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ABSTRACT 

The  sterols of nine mature plant 
species in seven families ranging from the 
subphylum Lycopsida through the Fili- 
copsida and the classes Gymnospermae 
and Angiospermae in the Pteropsida were 
structurally and stereochemically defined. 
Two plant categories were found. In the 
first, comprised by Dryopteris {Thelyp- 
teris) noveboracensis, Polystichum acro- 
stichoides, Dennstaedtia punctilobuIa, 
Osmunda cinnamomea, Ginkgo biloba, 
Cucurbita pepo, and Kalmia latifolia, 
24ot-alkylsterols were dominant and were 
c o m p o s e d  p r i n c i p a l l y  of 24~-ethyl- 
cholesterol (sitosterol) or (in Cucurbita 
pepo) 24a-ethyllathosterol  and its trans- 
2 2 - d e h y d r o  d e r i v a t i v e  (spinasterol). 
Depending on the species, small amounts 
of 24a-ethyl-trans-22-dehydrocholesterol 
( s t i g m a s t e r o l ) ,  24a-methylcholesterol  
( c a m p e s t e r o l ) ,  2 4fl-methylcholesterol 
(dihydrobrassicasterol,  always less than 
c a m p e s t e r o l ) ,  cholesterol, lathosterol,  
2 4a-e thyl la thos tero l ,  24~-methyllathos- 
t e r o l ,  trans-24-ethylidenelathosterol 
(AT-avenasterol), and (tentatively identi- 
fied) 24-ethyl-24(25)-dehydrolathosterol 
were present. Spinacea oleracea was also 
confirmed as belonging to Category I, 
and, except as described in what follows, 
Category I represents all other configura- 
tionally investigated vascular plants. The 
second category of  plants contained only 
24/3-ethylsterols. Only one species (Ka- 
lanchoe daigremontiana) belonging to the 
family Crassulaceae was found, but one 
other (the genus Clerodendrum in the 
family Verbenaceae) is already known. K. 
daigremontiana contained 25(27)-dehy- 
d r o c l i o n a s t e r o l  ( c l e r o s t e r o l )  and  
25(27)-dehydroporiferasterol.  The primi- 
tive Lycopodium complanatum was inter- 
mediate between Categories I and II; the 
sterols with a 24-C2-grou p had only the 
24a-configuration (sitosterol with some 
stigmasterol), but  the principal sterols 
with a 24-Cl-grou p (ergosterol and dihy- 
drobrassicasterol) possessed the 24r-con- 
figuration. C. pepo seeds, which are al- 
ready known to contain principally 24fl- 

ethylsterols, contrast sharply with our 
finding that tissue (pericarp of the fruit) 
from the mature plant contains only 
24ol-ethylsterols. This apparent evolu- 
t ionary recapitulation (Category II to I) 
during development coupled with statisti- 
cal dominance of Category II plants 
among the algae and fungi and of Cate- 
gory I plants in the Tracheophytes,  and 
the existence of an intermediate type in 
the species examined from the lower 
Tracheophyte (Lycopsida) lead logically 
to the conclusion that the 24a-alkyl 
structure, especially 24a-ethyl-AS-sterols 
(sitosterol and the much rarer stigmas- 
terol) constitutes the most highly evolved 
type of 24-alkylsterol. By inference from 
our knowledge of biosynthesis, corrobo- 
rated by the spectrum of sterols found 
here, the pathway [through A24(25) - 
sterols] leading to 24ot-alkylsterols ap- 
pears to be higher than the pathway 
[through A2s(27)-sterols] which leads to 
241~-alkylsterols. The sterols of these and 
other plants were also found amenable to 
classification according to their nuclear 
unsaturation (A s, A; A 7, B; and As,  7, C). 
Tracheophytes of Category A have been 
most  frequently encountered,  but C. 
pepo was shown to be of Category B 
throughout  its ontogeny. While no Tra- 
cheophytes of  pure Category C have been 
discovered, L. complanatum was shown 
to be of the mixed A-C-Type. Based on 
these facts and ideas, some previously 
suggested lines of botanical evolution are 
examined. The chemical data fail to 
verify a line from Magnoliales to the 
Cucurbitaceae, from Magnoliales through 
Theales to Ericales, nor from Ranales to 
Saxifragales. However, they are conson- 
ant with a relationship between Cucur- 
bitaceae and Theales and between Rosales 
and Lamiales. Triterpenoids found in 
various of the families studied included 
cycloartenol and friedelin. The spectros- 
copic properties of the latter are de- 
scribed. 

INTRODUCTION 

With the recent development of reversed 
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phase chromatographic methods for the separa- 
tion of homologous sterols (1-3) and of proton 
magnetic resonance spectroscopy at 220 MHz 
for configurational analysis at C-25 (4,5), it has 
become possible to examine the relationship 
between structure and occurrence of sterols 
with quantitative and stereochemical precision 
and thereby to shed light on the biosynthetic 
pathways operating at various stages of the 
e v o l u t i o n a r y  h ierarchy.  Proton magnetic 
resonance (PMR) spectroscopy is of special 
significance. Since we have not seen the same 
spectrum given by two different sterols, the 

spectra at 220 MHz constitute a "finger print." 
In the case of the Phylum Tracheophyta, we 
recently used this methodology to examine the 
sterols of representatives drawn from a cross- 
section of ferns and seed-bearing plants (4). 
One plant each in the subphylum Filicopsida 
(the New York fern) and in the Pteropsida class 
G y m n o s p e r m a e  (a pine) were examined. 
Among the Angiospermae, we included the two 
most primitive orders (Magnoliales and Ra- 
nales), one more advanced order (Leguminales) 
of the woody Dicotyledons (Lignosae), and one 
order (Cruciales) in the herbaceous Dicoty- 
ledons. In all cases, 24a-ethylcholesterol was 
the major component and no 24/3-ethylsterol 
was detectable. However, contrary to earlier 
suppositions, the 24-methylcholesterol was a 
mixture of 24a- and 24/3-methyl epimers in 
which the former was dominant. This work 
made it clear that two pathways must operate 
simultaneously, both generally as well as in a 
given plant, at the 24-methyl level. On the 
other hand, at the 24-ethyl level, a pathway 
usually exists apparently only for a single con- 
figuration (24a), but the problem is compli- 
cated by the fact that 24/3-ethylsterols do exist 
in higher Tracheophytes. They have been found 
in the seeds of several genera in the family 
Cucurbitaceae of the order Cucurbitales (6-9) 
and in two species of the genus Clerodendrum 
in the order Verbenales (10,11). In order to 
ascertain just how common one or other of the 
configurations is, we have continued our inves- 
tigation of plants arranged phylogenetically. 

In the present study, we chose a representa- 
tive (Lyeopodium comptanatum) of the sub- 
phylum Lycopsida which is less advanced than 
either the Filicopsida or Pteropsida previously 
analyzed. We also chose three more ferns [Hay- 
scented and Christmas ferns in the common 
family Polypodiaceae and Cinnamon in the 
family of so-called "flowering ferns" (Osmun- 
daceae)] as well as a representative (the maid- 
enhair tree) of the Gymnospermae which is less 
advanced than the pine previously studied and a 
representative (Kalanchoe daigremontiana) of 

the biochemically and morphologically primi- 
tive Crassulaceae family in the herbaceous 
angiosperm order Saxifragales. Furthermore, 
the New York fern (4) was reexamined for 
minor components detected by gas liquid chro- 
matography (GLC) but not previously reported 
on. From the woody Dicotyledons, we also 
chose a plant (mountain laurel) in the family 
Ericaceae from the order Ericales which is 
believed (12) to have arisen from Magnoliales 
through an order (Theales) different from those 
(Dilleniales, Coriariales, and Rosales) suggested 
(12) as intermediates to the previously studied 
(4) Leguminales. Finally, we examined the fruit 
and leaves of the pumpkin from the family 
Cucurbitaceae in the order Cucurbitales, be- 
cause the seeds are known (6-9) to contain 
principally 243-ethylsterols. 

The nomenclature used in this paper takes 
cholesterol, its AT-analog, lathosterol, and 
certain other sterols with well established trivial 
names as parents. It is summarized in Table I. 

M A T E R I A L S  A N D  METHODS 

Cul t i va t ed  male maidenhair tree leaves 
(Ginkgo biloba), and the leaves and pericarp 
(fleshy part of the fruit) of cultivated pumpkin 
plants (Cucurbita pepo), the leaves of wild 
mountain laurel (Kalmia latifolia), and fronds 
of the wild New York fern (Dryopteris no- 
veboracensis) (also known as Thelypteris no- 
veboracensis) were collected in southeastern 
Pennsylvania. Specimens of Kalanchoe dai- 
gremontiana Hamet and Perr., native to S.W. 
Madagascar, were grown in the Drexel Uni- 
versity greenhouse. Whole plants were used for 
chemical study. One sample (stems and fronds) 
of Lycopodiurn complanatum and the sample 
of the Christmas fern (Polystichum acrosti- 
choides) (fronds) were collected from wild 
growths in Massachusetts in the summer. The 
other sample of L. complanatum was collected 
in Virginia in November, The fronds of the hay- 
scented [Dennstaedtia punctilobula (Michx.) 
Moore] and Cinnamon (Osmunda cinnamomea 
L.) ferns were collected from wild growths in 
Maryland. For Spinacea oleracea, we used fresh 
leaves sold commercially as food. 

Except as noted, the 4,4-dimethyl- and 4- 
desmethyl substances were isolated from the 
specimens as previously described (4) through 
continuous acetone extraction, saponification, 
and sequential chromatography on alumina 
with ether graded into hexane and on lipophilic 
Sephadex (Lipidex-5000) with 5% hexane in 
methanol. This procedure yields sterols from 
both the free and esterified pools. Spectral and 
gas liquid chromatographic procedures were 
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H R a' 

Subst i tut ion Name 

A5oSeries AT-Sedes 

H 

H 

CH 3 

H 

C2H5 

H 

CH3 

H 

C2H5 

N 

Cholesterol 

24c~-Met h ylcholesterol 
(Campesterol)  

2413-Methylcholesterol 
(22 -Dihydrobrassicaster ol) 

24c~-Et hyleholest erol (Sitosterol) 
24fl~ 

(Clionastero[) 

Lat hosterol 

24~-M et hyllat host  erot 
(24-Epifungisterol) 

24#-M et hyllat host  er ol 
(Fungisterol)  

24a-Ethyl la thosterol  
(22 -Dibydrospinast er ol) 

24~-Ethyllathosterot  
(22 -Oih ydrochotldriBast eroi)  

H 

N 

CH 3 

H 

C2H5 

Subst i tu t ion 

H 

CH3 

H 

C2H 5 

H 

R R' 
H ,, 

trans-22-Dehydrocholesterol 

trans-22-Dehydrocampestcro! 
(24-Epibra~icast  erol) 

Brassicasterol 

trans-22-Dehydrositosterol 
(Stigmasterol) 

trans-22-Dehydroclionasterol 
(Poriferasterol) 

Name 

trans-22-Dehydrolathosterol 

24~-Methyl-trans-22-dehydrolathosterol 
(22-Debydro-24-epifungisterol)  

24#-Methyl-trans-22-dehydrolathosterol 
( trans- g2-Dehydrofungisterol) 

2 4~-Ethybtrans-22 ~ehy  drolathosterol 
(Spinasterol) 

2 4~-Ethyl.trans-22-dehydrolathosterol 
(Chondril lasterol) 

Subst i tu t ion 

CH 3 H 

C2H S H 

H R R' 

~ ~  Name 

24B-Methyl-25 (27)-dehydrocholesterol  
(Codisterol) 

24~-Etbyl-25 (2~)-delaydroelaot~te~ot 
(Clerosterol) 
(2 5 (2 7 )- Dehydroclionasterol)  

24B-Methyl-25(27 )-debydrolathosterol  

24~-Et hyl-25(23 )-dehyd~olat host  r 

Subst i tut ion 

CH 3 H 

C2H 5 H 

Name 

24(~-Methyl-trans-22,2~(2?)-hisdebydtoehotesterot 
(trans-Z2-Dehydtor 

24j3-Ethyl-tran~22,25(27)-bisdehydrocholesterol 
(25 (27 )- Dehydroporiferasterol)  
(trans-2 2-Dehydroclerosterol)  

24~J.Methyt-trcms-22,2S(27)-bisdehydrolMhostero[ 
(tran&22,25(27)-Bisdehydrofungisterol) 

24f3-Ethyl-trans-22,2S(27)-bisdehydrolatbosterol 
(25(27)-  Dehydrochondri l lasterol)  

also described earlier (4). PMR spectra were performed 
at 220 MHz in CDC13 unless otherwise noted. 
Retention times in GLC are described (RRT) in 
terms of  their values relative to the retention 
time of  cholesterol, and the liquid phase was 
XE-60 at 235 C. Representative mass and PMR 
spectra are listed in Tables I I -VI  for sterols 
derived from plants examined in the present 
work. For comparison, especially in the case of  
epimers at C-24, authentic sterols are included 
for some of  which spectral data have not here- 
tofore been published. The corresponding in- 
formation in the one case of  a mature plant in 
w h i c h  24~ethylsterols  were found to be 
dominant is given in that part of  the Results 

section dealing with K. daigremontiana. Addi- 
tional data on AT-sterols is given in the Results 
section under C. pepo. 

RESULTS 

Lycopodium eomplanatum 

The mass spectrum of  the 4-desmethylsterol 
fraction from alumina of  the specimen col- 
lected in the summer Showed the presence of 
materials with molecular weights of  396, 414, 
400, and 412 (in descending order o f  the 
intensity o f  M+). Three sterol fractions [50 mg 
combined from 118 g (wet wt) of  plant] were 
t h e n  separated on Sephadex. The fastest 
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TABLE VI 

Proton Magnetic Resonance (PMR) Spectra o f  Sterols in the 7-Dehydrocholesterol  S e r i e s  a 

Chemical shift in ppm from TMS at 220 MHz 

Side chain 2 4 - H  b 24a -C H3C  2 4 a - C H 3 - A 2 2 C  2 4 / 3 - C H 3 - A 2 2 d  2 4 / 3 - C H 3 - A 2 2 e  

C-18 (s) 0.61 0.62 0.63 0.63 0.63 
C-19 (s) 0.94 0.95 0.95 0.95 0.95 
C-21 (d) 0.94 0.93 1.03 1.04 1.04 
(J = 6) (1.03 sh) 

C-26,27 (d) 0.87 0.80 0.84 0.84 0.84 
(J = 6) 0.78 0.83 0.83 0.83 
C-28 (d) 0.81 0.92 0,92 0.92 
(J = 6) (0.91 sh) 

aAbbreviations: s = sihglet; t = triplet; J is given in Hz. 
bprepared synthetically from cholesterol. 
Cprepared biosynthetically (Tetrahymena pyriformis) from 24c~-methylcholesterol. We thank Dr. 

R.L. Conner and Mrs. J.R. Landrey for the incubations, a full report of which will appear elsewhere. 
dIsolated from aerobically grown yeast or signifies doublet. 
eIsolated from Lycopodium complanatum, or implies doublet in left-hand column, 

moving component (15 mg) as described in a 
preliminary communication (13) was primarily 
ergosterol. This was demonstrated by its move- 
ment in GLC (RRT 1.30) and by its UV spec- 
trum (~max 271, 282, and 293 nm) and mass 
and PMR spectra (Tables III and VI) when com- 
pared to that of ergosterol and 24-epiergosterol 
wh ich  was p r e p a r e d  biochemically from 
24ot-methylcholesterol (13). The PMR spectra 
of the epimers differ in the position of the 
signal for C-21 which is 2 Hz downfield in 
ergosterol. An upfield shoulder (intensity ca. 
0.5) on the doublet for C-21 indicated the 
presence of 24-epiergosterol as a minor compo- 
nent. Only one other report (14) exists of ergo- 
sterol in a Tracheophyte and the configuration 
at C-24 was not determined. Not described in 
our preliminary paper was the next fraction (12 
mg) which was a mixture of stigmasterol and 
24-methylcholesterol in a ratio of 2:1, respec- 
tively. The ratio is based on the intensities of 
the signals for C-18 in the PMR spectrum. In 
the mass spectrum, the peaks for m/e 400 and 
412 were equal, but stigmasterol, a As, 22- 
sterol, has a weaker peak for the molecular ion 
than do AS-sterols due to enhanced allylic 
cleavage at the 17(20)-bond (Table If). The 
mass and PMR spectra were exact composites 
throughout of stigmasterol and 24-methyl- 
cholesterol. The 24a-configuration of the stig- 
masterol was demonstrated by comparison of 
the C-21 doublet with that of authentic samples 
of stigmasterol from soy beans and poriferas- 
terol from Chlorella ellipsoidea (15) (Table IV). 
The doublet for C-21 and the triplet for C-29 
were displaced downfield (1-2 Hz) in the latter 
(4,5). The triplet was interferred with by the 

24-methylcholesterol in the Lycopodium sterol 
mixture, but the C-21 signal, being shifted due 
to the A22-bond, was clearly visible as the 
downfield branch. It was exactly at the position 
found in stigmasterol. The configuration of the 
24-methylcholesterol was also demonstrated by 
PMR spectroscopy. The diagnostic doublets (4) 
for C-21 and C-28 clearly showed the major 
epimer was 24~methylcholesterol (Table IV). 
Indeed, there was only a suggestion (weak 
shoulders) of the presence of 24a-methyl- 
cholesterol. Also not reported in our prelimi- 
nary paper (13) was the slowest moving com- 
ponent (19 mg) on Sephadex. It was very pure, 
identical with sitosterol in all respects (GLC, 
MS, and PMR), and different from its 24- 
epimer, clionasterol, in the PMR. Clionasterol 
was isolated from Chlorella ellipsoidea. Thus, 
the Lycopodiurn sterols were in descending 
order of their amounts, ergosterol, sitosterol, 
stigmasterol, and 22-dihydrobrassicasterol with 
small amounts of materials tentatively identi- 
fied (PMR) as 24-epiergosterol and campesterol. 
The UV spectrum of the sterol mixture from 
the plant collected in the fall showed the 
typical absorption for the As,7-system but less 
than from the summer sample. 

The Ferns 
In all four cases, the major sterol was sito- 

sterol (GLC, MS, PMR) unaccompanied by stig- 
masterol (no m/e 412 peak occurring in the 
24-methyl fraction with which it moves on 
Sephadex). The epimeric 24-methylcholesterols 
were always present as minor components 
(GLC, MS, and PMR for each fraction from 
each plant). The a//3-ratio for the latter deter- 
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mined by PMR in a manner described earlier (4) 
varied slightly, but campesterol was always 
present to a greater extent (ca. twice as much) 
than dihydrobrassicasterol. In the case of the 
Christmas fern, cholesterol (GLC, MS, and 
PMR) was also present. The New York fern 
similarly yielded cholesterol (GLC, MS, PMR). 
Thus, two of the ferns possessed the homo- 
logous  AS-se r ies :  2 4 - H ,  24-CH3,  and 
24-C2H s. The New York fern also contained 
by GLC the analogous AT-homologs. Enriched 
fractions of the latter were obtained from the 
more polar half of the sterol band from alumina 
chromatography. They were obtained pure by 
sequential chromatography on thin layers of 
silica gel (removing AS-sterols which moved 
faster) and a column of Sephadex (separating 
the homologs). Lathosterol moved the fastest. 
It was identified by GLC, MS, and PMR. 24c~- 
Ethyl la thosterol ,  moving the slowest, was 
similarly identified. The configuration at C-24 
was d e m o n s t r a t e d  by  comparison with 
authentic samples of 24a-ethyllathosterol from 
Spinaeea oleracea (16)and 24/3-ethyllathosterol 
f r o m  Chlorella emersonii (17). The PMR 
spectra of the epimeric standards (Table V) 
showed the expected (4,5) downfield shifts in 
the singals for C-21 and C-29 yielding clearly 
d i f f e r e n t  absorption patterns which, inci- 
dentally, spectroscopically confirms that S. 
oleraeea has sterols with the opposite configura- 
tion from that in C. emersonii. The spectrum of 
the fern sterol was identical with that of the 
24a-epimer from S. oleracea. While there was a 
suggestion of 24-methyllathosterol in the GLC 
of the appropriate chromatographic fractions, 
there was too little to identify. 

The ferns, in summary, contained 24~-ethyl- 
cholesterol, no stigmasterol, lesser amounts of 
24a-methylcholesterol which was in greater 
quantity than 24&methylcholesterol, and, in 
certain cases, still smaller amounts of choles- 
terol. AT-Sterols appearing only in the New 
York fern were in lesser amount  than AS_ 
sterols, but, as in the latter case, the 24~x-ethyl 
component was in greater amount than the 
component with a 24-H-atom. No seasonal 
variant was observed (GLC) in the relative con- 
stituents with the New York fern which was 
examined both in early summer and the fall. 
From a summer sample, 58 mg of sterol from 
100 g of wet wt of tissue was obtained. The 
sterols were in the following ratio: 2 4 - C 2 - A s  
to 24--CI--A5 to 24--H--AS to 24--C2--A7 to 
24-H--AT:  1.0 to 0.18 to 0.11 to 0.08 to 0.07. 
The Christmas fern yielded 29 mg of sterol per 
100g wet wt of tissue. The 2 4 - C 2 - A 5 - ,  
2 4 - C 1 - A 5 -  , and 2 4 - H - A S -  components 
were present in a ratio of 1.0 to 0.18 to 0.10. 

An unidentified component (RRT 1.81) which 
probably was 24ot-ethyllathosterol was also 
present at about the level of cholesterol. 

Ginkgo biloba 

The sterol of the maidenhair tree has been 
r e p o r t e d  (1 8) to  be 24-ethylcholesterol 
(beleived but unproven to be the 240~-epimer, 
sitosterol, identified by m.p., GLC, and IR) 
containing a trace of its 22-dehydroderivative 
(thought to be stigmasterol identified only by 
GLC). We separated the two components by 
chromatography on lipophilic Sephadex for 
further study. The major component,  moving 
the slower, had the same rate of movement in 
GLC as sitosterol. It possessed a PMR spectrum 
identical with that of sitosterol (4,5) and dis- 
tinctly different from that of the epimeric 
clionasterol (4,5) proving the suspected 24or- 
ethyl configuration to be correct. The com- 
ponent moving faster on Sephadex had a reten- 
tion time in GLC the same as 24-methylcholes- 
terol which is similar to that of stigmasterol. Its 
mass spectrum, however, was identical to that 
of 24-methylcholesterol rather than the sus- 
pected stigmasterol. Based on the molecular 
ions at m/e 398, 400, and 412, the sample was 
83% 24-methylcholesterol, 10% "stigmasterol", 
and 5% "brassicasterol." Minor components 
also were evident from enhanced fragmenta- 
tions at m[e 314, 299, 172, and 229. It is not 
obvious what they were due to, although they 
are found with 25(27)-dehydroclionasterol. The 
PMR spectrum was identical with that of an 
authentic 60:40 mixture (4) of 240~-and 
24&methylcholesterol and different from either 
alone (4,5). A weak "doublet"  (J = 7) from a 
minor component appeared at 0.98 ppm which, 
however, does not agree with expectation for 
stigmasterol, brassicasterol, or 25(27)-dehydro- 
clionasterol. Cholesterol was also apparent in 
the mixed sterols by GLC. The major sterols of 
the maidenhair tree are, thus, in descending 
order of amount, 240t-ethyl-, 24or-methyl, and 
24~methylcholesterol and probably cholesterol 
i t s e l f  with trace amounts of unidentified 
materials of molecular weights 412, 398, and 
perhaps others. The leaves yielded 55 mg of 
sterol per 100 g wet wt. The 24-C2 - A s - ,  
2 4 - C 2 - A 5 , 2 2 ,  - ,  2 4 - C I - A  s - ,  a nd  
2 4 - H - A S - s t e r o l s  were present in a ratio of 
1.0 to trace to 0.10 to 0.10. 

Kalanchoe daigremontiana 

The 4-desmethylsterol mixture was com- 
posed of two sterols (RRT of 1.42 and 1.54). 
They were separated on Sephadex. The faster 
moving (RRT 1.42) exhibited the mass spec- 
trum [m/e 410 (M +, 19%), 395 (M+-CH3, 5%), 
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392 ( M + - H 2 0 ,  4%), 381 (M+-C2H5,  14%), 
3 7 7  ( M + - C H a - H 2 0 ,  4 % ) ,  3 6 3  
( M + - C 2 H s - H 2 0 ,  11%), 325 (M+-85 ,  7%), 
314 ( M + - C 7 H I 2 ,  9%), 309 (M+-101 ,  11%), 
300 (M+-110 ,  41%), 271 (M+-s ide  cha in -2H,  
100%), 255 (M+-s ide  c h a i n - H 2 0 ,  58%), 253 
( M + - H 2 0 - s i d e  chain-2H) ,  239 (8%), 215 
(17%), and 213 (M+-H20-s ide  cha in -C3H6,  
26%] ; PMR spectrum [0.70 (s, C-18), 0,83 (t, J 
= 7.5 Hz, C - 2 9 ] ,  1.03 (d, J = 6.5 Hz, C -21 ) ,  
1.01 (s, C-19), and 1.65 ("d" ,  J = 1 Hz, C - 2 6 )  
ppm; m.p. (151 C); and IR spectra (Vrnax 965 
and 890 cm -1) expected of 25(27)-dehydro- 
p o r i f e r a s t e r o l  [ p r e v i o u s l y  isolated from 
Clerodendrum campbelli from which its struc- 
t u r e  and configuration were demonstrated 
(11)] .  The slower moving component  (RRT 
1.55, m.p. 135-136 C, Vmax890 cm -1) in mass 
spectroscopy showed m/e 412 (M § 100%), 397 
(M+-CH3,  25%), 394 ( M + - H 2 0 ,  17%), 381 
(M+-C2HT, 5%), 379 ( M + - C H 3 - H 2  O, 28%), 
328 (M+-84 ,  18%), 314 (M+-C7H14,  45%), 
299  ( M + - C s H 1 7 ,  50%), 281 (15%), 271 
( M + - s i d e  cha in -2H,  75%), 255 (M+-s ide  
c h a i n - H 2 0 ,  33%), 253 (M+-s ide  c h a i n -  
H 2 0 - 2 H ,  20%), 231 (M+-s ide  cha in-C3H6,  
38%), 229 (M+-side cha in -Ca l l8 ,  33%), and 
213 ( M + - H 2 0 - s i d e  cha in-C3H6,  67%). In the 
PMR spectrum, signals appeared at 0.68 (s, 
C-18) ,  0,80 (t, J = 7.5 Hz, C-29) ,  0.91 (d, J = 
6 Hz, C -21 ) ,  1.01 (s, C -19 ) ,  and 1.57 ("d" ,  J 
= 1 Hz, C - 2 6 )  ppm. These data prove the 
compound to be either the 22-dihydro deriva- 
tive [ 25(27)-dehydroclionasterol] of the faster 
moving component  or the analogous derivative 
[25(27)-dehydrositosterol] of the latter 's  24- 
epimer. The 24/3-configuration of both fast and 
slow moving components  was demonstrated as 
follows. The mixed 4-desmethylsterols from 
alumina chromatography of the neutral lipid 
we re  c o n v e r t e d  to  t h e i r  corresponding 
3,5-cyclo-6~yl methyl  ethers by treatment with 
fused KOAc in methanol  at reflux for 2 hr. The 
c h r o m a t o g r a p h i c a l l y  (A1203) purified but 
unseparated pair of methyl  ethers (RRT 0.46 
and 0.50) was hydrogenated (PtO2, dioxane/  
HOAc) to give a single 3,5-cyclosteryl methyl 
ether (RRT 0.50). Retrorearrangement (fused 
ZnOAc, HOAc, 6 hr at reflux) gave a single 
AS-sterol which had a m.p. (136-137 C) and 
PMR s p e c t r u m  identical with clionasteryl 
acetate (from Chlorella ellipsoidea). Cliona- 
steryl and sitosteryl acetates have distinctly 
different melting points and PMR spectra (4,5). 
Our Kalanehoe sterols must,  therefore, both 
have had the 243-ethyl configuration and been 
25(27)-dehydroc l ionas te ro l  [clerosterol pre- 
v ious ly  isolated from Clerodendrum infor- 
tunatum (10) but without proof  for the con- 

figuration at C - 2 4 ]  and 25(27)-dehydroporif-  
erasterol (trans-22-dehydroclerosterol). Other 
A25(27)-sterols, viz. cyclolaudenol and the 
24/3-methyl analog (codisterol) of 25(27)-de- 
hydroclionasterol,  occur in algae (19,20), and 
the former in Tracheophytes,  e.g., ferns (21). 
The 25(27)-designation rather than 25(26) is 
m a d e  by  t h e  f o l l o w i n g  analogy. When 
25(27)-dehydroporiferasterol was labelled from 
2-14C-MVA, the methylene carbon was found 
to be unlabelled (11). If we designate C - 2 6  as 
the labelled carbon derived from 2A4C-MVA, 
then cyclolaudenol,  codisterol, clerosterol, and 
the  l a t t e r ' s  22:dehydro derivative become 
A25(27)-sterots on the assumption that the 
same biosynthetic stereospecificity occurs in 
both algal and Tracheophyte systems and 
is the same for the first as well as second C 1- 
transfer. To our knowledge, this work repre- 
sents the first proof  of configuration at C - 2 4  
for clerosterol, the first t ime both clerosterol 
and its 22-dehydro derivative have been found 
in the same plant, and only the second time 
either has been reported.  From the very watery 
K. daigremontiana plants was isolated 5.4 mg of 
sterol per 100g of wet wt. Each of the two 
components comprised about one-half of the 
total  amount.  

It is also interesting that we observed a 1 Hz 
sp l i t  in the "singlet" for C - 2 6  in both 
A25 (27)_sterols. Tentatively, we interpret this 
to result from a coupling with the H-atom on 
C - 2 4  which implies C - 2 6  lies between the H- 
atom and C - 2 8  (as shown in Table I) in the 
preferred conformation.  In turn, since a higher 
multiplet  was not observed, the two H-atoms 
on C - 2 8  must lie on the side opposite to C - 2 6  
with C - 2 9  projecting away ( "up" )  from the 
remainder of the side chain. 

Kalmia latifolia 

The only sterol found was sitosterol (m.p., 
GLC, MS, PMR) at a level of 59 mg/100 g wet 
wt. Since a ketone in even larger amount (78 
mg/100 g) was present (moving on alumina just 
after the hydrocarbons),  we also examined it to 
determine whether it was steroidal. While it was 
not, it is an interesting enough compound to 
report  on. 

The ketone possessed an RRT of 2.81, 
a.m.p, greater than 230 C, and a carbonyl peak 
(/)max 1790 cm -1) in the IR indicative of the 
p e n t a c y c l i c  t r i t e rpeno id  friedelin already 
known (21-23) to be present in the genus 
Rhododendron of the family Ericaceae to 
which Kalmia beIongs. The spectral and other  
properties described in what follows agree with 
this assignment of structure. The mass spectrum 
of  the ketone indicated a molecular weight (M + 
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97%) of 426 for C30HsoO. In addition to loss 
of CH 3 (m/e 411, 31%), fragmentations oc- 
curred at and near the ring junctions yielding 
C5H90 (m/e 341, 17%), M + - C 9 H I 6  (302, 
62%), M+-C10H19 (287, 24%), M+-CI1H21 
( 2 7 3 ,  98%) ,  M + - C I a H 2 4  (246 ,  62%), 
M+-C14H26 (232, 60%), M + - C I s H 2 8  (218, 
81%), and a combinat ion of M+-CI6H29  and 
C14H210 (205, 100%) resulting from clevage 
through the center of ring C. Upon reduction 
with LiA1H4, the carbonyl group disappeared 
(IR), and the product  fragmented ( M S ) i n  
nearly the same way as the ketone except that 
the fragments occurred two mass units higher, 
the cleavage in ring A was insignificant, and a 
peak at m/e 205 remained with one at 207. The 
reduction product  also showed M+-H2 O and 
M + - H 2 0 - C H 3  . In the PMR spectrum of the 
ketone, two multiplets near 2.26 and 2.36 ppm 
for the H-atoms on C - 2  and C - 4 ,  five singlets 
for three protons at 0 .71,0 .85,  0.94, 1.04, and 
1.16 ppm, and one singlet for six protons at 
0.99 ppm were observed. A doublet also ap- 
peared at 0.87 ppm (J = 6.5 Hz). These signals 
account for theoretical expectat ion for the 
eight methyl  groups in friedelin. The doublet  is 
clearly from the methyl  group on C - 4 .  Partial 
assignment of the remaining signals can be 
made from the spectrum of  the corresponding 
alcohol. While the peaks at 0.85, 0.94, 0.99, 
and 1.16 remained unchanged, the doublet  
moved to 0.93 (J - 6.5 Hz) in the alcohol and 
the other two singlets (0.71 and 1.04 ppm) 
moved to 0.96 and 1.00 ppm. They are, there- 
fore, probably the closest ones to  C - 3  and 
represent the CH 3 groups at C - 5  and C - 9 ,  
respectively. The two peaks at 0.99 ppm are 
probably the gem-dimethyl group and the one 
at 1.16 ppm (which does not  appear in the 
s p e c t r a  o f  lanosterol  or cycloartenol)  is 
probably the CH3-grou p at the cis-juncture 
between rings D and E. The spectral properties 
confirm the structural assignment as friedelin. 
To our knowledge, these spectra have not pre- 
v i o u s l y  b e e n  d e s c r i b e d  for this unique 
cyclization product of squalene oxide. While 

f r i ede l in  occurs in a variety of botanical  
families (24), we have not  observed it in any of 
the other families examined in this or our 
earlier work (4). 

Cucurbita pepo 

In view of the presence of 24c~-and 24/3- 
alkylsterols and the unusual absence of AS_ 
sterols in pumpkin seeds (6-9), we made an 
exceptionally careful study of the mature plant. 
The pericarp (after removal of seeds and as- 
sociated structures) and the leaves of plants 
collected in early autumn were examined sepa- 

rately. In addit ion to separations on Sephadex, 
the 4-desmethylsterol fraction (A1203-chro- 
matography) from the pericarp was acetylated 
and further separated by chromatography on a 
thick layer of  silica gel impregnated with 10% 
of AgNO 3 in the solvent system hexane-chloro- 
form-acetic acid (75:25:0.6,  v/v). The sterol 
fraction from the leaves was chromatographed 
directly as the free alcohol on silica gel im- 
pregnated with 10% AgNO 3 in the solvent 
s y s t e m  chloroform-ligroin-acetone (75:23:4,  
v/v). A monoene fraction (Fract ion 1, with the 
same rate of movement as sitosterol) and two 
diene fractions [with the rates of movement,  
respectively, of stigmasterol (Fract ion 2) and 
fucosterol (Fract ion 3)] were eluted for further 
study. The analytical data are recorded as fol- 
lows. Rf (SiO 2) refers to the rate of movement 
of the alcohol in thin layer chromatography 
(TLC) on silica gel in chloroform. R s (RP) 
refers to the rate of movement of the alcohol 
relative to cholesterol in reversed phase TLC 
(25). Rf (AgNO3) is the rate of movement of 
the acetate after one development (unless 
otherwise noted) on a thin layer of silica gel 
impregnated with 10% of AgNO3 in the solvent 
s y s t e m  h e x a n e - c h l o r o f o r m - a c e t i c  a c i d  
(75:25:0.6,  v/v). All compounds showed only 
"end absorpt ion" in the ultraviolet spectrum. 
The value quoted is at 220 nm in ethanol. The 
Liebermann-Burchard test (LB) was performed 
in acetic anhydride-sulfuric acid (19:1, v /v ) a t  
room temperature.  A color reaching maximum 
intensity in a minute or less is described as 
"fast ,"  and one requiring 30 rain as "slow." 
The  f o l l o w i n g  data were obtained with 
au then t i c  steroids. Sitosterol possessed Rf 
(SiO 2) 0.18; R s (RP) 0.79; Rf (AgNO3) 0.23; 
RRT 1.54; LB slow, blue, and its AT-isomer 
(24a-ethyllathosterol)  showed Rf (SiO 2) 0.18 ; 
Rf (AgNO 3) 0.23; RRT 1.80; LB fast, violet. 
Spinasterol possessed Rf (SiO 2) 0.18; R s (RP) 
0.94; Rf (AgNO3) 0.19; RRT 1.53; LB fast, 
violet. Fucosterol  exhibited Rf (SiO2) 0.18; R s 
(RB) 1.01; Rf (AgNO 3) 0.14; RRT 1.63, LB 
slow, blue. Isofucosterol possessed Rf (SiO2) 
0.18; Rf (AgNO3) 0.10; RRT 1.68, LB slow, 
blue. Stigmasterol showed Rf (SiO2) 0.18; Rs 
(RP) 0.29; RRT 1.34. 

Fract ion 1 (24a-ethyllathosterol)  from the 
pericarp possessed Rf (SiO 2) 0.18 ; Rf (AgNO3) 
0.23; RRT 1.80; LB fast, violet; e 1,500; m.p. 
142-144C (152-155 C as acetate);  /)max 800, 
830 cm- l ;  m/e for the acetate 456 (M+), 441 
( M + - C H 3 ) ,  3 9 6  ( M + - H O A c ) ,  381 
( M + - C H 3 - H O A c ) ,  255 ( M + - H O A c - s i d e  
chain), 213 ( M + - 6 0 - s i d e  cha in-42) .  

F r a c t i o n  2 (24a-ethyl-22-dehydrolatho- 
sterol, spinasterol)f rom the pericarp possessed 
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Rf (SiO2) 0.18; Rf (AgNO3) 0.18; RRT 1.54; 
LB fast, violet; e 1,400; m.p. 159-161 C 
(172-177 C as acetate); Vma x 800, 830, 970 
cm' l ;  m/e for the acetate 454 (M+), 439 
( M + - C H 3 ) ,  411 (M+-C3HT), 394 (M + -  
H O A c ) ,  379  ( M + - C H 3 - H O A c ) ,  351 
(M+-CaH7-HOAc), 315 (M+-side chain), 273 
(M+-side chain-42). 

Fraction 3 from the pericarp was not investi- 
gated except by gas liquid chromatography 
(GLC) which showed two major (93%) com- 
ponents (ratio of 1:1), RRT 1.79 and 1.95 
agreeing with the values for peposterol and 
AT-avenasterol as discussed below. 

Fractions 1 and 2 from the leaves were not 
well separated perhaps due to different relative 
amounts compared to the pericarp fractions. 
They were combined and submitted to prepara- 
tive GLC. One fast and one slow moving com- 
ponent were observed equivalent, respectively, 
to fractions 2 and 1. The latter 24~-ethylsterol 
possessed Rf (SiO 2) 0.18; R s (RP) 0.81; Rf 
(AgNO3) 0.23; RRT 1.80; LB fast, violet; e 
3,000; m.p. 141-143 C; m/e for the alcohol 414 
(M+), 399 (M+-CH3), 396 (M+-H20), 381 
(M+-CH3-H20),  273 (M+-side chain), 255 
(M+-H20-side chain) 213 (M+-H20-side 
chain) 213 (M+-H20-side chain-42); 6 0.53 
(s, C-18), 0.79 (s, C-19), 0.92 (d, C-21), 0.85 
(poorly resolved multiplet, C-26,27,29) ppm 
at 100 MHz. The fast moving component in 
GLC (24~-ethyl-22-dehydrolathosterol, spina- 
sterol) possessed Rf (SiO2) 0.18; R s (RP)0.94; 
Rf (AgNO3) 0.18; RRT 1.55; LB fast, violet;e 
1,900; m.p. 158-161 C; 12ma x 800, 830, 970 
cm -1, m/e for the alcohol 412 (M§ 397 
( M + - C H 3 ) ,  3 6 9  ( M + - C 3 H T ) ,  351 
(M+-C3HT-H20),  273, 272 and 271 (M + -  
side chain-0, 1, and 2 H-atoms), 255 (M + -  
side chain-H20) , 213 (M+-side c h a i n - H 2 0 -  
42). 

Fraction 3 from the leaves showed a peak 
with a shoulder on the leading side in GLC. The 
two components were separated as the acetates 
on preparative chromatoplates of silica gel con- 
taining 15% of AgNO3 in the solvent system 
hexane-chloroform-acetic acid (75:25:0.6) by 
two or more developments. The one moving 
slower on the chromatoplate (trans-24-ethyl- 
idenelathosterol, AT-avenasterol) possessed Rf 
(SiO2) 0.18, Rf (15% AgNO3 2 passes of 
solvent) 0.11 ; RRT 1.98 (2.11 as acetate); LB 
fast, violet; m.p. 139-141 C (acetate); /)max 
800, 830 cm -l ; m/e; for the acetate 454 (M+), 
439 ( M + - C H 3 ) ,  394 (M+-HOAc), 379 
(M+-CH3-HOAc), 356 (M+-CTH14), 315 
(M+-side chain), 314 (M+-side chain-l) ,  313 
(M+-side chain-2), 273 (M+-side chain-42), 
255 (M+-side chain-HOAc), 253 (M+-side 

chain-HOAc-2);  6 for the acetate 0.53 (s, 
C-18), 0.80 (s, C-19), 0.97 doublet (C-21, 
C-26,  C-27), 1.59 (d, J = 6 Hz, C-29), 2.01 
(CH3 of acetyl), 5.15 (m, H on C-7 and 
C-28) ppm at 100 MHz. The faster moving 
component (which we shall call peposterol) 
showed Rf (SiO2) 0.18; Rf (15% AgNO3, 2 
passes) 0.15; RRT 1.75 (1.89 as acetate); LB 
fast, violet; m.p. 135-137 C (acetate); /)max 
800, 930 cm -1 ; m/e for acetate 454 (M+), 439 
(M + - C H 3 ) ,  3 9 4  (M+-HOAc), 3 7 9  
(M+-CH3-HOAc),  356 (Mt-CTH14), 315 
(M+-side chain), 314 (M+-side chain- 1) 313 
( M + - s i d e  chain-HOAc-2), 273 (M+-side 
chain-42), 255 (M+-side chain-HAOc), 253 
(M+-side chain-HOAc-2);  6 0.51 (s, C-18), 
0.80 (s, C-19), 0.90 (d, J = 6 Hz, C-21), 0.93 
(t, J = 6-7 Hz, C-29), 1.56 (sh 1.59, C-26 and 
C-27), 2.01 (CH 3 on acetyl) ppm at 100 MHz. 

The a-configuration at C-24  was demon- 
strated by PMR at 220 MHz in a later set of 
experiments in which the pericarp 4-desmethyl- 
sterols derived from the free and esterified 
pools were chromatographically separated on 
Sephadex. The two main components had 
m.p.'s (142-143 C and 157-159 C), RRTs (1.79 
and 1.53) and mass and PMR spectra which 
were identical with 24ol-ethyllathosterol and 
its trans-22-dehydro derivative, spinasterol, 
respectively, isolated from spinach, and the 
PMR spectra differed from the 24~-epimers 
isolated from Chlorella emersoniL The PMR 
spec t rum of the leaf 24~-ethyllathosterol 
isolated by argentation chromatography was 
taken earlier at 100 MHz. Unfortunately, the 
resolution, while confirming the AT-assignment 
(C-18 signal at 0.53 ppm), was insufficient for 
configurational determination and too little 
sample was left for examination at 220 MHz. 
Presumably the configuration is the same as in 
the pericarp specimens. Similarly the PMR 
spectrum of peposterol (one of the minor com- 
ponents from leaf "Fraction 3") was taken not 
only at 100 MHz but on a very small sample. 
The resolution of the multiplets left something 
to be desired. Only six methyl peaks (other 
than for acetyl at 2.01 ppm)were seen. The 
ones at 0.51 and 0.80 ppm were clearly singlets 
for C-  18 and C-  19, in the AT_series. The other 
four experimental peaks (0.86, 0.93, and 1.00 
and 1.56 ppm) agree with the interpretation of 
singlets and multiplets given in the paragraph 
describing "Fraction 3" indicating the sterol is 
probably 24-ethyl-24(25)-dehydrolathosterol. 
However, until a larger sample is available for 
further study we prefer to make the structural 
assignment only tentatively. A sterol assigned 
this structure has already been obtained (26) 
from sunflower but was mixed with AT-avena- 
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sterol. The interesting signal from C - 2 9  in the 
PMR spectrum is not recorded,  and the doublet  
from C - 2 9  in the AT-avenasterol confuses the 
interpretat ion of the peaks in the 1.6 ppm 
region where C - 2 6  and C - 2 7  should give 
signals. However, it is claimed (26) that two 
singiets appeared at 1.57 and 1.66 ppm for the 
A25(27)-sterol. In our case, only the former 
was seen as a strong peak (1.56 ppm), although 
a weak multiplet  did appear from 1.70 to 1.74 
ppm. Thus, unfortunately in neither the present 
nor previous (26) case is a completely adequate 
structural analysis possible. 

In addition, the following compounds were 
present based on weak extra oeaks for M + in 
the mass spectra of the samples of 24a-ethyl- 
lathosterol isolated by argentation chromatog- 
raphy: lathosterol,  m/e 386 ca. 0.5 of m/e 414 
(leaf); 24~-methyllathosterol,  m/e 400 2.0% of 
m/e 414 (leaf) and 5.0% of m/e 414 (pericarp). 
The  p e r i c a r p  24~-methyl la thos tero l  (pre- 
sumably of the a-configuration) was further 
identified by the presence of an 8% component  
showing a peak at RRT 1.45 contaminating the 
24a-e thyUathos tero l  (RRT 1.80). Had the 
minor component  been the AS-isomer, the 
RRT would have been 1.29. From the pericarp 
fractions appearing in the alumina column prior 
to the appearance of 4-desmethylsterols, two 
triterpenes were isolated, one had the same 
mass spectrum as authentic cycloartenol (as the 
acetate, m/e 468, 453, 408, 393, 365, 357, 
339, 297, 286, 271, and 175). The other (as the 
acetate, m/e 468, 453, 408, 393, 301, 289, 
241, 229, 218, 205, 191, and 189) was not 
further studied. The ester and free alcohol 
fractions of the pericarp chromatographically 
separated prior to saponification were also 
investigated separately in a similar manner. The 
same 4-desmethylsterols were obtained. More- 
over, no AS-sterols could be detected either in 
the ester or the free sterol pools by MS, GLC, 
PMR, or Liebermann-Burchard Test. 

C. pepo thus contains 24a-ethyl-trans-22- 
dehydrolathosterol  and 24a-ethyl-lathosterol in 
descending order of amount  with much smaller 
quantities of lathosterol,  24~-methyUathosterol 
(presumably in the 24a-series), trans-24-ethyl- 
idenelathosterol ,  and (tentatively) 24-ethyl- 
24(25)-dehydrolathosterol.  The two principal 
components were present at levels (mg/100 g of 
wet tissue) of 8.0 and 7.0, respectively, in the 
leaf and of 1.8 and 1.7 in the much more 
watery pericarp. In S. oleracea leaf, the values 
were 4.3 and 3.5, respectively, trans-24-Ethyl- 
idenelathosterol amounted to about 3 in C. 
pepo leaves which also contained about 1 of the 
"A24(25)"- isomer,  0.1 of the 24-methyl com- 
ponent,  and 0.04 of lathosterol.  

DISCUSSION 

In our previous (4) and present work, we 
have examined thirteen families in the Phylum 
Tracheophyta.  Using derived hydrocarbons,  
Mulheirn (27), has also examined Zea mays 
bringing to fourteen the number of families 
studied with PMR at 220 MHz. The plants 
range from the subphylum Lycopsida character- 
ized by simple vascular tissue, poor ly  developed 
roots, and sporangia through the Filicopsida 
with a more complex vascular system, but 
simple roots and no flower, fruit, or seed to the 
true seed bearing plants (Pteropsida) culminat- 
ing in the class Angiospermae with flowers, 
fruit, and the most complex of plant vascular 
tissue extending through large and weU devel- 
oped roots, stems, and leaves. While the number 
of families examined represents only a few of  

those existing, the evolutionary range gives 
validity to some taxonomic and phylogenetic 
considerations. They are particularly interesting 
with sterols as a tool,  because all algae and all 
T r a c h e o p h y t e s ,  so far as is known, bio- 
synthesize sterols, and because there are cogent 
reasons (28) for believing sterols perform a vital 
function as architectural components  in the 
lipid leaflet of membranes. 

It is clear from our work that there are two 
extreme types of plant in terms of the configu- 
ration at C-24 .  In Category I are plants con- 
t a i n i n g  exclusively or primarily 24a-alkyl- 
sterols, while in Category II are those con- 
taining exclusively or primarily 24fl-alkylsterols 
(Table VII). Furthermore,  this categorization 
depends on ontogeny. Seeds of the family 
Cucurbitaceae contain 24~ethylsterols  (6-8) 
together with, as recently demonstrated with C. 
pepo (9), 24a-ethylsterols in smaller amount  
(ca 23%). However, we have shown that  in 
mature tissue of this plant, only 24a-ethyl- 
sterols are present in consequential amount.  
This appears to be an evolutionary recapitula- 
tion, since sterols of the great majori ty of the 
inves t iga ted  nonvascular plants (algae and 
fungi) contain only 24/3-alkylsterols. Our work 
also shows that an intermediate type exists in 
Lycopodium complanaturn in which the 24- 
ethylsterol possesses the a-configuration ex- 
clusively as do plants of Category I, but,  in the 
24-methylsterols, the /3-configuration is domi- 
nant as in plants of  Category II. This chemical 
intermediacy correlates with primitive vasculari- 
zation in the Lycopsida and suggests that in- 
creasing proport ions of 24fl-alkylsterols may 
exist in the liverworts and mosses which are 
"higher" than algae in being Embryophytes  but 
" lower"  than Tracheophytes in not being 
vascularized. Configurational data are not  yet  
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TABLE VII 

Classification of Tracheophyte  Families by Side Chain a 

Category I Category II 
(Primarily 24a-Alkyl)  b Intermediate  c (Primarily 24~-Alkyl) b 

Pteropsida 
Angiospermae 

Leguminosae 
Pisum sativum (s); 
Glycine max (s) 

Ericaceae 
Kalmia latifolia (~) 

Brassicaceae 
Brassica oleracea (~) 

Chenopodiaceae 
Spinacea oleracea (~) 

Cucurbitaceae 
Cucurbita pepo (p,~) 

Magnoliaceae 
Liriodendron tulipifera (s 

Podoph yllaceae 
Podophyllum peltatum (~) 

Gymnospermae 
Pinaceae 

Pinus pinea (s, en, e) 
Ginkgoaceae 

Ginkgo biloba (~) 
Filicopsida 

Polypodiaceae 
Polystichum acrostichoides (f) 
Dennstaedtia puctilobula (f) 
Dryopteris (Thelypteris)  

noveboracensis (f) 
Osmundaceae 

Osmunda cinnamomea (f) 
Lycopsida 

L ycopodium complanatum (~) 

Cucurbitaceae 
Cucurbita pepo (s) 

and others 

Verbenaceae 
Clerodendrum infortunatum 
Clerodendrum campbeHH 

Crassulaceae 
Kalanchoe daigremontiana (Q) 

aAbbreviations used: e = embryo of seed; en = endosperm of seed; f = fronds; ~ = leaves; p = pericarp of fruit;  
s = whole seeds. 

bThe plants listed are those examined in our present and previous (4) work. Included are also the only other 
two families known (10,11) to contain 24fl-ethylsterols. In all of the plants in Category I the tissues examined 
have only 24-ethylsterols in the 24cz-series, and the 24-methylsterols,  when present, were always a minor fraction 
and principally,  but not exclusively, of the cz-configuration. In the one plant (K. daigremontiana) with the 
24~ethyls te ro ls  which we examined,  except  for a very small amount  (ca. 2%) of unidentif ied sterol, all of the 
sterol had the 24/~-ethyl structure.  In Cucurbita pepo seeds 77% of the sterol has the 24r-ethyl  structure (6). 
Reports (10,11) on the two species of  Clerodendrum do not make clear the percentage of epimers, but we 
presume the absence of  ment ion of 24~-sterols implies the 24/Yethylsterols to be dominant .  

CIn L. complanatumthe only 24-ethylsterol  possessed the c~-configuration but most  of the 24/~-methylsterol 
possessed the 24r-configuration. The ratio of  24t~-alkylsterol to 24fl-alkylsteroi was ca. 1.6 to 1.0. Thus the plant 
was closer to Category I than to  IL 

available on these interesting organisms, but at 
least, in the case of the mosses, 24~-methyl- and 
24~-ethylcholesterol are reported to be present 
(29-31). 

In addition to variations in the side chain, 
the type and degree of unsaturation in the 
nucleus function as taxonomic and phylo- 
genetic markers. Again, there are two extreme 
types of Tracheophyte: Category A containing 
primarily AS-sterols and Category B with 
A7-sterols. The Cucurbitaceae are the most well 
studied of Category B. The seeds of several 

genera in this family have already been found 
(6-9) to possess only A7-sterols, and we have 
now found that the fruit and leaves of C. pepo 
also contain only AT-sterols. C. pepo has, there- 
fore, been examined at all stages of ontogeny 
and is unquestionably in Category B through- 
out its development. S. oleracea leaves are 
similarly known to contain A7-sterols (16). We 
have confirmed this and find further that there 
are no detectable AS-sterols. S. oleracea is, 
therefore, another plant in Category B at least 
in the mature stage. Based on the sterols, in 
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leaves or in the oils of seeds of e.g., Camellia 
japonica and Thea sinensis (32,33), these plants 
similarly belong to Category B as probably do 
Acacia species (34), Most other_Plants studied,._ 
such as the others examined by us in the pre- 
sent and previous work (4), are of Category A. 
It is interesting that Ginkgo nuts were recently 
examined (40) and found, as were the male 
leaves in our work, to contain only AS-sterols 
in the homologous series (in increasing amount:  
2 4 - H ,  24-CH3,  and 2 4 - C 2 H  s with some 
24-ethyl-A22_sterol). 

From the foregoing discussion, it is apparent 
statistically that most plants are of Categories I 
and A, i.e., containing principally 24t~-alkyl-A s- 
sterols. For this reason, we believe the 240t- 
alkyl-AS-structure, and especially the one with 
the 24or-ethyl group commonly represented by 
sitosterol, constitutes the most highly evolved 
of  the alternative structures. This is given 
further credence by the apparent  evolutionary 
recapitulation in C. pepo from Category II to I, 
by the intermediate status of  L. complanatum, 
and by the sterols of  algae (Category II). 

The  biosynthetic pathway in plants of 

Category II is thought to proceed through the 
introduction of  a A2S(27)-bond at the time of 
Cl-transfer  to C - 2 4  or C - 2 8  (11). Our finding 
that Kalanchoe daigremontiana contains 24/$- 
ethyl-A25(27)-sterols is further evidence for 
such a pathway (Scheme 1), and it is presum- 
ably more primitive than the one to 24t~-alkyl- 
sterols. The latter probably  occurs through 
A24(25)-sterols (35-37). Our tentative detec- 
tion of 24-ethyl-24(25)-dehydrolathosterol  and 
its association in mature C. pepo plants with 
the A24(28)-isomer (AT-avenasterol)and with 
24a-ethyllathosterol  and its 22~ deriva- 
tive (spinasterol) is consistent with a route 
(Scheme I) in which the second Cl-transfer  
yields a A24(2a)-sterol which is isomerized to 
the A24(2S)-isomer followed by reduction to 
the 24a-ethyl end-product.  The existence of the 
A24(25). and A2s(27)-routes to the epimeric 
sterols are given further substantiation by the 
finding (M.L. McKean and W.R. Nes, un- 
published observations) that 24-trit iolanosterol 
leads in Pinus pinea to labelled 24-methyl- 
cholesterol (presumably the 2 4 ~ c o m p o n e n t )  
but to unlabelled 24a-ethylcholesterol,  while 
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2AOC-MVA produces more label in the latter 
than in the former. 

If we extend our categorization to include 
p l a n t s  with dominant sterols bearing the 
AS,7-diene structure (Category C), it becomes 
possible to include the algae under the system. 
Thus, Chlorella ellipsoidea (15) is  Category II- 
A, Chlorella emersonii (17) is II-B, and Chlorel- 
la simplex (38) is II-C. It is interesting to note 
t h a t  the blue-green Phormidium luridium, 
which is much more primitive then the Chlorel- 
la species each of which is of a single category, 
is of a mixed category (A,B, and C) (39). 
Similarly, Lycopodium eomplanatum is mixed 
(A and C), and, relative to the Pteropsida and 
most of the Filicopsida examined where single 
double bond categories exist, L. complanatum 
is more primitive. The full significance of these 
mixed types remains to be demonstrated, but 

they would appear to represent plants in which 
the sterol pathway is not kinetically evolved to 
the point found in others of a single double 
bond category. By analogy to animals, the path- 
way A 7 to AS,7 to AS presumably operates in 
plants. In most plants, as in animals, this path- 
way is kinetically completed with little or no 
steady-state concentration of intermediates, 
i.e., the plants are of single category (A,B, or 
C). In view of the data presented here and 
elsewhere, we belive it plausible to believe, if 
tentatively, that plants in Category B, C. pepo 
for instance, represent an evolutionary line 
which did not develop the gene (or its ex- 
pression) for the AS-dehydrogenase, that plants 
in Category C are in a line lacking the A 7- 
reductase, and that plants of a mixed category 
(or ones bordering on it, e.g., the New York 
fern with some AT-sterols in a larger pool of A s- 
sterols) reflect the quite different condition of 
having the enzymes, and therefore the genetics, 
but not having the fully developed regulatory 
genes for perfect kinetic control. An alternative 
explanation for Category B amd C plants is 
retroevolution in which the genetics for the 
appropriate enzyme has been lost. Unfortunate- 
ly, no obvious way exists to discriminate be- 
tween these possibilities at the present time, 
but on the assumption that retroevolution has 
not taken place it is possible to assess the 
phylogenetics of the plants examined. This 
means that in the order of evolution of the 
unsaturation in ring B, we expect Categories C, 
B, and A, while for the configuration we expect 
II and I. A plant of Category II-C would there- 
fore be the most primitive with which, for 
i n s t a n c e ,  Chlorella simplex agrees in its 
morphology relative to, say, Pisum sativum, an 
angiosperm of Category I-A, and we would 

place C. simplex, C. emersonii, and C el- 
lipsoidea in the relative (direct or parallel) 
e v o l u t i o n a r y  o r d e r  in  w h i c h  they are 
mentioned. 

Two quite different taxonomic and phylo- 
genetic relationships have been suggested in the 
literature for the angiosperms by Hutchinson 
(12) and Cronquist (41). Our chemotaxonomy 
based on the sterols offers a way of examining 
them.  From morphologic, geographic, and 
o t h e r  p a r a m e t e r s ,  both Hutchinson and 
Cronquis t  place Magnoliales (including Li- 
riodendron tulipifera) as the most primitive 
order of flowering plant closely associated with 
Ranales  of the Hutchinson system which 
Cronquist [at least in so far as the species 
(Podophyllum peltatum) we examined is con- 
cerned] regards as Ranunculales. Hutchinson 
considers Magnoliales to have given rise to 
woody dicots and Ranales to herbaceous dicots 
and perhaps also to monocots, while in the 
Cronquist system the woody and herbaceous 
divisions are not recognized. Since the family 
Cueurbitaeeae and the examined species of 
Theales are of Category B and both Magnoliales 
and Ranales (Ranunculales) are of Category A, 
the sterol data correlate with neither system in 
the sense of a direct progenitor role of Magno- 
hales for these Category B plants. It seems to us 
that the sterols may indicate a parallel evolu- 
tion with rather than a direct evolution from 
Magnoliales. Similarly, Hutchinson's suggestion 
of the evolution of Saxifragales from Ranales is 
not verified, since Kalanehoe daigremontiana 
(Saxifragales) is of Category II and Podo- 
phyllum peltatum (Ranales) is of Category I, 
nor is his suggestion of the line to Ericales 
through Theales from Magnoliales verified, 
since Kalmia latifolia (Ericales) is of Category 
I-A while representatives of Theales, e.g., the 
genus Camellia, are of Category I - B  (32,33). 
The Theales to Ericales (and Capparales in- 
cluding Brassica) line of Cronquist similarly is 
not consonant with our data. On the other 
hand, there are aspects of the Cronquist system 
with which our data either do agree or with a 
slight change in his system would agree. He 
places Cucurbita in Violales emanating from 
Theales and both are, in fact, of Category I-B in 
the mature stage. He also places Crassulaceae 
(which includes Kalanchoe) in the Rosales with 
L e g u m i n o s a e  (which includes Pisum and 
Glyeine), and the former is supposed to have 
given rise to the latter with which the change 
from Category II (Kalanchoe) to Category I 
(Pisum and Glycine) would agree. Cleroden- 
drum (Category II-A) in Lamiales is placed 
above Rosales. Again the sterol data agree, but 
only if the evolutionary line to Clerodendrum 
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bifurcates  (at or before  Crassulaceae of  Cate- 
gory II-A) before  the  fo rma t ion  of  Legu- 
minosae of Category I-A. Unfortunately, despite the 
co inc idence  of  the data in and above Rosales 
wi th  the previous classifications, the  sterol  data 
do not  suppor t  the  origin of  Rosales i tself  (in 
the  Cronquis t  sys tem)  f rom Magnoliales (Cate- 
gory I-A) in view of  his placing Crassulaceae 
(Category II-A) in the order.  In Hu tch inson ' s  
s y s t e m ,  Crassulaceae is supposed  to  have 
emana ted  f rom Ranales which agrees no bet ter .  

The detai led d isagreements  del ineated be- 
tween  s terol  s t ruc ture  and previously suggested 
phy logene t ics  should not ,  however ,  obscure  
more  general agreements .  Thus, the  line of  
Cronquis t  f rom Magnoliales to  Ranuncula les  to 
Spinacea in Carophyllales  is verified (all Cate- 
gory I-A). Fu r the rmore ,  the  sterol  s t ruc tures  
are cons is tent  with ,  while no t  proving, that  
many  angiosperms are higher and could have 
arisen f rom the gymnosperms ,  since the  two 
species of  the  la t ter  s tudied  were of  Category 
I-A as are mos t  o f  the angiosperms studied.  
Similarly, the Fi l icopsida are of  Category  I-A. 
This tells us tha t  evolut ion o f  the  p a t h w a y  to 
24a-e thyls tero ls  in the AS-series was accom- 
plished quite  early chronologica l ly  and is no t  
associated wi th  the presence  of  characters  such 
as f lowering.  In summary ,  if r e t roevo lu t ion  did 
no t  occur  in the sterol  pa thway  which at the  
present  is no t  amenable  to  expe r imen ta l  verifi- 
cat ion,  some of  the angiosperms e.g., Cucur- 
bi taceae,  could no t  have arisen f rom a line 
compr ised  by Fil icopsida,  G y m n o s p e r m a e ,  and 
Magnoliales and must  have diverged very early, 
but  the sterol  data do no t  conf l ic t  wi th  the 
thesis that  m a n y  f lowering plants  could have 
arisen f rom Magnoliales. 
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