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Abstract-The unportance of sterols m the growth and reproductron m fungt is becommg mcreasmgly 
apparent Tlus article concerns the composmon and btosynthesrs of ergosterol m these orgamsms Compartson 
to plant and animal sterol formatton are. made 

INTRODUCTION 
BIOLOGICAL polymerrzatron of the five carbon tsoprene unit m the form of rsopentenyl and 
drmethylallyl pyrophosphates (la, b) leads to a host of compounds such as the mono-(C.,,,), 
sesqur-(Crs), dr-(CZO), and tn-terpenords (C,,), as well as the carotenords and rubber whrch 
contam greater than thirty carbons. The triterpenes, particularly the sterols, are brologmally 
the most interesting and important of these compounds and are widely distributed through- 
out the plant and animal kingdoms. In spite of their wide distribution, however, several 
taxonomic groups are apparently incapable of producmg the basic sterol moiety. For 
example, all insects, the perenosporales fungi, the purple photosynthetic bacterium Rhodo- 
pseudomonas palustns, the tapeworm Sprrometra mansonoldes, the annehd Lumbrrcus 
terrestns, the nematode Turbatrzx acete and others are reportedly not capable of producing 
sterols r Until recently, all procaryotrc organisms were also thought to lack the capacity for 
sterol production, but these compounds have now been identified as products of certain 
blue-green algae2e3 and bacteria 4 
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Cholesterol 1s considered the major sterol m animal tissues, Czg sterols such as srtosterol 
are predominant in photosynthetic plants, and ergosterol IS the major sterol m most fungi. 

* Thts paper was written at the Lunar Science Institute whtch IS operated by the Uruversmes Space 
Research Association under Contract No NSR 09-051-001 with the Nattonal Aeronautics and Space 
Adnumstratron and by NASA Contract No NAS 9-12622 (J D W) Lunar Sctence Institute Contnbutron 
No 139 
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Ergosterol was first ldentlfied m extracts of ergot m 1889 by Tanret and soon afterward m 
other fungi by Gerard 5-g Sterols appear to be prmclpally associated with the membrane 
elements of the cell, while ergosterol crystals have been observed in some fungal species 
Sterols are most commonly found as the free sterol (alcohol) but sterol esters may also be 
readily extracted from fungal tissues Sterol glycosldes have also been reported and, recently, 
an uncharacterlzed ‘water soluble’ form of sterols has been reported from yeast 

DISTRIBUTION 

The sterol content of over 150 fungal species have been reported with many of these being 
strains of Saccharomyces cerevzsrae and other yeast species Many of the early mvestlgations 
were carried out before the development of GLC and MS and, hence, m many instances the 
total sterol fraction of fungi were reported as contammg only ergosterol Other closely 
related sterols present m low concentrations were often undetected These studies did, 
however, reveal differences m the sterol levels of many fungal speciesi0-22 and demonstrated 
that vanatlons m sterol concentrations could be altered by changmg the media composltlon 
and culture condltlons 

In 1930, Bdls et al 23 reported that 29 yeast species contained from 0 1 to 2 0 % ergo- 
sterol * Since that time many species representing several taxonomlc levels of the fungi have 
been exammed24*25 and, while it was found that some species contained no detectable 
sterols, the UT-139 strain of S cerevwae had a total sterol content of 2 90% Generally, 
yeast appears to have the greatest potential for sterol production Helduschka and Lmdner26 
reported that the ergosterol content of the myceha of fungal species ranged from 0 29 to 
1 17% In a more recent study, McCorkmdale and his assoclates27 exammed the total 
sterol abundances m the myceha of 22 phycomycete species and found that their concentra- 
tions m representative members of the orders Saprolegmales, Leptomltales, and Mucorales 
ranged from 0 005 to 0 25% The highest sterol abundances were obtained from the aquatlc 
Saprolegmales whde no sterols were detected in the 3 species of the order Peronosporales 

* In the above dlscusslon, sterol concentrations are expressed as percentages based on the dry weight of 
the fungal tissue 

5 TANRET, C (1889) Compt Rend 108,98 
’ GERARD, E (1892) Compt Rend 114, 1541 
’ GERARD, E (1895) Compt Rend 121, 723 
a GERARD, E (1898) Compt Rend 126,909 
’ GERARD, E (1895) J Pharm Chem 1,601 

lo MACLEAN, I S and HOFFERT, D (1928) Blochem J 17, 720. 
I1 PREUSS, L M , PETERSON, W H , STEENBOCK, H and FRED, E B (1931) J B~of Chem 90,369 
I2 PREUSS, L M , GORCIA, H J , GREEN, H C and PETERSON, W H (1932) BIochem 2 246, 401 
I3 PREUSS, L M , EICHINGER, E C and PETERSON, W H (1934)Ztschr Bakt II 89, 370 
I4 BERNHAUER, K and PATZELT, G (1935) Blochem Z 280,388 
I’ WENCK, P R , PETERSON, W H and GREEN, H C (1935)Zentr Bakt II 92, 324 
I6 WENCK, P R , PETERSON, W H and FRED, E B (1935) Zentr Bakt II 92, 330 
” VANGHELOVICI, M and SERBAN, F (1940) Acadm Romana Bull Sect Scr Acad Roumarne 22,287 
” VANGEHELOVICI, M and SERBAN, II, F (1941) Acad Romana Bull Set Scr Acad Roumame 23,436 
I9 CAVALLITO, C J (1944) Scrence, 100, 333 
” ELLIS W J (1945) Austrahan Coun Scr Ind Res 18, 3 14 
‘* ANG&TI, A and TAPPI, G (1947) Gazz Chrm Itai 77, 112 
*’ DULANEY, L M , STAPLEY, E 0 and SIMPF, K (1954) Appl Mcroblol 2,371 
*’ BILLS, C E , MASSENGALE, 0 N and PUCKETT, P S (1930) J BIO~ Chem 87, 259 
u APPLETON, G S , KIEBER, R J and PAYNE, W J (1955) Appl Mrcrobrol 3,249 
” BLANK, F , SHORLAND, F E and JUST, G (1962) J Invest Dermat 39, 91 
w HEIDUSCHKA, A and LINDNER, H (1929) Z Phystof Chem 181, 15 
” MCCORKINDALE, N J , H~TCHIN~~N, S A, PURSEY, B A , SCOTT, W T and WHEELER, R (1969) 

Phytochemrstry 8, 861 
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(Phytophthora mfestans, Pythlum ultrmum, and P debaryanum) exammed Bean et al 28 
found slmllar sterol concentrations m 4 addItiona aquatic phycomycete species (Table 1) 

In spite of the recent advances m GLC the separation of closely related sterol mixtures 
from bIologica tissues remams a challenge for the analytlcal blochemlst Sterol extracts 
from blologlcal materials are often composed of trlterpene mixtures contammg 4,4-dimethyl, 
4a-methyl, and 4-desmethyl sterols The two former trtterpene classes of compounds are 
generally intermediates m the formation of the Cdesmethyl sterols and are often found m 
lesser concentrations In plant and fungal tissues the I-desmethyl sterols are 38-hydroxy 
derivatives of the parent hydrocarbon cholestane (C,,) as well as ergostane (C,,) and stlg- 
mastane (C,,) which differ from the C,, hydrocarbon by a C, or C, substltutlon at the C-24 
posltlon m the side-chain, respectively Derivatives of the C28 and C,, hydrocarbons are 
not produced by higher animal systems Indlvldual sterols vary according to the posltlon 
and degree of unsaturatlon m the ring and side-chain structures * It cannot be overempha- 
sized that sterol ldentlficatlons should be regarded as tentative unless combined methods 
such as GLC (using more than one hqurd phase), GC-MS, NMR, IR, and others are used 
m their separation and ldentlficatlon 

The combined works by Bergmann30s31 and Fleser and Fleser3* outline the studies prior 
to 1959 concerning the sterols produced by fungal organisms In his review of plant sterols, 
Bergmann 3o listed 64 fungal species for which ergosterol was shown to be one of the prmci- 
pal sterols Table 1 includes the trivial and systematic names of sterols which have been 
reported as fungal products during the past several decades 

Phycomycetes 
In 1969, McCorkmdale and his assoclates27 examined 22 phycomycete species using 

GLC and m some cases MS Since the only fungi examined prior to that time were those 
having chltmous cell walls typical of higher fungi, these mvestlgators selected representative 
species of the orders Saprolegnrales and Leptomltales (cellulose cell walls) m addrtlon to 
species of the order Mucorales (chltm cell walls) Of the 6 sterols identified m these fungi, 
only cholesterol was detected m each of the 3 taxonomlc groups, but tt was found m only 2 
of the Mucorales species Desmosterol, 24-methylcholesterol, and fucosterol were ldentlfied 
for the first time as fungal products m the Saprolegmales and Leptomrtales species. In a 
similar study, Bean et al ** identified cholesterol, 24-ethylcholesterol, 22-dehydrocholesterol, 
24-methylcholesterol, and 24-ethyl-22-dehydrocholesterol as products of the aquatic fungi 
Allomyces macrogynus, Rhrztdromyces apophysatus, Rhlzophylctls rosea, and Hypochytrlum 
catenordes Only 2 or 3 of these sterols were found m each of these 4 species and no two 
species were qualitatively or quantitatively similar In the Mucrolaes specles,*‘*t only 

* Except in special Instances, only the 3&OH sterol derlvatlves wdl be consldered m this article, see 
Turnerz9 for a comprehenslve review of the fungal polylsoprenold metabohtes which contam hydroxyl, 
carboxyl, and keto groups as well as other structural modlficatlons 

t (k Mucor hremalls, f Phycomyces blakesleeanus and Absrdra glauca, M drspersus, Rhrzopus stolomfer, 
Mortrerelea rammamana, Thamnrdrum elegans, Zygorhynchus moellerl, Syncephalastrrum racemosum, and 
Cunnmghamella echmulata) 

28 BEAN, G A , PATTERSON, G W and Morra, J J (1973) Comp Blochem Physrol 43B, 935 
29 TURNER, W B (1971) m Fungal Metabolrtes, Academic Press, New York 
‘O BERGMANN, W (1954) Ann Rev Plant Physrol 4,383 
” BERGMANN, W (1962) m Comparatrue Wochemrstry (FLORKIN, M and MASON, H S , eds ), Vol. 111 A, 

Academic Press, New York 
32 FIESER, L F and FIESER, M (1959) Sterords, Remhold, New York 
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ergosterol and 22-dlhydroergosterol were ldentlfied P blakesleeanus has also been examined 
by Goulston and Mercer33 and Goulston et al 34 and, m addltron to ergosterol, they Identl- 
fied ergosta-A 5*7*24(2*)-tr~enol, lanosterol, 24-methylenelanosterol, and possibly ICdemethyl- 
24-methylene-lanosterol The sterol components of the Mucorales species R arrhrzus were 
reported to be ergosterol, ergost-A’-enol (funglsterol), 5-dlhydroergosterol, ergosta-A5 ‘*14- 
trlenol (tentatively Identified) and several mmor components which were not ldentlfied 3s 
The sterol constituents of the sporanglospores from this orgamsm were quahtatlvelq the 
same as those of the myceha and m slmlldr relative concentrations As mentloned above, no 
sterols have been detected m species belongmg to the PJlthmm and Phytophthora genera 

Ascomycetes and Fungl Imperfect1 
Of the class Ascomycetes, only the yeast sterols have been extensively examrned and 

ergosterol appears to be the prmclpal sterol of these fungi In addltron, lanosterol, 4a-methyl- 
24-methylene-24-dlhydrozymosterol, desmosterol, zymosterol, fecosterol, 24(28)-dehydro- 
ergosterol, cerevlsterol (S,&dlhydroxyergosta-A 7 22-dlenol), ergosterol peroxlde (Sa,8a- 
epldloxyergosta-A 6*22-dlenol), eplsterol, 22-dehydroergosterol, Sdlhydroergosterol, and 
ascosterol have also been ldentlfied as yeast products by various mvestlgators ** 36 5-DI- 
hydroergostero136 37 and funglsterol 38 have also been ldentlfied from extracts of Claarceps 
purpurea 

The Fungi Imperfect1 have been exammed to a hmlted extent and consgderable varlabthty 
m then sterol composltlon has been observed Ergosterol IS the most frequently encountered 
sterol m these fungi, but m some cases It IS not the predommant sterol component For 
example, both ergostero139 and 22-dlhydroergostero14’ have been reported by drfferent 
mvestlgators as the predommant sterol of Aspergdlusflacus Ergosterol was not detected 
m several species 

Several deuteromycetous fungi such as the dermatophytes Epldermophvton joccosum, 
Trlchophyton mterdlgltale, Muzrosporum audourn125 also produce ergosterol as the major 
sterol constituent, while others contamed lesser quantltltes of this sterol relative to another 
sterol component, brasslcasterol (ergosta-A 5*22-dlenol) In some species (T vlolaceum, T 
dlscoldes, and T megnmz), however, only brasslcasterol was detected Other sterols tdentkied 
as products of deuteromycetous fungi include cerevlsterol (Asperglllus phalloldrs),41*42 
ergosterol peroxlde,43 lanosterol, 24-methylenelophenol and possible Its A* Isomer (A 
fumlgatus),34 and 14-dehydroergosterol (A mger) 44 Cholesterol was first ldentkied as a 
fungal product as the only sterol component m extracts of Pemcrllrum funxulosum 45 

Ergostetol peroxlde has been reported as a fungal product by several mvestlgators, but 
doubt as to its authentlclty as a natural product has arlsen by those who claim that it IS an 

33 GOULSTON, G and MERCER, E I (1969) Phytochemrsrry 8, 1945 
34 GOULSTON, G , GOAD, L J and GOODWIN, T W (1967) Blochem J 102, 1X 
35 WEETE, J D , LASETER, J L and LAWLER, G C (1973) Arch Blochem Blophys 155,411 
36 WIELAND, H and BENEND, W (1943) Ann Chem 554, 1 
37 BARTON, D H R and Cox, J D (1948) J Chem SOC 1354 
‘* TANRET, C (1908) Compr Rend 147, 75 
” VACHERON, M J and MICHEL, G (1968) Phyfochemrstry 7, 1645 
” RAINBO G W and BEAN, G A (1973) Phyfoparhology (abstr ) rn press 
4’ WIELAN’D, H and COUTELLE, G (1941) Ann Chem 548,270 
42 ALT, G H and BARTON, D H R (1954) J Chem SOC 1356 
43 WIELAND, P and PRELOG, V (1947) Helv Chrm Acta 30, 1028 
44 BARTON, D H R and BRUUN, T (1951) J Chem SOC 2728 
45 CHEW, Y S and HASKINS, R H (1962) Can J Chem 41, 1647 
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oxldatton product and artifact of the experlmental procedures 43*46--52 Adam et al 53 
contends that this compound IS an experimental artifact because it could only be detected 
m extracts of Prploporus betuhnus and Daedalea quercma sporophores which had been 
exposed to dayhght for several days and not m fresh extracts Slmllar results were obtamed 
by Vacheron and Mlchel”’ who also identified the peroxlde as well as cerevlsterol which 1s 
another sterol thought to be a product of the experimental procedures They suggested 
that the photo-reaction sequence may proceed as follows 

ergosterol -+ ergosterol peroxide + cerevlsterol 

It should also be pointed out that ergosterol peroxide has been reported as an intermediate 
formed m the conversion of lanosterol to ergosterol by yeast and will be discussed m more 
detail below 

Basldlomycetes 

Few mushroom fungi have been examined for their sterol composition. A crystallme 
material was isolated from D. quercma and called neosterol, 54.55 but was later identified as 
a mixed crystal of ergosterol (75.5 %) and 5-dlhydroergosterol (24.5 %) 46*47 These mvestl- 
gators also isolated ergosterol peroxide from the same species Ergosterol has also been 
identified m hpld extracts from Clavatla glgantea, Clrlocybe dludenss6 and Trrcholoma 
rudum2’ by using non-specific analytical methods Mllazzos7 reported that erogsterol was 
produced by fourteen basldlomycete fungi which cause white and brown rot Recently, 
Holtz and SchlslerS* ldentdied ergosterol, funglsterol and 22-dlhydroergosterol m extracts 
of the common edible mushroom Agarrcus campestrls It 1s interesting to note that no 
ergosterol was detected m the bracket fungus, Fomes applanatus of the Polyporaceae, but 
(24S)-Sa-dlhydroergosterol and the correspondmg ketone (24S)-5a-ergosta-A7*22-dlen- 
3-one) were identified 59 In a more recent study, Strlgma et al 6o were also unable to 
detect ergosterol m this orgamsm, but they identified two sterols, (24S)-24-methyl-5a- 
cholest-7-ene-3j3-ol (5a-ergost-A5-enol) and (24?+24-methyl-5a-cholesta-7,16-dlene-3/?-ol 
(5a-ergosta-A7*16-dlenol) This 1s the first report of a A l6 sterol m a blologlcal system. A 
minor component was also detected but was not identified 

The heterobasldlomycetous fungi have been examined to a more hmlted extent, that IS, 
the sterol composltlon of uredospores of only two species of rust fungi have been reported 
Hougen et al 61 identified ergost-A’-enol (funglsterol) as the only sterol component of wheat 
stem rust (Puccmra gramrms tntrcr) spores Other mvestlgators identified ergost-A’-enol or 

46 BREIVAK, 0 N , OWADES, J L and LIGHT, R F (1954)J Org Chem 19, 1734 
” PETZOLDT, K , KUHNE, M , BLANKE, E , KIESLICH, K and KMPAR, E (1967) Ann Chem 709,203 
+a TANAHASHI, Y and TAKAHA~HI, T (1966) Bull Chem Sot (Japan) 39,848 
” CAMBIE, R C and LEQUESNE, P (1966) J Chem Sot C, 72 
So CLARKE, S M and MCKENZIE, M (1967) Nature 213, 504 
‘* HAMILTON, J G and CASTREION, R N (1966) Fed Am Sot Exp WoZ 25,221 
s2 HAMILTON, J G and CASTREJON, R N (1966) Federutron Proc 25, 221 
53 ADAM, H K , CAMBELL, I M and MC~ORKINDALE, N J (1967) Nature 216,397 
54 WEILAND, H and ASANO, M (1929) Ann 473,300 
ss WEILAND, H and HESSE, H (1941) Ann 548, 34 
s6 BENTLEY, R , LAVATE, W V and SWEELEY, C C (1964) Comp Blochem Physrol 11,263 
$’ MILAZZO, F H (1965) Can J Botuny 43, 1347 
Se HOLTZ, R B and SCHISLER, L C (1972) Lrprds 7,251 
I9 PETTIT, G R and KNIGHT, J C (1962) J Org Chem 27.2696 
6o STRIGINA, L I , ELKIN, Y N and ELYAKOV, G B (1971) fhytochemrstry lo,2361 
6* HOUGEN, F W , CRAIG, B M and LEDINGHAM, G A (1958) Can J Mcrobrol 4,521 
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TABLE 1 +DIMETHYL, &-METHYL, AND &DESMETHYL STEROLS IDENTIFIED IN LIPID EXTRACTS FROM FUNGAL 

ORGANISMS 

Compound Sterol (Common name) 
No (systematic name) Orgamsmt 

Converted to *t 
ergosterol 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

XIV 

xv 

XVI 

XVII 

XVIII 

XIX 

xx 

XXI 

XXII 

XXIII 

XXIV 

Lanosterol Yeasts“ o’bers, Phycomyces 
(lanosta-Aa *4-dlenol) blakesleeanus33 

24-Methvlene-24-dlhvdrolanosterol P blakesleeanus33 
(24-&ethyl-lano&a-As+*4(*8)- 

dlenol) 
4a-Methyl-24-methylene-24- 

dlhydrozymosterol 
(4a-methyl-ergosta-A* *‘(**)- 

dlenol) 
24-Methylenelophenol 

(4a-methyl-ergosta-A’ *4(28)- 
dlenol) 

Fecosterol 
(ergosta-A8 *4(*B’-dlenol) 

+ 88 DthCrs 

+*32 

Saccharomyces cerewlaeLLZ +1‘2 

Aspergtllus f;rmtgatus33 

YeastIE *83 

(ergosta-A5 ’ 24’28’-trlenoI) 
14-Dehydroergosterol 

(ergosta-A5 ’ I4 **-tetraenol) 
24(28)-Dehydroergosterol 

(ergosta-A 5.7 22 24(28,_ 
tetraenol) 

- 
(ergosta-ASS7 “‘-trienol) 

24-Methylenecholesterol 
(ergosta-A ’ Z4’*B’-dtenol) 

24-Methylcholesterol 
(ergost-AS-enol) 

Funglsterol 
(ergost-A’-enol) 

22-Dlhydroergosterol 
(ergosta-A5 ‘-dlenol) 

5-Dlhydroergosterol 
(ergosta-A7 **-dtenol) 

Eplsterol 
(ergosta-A7 24’28’-d~enol) 

- 
(ergosta-A7~16-dlenol) 

Brassxasterol 
(ergosta-A5 **-dlenol) 

Ascosterol 
(ergosta-Aa 23-dlenol) 

P blakesleeanusz3 

A nrgerd4 

Yeast46 47 

Rhrzopus arrhlzus’5 

Aquatlc phycomycete?’ 

Rhrzldromyces apophysatusZR 
Hypochytrwn catenordesZB 
R arrhrzus, 35 Ganaderma 

applanatum (Fomes applanatus)60 
Puccmra gramuus6’ 
Yeast,*‘* IS3 Phycomycetes,*’ 
Polyporus paragamenus’85 
Yeast,36 37 Clavrceps 

purpurea, Daedalea quercma,47 
Fomes applanatuqS8 R a, rhrius,35 
Polbpor us prnxola’8b 

G appianatum60 
Certam dermatophytesz5 

Fucosterol(24-ethyhdene cholesterol) R apophysatus,28 H catenordeqz8 
(stigmast-A5 *4’*B)-enol) other aquatlc phycomycetes*’ 

Stlgmasterol Pullularra pullulans’R7, H catenordesz8 
(stlgmasta-A5 **-dlenol) 

- 
(stlgmast-A’-enol) Melampsora lmr b3 

- 
(stlgmasta-A’ 24’28’-dlenol) M lm163 

- 
(stlgmasta-ASP’-dlenol) M 11nr~~ 

+**4 

+ 152 

+172 

+33 
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Compound Sterol (Common name) 
No (systematrc name) Orgamsmt 

Converted to *t 
ergosterol 

xxv Cholesterol 
(cholest-A5-enol) 

XXVI Desmosterol 
(cholesta-A ’ 24-dlenol) 

XXVII Zymosterol 
(cholesta-A * 24-dlenol) 

XXVIII 22-Dehydrocholesterol 
(cholesta-A ’ “-dIenol) 

XXIX Ergosterol 
(ergosta-As ’ “-trlenol) 

xxx Ergosta-Aa@) *Z-dtenol 

Certam aquatlc phycomycetes2’*78 
Penrcdlu4m finwdosuni45 
Yeast, certam aquatlc 

phycomycete?’ 
Yeast’82 

Rhrzophlyctls rosea 

All fungi except certam aquatlc 
phycomycetes and rust spores 

Yeast*55 +155 

* Other potential ergosterol synthesis precursors, which have not been reported as naturally occurrrng, 
can be mcorporated mto the A 5.7*22 trlene sterol by fungal systems and are Included m the brosynthests 
sectlon of the text 

7 References are given as superscrlpts 

Ia2 BARTON, D H R and Cox, J D (1949) J Chem Sot 214 
Ia3 WIELAND, H , RATH, F and HESSE, H (1941) Ann Chem 548,34 
Is4 HAMMAM, A S H (1966) Ph D Them, Umverslty College of Wales, Aberystwyth 
‘BS ALT, G H and BARTON, D H R (1952) Chem Ind (London) 45, 1103 
Is6 HALSALL, T G and SAYER, G C (1959) J Cl~en, Sot 2031 
I” MERDINGER, E , KOHN, P and MCCLAIN, R C (1968) Can J Mlcrobd 15, 1021 

stlgmasterol, cholesterol, an unknown sterol, and larger amounts of stlgmast-A’-enol from 
uredospores of this same species by GLC retention times 62 Wheat leaf sterols were choles- 
terol, campesterol, stlgmasterol, and sltosterol which are typical of most higher plant systems. 
Although traces of higher plant sterols may have been present In the spore materials, the 
lack of slmllarlty m the sterol constituents m these two tissues suggests that sterols isolated 
from the uredospores are fungal products Further studies mvolvmg rust uredospores 
revealed that the two prmclpal sterols of Melamspora hnr (flax rust) are stlgmast-A’-enol 
and stlgmasta-A 7*24(2a)-dlenoI, with stlgmasta-A 5 7-dlenol being found m lesser relative 
concentrations 63 These studies also revealed that sterols were located mtracellularly rather 
than on the spore surface It IS mterestmg to note that ergosterol has not been ldentlfied 
m the rust fungi Now that the methods are bemg developed for the growth of axemc 
cultures of smut and rust fungi on synthetic media, It will be mterestmg to compare the 
sterol composition of these tissues with other fungi which are grown readily in culture 

Funglsterol has been found m several fungi 64 but It IS generally associated with larger 
amounts of ergosterol 41 There IS some confusion m the literature concerning the structure 
of the sterol designated as fungisterol Salto65 Isolated and identified ergosta-A6*8 **-tnenol 
from Penzcdhum chrysogmrurn and named It funglsterol, but Tanret” first used this tnvlal 
name In reference to ergost-A’-enol isolated from ergot and It IS used this way m this article 

62 NOWAK, R , KIM, W K and ROHRINGER, R (1972) Can J Botany 50, 185 
63 JACKSON, L L and FREAR, D S (1968) Phytochenustry 7, 654 
h4 HALSALL, T G and SAYER, G C (1959)J Chem Sot 2071 
65 SAITO, A (1953) J Fernzentatron Technol (Japan) 31, 328 
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BIOSYNTHESIS OF ERGOSTEROL 

The formation of sterols by both plant and ammal systems occurs through four prmclpal 
stages (a) converslon of acetate to mevalonate, (b) converslon of mevalonate to squalene, 
(c) cychzatlon of squalene, and (d) converslon of the first cychc mtermedtate (cycloartenol 
or lanosterol) to the 4-desmethyl sterol products In recent years, the blosynthesls of phyto- 
sterols and cholesterol m ammals have been comprehensively revlewed,66-75 and It appears 
that the same prmclpal mtermedlates are mvolved m the formatlon of polylsoprenolds by 
representative species of these groups The decarboxylatlon of mevaionate, which IS formed 
by way of activated acetate condensation and structural modlficatlon, leads to the formatlon 
of the basic five-carbon lsoprene skeleton m the form of lsopentenyl (Ia) and dlmethylallyl 
(Ib) pyrophosphate Subsequent lsoprenold condensations, through the phosphorylated 
derlvatlves of geranol and farnesol, gives rise to the C 3O hydrocarbon squalene which then 
undergoes cychzatlon to a tetracychc 4,4-dlmethyl sterol havmg a 3/?-hydroxyl function 
4-Desmethyl sterols such as cholesterol are then formed by way of 4a-methyl sterol mter- 
mediates These same prmclpal Intermediates are also mvolved m the blosynthesls of ergo- 
sterol by fungi The yeast have been the most extensively studled fungi m this area while our 
knowledge of ergosterol formatlon by mycehal forms IS conslderably hmlted It now appears, 
however, that an Interest m the composttlon and blosynthesls of fungal sterols 1s rapldly 
evolbmg In the remammg paragraphs of this sectlon, the final stages* of ergosterol forma- 
tlon as It 1s beheved to occur m fungal systems are outhned and dlscussed whde certam 
aspects of plant and ammal sterol blosynthesls are Included for comparison 

Fwst-cychc Intermediate 
As IS the case with cholesterol formatlon m ammals, the first cychc mtermedlate m the 

formatlon of ergosterol by fungt IS lanosterol It IS now generally accepted, however, that 
the 9/3, I9-cyclopropane derlvatlve of lanosterol, cycloartenol, IS the first cychc mtermedlate 
in the synthesis of phytosterols 76-78 Lanosterol has been Identified m only a few higher 
plant specles,73 yet cycloartenol has not been reported as a fungal product and could not be 
found m yeast ” Lanosterol was first ldentlfied from a fungal source (yeast) by Wleland 
and Stanleyso who called It cryptosterol and then later by others 81-83 Smce that ttme, 

* Lanosterol -+ ergosterol, m the subsequent dlscusslons, ergosterol WIII be consrdered the final 4-des- 
methyl product of lanosterol metabohsm m fungi although some species do not produce this sterol and rt IS 
not predommant rn others 

66 BLOCH, K (1952) Harvey Lectures 48, 68 
67 CORNFORTH, J W (1959) J Ltpld Res 1, 3 
‘* HEFTMANN, E and MOSELTIG, E (1960) m Blochemrstry of Sterolds, Remhold, New York 
” CLAYTON, R B (1965) Quart Rev (London) 19, 168 
” BLOCH, K (1965) Science 150, 19 
” POPJAK, G and CORNFORTH, J W (1966) Btochem J 101, 553 
” FRANTZ, I 0 and SCHROEPFFR, G J (1967) Ann Rev Blochem 56,691 
” GOAD, L J (1967) m Terpenords m Plants (PRIDHAM, J B , ed ), Academic Press, New York 
74 GOODWIN, T W (1971) Btochem J 123, 293 
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” RUZICKA, L , DENSS, R and JEGER, 0 (1945) Helv Chrm Acta 28,759 
*’ RUZI~KA, L , DENS% R and JEGER, 0 (1946) He/v C’hrm 4cta 29, 204 
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lanosterol has been ldentlfied m several other fungal species 34**1--114 The formation of 
lanosterol by yeasts has also been demonstrated*5**6 and more recently the squalene-2,3- 
oxide cyclase responsible for Its formation has been Isolated from Phycomyces blukeslee- 
anus a7 Schwenk and Alexander 8* have also shown that lanosterol IS a precursor to 4- 
desmethyl sterols m yeast by showing that it can be incorporated mto ergosterol 

The metabohsm of lanosterol by animal systems leads prmclpally to the productlon of 
cholesterol, while it IS converted to ergosterol by most fungal species During this conversion, 
certain general reactions are common to both animal and fungal systems. (a) loss of the C-4 
and C-14 methyl groups, (b) reduction of the C-24 double bond, and (c) a series of nuclear 
double-bond shifts There are two addltlonal reactlons, however, that occur m the formation 
of ergosterol which do not occur m the animal systems, I e mtroductlon of a methyl group 
at C-24 and formation of a AZ2 double bond m the sterol side-chain With the addition of a 
reaction that opens the 9#I, 1Pcyclopropane rmg of cycloartenol, the above reactions also 
occur m green plants durmg the formation of 4-desmethyl sterols 

Demethylatron Reactions 
Olsen et al 8g reported that 3 moles of carbon dioxide were hberated per mole of cholesterol 

formed from lanosterol The demethylatlon reaction mechanism was first thought to mvolve 
an mltlal mixed function hydroxylatlon of the methyl group, stepwise dehydrogenatlon 
(oxidized pyrldme nucleotlde-dependent) of the resulting hydroxymethyl and formyl groups 
and decarboxylatlon of the resulting carboxyhc acid *g-g4 More recently, Mdler et aI” 
have presented evidence for the presence of an aerobic pathway mvolvmg the stepwlse 
oxldatlons of methyl, hydroxymethyl, and formyl groups by reduced pyrldme nucleotlde- 
dependent oxldases as the quantitatively important demethylatlon reaction mechanism 
occurring m rat hver Moore and Gaylor g6 described the properties of a yeast mlcrosomal 
preparation which contains sterol demethylase activity and compared them to those of 
mammalian tissues (liver, skin, and testes) The yeast system closely resembled the mammal- 
ian tissues m that stolchlometrlc amounts of 14C-labeled carbon dloxlde were liberated 
from lanosterol m its conversion to a C2, sterol and required glutathlone, NAD+, and a 
neutral pH The two systems differed, however, m that the yeast system was incapable of 
demethylatmg A’-sterols and was stimulated by Mg2+ which could be substituted by 
S-adenosylmethlonme The latter characterlstlc was thought to be related to the transmeth- 
ylatlon (see below) reactlon which does not occur m higher animal systems 

The two C-4 methyl groups appear to be sequentially removed g1 Since 4a- rather than 
the 4,Qterols were more commonly found m nature, It first appeared that the 4,%methyl 

84 LUDWICZAK, R S and WRZECIONO, U (1960) Roczn Chem 34,ll 
a’ SCHWENK, E , ALEXANDER, G J , FISH, C A and STOUDT, T H (1955) Fed Proc 14,752 
86 KODICEK, E In CIBA Foundatron Symposrum on the Brosynthesrs of Terpenes and Sterols, p 173, Churchdl, 

London 
87 MERCER, E I and JOHNSON, M W (1969) Phytochemrstry 8,2329 
88 SCHWENK, E and ALEXANDER, G J (1958) Arehs Blochem Wophys 76,65 
89 OLSEN, JR , J A , LINDBERG, M and BLOCH, K (1957) J BIOI Chem 226,941 
9o BLOCH, K (1965) Scrence 150, 19 
91 MILLER, W L , KALAFER, M E , GAYLOR, J L and DEL’WICHE, C V (1967) Btochemrstry 6,2673 
92 OLSEN, JR, J A (1965) Ergeb Physrol 56, 173 
93 CLAYTON, R B (1965) Quart Rev Brol 19,168 
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95 MILLER, W L , BRADY, D R and GAYLOR, J L (1971) J B~of Chem 246, 5147 
96 MOORE, J T and GAYLOR, J L (1968) Arch Wochem Wophys 124,167 
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group was the first oxldlzed Rahman et al 97 and Sharpless et al 98 99 have recently demon- 
strated, however, that the 4a-methyl group IS removed first and this reactlon 1s followed by d 
4,&methyl eplmerlzatlon The same series of reactlons occurred m plant tissues when cyclo- 
artanol was converted to 31-norcycloartanol by the fern PolJ*podrum rulgare loo 

The partlclpatlon of a 3-keto steroid m the C-4 demethylatlon reactions has been known 
for some time 89 91*101-103 Clayton and his associates 96 g8 have presented evidence that the 
3-keto group IS essential for the eplmerlzatlon reactlon (4p + 4a) which occurs followmg 
the loss of the carbon dloxlde formed from the orlgmal 4a-methyl group This IS further 
supported by Rahlmtula and Gaylorlo4 who found that 4a-carboxyhc acids produced from 
4a-methyl sterols by a partially purified rat liver mlcrosomal enzyme were further meta- 
bohzed to carbon dioxide and the 3-ketosterold The ketone IS subsequently convetted to 
the alcohol by a 3-ketoreductase which requires NADPH This reduction appears to be 
necessary before oxldatlon of the second C-4 methyl group can occur 

Until recently, the proposed hydroxymethyl and carboxyl mtermedlates m the demethyla- 
tlon reactlon sequence leadmg to the formatlon of 4-desmethyl sterols had not been Isolated 
from a blologlcal system The strongest experlmental evidence for these compounds bemg 
mtermedlate m the demethylatlon of lanosterol was that, when chemically synthesized and 
added to cell-free systems, they could be converted to cholesterol 7s Miller and Gaylor105*10h 
have now shown that a rat hver mlcrosomal system IS capable of convertmg 4a-methyl and 
4,4-dlmethyl sterols to the correspondmg 4a-carboxyhc and 4p-methyl-4a-carboxyhc acids, 
respectively Hornby and Boyd lo7 have ldentlfied 4/3-methyl-5a-cholesten-4a-carboxyhc 
acid m a slmllar system The carboxyhc acid structures have been confirmed by MS 

In ammals and fungi, the 14a-methyl appears to be the first removed m the demethylatlon 
reactlon sequence This 1s based on the fact that, aslde from lanosterol, no 14a-methyl 
sterols have been Isolated and ldentlfied from these orgamsms and that 14-demethyl- 
lanosterol could be converted to cholesterol 108,109 It IS slgnlficant to note, however, that 
Gustafsson et al Ilo found 4a,l4a-dlmethyl-cholest-As-3,&ol and 4a,l4a-dlmethyl-cholest- 
A’-38-01 ds components of human mecomum The demethylase enzyme appears to be 
relatively non-specific smce 14a-methyl-cholest-A’-enol can be converted to cholesterol”’ 
and 4, 14a-d~methyl-cholesta-A8~z4-d~enol can be converted to ergosterol by yeast 1 l2 

The presence of 14a-methyl sterols such as cycloeucalenol, pollmasterol, dnd macdougallm 

97 RAHMAN, R , SHARPLESS, K B , SPENCER, T A and CLAYTON, R B (1970) J Brol Chem 245,2667 
” SHARPLESS, K B SNYDER, T E , SPENCER, T A, MAKESHWARI, K K , GuH~, G and CLAYTOY, R B 

(1968) J Am ChLm Sot 90, 6874 
” SHARPLESS, K B , SNYDER, T E , SPEUCER, T A , MAKESHWARI, K K , NELSOIY, J A and CLAYTON, R B 

(1969) J Am Chem Sot 91, 3394 
loo GHISALBERTI, E L , DESOUZA, N J , REES, H H , GOAD, L J and GOOI~WIN, T W (1969) Chem 

Commun 1403 
lo’ LINDBERG, M , GAUTSHI, F and BLOCH, K (1963) J BIOI Chem 238, 1661 
lo2 BLOCH K (1959) m Blosynrhesrs ofTerpenes andSterols (WOLSTENHOLME, G E W and O’CONNOR, M , 

eds ), i 4, CIBA Foundation Symposmm, Llttle Brown Company, Boston 
lo3 SUMDELL, A C and GAYLOR, J L (1968) J Bloi Chem 243, 5546 
lo4 RAHIMTULA, A D and GAYLOR, J L (1972) J Blot Chem 247, 9 
lo5 MILLER W L and GAYLOR, J L (1970) J BIOI Chem 245, 5369 
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lo’ HORNBY, G M and BOYD, G S (1970) Blochem Bxophys Res Commun 40, 1452 
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” * BARTON, D H R , HARRISON, D M and WIDDOWSON, D A (1968) Chem Commun 17 
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m several plant species suggests, however, that less preference IS given this methyl group as 
the first site of oxldatlon m the demethylatlon sequence by these systems Clayton69 proposed 
that demethylatlon of the 14a-methyl group 1x1 plants 1s hindered by the 9/3,19-cyclopropane 
rmg or lack of the Ast9’ double bond of cycloartenol It 1s also mterestmg to note that the 
green alga Chlorellu emersonzz accumulates 14a-methyl-5a-ergosta-A* 24(2*‘-dlenol and 14a- 
methyl-Sa-ergost-As-en01 when treated with the hypocholesterolemlc agent trlparanol 113 

Untd recently, little attention has been given to the C-14 methyl removal and, hence, the 
mechanisms of this demethylatlon reactlon are not well understood It has been assumed 
that this methyl group 1s converted to carbon dioxide by the dehydrogenatlon or oxidation 
reactions responsible for the C-4 methyl removal However, a recent findmg shows that, 
unhke the C-4 methyl removal, the 32-carbon atom of lanosterol m cholesterol blosynthesls 
occurs at the aldehyde state of oxldatlon resulting m the release of formic acid I14 It was 
also shown that one of the C-l 5 hydrogen atoms 1s lost during the lanosterol to cholesterol 
converslon115-117 and that It 1s the a-hydrogen which IS lost m the analogous reaction m 
plants l l8 This strongly suggests that a Al4 product may result from the C- 14 demethylatlon 

It has been shown that sterols contammg the A I4 double bond can be blologlcally 
reduced (at the C-l 5 posltlon) by a truns hydrogen of NADPH and a proton from water ’ l9 
Further evidence for the partlclpatlon of Al4 sterols m the formatlon of cholesterol has 
been presented through the use of the drug AY-9944 This compound mhlblts the Al4 
reduction resultmg m accumulation of A l4 sterols which are potential mtermedlates m 
cholesterol biosynthesis Slmllar results were obtamed by Dickson and Patterson”O who 
identified ergosta-A8’14-dlenol, (24S)-stlgmasta-A **14-dtenol, 4a-methyl-ergosta-A8*14-dlenol 
and 4a-methyl-(24s)~stlgmasta-A * 14-dlenol from the green alga Chlorella elhpsordea grown 
m media containing 4 ppm of AY-9944 Akhtar et al lzl found that yeast also contams the 
enzyme capable of reducmg the Al4 double bond of ergosta-A8*14-dlenol and converting It 
to ergosterol 

These results coupled with the reports of Al4 sterols m higher plant122 and fungal 
tlssues35s44 lends further support to the presence of a pathway contammg Al4 sterol 
denvatlves as mtermedlates m cholesterol and ergosterol formatlon (see Scheme 2C, below) 

Reduction of the A 24 Double Bond and C-24 Alkylutron 
There are two possible ways m whrch the A 24 double bond IS reduced m the converslon of 

lanosterol to 4-desmethyl sterols The A 24 double bond can be reduced by the addmon of 
hydrogen atoms at the C-24 and C-25 posItIons of the sterol side cham Studies on the blo- 
synthesis of cholesterol by animal systems have shown that the reduction of lanosterol to 

I” DOYLE, P J , PATTERSON, G W , DUTKY, S R and COHEN, C F (1971) Phytochemlsfry lo,2093 
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24-dlhydrolanosterol mvolves a stereospeclfic 11g.123 addltlon of hydrogen by a mlcrosomal 
NADPH dependent enzyme 124*125 The point at which this reduction takes place m the 
metabolism of lanosterol to cholesterol relative to the demethylatlon reactions and nuclear 
double bond shifts is uncertain Since sterols such as cholesterol were only recently reported 
as fungal products, this reaction has not been studied m the fungi 

The conversion of lanosterol to C,, sterols by fungi mvolves an alkylatlon at the C-24 
position Using 14C-labeled substrates, it was found that the C-28 alkyl group of ergosterol 
did not arise from acetate 126 Methlonme was found to be an efficient methyl donor127-130 
while S-adenosylmethlonme was shown to be the most efficient and probable immediate 
donor131*132 m yeast A mlcrosomal bound ,S-adenosylmethlonme-dependent-A24-sterol 
transmethylase has recently been Isolated from yeast 133 This enzyme catalyzes electrophdic 
transfer of a C1 group from a posltlvely charged donor (S-adenosylmethlonme) to an elec- 
tron-rich site such as the A24-double bond of the sterol side-chain 134 An analogous reactlon 
occurs m green plants m the converslon of cycloartenol to 4-desmethyl sterols 

Lederer135p136 has comprehensively reviewed the mvestlgatlons on the mechanism of 
alkalatlon as it occurs m plant and fungal systems (Scheme 1) In the first studies to determine 
the mechanism of transmethylatlon m yeast, Alexander and Schwenk12’ found that the 
trltlated S-methyl group of methlonme was transferred intact to the C-24 posmon Smce 
the possibility of a hydrogen-isotope effect existed, Jaurequiberry et al 13’ re-Investigated 
the alkylatlon reaction mechamsm and found that ergosterol produced by a methionme- 
less strain of Neurospora crassa grown m the presence of deuterated S-methylmethlonme 
contained only two of the three original deuterlum atoms of CD, (Scheme 1B --f C) 
Slmdar results obtained from studies with Blakeslea tnspora, Polyporus sulphureus and a 
yeast combmed with the reports of 24-methylene sterol derivatives reported for several 
fungi lends further support for this mechanism Furthermore, 24-methylene-lanost-As- 
enol can be converted to ergosterol by yeast and P sulphureus 13x 139 

The formation of ergostane derivatives by algae may not proceed via the same mechanism 
Tomlta and his assoclatesi40 demonstrated that the deuterated methyl of [CD,] methlonme 
was transferred intact m the formation of ergost-A’-enol by the green alga Chlorelfa 
vulgurzs This suggests that 24-methylene derlvatlves are not precursors to C,, sterols m 
this organism (Scheme IA) and possibly other algae 
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It has been shown that the 29-carbon atom of 24-ethyl sterols m fungi, algae, and higher 
plants originates from the S-methyl of methlonme through a second transmethylatlon 141-143 
The substrate for this reactlon 1s a 24-methylene sterol (Scheme ID) Castle et al 14’ have 
proposed two possible routes by which 24-ethyl sterols may be produced and each of these 
occur m nature For example, Ochromonas malhamensls grown m the presence of [CT,] 
methlonme produced porlferasterol (24-ethyl (24&stlgmasta-A5*22-dtenol) with only four 
trltmm atoms m the 24-ethyl side cham14’ which suggests that the second alkylatlon 
reaction proceeds via a 24-ethyhdene intermediate 130*145 (Scheme 1F -+ G) On the other 
hand, m the formation of stlgmast-AZ2 -enol by the slime mold Dzctyostelrum dlscordeum’46 
and chondnllasterol (and A’-chondnllastenol) by C uulgarzs140 five deuterlum atoms are 
retained m the ethyl side chain when these organisms are grown m the presence of [CD,]- 
methlonme. These results support the contention that 24-ethyhdene sterols are not mter- 
mediate m the formation of 24-ethyl sterols m these orgamsms (Scheme 1E) 

SCHEME 1 ALKYLATION MECHANISMS IN THE FORMATION OF C-24 METHYLENE, METHYL, ETHYLIDENE, 
AND ETH\: STEROLS AS THEY OCCUR IN PLANT AND FUNOAL ORoANISMS 140*‘*’ 

In the mltlal stages of the alkylatlon reactlon, mlgratlon of a hydrogen atom from the 
C-24 to C-25 posltlon of the sterol side cham was found to occur (Scheme 1) Lanosterol 
or cycloartenol bloioglcally synthesized from [2- 14C, (4R)-4-3H,]mevolanate (XxX1) has 
a trltmm atom m the /?-posltlon of C-24 and when converted to their respective C-24 alkyl 
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Isomers, the 14C/3H ratlo suggests that the orlgmal trltmm atom m the side cham IS retained 
This has been demonstrated to occur m higher plants,14’ algae,148 149 and the fungi A 
jiumzgatus’ So and Polyporus sulphureus 146 In a slmllar study with algae, the 14C/3H ratio 
of fucosterol (stlgmasta-A5~24’28)-dlenol), which could not have a trltmm atom m the C-24 
position, supports the postulated C-24 to C-25 hydrogen mlgratton during the alkylatlon 
reactlon 74 

Me \ ,oH 

Hoot,,,; ,,/\c,c’W 

“/ ‘. ‘\” / ““_” 
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Formation of As-4-Desmethyl Sterols 
In spite of the several studies which have been carried out on the blosynthesls of ergo- 

sterol by yeast, the quantltatlvely important intermediates after lanosterol remam uncertain 
Lederer135 suggested that the first substrate for alkylatlon IS desmosterol Katsukl and 
Bloch15’ reported experimental evidence that both desmosterol and zymosterol can except 
methyl groups (at C-24) m whole yeast cells and that no 24-methyl-4,4-dlmethyl or 4a- 
methyl sterols could be detected Moore and Gaylor 133 have isolated a methyltransferase 
enzyme from a strain of yeast which 1s capable of convertmg zymosterol to 24-methylene- 
dlhydrozymosterol These results suggest that pathway A m Scheme 2 may be operatlve m 
certain yeast, t e transmethylatlon occurring at the 4-desmethyl sterol level It should be 
mentloned, however, that m cell-free yeast preparations desmosterol and zymosterol 
strongly inhibited the uptake of methlonme 15’ 

Smce 24-methylene- and 24-methyl-lanosterol can be converted to ergosterol by S 
ceruwae,132*152 it appears that 24-alkyl 4,4-dlmethyl sterols can be mtermedlate m 
ergosterol formation In addltlon, 4a-methyl-24-methylene-24-dlhydrozymosterol has been 
isolated from yeast and, along with obtuslfohol (4a,l4a-dlmethyl-cholesta-A8 24-dlenol) 
and 4a-methylzymosterol, can be converted to ergosterol by growing yeast cultures 11* 
These results suggest that the C-24 alkylatlon reactlon can also occur at the 4a-methyl 
sterol level m the formation of ergosterol by whole yeast cells There 1s also convmc- 
mg evidence for the partlclpatlon of 24-methylated intermediates at the lanosterol 
level (Scheme 2B and C) m the formatlon of ergosterol by mycehal fungi 24-Methylene- 
lanosterol,* 24-methylenelophenol (and possibly Its A8 Isomer), and possibly lCdesmethyl- 
24-methylene-dlhydrolanosterol,34 and others’53 have been Identified as fungal products 

* Identlficatlon of a potential mtermedlate m a biosynthetic pathway does not sufficiently confirm Its 
Intermediary role, see Schroepfer et nl 75 for suggested crlterla for estabhshmg an mtermedlary role of a 
sterol m the blosynthesw of cholesterol 
‘47 RAAB, K H , DESOLJZA, N J and NES, W R (1968) Bwchern Blophys kta 152, 742 
14* GOAD, L J and GOODWIN, T W (1965) &&em J 96, 79P 
I’9 GOAD, L J and GOODWIN, T W (1969) European J Blochem 7, 502 
Iso STONE, K J and HEMMING, F W (1965) Blochem J 96,14C 
I51 KATSUKI, H and BLOCH, K (1967) J Bml Chem 242,222 
I’* AKHTAR, M , PARVEZ, M A and HUNT, P F (1969) Brochem J 113, 727 
Is3 SHOPPEE, C W (1964) In Chemrstry of the Sterords, Butterworths, London 
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(see Table 1) The ldentlficatlon of 24-methylenelophenol (4a-methyl-ergosta-A7*24’28’- 
dlenol) suggests that modlficatlon of the rmg structure (A8 -+ As*‘) m at least some species 
may occur prior to the completion of demethylatlon This 1s consistent with proposed 
pathways of phytosterol blosynthesls Is4 

SCHEME 2 POTENTIAL BIOCHEMICAL PATHWAYS FOR THE CONVERSION OF LANOSTEROL TO A% 
DESMETHYLSTEROLSAsTHEYMAYWCURINTHEFUNOI 

Pruxlpal pathways (---;t), InterconversIons between principal pathways (----+) The systematic 
names of each sterol component m this figure are listed below and can be ldentlfied by the corre- 
spondmg Roman numeral (I) lanosta-A 8~2*-dleno1 (lanosterol),*t (II) 24-methyl-lanosta-A*cnol 
(24_methyLdlhydrolanosterol),*t (III) 4,4-dnnethyl-ergosta-A 8*14-dlenol, (IV) 4a-methylcrgosta- 
As*“-dlenol, (V) ergosta-A8*‘4-dtenoI ,t (VI) 4,4-dlmethyl-ergost-A*-enol, (VII) 4a-methylergost- 
A”enol, (VIII) ergost-AS-enol, (IX) 24-methylene-lanosta-A“-enol (24-methylenedlhydrolano- 
sterol),*t (X) 4,4-dlmethyl-ergosta-A s*24*(zs)-dlenol ,+ (XI) 4a-methyl-ergosta-A**‘4(z”)-dlenol ,+t 
(XII) ergosta-A*~*4(2’)-dlenol,* (XIII) 4,4-dlmethyl-cholesta-A8*z*~zs~-dlenol ,* (XIV) 4a-methyl- 

cholesta-A8*24(25)-dlenol ,*t (XV) cholesta-A8~24(*“)-dlenol * 

* Identified as a fungal product 
t Can be mcorporated mto ergosterol by a fungal system 

Is4 BEVENISTE,P,HEWLINS, M J E and FRITIG.B (1969) EuropeanJ Blochem 9,526 
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In Scheme 2 (C, and C,) pathways of ergosterol synthesis mvolvmg 24-methyl sterols 
having Aa and A8*14 points of unsaturatlon are Illustrated * The point m the pathway of 
ergosterol formatlon where the Al4 reduction takes place IS unknown, but smce Al4 sterols 
appear to be rare m nature It IS plausible that the reduction occurs immediately after C-14 
methyl removal In this case, A*-sterol formation would proceed via pathway C, m Scheme 
2 As previously mentioned, certam algae grown m the presence of the AY-9944 inhibitor 
accumulates Al4 sterols at the 4a-methyl and 4-desmethyl sterol levels I20 The fact that 
Ax4-4-desmethyl sterols are present suggests that, at least for C ellrpsordea, the Al4 reduction 
occurs at some point subsequent to the demethylatlon reactions The presence of A5 7 l4 
and As+’ l4 22 sterols m some fungi suggests that addltonal structural modlficatlons such 
as nuclear double bond shifts may also occur prior to Al4 reduction Whether the accumula- 
tlon of these sterols In certam fungi are due to genetic alterations umque to these species or 
Isolates, or whether Al4 sterols at this level of demethylatlon and unsaturatlon are Important 
intermediates m ergosterol blosynthesls 1s not known Studies usmg the AY-9944 mhlbltor 
should give a clue concermng their Importance and the point of Al4 reduction m ergosterol 
formation 

At this point, there 1s no reason to believe that the formatlon of ergosterol by fungi must 
proceed by way of the major pathways outlmed m Scheme 2 Several studies on the forma- 
tion of ergosterol by yeast and cholesterol by mammahan systems have shown that a number 
of sterols dlffermg slightly m structure may serve as substrates for the methylatton, reduchon, 
and demethylatlon reactlons which occur m these pathways Thus the dotted arrows In 
Scheme 2 illustrate hypothetlcal mterrelatlonshlps between the maJor pathways whxh may 
occur in fungi 

Formatlon of Ergosterol from A’-4- Desmethyl Sterol Precursors 
Followmg the demethylatlon and alkylatlon reactions, there appears to be four principal 

24-alkyl-A”-Cdesmethyl sterol compounds that may serve as potential substrates for the 
subsequent rmg modlficatton which leads to the formatlon of ergosterol by fungi (a) 
ergosta-A** “(28’-dlenol, (b) ergost-A8-enol, (c) ergosta-As+14-dlenol, (d) ergosta-A* 14*24(28)- 
trrenolt (Scheme 3) The A 8*24(28) sterol has been ldentlfied as a product of the enzyme 
catalyzed alkylatlon of zymosterol by a highly purified preparation from yeast 133 Although 
the Aas14 sterol can be converted to ergosterol by yeast,12’ neither It nor the A8 and 
A*J4*24(28) sterols have been identified as a fungal product 

As m the formatjon of cholesterol, the followmg reactlon sequence also occurs m fungt 
and leads to the final A5*’ rmg structure of ergosterol A8 -+ A’ -+ A5*’ Many of the sterols 
identified from fungal orgamsms have points of unsaturatlon m these posmons (see Table 1) 
and it has been shown that several of these can be converted to ergosterol by yeast and other 
fungal systems (Scheme 3) 

The reactlon mechamsm of the A* -+ A’ converslon m the blosynthesls of cholesterol has 
been studied usmg stereo-speafically labeled sterol precursors These studies revealed that 
the A8 --f A’ lsomerlzatlon mvolves a loss of the 7/3-hydrogen atom while the 7a-hydrogen 

* Demethylatlon of 24-methylene-lanosterol (IX) may also result m a Al4 product and subsequent forma- 
tion of 24-methylene-A* 14- sterols may be formed m a manner analogous to pathway C1 m Scheme 2 

t As m Scheme 2, the pathway mvolvmg 24-methylene-A’*-sterols IS not shown m Scheme 3 
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was retained.1s5-1s8 Snmlar results were found m the synthesis of poriferasterol by the alga 
0. malhumensu15g and m the synthesis of certain sterols by higher plants ld3 In contrast, 
Caspl and Ramm160 found that the stereochemistry of the A’ formation by a yeast homo- 
genate 1s the opposite to that of the above systems, I e the 7a-hydrogen atom IS lost in the 
conversion of lanosterol to C2, sterols The followmg three A’ ergostane denvatlves have 
been identified as fungal products and each can be converted to ergosterol by these orgamsms 
(Table 1 and Scheme 3): ergosta-A 7*24(28)-d1eno1, ergost-A’-enol, and ergosta-A7*22-dlenol. 
It IS interestmg to note that m studies on the formatlon of ergosterol by Chlorella species, the 
A7*22 sterol was not converted to the A 5*7.22 structure which suggests that a As*’ sterol may 
be the immediate precursor to ergosterol m that organism 161~162 

SCHEME 3 POTENTIAL PATHWAYS OF ER~OSTEROL BIOBYNTHESIS THROUQH Ahs-4-~~~@~~~ 
INTERMEDIATES AS THEY MAY OCCUR IN THE FUNGI. 

The systematic names of each compound gwen m this figure IS listed below and can be ident&d by 
Its corresponding Roman numeral or points of unsaturatlon. (I) ergosta-A7*14-dlenol; (II) ergosta- 
As*‘*‘*-trienol,* (III) ergosta-As~7~14*22-tetraenol;* (IV) ergosta-Aa*22-danol,*t Q ergosta- 
A8s14-dlenol,t (VI) ergosta-A7*22-dlenol,*t (VII) ergosta-A’-enol;*t (VIII) ergost-A*-enol: (IX) 
ergosta-A 5*7-dlenol ,*t (X) ergost-A5-enol ,* (XI) ergosta-As.z4(2*)-dlenol ,* (XII) ergosta-A8*2*(2*)- 
dlenol,*t (XIII) ergosta-A7*24’2a)-dlenol;*t (XIV) ergosta-As*7~24(28)-tnenol, (XV) choleata- 
As*24c2s)-dlenol,*t (XVI) ergosta-A5*7.22-trienol,* (XVII) ergosta-A5*~*22*24(2*~-tetraenol,*t 
(XVIII) cholesta-A7*24(25)-dlenol, (XIX) cholesta-A s*7B24(25)-tnenol, (XX) choleata-A5*7-dienol, 

(XXI) cholesta-A5*2*(25)-dlenol,* (XXII) cholesta-As-enol* 
* Identified as a fungal product 
t Can be incorporated mto ergosterol by a fungal system 

Is5 PARKS, L W , BOND, F T , THOMPSON, E. D and STARR, P R (1972) J Lipid Res 13,311 
Is6 CANONICA, L , FIECCHI, A , KIENLE, M G., SCALA, A, GALLI, G , PAOLHTI, E G and PAOLHITI, R 

(1968) Steroids 11, 749 
Is7 CANONICA. L . FIECCHI. A. KIENLE. M G . SCALA, A. GALLI, G . PAOLETTI. E G. and PAOLETTI, R. 

(1969) Slek& 12,445. . 
ls* CASPI. E . GREIO. J. B . RAMM. P J and VARMA. K R (1968) Tetrahedron Letters 3829. 
Is9 GIBF&NS,‘G F, 60~~; L J and GOODWIN, T k (196i)) &em Commun 1212. 
I60 CASPI, E and RAMM, P. J (1969) Tetrahedron Letters 3, 181 
a61 PA~~EI~SON, G W and KARLANDER, E. P (1967) Plant Physwl 42, 1651 
I62 PATTERSON. G W and KARLANDER, E P (1968) Plant Physiol 43, suppl S-46 
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Introduction of the A5 double bond mto rmg B of the steroid nucleus has been studied m 
both mammals (rat liver) and fungi (yeast), yet the natural intermediates m either system 
remains unclear It has been established for the biosynthesis of cholesterol that oxygen163 
and pyrldme nucleotlde164 are required m this reactton The double bond formation at the 
A5 position mvolves the removal of the a-hydrogen atoms at the C-5 and C-6 posltlons, I e 
a CIS hydrogen ehmmatlon 165-168 Two mechanisms for the mtroductton of this double 
bond mto a A7-intermediate were proposed by Akhtar and his associates 169 I” (a) a 
hydroxylatlon-dehydration mechamsm m which the first step occurs under aerobic condl- 
tlons and the second step under anaerobic condltlons, and (b) a dehydrogenatlon mechanism 
The use of various oxygenated compounds (hydroxyl, keto, and epoxy) m rat hver cell-free 
preparations for cholesterol synthesis have met with little success m determmmg the natural 
mtermedlate m the A7 --f A5p7 conversion Akhtar and Parvez’69 used the yeast S cerewlae 
and the biosynthesis of ergosterol to demonstrate the oxygen-dependent dehydrogenatlon 
reactlon mechamsm These mvestlgators found that whole yeast cells were capable of con- 
verting 3a-3H-ergosta-A 7v22-dlenol mto ergosterol under aerobic but not anaerobic condo- 
tlons The stereochemistry of C-5 and C-6 hydrogen removal m yeast IS the same as that 
described for rat liver and was also verified m the fungus A fumrgatus “I In addltlon, they 
found no conversion of chemically synthesized 3a-‘H-ergosta-A’ 22-dlen-3/3,5a-dlol into 
ergosterol under anaerobic condltlons This was analogous to the A’ -+ A5*’ conversion 
m rat hver preparations The dlol was, however, converted to ergosterol m the presence of 
oxygen Contradictory results are reported m a series of articles by Topham and Gaylor172-174 
that describes a membrane bound Sa-hydroxysterol dehydrase from yeast which catalyzes 
the anaerobic conversion of ergosta-A ’ 22-dlen-3/2-5a-dlol to ergosterol Furthermore, m 
accordance with Hamilton and CastreJon, 17’ they found that 5a,8a-epldloxyergosta- 
A7mZ2-dlenol (ergosterol peroxide) was converted to ergosterol by this enzyme as efficiently 
as the dlol Also, when using 3a-3H-ergosta-A 7*2Z-dlen-3~,5a-dlol as the substrate, the 3a-3H 
was removed during the conversion to ergosterol Thus, Topham and Gaylor’74 proposed 
that between a C-5 hydroxylated substrate and the final A5s7 22 product, the mvolvement 
of an intermediate contammg a cyclopropane ring between C-3 and C-5 can explam the 
loss of 3a-3H durmg the formatIon of the A *,’ double bond system Although several C-5 
oxygenated compounds can serve as substrates for the yeast dehydrase enzyme m the forma- 
tion of ergosterol, the quantltatlvely Important natural mtermedlate m this reactron remams 
unknown 

The followmg Ass7 sterols have been isolated as fungal products and represent potential 
ergosterol precursors ergosta-A s*7*24(28)-tr~enol, ergosta-A s~7~22~24c28)-tetraenol, ergosta- 
A5*7-dtenol, ergosta-A 5*7*‘4*22-tetraenol, and ergosta-A5*7*‘4-tr~enol The first four com- 

Is3 FRANTZ, JR , I D , DAVISON, A G , DULIT, E and MOBBERLY, M L (1959) J BIOI Chem 234,229O 
164 SCALLEN, T J and SCHUSTER, M W (1968) Steroids 12, 683 
I65 GOAD, L J , GIBBONS, G F , LOLGER, L , REES, H H and G~~DWIN, T W (1969) Wochem J 96, 79 
‘66 AKHTAR, M and MARSH, S (1967) Bzochem J 102,462 
16’ PALIOKAS, A M and SCHROEPFER, G J (1967) Bzochem Bzophys Res Commzm 26,736 
168 PALIOKAS, A M and SCHROEPFER, G J (1968) J Bzol Chem 243.453 
I69 AKHTAR, M and PARVEZ, M A (1968) &o&em J 108, 527 . 
I’0 DEWHURST. S M and AKHTAR. M (1967) Bzochem J 105. 1187 
I” BIMPSON, T, GOAD, L J and C&D&IN, ? W (1969) Chek Commun 297 
L72 TOPHAM, R W and GAYLOR, J L (1967) Bzochem Bzophys Res Commun 27, 644 
IT3 TOPHAM, R W and GAYLOR, J L (1970) J BIOI Chem 245,2319 
I’4 TOPHAM, R W and GAYLOR, J L (1972) Bzochem Bzophys Res Commzm 47, 180 
I76 HAMILMN, J G and CASTREJON, R N (1966) Federatzon Proc 25, 221 
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pounds can be converted to ergosterol by fungi, whde the As.7*14 isomer has been only 
recently Identified (tentatively) as a fungal product and it has not been determmed if It can 
be converted to ergosterol 

Introduction of the A** double bond IS another structural modlficatlon which occurs m 
the formation of ergosterol The truns A ** double bond 1s characterlstlc of both plant and 
fungal sterols Stlgmasterol 1s the predominant A** sterol in higher plants while its C-24 
eplmer ponferasterol, chondnllasterol, A’-chondnllasterol, and 22-dehydrocholesterol are 
common m certain algae Cholesta-A5~‘*** -tnenol 1s found m the protozoan Tetrahymena 
pyrlformls 176 Ergosterol is the predominant fungal sterol contammg the A** double bond, 
but certain potential ergosterol precursors (see Table 1) as well as A**-cholesterol and 
A**-24-ethylcholesterol have been reported m certain aquatic phycomycetes Goodwm74 
has reviewed the few studies concernmg the mechanism of A**-desaturatlon. The two 
carbon atoms involved m this reaction are C-22 and C-23 which originate from the C-2 
and C-5 atoms of mevalonate, respectively Using stereospeclfically labeled mevalonate, 
Blmpson et al 171 and Blmpson I” demonstrated that the 22-pro-S-hydrogen atoms are 
eliminated m the formatlon of the A** double bond of ergosterol by A fumlgutus and B 
trlspora In contrast, Smith et al 178 found that the stereochemlstry of the A** desaturase 
was the opposite in the synthesis of ergosterol by the alga 0 danrcu, porlferasterol by 
0 malhamens~s’7g and of cholesta-A5~7*22-tr~enol by T pyrlformrs 176 The point during the 
sterol blosynthesls reaction sequence that the A **-desaturatlon occurs IS uncertain 

Structural requirements for mtroductron of the A** double bond are not known but this 
bond 1s found m sterols having C-24 saturated or unsaturated alkyl groups and it 1s also 
found m non-alkylated sterol side chains Sterols having the conJugated double bond 
system A22~24’2s’ had not been identified from a plant or fungal source Until recently, 
fungal sterols having the A** double bond were m the later stages of nuclear double bond 
rearrangement, 1 e double bonds rn the A’, A5*‘, A5*7*24(28) positions Parks et al ls5 have 
isolated the previously umdentlfied sterol ergosta-A *(g)*22-dlenol from a polyene-resistant 
mutant of S cereulszae which can be converted to ergosterol by wild-type yeasts It 1s 
unknown whether the desaturatlon occurs early m the formation of ergosterol or if this 1s 
a unique feature of the particular yeast strain 

Blosynthesls of C2, and Czg Sterols by the Fungi 
As more fungal species are studied, it 1s becoming mcreasmgly apparent that cholesterol 

and other AS-C27 and C2g sterols characteristic of animal and higher plant organisms are 
more common to the fungi than was first realized. This 1s particularly true for the aquatic 
phycomycetes and rust (spores) fungi which have been examined Only recently have reports 
on the sterol composltlon appeared m the literature and no studies have been carried out on 
the biosynthesis of these sterols using fungal systems. For reference, the transalkylatlon 
reaction leading to the formation of C2g sterols 1s given m Scheme 1 and a general pathway 
of cholesterol biosynthesis 1s given m Scheme 3 

176 ZANDER, J M and CASPI, E (1970) J BIOI Chem 245, 1682 
I” BIMPSON, T (1970) Ph D Thesis, Umverslty of Liverpool 
1’s SMITH, A R H , GOAD, L J and GOODWIN, T W (1968) Chem Commun 926 
179 SMITH, A R H , GOAD, L J and GOODWIN, T W (1968) Chem Commun 1259 
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SUMMARY 

Relatively few fungal species have been exammed for their sterol constituents and the 
different analytlcal methods employed almost equal the mvestlgations m number There 
appears to be considerable \anatlon In the sterol composltlon of fungal organisms, but 
certain generahzatlons concernmg their dlstrlbution between the various taxa can be made 
Indeed, the more recent studies mvolvlng the Identlficatlon of fungal sterols supports the 
contention that ergosterol IS the most frequently encountered sterol m these prlmatrve 
orgamsms Smce the more advanced Instruments for separating and ldentlfymg complex 
mixtures of orgamc compounds have been apphed m this dred, It IS more apparent that 
ergosterol IS not the sole sterol in most fungal species and m many cases not the predominant 
one as previously believed Where ergosterol IS present, but not predominant, other Cza 
sterols which are presumably ergosterol precursors accumulate to varying degrees depending 
on the species and condltlons of growth The extent to which ergosterol and its precursors 
are further metabolized by fungi IS largely unknown. but Turner 29 lists almost thirty fungal 
metabohtes of this nature which have been structurally ldentlfied Moreover, It appears that 
ergosterol IS totally absent from the aquatic phytomycetes and 2.’ derl\atl\es of C2,, CZ8, 
and/or CZ9 sterols are present Desmosterol has also been identified m these species 
Although most of the homobasldlomycete fungi appear to produce ergosterol, this compound 
has not been reported for the few heterobasldiomycete (rust spores) fungi examined 

As we learn more about the distribution of a particular class of compounds produced by 
bIologIca systems, their role as a chemotaxonomic character must be considered It IS 

questionable, however, whether lipids represent an Important taxonomic tool m any 
system at specific or sub-specific levels After all, the prmclpal value of chemotaxonomy 
1s to provide addItIona characters to ald m the dlstmctlon of closely related species or sub- 
species which cannot be readily dehmlted on a morphologlcal basis and to aId m estabhshmg 
phylogenetlc relatlonshlps Secondary metabolltes or end-products of metabohsm which 
generally have httle known primary function have provided the most Important chemo- 
taxonomlc characters m plant systems The fungt have a complex genetlc constltutlon and 
exhibit a great Inter- and mtra-specific morphological varlablhty which IS mfluenced con- 
siderably by environmental factors and, from the few species examined. It appears that this 
varlablhty IS also reflected m their qualitative and particularly their quantltdtlve drstrlbutlon 
of sterols Thus, it 1s doubtful that sterols ~111 emerge as an Important character for dlstln- 
gulshmg fungal species It must not be overlooked, however, that sterol dlstrlbutlon may 
prove helpful as an additional tool In orgamzmg fungal taxa at higher taxonomlc levels 
Patterson’*’ has found that this to be true for the major algal dlvlslons Rhodophyta (red 
algae) and Phaeophyta (brown algae) and suggests that $terol dlstrlbutlons may be of value 
m the systematlcs of the Chlorophyta (green algae) 

Nes’*l points out that with the mformatlon now available on the de novo synthesis of 
sterols, It IS apparent that these compounds are produced by the same general pathway 
regardless of the organism and that this pathway evolved early m the evolutionary develop- 
ment of blologlcal systems In the formatlon of squalene from acetate, for example, the 
entire sterol producmg biosphere appears to have a series of specific enzymes which catalyze 
reactions mvolvmg common substrates In the converslon of squalene to the prmclpal 
4-desmethyl sterols the same general steps are also present m most organisms, but the quantl- 
tatively Important mtermedlates and the sequence m which certain reactions occur differs 

iso PATTERSON, G W (1971) L&s 6, 120 
*‘I NES, W R (1971)Lymds 6,219 
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between major taxonomlc groups. A large number of natural and synthetic compounds 
which appear to be structurally intermediate m the formation of sterols have been Identified 
and many of these can be blologlcally converted to the prmclpal sterols such as cholesterol, 
ergosterol, and sltosterol Schroepfer et al ‘Is have listed forty-two sterol derivatives which 
can be converted to cholesterol m mammalian systems Although less attention has been 
given to phytosterol blosynthesls, it appears that the conversion of cycloartenol mto prmclpal 
4-desmethyl phytosterols may occur through a number of possible Intermediates which vary 
according to the plant system This also appears to be true m the formation of ergosterol by 
fungi The number of reports on the blosynthesls of fungal sterols IS moderate and most of 
them Involve the yeasts In many cases, these studies were not carried out with the aim of 
showing relevance to sterol formation by fungi but the yeast were used only as a tool for 
the study of analogous reactions occurring m plant and particularly mammalian systems. 
At this time, the mformatlon on the mode of ergosterol formation by both yeast and mycehal 
fungi 1s too fragmentary to determine if slgmficant differences occur between these morpho- 
logical forms As shown m Schemes 2 and 3, there are a number of sterols which represent 
potential mtermedlates m the formation of ergosterol by fungi These include 24-methyl and 
24-methylene sterols and their Al4 isomers The relative partlclpatlon of 24-methyl and 
24-methylene intermediates 1s determined by the pomt m the basic reaction sequence that 
that A24’28’-reductase 1s operative As noted before, mtroductlon of the Al4 double bond 1s 
independent of the 24-alkyl group and may be present m 24-demethyl, 24-methyl, and 
24-methylene isomers However, only 24-methyl sterols having the A’” double bond have 
been isolated from fungi (see Table 1) 

The quantitatively Important intermediates m sterol blosynthesls differ not only between 
species of major taxa but they may also vary between &sues and developmental stages of the 
same organism These Intermediates cannot always be accurately determmed by product 
analysis since those which are quantitatively important may exist m low steady-state con- 
centratlons The high relative concentrations of potential Intermediates which are often 
detected may only be an expression of the less favored pathways operating simultaneously 
with the predominant one The accumulation of these compounds may also reflect then- 
mablhty to be further metabolized to the predominant sterol product or a low rate of turn- 
over It has not been established whether the enzymes responsible for the conversion of 
4,4-dimethyl to prmclpal 4-desmethyl sterols are relatively non-specific or, if a number of 
enzymes specific for each mtermedlate exists Now that the basic steps m this converslon 
are generally known, the two prmclpal problems which remam are determmmg the sequence 
of these reactions mvolvmg the quantitatively slgmficant mtermedlates and, perhaps more 
important, is understanding the regulatory mechanisms which determine the reaction 
sequence l *O 

The degree to which major groups of organisms vary m their ablhty to produce their 
predominant sterols by alternate routes appears to be m the order plants > fungi > 
animals However, with more mvestlgatlon it is probable that conslderably more varlablhty 
may be found m the fungi The fungi are a diverse group of orgamsms which have a complex 
genetic potential Throughout the fungal life cycle, the two generations which differ in 
ploldy levels are further complicated by the dlkaryotlc and heterokaryotlc condltlons These 
condltlons could lead to additional Inter- and mtra-specific variation m the sterol composl- 
tlon of this heterogeneous group of organisms For this reason, generalizations concernmg 
the sterol dlstrlbutlons m a fungal species should be based on analyses of more than a 
single Isolate In only a few instances has more than one isolate of a single mycehal species 
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been exammed for Its sterol composltlon and slgmficant differences were noted (see Table 1) 
Phenotyplc varlatlons at the molecular level may also vary wlthm the same culture, as IS 
often illustrated by differences m plgmentatron 
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