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ABSTRACT

- Pure cultures of Nostoc muscorum and Rhodopseudamonas spheroides have

been subjected to varying periods of thermal altération. Experiments were
conducted using both unextracted and extracted cultures in the absence and
presehoe of montmorillonite. The isoprenoid hydrocarbons produced in these
exper_iments have been exaim'.ned. The major hydrocarbons produced belng phy-
tane and five isameric phytenes. It appears that the relative rate of forma-
tion of phytane is greater from the unextracted residues compared to the ex-
tracted residues, suggesting structural differences in the phytyl side-chains
of the chlorophylls responsible for the formation of these isoprenoid hydro-
carbons. |

-
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INTRODUCTION

In the coursé of our work on exanu.nmg the potential of algée and bacteria
as precursors of kerogen (PHILP and CALVIN, 1976), it; was necessary to subject
pure cultures of certain organisms to varying periods of thermal alter-
ation. The thermal alteration experimehts, performed on cultures of Nostoc

muscorum and Rhodopseudamonas spheroides, were designed to serve two purposes.

| First, to see whether or not kerogen formation could be simulated by thermal '
alteration of the organisms. Second, to determine the rate of formation of |
ClG.CZO isoprenoid hydrocarbons by the orgainisms under varying conditions.
It is this latter topic with which this paper 1s concerned. | The results from |
the first parl: of the study will be presented elsewhere. |
| The origin and method of formation of pristane and phytane in crude oii i
has been the focus of many research projects in recent yeafs. The unanimous
conclusion fram the studies is that pristane and phytane undoubtedly have
their origin from the phytyl side-chain of chlorophyll. However, the exact
medxam.sm of formation of these isoprenoid hydrocarbons has been a constant
vvsouroe of discussion and disagreement. A recent report, by IKAN and co-workers
(1975)', on this subject proposes that degradation of chlorophyll in a generally
reducing environment would favour the formation of phytane ﬁa dihydrophytol ;
however, exposure to an oxidizing environment during early diagenesis would
favour the formation of phytenic acids which would ultimately yield pristane.
Previous to this study, several other workers suggested that certain iso~
prenoid campounds rﬁay form as a result of lithification or thermal altera{::ion‘
of phytol in a sediment colum. These include dthdrophytol (SEVER and PARKER,

| 1969) , a C,, isoprenoid ketone (6, 10, l4-tr1'.methylpentadecane-—2-—oné; IKAN
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et al., 1973; SIMONEIT, 1973), and C o and C, isoprencid alkanes. In another
study, MAXWELL et al. (1972, 1973) and COX et al. (1972a) provided stereochem-
ical evidence for the formation of phytane and intemmediates from the phytol
ester of chlorophyll at relatively low temperatures. As a result of this study
they (COX, et al., 1972b) proposed a scheme for the transformation of phytol
into Cl8—c20 ieoprenoid v'alkanes.

In the present study, samples of a pure culture of Nostoc muscorum were

heated for two, fot_J.r, and twelve weeks in sealed glass tubes at 200°C. Three
different sets of experiments were performed over each of these t.1me periods.
Firstly, the pure culture was heated alone; secondly, it was heated in the
presence of montmorillonite; flnally, the culture was exhaustlvely extracted
with organic solvents and using this residue, the heating experments were re—
peated in the absence of montmorillonite. In a separate set of experiments

pexrfommed for camparative purposes, the photosynthetic bacterium, Rhodogseu-

damonas spheroides, was heated in the same way as above (with and without mont-
morillonite) except the set of experments using exEcacted residues was amitted.

The above experiments were not designed to elucidate or prepose another |
mecham.sm for the source or formation of pristene and phytane fraom chlorophyll.
It is clear that in this set of experiments the source of any isoprenoidAhydro—
carbons is the algal chlorophyll. Rather, these experiﬁuents were designed to
see what factors effect the rate of | formation of the hydrocarbons. Were they
preferentially formed from the unbound chlorophyll or the intra-cellular chloro-
phyll? Was their formation catalysed by the presence of a clay-mineral cata-
lyst, montmorillonite? Could they be forrned under relatively mild thermal con-
ditions? | _

We now wish to report the answers to same of these questions. Our results

A show that; in general, increasing amounts of phytane are formed, in both of



the organisms examined with increasing time, and the relative amounts of phy-
‘tenes d,eciease. Ho&eve.r, in the case of the actracted‘organisns, the rate of
fommation of phytane is relatively slower than with the unextracted organisms.
Montmorillonite catalysed the relative rate of formation of phytane in the ex-

periments with the Rhodopseudomonas spheroides, but in no experiment were any

phytadienes, pristane or pristenes detected.

. EXPERIMENTAL

One~gram samples of the pure cultures Nostoc muscorum and Rhodopseudomonas

spheroides (HAN, 1970) were sealed, under nitrogen, in thick-walled glass tubes
and sub'jected to heat treatment at 200°C for MMg periods éf time (two, lfgur
and twelve bweeké) . The experiments were rei:eated using the same organisms

mixed with monﬁro‘rilllonite. in the ratio 1 part organism to 2.5 pari:sumontmoril—

lonitge. Finally, the experiments were repeated with samples of Nostoc muscorum

which had been exhaustively extracted with toluene/methanol (1:1) for fourteen
days to remove all the soluble lipid material. At the end of each experiment,
the tubes were opened and the residues extracted with toluene/methanol (1:1)
using ultra-sonication. The extracts were fracticnated on an alumina colum
into heptane, ethyl acetate and methanol fractions. The heptane extracts were
analysed by gas chromatography (GC) and computerized-gas chramatography-mass
spectrometry (C-GC-MS). | | o

| .All analytical gais-liquid chromatography (GC) was carried out on a Varian
2700 gas chramatogragh. The total, nommal and branched/cyclic fractions were
chramatographed on a 20" x 0.03" i.d. glass colum, packed with 3% Dexsil 300
on Gas Chrom Q, and temperature programmed from 70 to 280°C at 4°/min with a

hélium flow rate of 6 ml/min. (The same GC conditions were used throughout
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the study). The various camponents of the mixtures analysed by GC were iden-
tified by their retention times, co-injection of standards, wherever possible,
and low resolution mass spectra cbtained by combined gas chromatography-mass
spectraretry (GC-MS). Carbined GC-MS analyses were carrled out on a DuPont
492-1 mass spectrameter interfaced with a Varian Aerograph GC Dbdel-No. 204
equipped with linear temperature programmer. The colum used for the GC-MS
analyses was also a 20' x 0.03" i.d. glass capillary colum packed with 3%
Dexsil 300 on Gas Ch.rcm Q. The mass spectral data were acquired and processed
using a DuPont 21-094 data system.

(The insoluble 6rganic'residues from each set of experiments were set
aside for characterization by elemental analyses, inﬁ:a—red spectroscopy,
transmitted and reflected light microscopy and SEM photography. The results
from these characterizations will be reported in a sepa.ratev paper.)

RESULTS AND DISCUSSION

Table I summarizes the yields of various fractions dbtained from each
set of experlments The gas chromatograms cbtained for the hydrocarbon frac-
tJ.ons fram each set of experiments are shown in Figs. 1-5. In each chromato-
gram the peaks which have been labelled with identical numbers have been shown
by mass spectrometry to arise fram the same campounds. The structural assign-
ments made to thése campounds are listed in Table II.

An examination of Table I shows that, in general, incre_asing amounts of
hydrocarbéns are produced from the residues with increasing time of heating.
(Similarly, the amounts of ethyl acetate and methanol fractions also increase
with time of heating.) There is not a great deal of difference between the

quantities of hydrocarbons produced from the unextracted or the extracted

\
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residues of Nogtoc muscorum. However, in the presence of montmorillonite,

the quantities produced are considerably higher. The yields of hydrocarbons

from the unextracted culture of Nostoc muscorum are lower than Ttho;se from the

Rhodopseudomonas spheroides. (The yieids of the ethyl acetate and methanol

fractions are also higher for the uhextracted ‘Rhodopseudomonas sphéroides com-

pared to the Nostoc muscorum.) =

- Prior to discussing the qualitative nature of these results, it is im-

portant’ to note ‘that the major hydrocarbons obtained from extraction of the

pure culture of Nostoc NMUSCOrum were n-C, H,., a mixture of 7- and 8-methyl-

heptadecane with minor amounts of the n-C, ;Hy,, n’—ClG’H3 4 and n-C; gHog hydro-
~ carbons. It is important to note that no pristane, phytane, phytenes, ' or
phytadienes were detected in the soluble lipid extracf, which’ agfee's with the
finding of HAN (1970).

| From Fig. 1 and Table II it can be seen that with increasing time of

heating, the unextracted Nostoc muscorum produces more phytane and relatively

smaller amouﬁts of the phytenes. (No pristane or phytadienes were formed in
any of the experiments performed in this study.) The results from the extract—

ed residue of Nostoc muscorum differ in two ways (Fig. 2). First, the ri—Cl7H36

‘and 7- and 8—nethy]heptade¢a.nes are absent. Second, the relative rate of for-
“mation of phytane in the first two time periods appears to be much SIGher; ,
There are significant amounts of obmpounds, tentatively identified by C-GC-MS |
as being monounsaturated phytenes, present in the i)roducts from all three ex-
periments, but it is only after twelve weeks that s_iénificant amounts of phy-
tane can be detected. In the presence of montmorillonite, the relative rate

‘of formation of phytane from the Nostoc muscorum in the two- and four-week

heating periods appears to be reduced (cf. Fig. 3 with Fig. 1).  No ready ex-

planation can be given for this observation at-this time.
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In the two sets of experiments performed on the Rhodopseudomonas spher-

oides similar trends were again dbserved. In the two- and four-week experi-
ments with the unextracted residues, phytenes are the major products (Fig. 4).
After twelve weeks phytane is the dominant. product. In the presence of mont-
morillonite the amount of phytane relative to the phytenes does not appear

to be significant af_‘ter_'four weeks, as can be seen in Fig. 5, but after twelve
weeks the products are agai.ﬁ dominated by phytane. |

Why are thére differences between the rates of fo'x_matior; of these hydro-

carbons from the wnextracted and extracted residues of both organisms, espec-
ially in the initial stages of heating? It would appear that in the ﬁnextract—
ed residues, the thtane and the phytenes are formed from the unbbund chloro-
phyll in these _sanples; After exhaustive: extraction of the residues, the only
source of the hydrocarbons is the intraéellular chlorophyll. In the unextract-
ed sample the presence of free phytol could aiso increase the rate of appear-
ance of the phytane, but in the extracted samples there is no free phytol pre—
sent prior to thermal alteration of the residues. Therefore, the rate of phy-
tane formation Qill be slower in the latter case since cleavage of the .phytyl
side-chain of chlorophyll has to occur prior to formation of the isoprenoid
hydrocarbbns. _ ' .

| The n—Cl.]H36 and 7- and 8-methylheptadecanes would not be expecfed to be
present in the products from the experiments invol&ing the extracted residues.
These compounds are removed from the residues during the solvent extraction
-process and are not foméd_by thermal alteration of the residue.-

The absence of pristane is interesting and could imply that it is not

necessarily formed under the same conditions as phyténe. However, 1if as

IKAN et al. (1975) suygest, pristane does form from phytol via phytenic acid

and pristene, it would appear that the rate of formation under the tempera~



ture conditions in this study is insignificant. It is also possible that the
pristane found in the study by IKAN et al. (1975) was not formed directly from
chlorophyll by the suggested pathway but had an alterative, and as yet un-
known, source, On the other hand, BAXLISS (1968) subjected Chlorophyll from
algae and alfalfa to hydrogenqusis at 8005F in a hydrogen atmospheré. Undér
these conditions the ratio of phj/tane to pristane from the algal chlorophyll
was about 3:1. These results, along with our observations,. would suggest that
the fomation of phytane via phytol, dihydrophytol and phytene is a relatively
mild process but to form pristéne, more severe heating conditions for longer
periods of time are required. .

BROOKS et al. (1969) suggested-that variations in the pristane:phytane
ratio in coals and crude oils'may.reflect variations in oxidétion during
earliest stages of chlorophyll decomposition. They proposed'that a low bris—
tane phytane ratio in a crude oil may be an indication of marine plant orlgln.
The reason for thlS is that the fommation of phytanic ac1d the precursor of
pristane, is less likely in the more anaerobic conditions in aquatic environ-
ments than it is‘on land during decay of plant material. Our results support
this theory since no detectable amounts of pristane were formed durihg our
heating experiments which were performed under an absence of~oxygén;

It is noteworthy to mention that LIJMBACH (1975) has also performed sim-
ilar heating experiments on mixed cultures of bacteria both before and after
extraction with chloroform. ihese experiments were performed in an attempt

to support the theory that the "non-lipid" part of bacterial and algal bodies
have‘oontributed to é large extent in the formation of crude oil. However,
the saturate fractions obtaiﬁed frum Lijmbach'é work appear to be dominated .
by n—alkanes with neither prlstane or phytane being formed by heating of the

mixed cultures of bacteria.
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‘ CONCLUSION

In all five sets of experiments the amount of phytane formed relative

to the phytenes increases with time. In the case of the Nostoc muscorum the

relative rate of phytane fo;;mation was slower in the experiments using the
exhaustively extracted residues. This observatio_n suggests that there are
fundarental differences betwéen the molecular structures of the phytyl compo— |
: nént in the "free" and intracellular }chlorophyll. Alternatively, the presence
of frée phytol in the wnextracted residue could increase the rate of phytane
formation. The presence of montmorillonite appears to enhance the formation
of the phytenes but not the relative rate Qf formation of the phytane.

The disti:ibution and types of products formed from both the I\_Ii);sic_qc_:_ ms—
corum and the Rhodopseudomonas spheroides experiments were similar, support-

ing the theory that they have a common origin from the chlorophyll moeity.

The absence of pristane, pristenes and phytadienes from any of these experi-
ments is extremely interésting. The only theory for this observation at
_the present time is that the relatively mild temperatures used preclﬁded their
formétion within the time limits of this study.

In conclusion, therefore, this study hés shown that the relative rates
of formation of phytane and phytenes will vaxy depending on the source of

the chlorophyll responsible for its formation.
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Table 1

YIELDS OF SOLUBLE PRODUCTS FROM IN THERMAL ALTERATION EXPERIMENTS

WT. OF RESIDUE USED WIS. OF FRACTIONS FROM COLUMN CHROMATOGRAPHY!
. | PERIOD ' A I B ‘Beptane Ethyl Acetate Methanol
: 1 A B A B A B
2 weeks lg 14 0.3 2.5 24.3 | 137.6 | 178.0 381.5
Pure Culture 4 weeks lg lg 0.4 1.5 51.5 { 137.2 | 190.0 435.8"
12 weeks 1lg lg 0.8 | 20.0 63.6 | 142.2 | 182.3 137.0
2 weeks lg - | o2 | - | 30| - |s3011 | -
Extracted | ' =
culture? B wegkg | 19 - 0.3 - 96.7 - 373.3 - :
L2weeks | 1g - 0.2 - | 147.2] - 355.5 -
l1ga 1gB | ‘
. | 2weeks | o S0 | +2.5 o 0.8 1.8 24.5 | 214.5 35.6 233.7
Pure Culture + -
Montmorillonite lga 1gB 1.
(1) dwesks | o 5o | 4205 g 1.5 3.3 90.5 | 259.6 | 165.1 259.4
l1ga 1gB | | |
12 weeks | o5 Cm | +2.5 gmu | 13-1 | 3.0 | 146.6 | 76.0 | 210.5 178.0
A Nostoc muscorum
B Rhodopseudomonas spheroides
1l In mgs.
2 This set of experiments not attempted with Rhodopseudomonas spheroides
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Table IT

IDENTITY OF MAJOR HYDROCARBON COMPONENTS

MolecLllar'
Peak No.* Formula - S’cructural Identity
1 Cy e it n-C, , alkene
2 ' C.18H38 7- and S—mthy]heptadecane |
3 C2OH 40 Phytene**
4‘ CZOH 42 Phytan§
5 C20H40 Ehytene?f
6 Cootyg ' Phytene**
7 Coolsn Phytene**
8. C20H4O Phytene**

* These numbers correspond to numbers of peaks in Figs. 1-5.

** These five components have been tentatively identified by C~GC-MS
as being monounsaturated phytenes, although the exact pos:.tlon of
the double bond has not been established.



Fig. 1
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'Hydrocarbons produced by thermal alteration of non-extracted

Nostoc muscorum. Identities of components responsible for
peaks 1-8 can be found in Table II. GC conditions as stated
in text.
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Fig. 2

14

Hydrocarbons produced by thermal alteration of extracted.
Nostoc muscorum. Identities of camponents responsible
for peaks 1-8 can be found in Table II. GC conditions
as stated in text.
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Fig. 3
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Hydrocarbons produced by thermal alteration of non-extracted

‘Nostoc muiscorum + montmorillonite. Identities of components
responsible for peaks 1-8 can be found in Table II. GC con-

ditions as stated in text.
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Fig. 4
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Hydrocarbons produced by thermal alteration of non-extracted

'Fhodopseudamonas sphercides. Identities of components re-

sponsible for peaks 1-8 can be found in Table II. GC con-

- ditions as stated in text.
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Hydrocarbons produced by thermal alteration of non—extracted
Rhodopseudamonas ‘'spheroides + montmorillonite. Identities

of components responsible for peaks 1-8 can be found in
Table ITI. GC conditions as stated in text.
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