doing d u t y  for collagen) is 
present  as a g round  substance ,  is not  a t  p resen t  known. In  spi te  of the  a p p a r e n t  
specif ic i ty  of the  bac to - t r yp tone ,  i t  is difficult to  avo id  a compar ison  be tween  the  
f lagel lar  a r t i f ac t  and  the  " a r t i f a c t "  of pa tho log ica l  ossification. 

The  presence of bone sal t  in Spirostomum ambiguum cannot ,  on the  o ther  hand ,  
be d i rec t ly  a t t r i b u t e d  to an  ar t i fac t ,  since no b a c t o - t r y p t o n e  is present  in the  cu l tu re  
m e d i u m  and  the  p H  is near  neu t r a l i t y .  The  X - r a y  diff ract ion p a t t e r n  of the  whole 
animal ,  exclusive of the  s t rong  reflexions ind ica t ing  prote in ,  closely resembles  t h a t  
f rom bone,  and  in the  c i rcumstances  i t  seems p robab le  t h a t  the  organism possesses 
an inheren t  mechan i sm for the  p rec ip i t a t ion  of h y d r o x y a p a t i t e .  The  reason for the  
appea rence  of a ca lc ium phospha t e  complex  in so s imple a c rea tu re  is obscure,  and  
especia l ly  so when i t  is r emembered  t h a t  the  usual  skele ta l  sal t  in the  I n v e r t e b r a t a  is 
calci te,  a ragoni te  or va te r i t e ,  of ten associa ted  wi th  a specific sc leroprote in  n,  b u t  i t  
m a y  well be t ha t  th is  d e p a r t u r e  has some significance qu i te  f undamen ta l  for the  
evolu t ion  of the  v e r t e b r a t e  skeleton.  H y d r o x y a p a t i t e  is usua l ly  closely associa ted  wi th  
collagen i n  biological  t issues and  a t  p resen t  collagen has not  been descr ibed in P h y l a  
below the  Coelentera ta ,  b u t  here at  leas t  is the  suggest ion t h a t  down in the  P ro tozoa  
also there  m a y  be a col lagen-l ike g round  substance,  capable  moreover ,  under  the  r ight  
condi t ions ,  of fo rming  bone  b y  processes analogous  to those present  in h igher  animals .  
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SUMMARY 

I. X. -ray diffraction diagrams of the flagella of Polytoma uvella, Polytomella caeca and Chloro- 
gonium elongatura grown in a medium containing bacto-tryptone and distilled water indicate 
simply the presence of protein, but when these algae are grown in a medium containing bacto- 
tryptone and tapwater, there appear also apatite-like substances like those found in bone. Electron 
micrographs show that the flagella are at the same time encrusted with many fiat electron-dense 
platelets. 

2. Apatite-like precipitates have been obtained by the weakly-alkaline treatment of bacto- 
tryptone in distilled water. 

3- X-ray diffraction diagrams of the ciliate Spirostomum ambiguum, collected from natural 
sources or grown in media free from bacto-tryptone, have also shown reflexions closely resembling 
those from bone. 

4.. The suggestion is put forward that in much lower organisms than has hitherto been 
suspected there may be a collagen precursor and an inherent power, given the right conditions, 
of forming bone-type hydroxyapatite by processes analogous to those found in higher animals. 

Relerences p. 520. 



5 2 0  F. (;. F.. PAUTARI)  VOL. 2 8  (1958) 

R E F E R E N C E S  

1 S .  B .  HENI)RICKS AND \~:. g. HILL, Trans. Macey Co~#ere~zce on 34elabol. lnterrel., 3 (195 l) 173. 
2 l). ('ARLSTROM, A. ENGSTROIVI AND J. B. FINEAN, Symposia Soc. Exptl .  Biol., 9 (I955) 85- 
a S .  I;ITTON-JAcKSON AND J.  T. RANDALL, Nature, 178 (1956) 798. 
,1 E .  BRANDt:NBERGI~R, l'ierlelja],rsschr. -~*atur/orseh. Ges. Ziirich, 9o (I945) 25o. 
5 TH. I'OBEGUIN, J.  phl,s, radium, 15 (1954) 41o. 
6 \ \ - T .  ASTBt, RY AND 1;. G. E. PAUTARD, Nature, I78 (I956) 37-'. 
7 1). ('ARI.STId5M, Acts Radiol., Suppl., 12t (1955). 

It. J. I"~ASSETT, J. Chem. Not., ~ l i (1917) 620. 
~J R .  1:. ['rr'rs ANn S. (3. MAST, ,]. Celhtlar Comp. Physiol., 3 (1933) 449; 4 (1934) 237:4 (I934) 435- 

v~ j .  TmBs, #iochi'm. l@)phys, dcta, 23 (~957) 275- 
11 j .  [{Ol)F,, (;. [{ANSON AND M. ESERIC-LAFON, Comlbl. rend, soc. biol., I45 (1950 1474. 

R e c e i v e d  N o v e m b e r  I 3 t h  , 1957 

S O M E  C O M P A R A T I V E  O B S E R V A T I O N S  O N  T H E  

I ~ ; L t ' ; C F R ( ) S T A T I C  A N D  H Y D R O D Y N A M I C  B E H A V I O R  O F  B O V I N E ,  

H U M A N  A N D  M O N K E Y  G R O W T H  H O R M O N E S *  

JOSl2 LI~ONIS** AND CHOH HAO LI 

tlorm~me Research Laboratory, University o/ Cali/ornia, Berkeley, Call/. (U.S.A .) 

Rec( 'nt  i nves t iga t ions  h a v e  disclosed some in t e r e s t i ng  s imi lar i t ies  b e t w e e n  g r o w t h  

1,~rmones isolat t 'd  in pure  form f rom h u m a n  and  m o n k e y  p i t u i t a r y  g l ands l ;  t h e  cor-  

n , s l / . nd in  ~ bov ine  l lo rmnne ,  however ,  differs s ign i f i can t ly  w i t h  respec t  to a m i n o  ac id  
coml ,~s i t ion ,  mo lecu l a r  we igh t ,  and  the  n u m b e r  of p e p t i d e  cha ins  2. Since it appea r s  

~l¢,siral/l¢' to e x t e n d  the  compar i son ,  we wish to repor t  on some aspec t s  of t he  gross  

m, l t , cu la r  conf igura t ion  of the  th ree  pro te ins ,  based  upon  the i r  e l ec t ro s t a t i c  a a n d  

hx'<h~)(hnamic ~ proper t ies .  
Sim:~, c o m p l e t e  t i t r a t i o n  cu rves  could  no t  be secured,  owing  to t he  l im i t ed  solu- 

l~ilit v of th(, bov ine  m a t e r i a l  and  to t he  sca rc i ty  of p r i m a t e  p r epa ra t i ons ,  t he  e lec t ro -  

sl  a l  it" ])aralneters  were e s t i m a t e d  f rom a s t u d y  of the  ion iza t ion  p rope r t i e s  of t y ro s ine  
n,~idncs ~)nlx. Abso rp t i on  spec t r a  of the  g r o w t h - h o r m o n e  so lu t ions  in o.1 N KC1 were  

r u c . r d c d  at 25 in the  r ange  of 28o--3oo m/x, t he  p H  be ing  v a r i e d  b e t w e e n  9 and  I3 .5 ;  
a l lowance  was m a d e  for b a c k g r o u n d  abso rbancy ,  e x t r a p o l a t e d  f rom the  reg ion  of 
33 o 37 ° m/~ as d iscussed b y  IIE.XVI;N _\NI) H()I.II).XY s. T h e  ty ros ine  c o n t e n t  of each  
hormone '  was r eca l cu l a t ed  f rom these  m e a s u r e m e n t s  (Table  I). S p e c t r o p h o t o m e t r i c  
va lues  were a lways  g rea t e r  t h a n  the  ear l ier  va lues  o b t a i n e d  by  m e a n s  of t he  pape r -  
d i n i t r o p h e n y l a t i o n  methodS,G; t he  fo rmer  va lues  a p p e a r  to be t he  m o r e  re l iable ,  how-  

ever ,  since the  l a t t e r  p rocedure  has  well  k n o w n  l i m i t a t i o n s  w i t h  respec t  to the  ana lys i s  
of tv ros ine .  Spec t ra l  changes  assoc ia ted  wi th  v a r i a t i o n  of t h e  p H  were  r eve r s ib l e ;  
l huv  \w'n '  a]~o i n s t a n t a n e o u s ,  excep t  at  p H  13. 5 where  a s l ight  increase  in a b s o r b a n c y  

was ~l)~urx('d (l~'~s than  5 %) ( l in ing  a per iod ()f 5 hours .  The  v a r i a t i o n  in m o l a r  

* This work was supt)orted in part by a grant from the American Cancer Society. 
** Ftdbright Grantee ~ 955 57, on leave of absence from the University of Brussels, Belgium. 
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