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INTRODUCTION 

Background to the study 

Purines and pyrimidines constitute the building blocks of the genetic infor
mation in all living systems and as such obviously played a key role in 
biochemical evolution. In view of this importance surprisingly few reports 
have been published about the occurrence of purines and pyrimidines in 
geological environments. 

This scarcity of data is probably due to the fact that the amount of these 
compounds are small and detection by conventional methods difficult. 
Most of the previous work which has been published has concerned the 
presence of purines and pyrimidines in soil. 

The first such reports known of were those of Schreiner and Shorey in 
1910, who extracted soils on a very large scale, and obtained crystalline 
products corresponding with adenine, guanine and cytosine (1,2). Some 
more publications of the same group on the isolation of individual bases 
appeared between 1910 and 1917 (3,4, 5, 6). However, only three refe
rences pertinent to the extraction of nucleic acid bases from soils were 
found in the period between 1917 and 1954 (7, 8, 9). Before the develop
ment of modern chromatographic techniques it was believed that an 
appreciable quantity of the soil organic phosphorus was bound into a soil 
nucleic acid fraction. In 1954 Adams and his collaborators were the first 
who applied modem techniques to the analysis of soil extracts to detect 
nucleic acid derivatives (10). However, they were unable to identify 
unambiquously any of the bases or derivatives. 

Their conclusion was that neither RNA nor DNA exists in soils in appre
ciable quantities. 

Anderson reported the isolation of adenine, guanine, cytosine, thymine 
and trace amounts of uracil from a soil humic acid fraction (11,12,13), 
and reviewed his findings some years later (14). Since the method he used 
would have led to the loss of any RNA present, he concluded that the 
purines and pyrimidines in these fractions were largely derived from 
bacterial DNA. The distribution of the isolated bases was consistant with 
this hypothesis. Estimates considering the amounts of these bases in soils 
indicated that only a few percent of the total organic nitrogen is bound 
into these forms (15). 

In the present study the interest was mainly directed toward the geo-
chemical approach: the study of the purines and pyrimidines in a variety 
of geological environments with, as ultimate goal, the understanding of the 
geological fate of this class of compounds. Organic geochemistry is an 
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interdisciplinary science with its roots in geology, biology and chemistry. 
As such it parallels soil biochemistry and environmental geochemistry but 
with different interests and objectives. Soil biochemistry is, without 
doubt, the oldest of these disciplines, studying the relatively young orga
nic materials in soils, with agriculture in the center of interest. 

Within the scope of organic geochemistry are, for example, studies on 
the origin of oil, coal and natural gas, and investigations of biochemicals in 
fossil bones. 

Disregarding some stable structures such as fossil bones, most of this 
organic matter is dispersed in soils, sediments and sedimentary rocks. Data 
about the total amount of organic matter in various geological deposits are 
relatively abundant, but even today fairly little is known about the origin 
and fate of specific organic molecules. During recent years the study of the 
organic material in meteorites has also become a part of the general study 
area of organic geochemistry since, as shall be seen later, the analytical 
problems are very similar. 

The origin of organic geochemistry is marked by Treibs' discovery in 
1934 of chlorophyll derivatives in oil shales (16, 17). These products of 
ancient organisms had obviously survived geologically long time spans, 
comparable to other fossils. Fox, in 1944, was one of the first who used 
the term biochemical fossils (18), later abbreviated to chemical fossils 
(19). Abelson (1954) first isolated amino acids from fossil bones and 
initiated paleobiochemistry (20, 21). In the following years organic geo
chemistry expanded exponentially and the results have been made avail
able in two handbooks (22, 23), the published proceedings of several 
symposia (24, 25, 26, 27, 28) and a review article devoted to precambrian 
research (29). 

The book of Nagy (30) which reviews all organic geochemical and other 
studies performed on charbonaceous meteorites up to 1972 deserves 
special attention. It is obvious that investigations in the field of organic 
geochemistry provide in many instances information concerning chemical 
and biological evolution and the origin of life. 

In 1964, Rosenberg published what can be regarded as the first article 
concerning purine and pyrimidme bases as paleobiochemicals (31). He 
reported the presence of adenine, guanine, thymine and cytosine in a core 
from the experimental Mohole drilling. No uracil, the only base specific 
for RNA, could be found. 

Adenine, guanine and cytosine were present in the deepest core section, 
corresponding to an age of about 25 million years. 

Based on incubation experiments with free bases under aerobic condi
tions in a dry state, he and Minton (32) concluded that some of the bases 
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could survive several million years. They calculated half lives ranging from 
about a million years for adenine and cytosine, to less than a thousand 
years for thymine at 25° С 

In nature, however, we are not dealing with pure compounds in a dry 
state. The results obtained in the present study point to much shorter half 
lives of the purines and pyrimidines in lake sediments. The actual geo-
chemical transformation or diagenesis of the organic matter in nature, is 
clearly more complicated. 

Diagenesis can be defined as the process of alteration of organic matter 
upon désintégration of the parent organisms, and can be divided into three 
distinct stages (33). The first stage starts immediately after the death of an 
organism. In this stage microorganisms like bacteria play a major role (34) 
and turnover of organic material is generally high. The second diagenetic 
stage includes the formation of the so called 'heteropolycondensates'(33), 
in soil biochemistry well known as humic and fulvic acid-like materials (35). 

Although Anderson (14) postulated the presence of polynucleotides in 
his humic acid fraction, the presence of numerous soil microorganisms 
capable of degrading DNA and RNA (36) and the results of incubation 
experiments with added nucleic acids (37, 38, 39) contradict this view. 
Greaves and Wilson studied the influence of the clay mineral montmoril-
lonite on the bacterial decomposition of nucleic acids, but found hardly 
any inhibition (40). Only at the free base level did they find a protection 
by montmorillonite of adenine (the only base studied) against bacterial 
decomposition (41). 

The third diagenetic stage, in the deeper layers of soils and sediments, 
consists of a slow inorganic maturation of the polymeric material, resulting 
in the formation of bituminous material and kerogen (42), which is the 
insoluble organic matter present in geological deposits. The different stages 
of diagenesis overlap each other in the geological column, which makes 
their separate study difficult. Graphite is the ultimate endpoint 
of all diagenetic processes. Very rigid complexes are formed between the 
'heteropolycondensates', clay minerals and metal ions. Individual organic 
compounds, such as the purines and pyrimidines may be bound to these 
complexes in several chemical or physical ways. A selective binding of 
purines and pyrimidines by the clay mineral bentonite was demonstrated 
by Shaw (43). 

The purines were almost completely bound at the bentonite concen
trations used. Of the pyrimidines tested only cytosine was held by the 
clay. The corresponding nucleotides were also bound but to much lesser 
extents, while very little binding was obtained with any of the nucleotides. 

Recent investigations indicate that the organic molecules of carbo-
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naceous meteorites may also be subject to polymerization reactions of a 
similar type to those thought to occur in soils and sediments. This would 
result in the formation of organic polymers resembling the heteropoly-
condensates (44). 

Environmental biogeochemistry is the youngest branch of science in the 
study of organic materials in the environment. It concentrates mainly on 
organics brought into the environment by man's activity and their influ
ence on the biosphere, and includes the study of organic pollutants such as 
petroleum, detergents and pesticides (45). Also actively under study are 
the problems related to the process of cultural eutrophication (46, 47). 

Eutrophication means 'increase in nutrients' and the notion cultural 
eutrophication encloses all processes and changes in lakes brought about 
by increased nutrient loadings due to human's activity. 

In the present study detailed investigations were made of the distribu
tion of the nucleic acid bases in a number of sediment cores of lakes with 
different recent histories and levels of eutrophication. The obtained results 
were correlated with other parameters such as rates of sedimentation and 
contents of organic carbon and amino-acids. Recently, the first procee
dings have been published of a symposium devoted to environmental bio
geochemistry (48). 

As the purines and pyrimidines are key metabolites in all living orga
nisms on Earth, they also form a focus of interest in the study of chemical 
evolution. However, because it is plausible that the first emerging orga
nisms used the pre-existing abiotically formed organic compounds as their 
nutrients, it is quite unlikely that we will find any remains of surviving 
primordial purines or pyrimidines on Earth. Therefore, to obtain infor
mation concerning the primordial synthesis of these compounds, we have 
to look at materials of extraterrestrial origin, among which carbonaceous 
meteorites and lunar samples come firstly into account. However, detailed 
investigations of lunar materials brought back by the Apollo missions 
failed to identify any organic compounds in the class of purines and 
pyrimidines (49). A finding of purines and pyrimidines in meteorites not 
only indicates that they can be formed abiotically but also that they 
probably survived many billion years in space. Adenine and guanine were 
the first bases isolated from a meteorite. In 1964 Hayatsu (50) detected 
these two purines in the Orgueil meteorite, which fell in France in 1864. 
But because of the long terrestrial history of this meteorite contaminants 
can not be ruled out completely. 

In the search for abiotically formed organic compounds the Murchison 
meteorite is a much more attractive object. This meteorite is a quite recent 
fall (september 1969, Australia), and pieces of it were recovered within a 
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few days, which reduced the chance of terrestrial contamination to a 
minimum. Several samples of the Murchison meteorite have been 
examined for the presence of purines and pynmidines but the results were 
quite divergent. The absence of purines and the presence of some unusual 
pynmidines in extracts of this meteorite was reported by Folsome and 
coworkers (51 ), who also reported the occurrence of the same compounds 
in the Orgueil and Murray meteorites. 

Anders and his group (52) were unable to confirm the existence of 
pynmidines in the Murchison meteonte. They did, however, report the 
presence of the purines adenine and guanine and some other nitrogen-con
taining organic compounds 

A reinvestigation of the Murchison meteonte for the presence of punnes 
and pynmidines seemed, in view of these contradictory results, highly 
desirable. 

The last part of the present study, therefore, is devoted to the search for 
punnes and pynmidines in this meteorite. 

Methods Employed 

One of the key problems in the search for organic compounds in the 
geological environment is the finding of a suitable extraction procedure In 
the past several extraction methods and hydrolytic procedures were 
worked out to liberate nucleic acid bases from biological matenals (53). 
However, the completely different conditions met in soils and sediments 
called for a separate investigation of methods suited to hbarate the punnes 
and pynmidines. In soils and sediments we are faced with the very com
plex nature of the organic material and our ignorance of the manner m 
which the individual compounds exist In these environments the punnes 
and pynmidines could be present in partially degraded polymenc struc
tures, as nucleosides or free bases, or as a mixture of all these forms. 
Furthermore, the sought compounds could be adsorbed quite loosely, or 
perhaps bound very tightly to the organo-mineral complexes found in sods 
and sediments 

In this study the main interest was directed to the distnbution of the 
individual bases. Therefore, methods were sought to liberate the purines 
and pynmidines as free bases. 

In view of the above stated possibilities rather mild extraction conditions 
were employed m the initial experiments, mcludmg water and 1 M HCl at 
room temperature, but only minor amounts of bases were liberated. It 
became clear, therefore, that stronger hydrolytic conditions were neces
sary to liberate substantial amounts of nucleic acid bases. 
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The extraction of lake sediments with 1 M HCl under reflux conditions 
was the next step. Some increase in yield was observed but results re
mained unsatisfactory. At this point of the investigations it was evident 
that only small amounts of the purines and pyrimidines were bound quite 
loosely and that, if more bases were present in the sediment, a tight 
binding to the organo-mineral complexes could be expected. Thus, more 
vigourous extraction procedures had to be considered. 

Now the following problem arose: Liberation of the compounds of inte
rest without destroying them. Two procedures remained open. 

In the first place the sediment could be extraced directly under more 
drastic hydrolytic conditions, with the disadvantage of a possible destruc
tion of some of the bases. 

Secondly, the bulk of the mineral matrix could be removed to make the 
remaining organic material more susceptible to the already employed, mild 
extraction conditions. The first procedure was checked by employing a 
direct hydrolysis with 70% HCLO4 (31), but the results were disappoin
ting. The method was very laborious and increased the chance of contami
nation, as well as resulting in poor recoveries of the pyrimidines and inter
fering with the subsequent charcoal purification step. 

Stronger HCl (6 M) under reflux conditions also seemed disadvanta
geous, because this procedure causes deamination and destruction of 
purines. The second method, destruction of the mineral matrix followed 
by an extraction of the purines and pyrimidines under rather mild condi
tions appeared to be the most promising approach. 

In the adopted stadardized method the 1M HCl extraction (at room 
temperature) was maintained to remove carbonates (always necessary 
before HF digestion) and loosely bound contaminants. With the exception 
of the first few centimeters of lake sediments only one percent or less of 
the total amount of nucleic acid bases was liberated in this extract, and 
therefore neglected in the study of deeper layers. The subsequent HF-
digestion was performed in order to destroy the silica-matrix of the 
sediment and to make the remaining organic matter susceptible to hydro
lysis and extraction with IM HCl under reflux conditions. 

In control experiments the HF-1M HCl procedure was repeated but no 
significant additional amounts of bases were liberated. In early experiments 
extracts were sometimes subjected to an additional HCOOH-Trifluoroacetic 
acid (TFA) hydrolysis, but this treatment was later ommitted as the proce
dure itself was quite dangerous and yields in mosteases were not improved. 
The standardized extraction procedure gave quite satisfactory results except 
in the analysis of soils and sediments with high amounts of incompletely 
decomposed plant and animal material. Analytical results with such 
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material revealed the presence of pyrimidine nucleosides and the appli
cation of stronger hydrolytic conditions led to an increase of the recovered 
pyrimidines. 

As claimed by Lakings and Gehrke a hydrolysis in a 1:1 mixture of 
HCOOH-TFA gave a quantitative hydrolysis of both RNA and DNA (54). 
Therefore, this method was modified and optimized to liberate also 
maximum amounts of pyrimidines from soils and sediments. 

Previously analyzed top sections (1-4 cm) of lake sediment cores were 
reinvestigated with this method and the values of the pyrimidines were 
subsequently corrected. 

The amounts of uracil isolated were significantly increased by this proce
dure, although previous observations of a marked underabundance of 
uracil were still found to be correct. 

The additional amounts of pyrimidines released by this method de
creased sharply with depth. In layers below 3 cm the concentrations were 
already identical to the values found by the other method. Disadvantages 
of this hydrolytic procedure were lower recoveries of the purines and the 
maximum of only 100 mg of soil or sediment to be analyzed, which makes 
an appUcation only possible to samples with a quite high level of nucleic 
acid bases. In view of these restrictions the HF-1M HCl extraction proce
dure still seems to be the most suited for a general application in the 
investigation of geological samples. 

In the study of organic compounds present in charbonaceous meteorites 
the same type of problems are encountered as in the investigation of the 
organic matter in geological environments on Earth. 

In these meteorites we are also faced with the occurrence of organic 
polymers and the situation that the low amounts of organic matter (less 
than one to a few percent) are dispersed through the mineral matrix, 
favouring the formation of organo-mineral complexes. The nature of the 
fixation of the individual organic molecules is unknown, and could range 
from loosely adsorbed to very tightly bound. Due to these uncertainties a 
sequential extraction, starting with rather mild conditions, seems to be the 
best approach and has been applied in this study. 
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Paper I Advances m Organic Geochemistry 
1973 (Eds. B. Tissot and F. Biemer) 
pp. 293-304. Technip, Paris, 1974. 

STUDIES ON THE GEOCHEMISTRY 
OF PURINES AND PYRIMIDINES 

W. van der VELDEN, G.J.F. CHITTENDEN and A.W. SCHWARTZ 
Department of Exobiology, University of Nijmegen, Toemooiveld, 
Nijmegen, The Netherlands 

Abstract There is very little information in the organic geochemical literature 
concerning the distribution of the purines and pynmidmes. The available data 
suggest that these compounds may be altered rapidly at an early stage m the 
diagenetic process. We have undertaken a study of the degradation of the 
common nucleic acid bases under simulated geological conditions and pathways 
will be presented for reductive and hydrolytic processes. Recent developments in 
gas chromatographic techniques and in high speed, high sensitivity liquid chroma
tography now permit a systematic study to be earned out for the presence of 
purines and pynmidmes m sediments as well as for some of the initial breakdown 
products. Ptehminary results of such a survey will be reported. 

Zusammenfassung. In der organisch-geochemischen Literatur sind Hinweise auf 
die Verteilung von Purinen und Pyrimidincn nur selten zu finden. Die verfugbaren 
Daten sprechen dafür, dass diese Komponenten vermutlich in den Anfangsstadien 
der diagenetischen Prozesse rasch verandert werden. Wir haben den Abbau der 
normalen Nuklcmsaurcn unter simulierten geologischen Bedingungen untersucht 
und werden rcduktive und hydrolytische Prozesse, die zu diesen Umsetzungen 
beitragen, vorlegen. Neue Entwicklungen in der Gaschrotnatografic und in äusserst 
schneller und hochempfindlicher Flüssigkeitschromatografie erlauben nun sowohl 
eine systematische Untersuchung hinsichtlich des Vorkommens von Punnen und 
Pynmidinen, in Sedimenten, als auch den Nachweis primärer Abbauprodukte. Wir 
werden vorläufige Ergebnisse derartiger Untersuchungen benchten. 

INTRODUCTION 

No comprehensive studies have been published on the distribution and 
possible fate of the nucleic acid bases in sediments, although there have 
been a number of isolated reports on their occurrence in soils (see, for 
example: Anderson, 1967; Bremner, 1967; Flaig, 1971). In a study of the 
content of purines and pyrimidines in several core samples taken from 
various depths during the experimental Mohole project and including two 
surface samples, there was found a general tendency for cytosine, adenine 
and guanine to decrease with depth (maximum concentrations were of the 
order of 1 ppm, uncorrected for losses). Thymine was detected only 
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sporadically and uracil not at all (Rosenberg, 1964). The relative absence 
of the pyrimidines is an especially curious result and an explanation 
should be sought in the geochemistry of this class of compounds. Data on 
the aerobic, thermal decomposition of these bases do not explain the 
discrepancy, especially for the younger samples (Minton and Rosenberg, 
1964). 

We have undertaken a laboratory study of the anaerobic decomposition 
of purines and pyrimidines in the presence of clay minerals and some 
results will be reported in this communication. In addition, we are study
ing the distribution of the nucleic acid bases in recent sediments. A pre
liminary report of the first results of this project is given below. 

MATERIAL AND METHODS 

All chemicals were reagent grade. Water was glass-distilled through a high 
reflux column. All volatile solvents used for geochemical procedures were 
redistilled. Trimethylchlorosilane (TMCS) was purchased from BDH and 
Ν,Ο-bis (trimethylsilyl) trifluoroacetamide (BSTFA) was purchased from 
Fluka A.G. Charcoal columns (6 χ 45 mm) were prepared from Fisher 
Activated Cocoanut Charcoal, 50-200 mesh. The charcoal was decanted 
several times in H2 О to remove fines; washed with 1 M HCl, H2 О, 
7 M NH3, H2 О and then extracted in an all glass Soxhlet apparatus for 
24 hrs with pyridine, washed with HjO, extracted with 100% HCOOH for 
3 days and finally extracted with H2 О for 24 hrs. Analytical grade Dowex 
ІХ8(СП was purchased from Bio-Rad (AGIX8, 200-400 mesh) and 
columns were washed with 1 M NH3, 1 M HCl and H2 О before use. 

Gas-liquid chromatography was carried out on a Becker 409 Chromato
graph equipped with duplicate glass columns of 1.25 m length and 
3.7 mm I.D. The columns were packed with 10% SE-30 on Supelcoport 
(Gehrke and Lakings, 1971). The carrier gas was helium at a flow rate of 
37.5 ml/min. After injection of sample and a 5 min initial hold at 110° C, 
linear temperature programming was carried out at a rate of 7.5° C/min. 
Detection was by katharometer at 150 mA, attenuation 1. Preparation of 
trimethylsilyl derivatives was performed according to the procedure of 
White et al. (1972). 

Ion-exclusion chromatography (Singhal, 1972; Singhal and Cohn, 1973) 
was performed on both cation and anion exclusion columns. The columns 
used were Aminex A-25(0.9 χ 26 cm) in 0.1 M sodium acetate (pH 4.0) at 
60° С (60ml/h) and Aminex A-6(0.6 χ 50 cm) in 0.02 M NH4HCO3 
+ 0.1 M NHj (pH 10.0) at 60° С (24 ml/hr). Detection was carried out by 
measurement of the optical density of the column efluent at 254 nm and 
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at 280 nm with a Chromatronix Model 230 dual channel absorbance 
detector, utilizing a flow cell of 10 mm pathlength and 20 μ ι volume. 
Determination of retention times and integration of peaks was performed 
on a Hewlett-Packard 3370B Integrator. 

Descending paper chromatography and/or thin layer chromatography on 
cellulose for purine and pyrimidine derivatives and breakdown products 
was carried out in the following solvent systems: Solvent A, sec-butyl 
alcohol saturated with H 2 0 ; Solvent B, tert-butyl alcohol/methyl ethyl 
ketone/H20/conc NH3 (40 : 30 : 20 : 10); Solvent C, ethanol/IM 
ammonium acetate buffer (pH 3.8, 7 : 3); Solvent D, tert-butyl alcohol/ 
methyl ethyl ketone/H2 O/formic acid (44 : 44 : 11 : 0.26). 

Products on paper and thin layer chromatograms were detected by: 
periodate-Schiffs reagent for alpha-glycols (Baddiley et al., 1956); molyb-
date reagent for phosphate esters (Hanes and Isherwood, 1949): aniline 
hydrogen phthalate reagent of reducing sugars (Partridge, 1949); ninhydrin 
reagent for amino compounds (Condsen et al., 1944) and Ehrlich's reagent 
for ureido compounds (Fink et al., 1956). 

In the case of dihydropyrimidines, the latter reagent was used after 
pretreatment with 0.5 M NaOH. Ultraviolet absorbing compounds were 
located under UV light. 

PART I. ANALYSIS FOR PURINES AND PYRIMIDINES IN A 
RECENT SEDIMENT 

We have begun a preliminary study of the distribution of the nucleic acid 
bases with a core sample, collected by the Canada Centre For Inland 
Waters in Lake Erie. The sample was collected at 42°, 33', 00" Lat.N; 79°, 
53", 36" Long. W, in a water depth of 63 m and was, after collection, 
divided into sections of 5 or 10 cm each and lyophillized. For analysis of a 
section, a sample weighing 5.0 g was refluxed under Nj with 30 ml of 
1 M HCl for 1 h to provide a preliminary extract. Refluxing and all sub
sequent operations on the sample were carried out in a Teflon receptacle 
which could be detached from a glass reflux condenser for centrifugation 
A Teflon-covered stirring bar and magnetic stirring were utilized to prevent 
bumping. After centrifugation, the supernatant was removed and percol
ated through a small column of charcoal (Extract A). The residue was 
washed with two portions of 1M HCl(20-30 ml), each washing being 
added to the column. HF(60 ml) was then added to the residue and the 
receptacle was heated on a steam bath overnight. The dry residue was 
extracted with 1 M HCl and the extracts and washings percolated through 
a column of charcoal as above (Extract B). In each case the column was 
washed with 25 ml of H 2 0 and was eluted with 40 ml of 100% HCOOH. A 
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similar procedure has been shown to yield quantitative recovery of the 
bases (Folsome et al., 1971). 

The eluate was evaporated to dryness under vacuum, the residue taken 
up in 1.0 ml of HCOOH-Trifluoroacetic acid (1 : 1) and heated at 165° С 
for 2 hrs (Lakings and Gehrke, 1972). After evaporation of the 
HCOOH-TFA mixture under N2, the residue was taken up in H2 О and 
transferred to a small column of Dowex IX8(C1). The column was eluted 
with additional portions of Hj О and the combined eluate and washings 
(40 ml) evaporated under vacuum. 

Analyses of these extracts were carried out by means of gas chromato
graphy of the trimethylsilyl derivatives and by anion and cation exclusion 
chromatography. Blank samples carried through the entire procedure 
demonstrated the absence of significant levels of contamination. 

Results and Discussion., 

Examination of gas chromatograms revealed that this method alone was 
incapable of discriminating between the nucleic acid bases and numerous 
other compounds which were present in the extracts and which frequently 
co-chromatographed with the purines and pyrimidines. Figure 1, for 
example, illustrates a case where an unknown compound is obscuring the 
position of the cytosine peak. 
A far more convenient and highly selective method of analysis is the use of 
ion-exclusion chromatography combined with high-sensitivity, ultraviolet 
absorbance detection. The equipment utilized is easily capable of identifi
cation of the common nucleic acid bases at the 10"8 g level (see fig. 2). 
Identifications are based on retention times and optica] ratios 
(254 nm/280 nm) of the unknowns as compared to those of authentic 
standards. The use of two chromatographic systems having entirely dif
ferent orders of elution and different optical ratios (due to the effect of 
pH) makes this method of identification highly reliable. 

The quantitative results of the analysis of Extract В for each of two 
consecutive sections of the core (0-10 and 10-15 cm) are summarized in 
Table 1. The separations obtained for the surface sample on cation and 
anion exclusion columns are illustrated in figures 3 and 4, respectively. 
The preliminary extraction was relatively ineffective in isolating purines 
and pyrimidines. For example, Extract A of the surface sample contained 
a total of 6 ppm of purines and pyrimidines (see fig. 1), or about 5% of the 
amounts identified in Extract B. 
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y> 110 HO 170 200 230 260'С 

Fig. 1. Gas chromatogram of (presumed) trimethylsilyl derivatives of components 
piesent in Extract A of the first 10 cm section of coie. Retention times foi 
standard purines and pyrimidines aie indicated. The actual concentrations of 
bases identified in this sample (by ion-exclusion chromatography) were: cyto 
sine, 2.0 ppm; uracil, 1.7 ppm; thymine, 0.9 ppm; hypoxanthine, 0.4 ppm; 
adenine 0.6 ppm; guanine, 0.4 ppm. 

0D.|254nm) 

- 0006 

С - йШ 

0002 

3000 2000 1000 
SECONDS 

Fig. 2. Cation-exclusion chromatography of 20 ng each of cytosine, uracil, thymine, 
adenine and guanine. Conditions as described in text except for column 
temperature, which was 50° C. 
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TABLE I Puimes and pynmidines extracted from two sections of a Lake Cne core 
sample 
(Parts per million, based on dry weight of sediments)1 

Cytosine 
Uracil 
Thymine 
Hypoxanthine 
Adenine 
Guanine 

Total 

0-10 cm 

18 
6 

13 
9 

29 
36 

111 

10-15 cm 

9 
2 
6 
4 

13 
19 

53 

Uncorrected for losses 

280 nm 

254 nm 

_ι_ _ 1 _ 

3000 2000 1000 SECONDS 

Fig. 3. Cation-exclusion chromatography of purines and pynmidines present m 

Extract В of the first 10 cm of core. For conditions see text. 
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The rapid decrease from 111 ppm to 53 ppm of total extracted and identi
fied purines and pyrimidines in the two core sections is very striking and 
agrees with the observed decrease in organic carbon and nitrogen in the 
upper 10 cm of sediments of the Great Lakes (Kemp, 1971; Kemp and 
Mudrochova, 1972). We are currently analyzing additional core sections 
from Lake Erie as well as other sediments by means of the described 
techniques. 

280 nm 

25t nm 

1000 SECONDS 

Fig. 4. Anion-exclusion chiomatography of purines and pyrimidines present in 
Extract В of the first 10 cm of core. For conditions see text. 

PART II. DEGRADATWE EXPERIMENTS 

Reductive Degradation of Pyrimidines Catalyzed by Ni(II)—treated 
Kaolinite. 

Many forms of nickel catalysts are known in organic chemistry. Much of 
the early work involving hydrogénation over such catalysts made use of 
nickel supported on Keiselguhr. Because of the frequent association of 
nickel with black shales and other reduced sediments (Condie et al., 1970) 
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and evidence that such important forms of sedimentary organic material as 
the humic acids readily concentrate nickel and other metals (Rashid, 
1972), it seemed plausible that under reducing conditions in a sediment a 
catalyzed reduction might take place. Kaolinite #9(25 g), as supplied by 
Ward's, was sterilized at 150° С for 24 hrs. The clay was then stirred in 1 L 
of 0.001 M NiClî at 25° С for 5 days. The clay was washed, heated at 
150° С for 18 hrs and exposed to H2 (1 atm) at 250C for 4-5 days. 

Uridine-S'-phosphate (I, fig. 5), disodium salt (250 mg) in HjCKSO ml), 
was added to 10 g of the treated clay and the mixture was degassed and 
subsequently stirred for 20 days at 20-25° С under 1 atmosphere of H 2 . 
Control experiments were performed simultaneously using treated clay 
under an atmosphere of Щ and untreated clay under H2. At the end of 
this period the ultraviolet absorption spectrum showed a 50% decrease in 
optical density at 260 nm for the treated сІау-Нг experiment, while the 
controls had decreased by about 14%, presumably due to adsorption. The 
samples were centrifuged and the clay washed with water and ethanol and 
the combined supematants and washings were concentrated to a small 
volume. Paper chromatography (Solvent C) showed, in addition to un-
reacted UMP and traces of uridine and uracil, the presence of material 
which did not absorb at 260 nm but gave a positive reaction for an alpha-
glycol group, for phosphate and also for a ureido group upon prior treat
ment with alkali; thus indicating the presence of a reduced nucleotide. 
Analysis of the controls showed only unreacted UMP and traces of uridine 
and uracil. Mild alkaline hydrolysis of the product (0.1 M NaOH for 1 hr 
at 25° C) foUowed by acid hydrolysis (0.1 M HCl for 15 min at 100° С) 
yielded a mixture of ribose-5-phosphate (IV) and N-carbamoyl-beta-alanine 
(V) as detected in Solvents C; A and B, respectively. Compound V was 
isolated by column chromatography on Doxex IX8(hydroxide) in 0.01 M 
HCl and was recrystallized from aqueous methanol. The crystalline 
product (mp 167-169° C), obtained in 11% yield, was identical to a 
synthetic sample, prepared by treatment of beta-alanine with urea (Fink et 
al., 1956), as demonstrated by mixed melting point and infrared spectra. 

Similar catalyzed hydrogénations were demonstrated for uridine (VI) 
and uracil (IX), producing 14 and 16% yields of V, respectively, after 
2-3 weeks at 50° С and 1.6 atm H2. In the latter experiment, dihydroura-
cil (X) was identified in Solvent D. 

Hydrogénation of thymine (XI) appeared to proceed more slowly, as 
only traces of dihydrothymine (XII) and beta-ureidoisobutyric acid (XIII) 
were identified under the conditions described for uracil (Solvent B). How
ever, 11 weeks at 50° С and under 1.6 atm H2 yielded 9.5% of XIII (mp 
118-120° C), characterized by mixed melting point and infrared spectral 
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Fig. S. Reductive degradation of the pyrimidines in the presence of hydrogen and 

Ni(II)-kaolimte. 

comparison with a synthetic sample of XIII, prepared by treatment of XII 
with dilute alkali (Fink et al., 1956). 
Attempted reduction of cytosine (VIII) under the conditions utilized for 
thymine was unsuccessful. The starting material was recovered in 81% 
yield and no other products were detectable. Since cytosine is hydrolyzed 
to uracil at neutral pH at 100° С (Sanchez et al., 1968), hydrogénation 
was carried out at this temperature for 10 weeks under 1 atm H2. After 
this period dihydrouracil was identified and V isolated in 11% yield. The 
inability to reduce cytosine directly is not fully understood. It is note
worthy that in pyrimidine catabolism, which generally proceeds by 
enzymatic pathways involving the same intermediates as described in this 
study, removal of the amino group of cytosine derivatives is necessary 
before degradation of the pyrimidine ring can occur (Chargaff and Kream, 
1948; Hayaishi and Romberg, 1952). 
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Hydrolytic Degradation of Purines Catalyzed by Kaolinite 

The purines as a class are characterized by great resistance to reduction. 
This property is attributed partly to the very small value for the free 
valance of C-6 (Nakajima and Pullman, 1959). Polarographie reduction has 
demonstrated that reduction of purines is a 6 electron process, the first 
pair of electrons adding across the 1-6 double bond (Smith and Elving, 
1961). 

We therefore sought to determine if clay minerals such as kaolinite 
would be effective in catalyzing a hydrolytic degradation of purines as well 
as catalyzing the reductive degradation of pyrimidines (see fig. 6). 

04 

kXJ 
IT 

N 

H 

π 

N^Sl N 

НО ^ І Г ^ N 
н 

ΠΙ 

NU, 
I 

ноос-сн-шн 
ІШ 

Η,Ν-CH-COOH 

ш 
Fig. 6. Hydrolytic degradation of the purines in the presence of kaolinite. 
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Adenine (XIV, 250 mg), after 10 weeks at 100-110° С in the presence of 
2 g of kaolinite and 10 ml of HjO, yielded hypoxanthine (XV) in 18% 
yield. The product was isolated by preparative paper chromatography 
(Solvent B) and characterized as the picrate (mp 249-254° C). Glycine 
(XIX, 8%) and 4-amino-imidazole-5-carboxaniidine (XVI, 16%) were also 
isolated. Glycine was characterized as the N-toluene-p-sulphonate (mp 
144-146° C) and XVI as the picrate (mp 232-237° C). The results indicate 
that adenine, as well as undergoing partial hydrolytic deamination at C-6 
to yield hypoxanthine, also undergoes cleavage of the pyrimidine ring of 
the bycyclic system to produce a range of products which· have been 
demonstrated for strong acid hydrolysis conditions (Cavalieri et al., 1949). 
In the absence of kaolinite, only 4% conversion to hypoxanthine and 
traces of XVI and XIX were detected. 

Hydrolysis of guanine (XX) for 15 weeks under the same conditions as 
employed for adenine yielded xanthine (XXI, 11%), isolated and charac
terized as the Perchlorate salt (mp 259-262° C). As with all of the 
products isolated (except for the picrates) mixed melting points, infrared 
and, where applicable, ultraviolet spectra were employed for characteriza
tion. 

Only trace amounts of other products were detected. In the absence of 
kaolinite, guanine was recovered in 91% yield and no other materials were 
detected (Solvent D). These results indicate that guanine is also susceptible 
to simple hydrolytic deamination at C-6, but that the product xanthine 
seems fairly resistant to further cleavage. 

Discussion 

Although the experiments described represent only a highly selective in
vestigation of certain possibilities for geochemical degradation of the 
purines and pyrimidines, certain cautious generalizations might be made. 
The presence of clay minerals may catalyze degradative reactions which 
are normally only observed under extreme conditions in the laboratory. 
Thus, the presence of kaolinite catalyzes hydrolytic reactions of the 
purines which have only previously been observed under the influence of 
strong acids. Similarly, Ni(II)-kaolinite permits rapid hydrogénation of 
pyrimidines under quite mild conditions (especially of uracil). This process 
might have geochemical significance in sedimentary environments of high 
reducing potential. An obvious question is whether this reaction could be 
responsible for the observed absence of uracil and partical absence of 
thymine in the experimental Mohole samples. Although measurements of 
Eh taken for these samples revealed an oxidizing environment, there were 
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also numerous inclusions of pyrite (Rittenberg et al., 1963). Therefore a 
reductive process cannot be ruled out entirely. Obviously, further work on 
oxidative as well as other degradative pathways for the bases is needed. A 
study of the distribution and diagenesis of the pyrimidines should include, 
ideally, the dihydropyrimidines and the corresponding open chain, N-car-
bamoyl acids. With regard to the purines, possible nonbiological sources of 
hypoxanthine and xanthine must be taken into account. 

An additional problem exists which is the subject of further study. The 
so-called fulvic and humic acids, which appear to be a major repository of 
organic material in both soils and sediments, are believed to contain 
quinoid and phenolic groups (Stevenson and Goh, 1971; Rashid, 1972). 
There is some evidence that the nucleic acid bases can interact with 
quiñones to form either electronic or covalently bound complexes (Fulton 
and Lyons, 1968; Slifkin and Kushelevsky, 1971). To what extent such 
associations may take place in soils and sediments remains to be inves
tigated. 

Acknowledgement We wish to thank Dr. W.M.J. Strachan of the Canada Centre foi 
Inland Waters for supplying the Lake Erie sediment samples. 
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Note added in proof 

Further studies on the catalyzed hydrogénation of uracil have revealed an 
extreme sensitivity to the nature and possibly the handling of the clay 
mineral used for preparation of the Ni(II)-substituted catalyst. After 
exhaustion of our supply of Kaolinite, attempts to achieve reduction with 
Ni-treated samples of several other clay minerals were unsuccessful. When 
a new supply of Kaolinite was received, positive results were once again 
obtained but at this writing, with very much lower yields. In view of these 
uncertainties, it seems questionable whether reductive degradation of 
uracil has widespread geochemical significance. In addition, recent analyses 
on Lake Erie sediments reveal a marked underabundance of uracil even in 
the first cm of core, indicating that the degradative process responsible 
(perhaps biological) occurs either in the water column or at the sediment-
water interface (W. van der Velden and A.W. Schwartz, Science, in press). 
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PURINES AND PYRIMIDINES IN 
SEDIMENTS FROM LAKE ERIE 

W. van der VELDEN and Alan W. SCHWARTZ 
Department of Exobiology, University of Nijmegen, Toemooiveld, 
Nijmegen, The Netherlands. 

Abstract. Quantitative analyses of purines and pyrimidines in sequential sections 
of coics from the central and eastern basins of Lake Erie show steeply increasing 
concentrations in the youngest sediments. This may be related to increased load
ing of nutrients and recent cultural eutrophication of the lake. The purine and 
pyrimidinc distributions suggest the operation of a specific degradative process for 
uracil at an extremely early stage in, or prior to, sediment formation. 

In spite of the ubiquity of the purines and pyrimidines in biological 
material, there have been very few publications on the quantitative distri
bution of these compounds in sediments. As the repository of genetic 
information, the purines and pyrimidines are, potentially, of enormous 
importance in organic geochemistry. Yet we are aware of only one report 
of purines and pyrimidines in core samples [from the experimental Mohole 
drilling off Guadalupe Island, Mexico (1)] and a number of isolated reports 
of their occurrence in soils (2). Part of the explanation for this scarcity of 
data may be the lack of an appropriate extraction method, since the usual 
procedures for extraction of nucleic acid bases from biological material are 
not applicable to sediments. In addition, reliable and highly sensitive 
methods for quantitative analyses have not generally been available until 
fairly recently. To deal with these problems we have made use of an 
extraction method involving destruction of the mineral matrix, combined 
with minimum handling of the sample and a highly sensitive and selective 
method of analysis. 

All operations on sediment samples were carried out in Teflon recept
acles which could be attached to reflux condensers for solvent extraction 
or centrifugea. A sediment sample of 5.0 g was weighed out into a recept
acle and stirred overnight with 1 M HCl (35 ml), at room temperature, 
with a Teflon-coated, magnetic stirring bar. After centrifugation this 
extract was discarded and the sediment was washed with a second portion 
of IM HCl (25 ml), which was also discarded. The purpose of this pre-
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Іітіпагу extraction was to decompose any carbonates which might be 
present and to eliminate any loosely bound contaminants. The proportion 
of purines and pyrimidines extracted in this manner was less than 
1 percent of that found in the final extraction. Hydrogen fluoride (60 ml, 
40 percent) was then added to the residue and the receptacle was heated 
on a steam bath (under N2 ) overnight. The dry residue was extracted with 
ШНС1 (35 ml) under reflux (1 hour), with stirring. After cooling and 
centrifugation, the supernatant was removed and percolated through a 
column of activated charcoal (0.6 by 5 cm). The residue was washed with 
Ш HCl (25 ml) and this washing was added to the column. The column 
was washed with 25-ml portions of Ш HCl and Нз О, and purines and 
pyrimidines were eluted with 40 ml of HCOOH (100 percent). The eluate 
was evaporated to dryness under vacuum, and the residue was taken up in 
H2O (25 ml) and transferred to a column of Dowex 1 X 8 (CI") (0.6 by 

2 cm). The column was washed with additional portions of H2 О and the 
combined eluate and washings (40 ml) were evaporated under vacuum. 

Ion-exclusion chromatography was performed on both anion and cation 
exclusion columns (3). The columns used were Aminex A-6 (0.6 by 
50 cm) in 0.02M NH4HCO3 plus 0 .Ш NH3 (pH 10.0) and Animex A-25 
(0.6 by 25 cm) in 0.1Л/ sodium acetate (pH 4.0), both columns operating 
at 60 С and a flow rate of 24 ml/hour. Detection was carried out by 
measurement of the optical density of the column efluents at 254 and 
280 nm with a Chromatronix model 230 dual channel absorbance 
detector. Determination of retention times and integration of peaks were 
done with a Hewlett-Packard 3370B integrator. A more complete descrip
tion of the methods and some preliminary results have already been 
reported (4). Blank samples carried through the entire procedure demon
strated the absence of significant contamination. The detection limit for 
an individual purine or pyrimidine was approximately 1 part per billion 
(10"9g), and the level of contamination was less than 10 parts per billion. 
An estimate of the recovery efficiency of each base was made by adding 
standard samples labeled with I4C to sediment samples before the 
HF digestion. 

The core samples studied were collected in late 1972 in Lake Erie by the 
Canada Centre for Inland Waters. Core LE19 (eastern basin) was collected 
at 42ο33Ό0"Ν, 79053'36"W in a water depth of 63 m. Core LE43 (central 
basin) was collected at 41056Ό6"Ν, 81028'42"W in a water depth of 
24 m. Both cores were divided into sections of 5 or 10 cm each and 
freeze-dried. Table 1 shows the concentrations of the purines and pyrimi
dines that were identified in the surface sections of the cores. The totals 
found in the surface sediments at these two locations represent 1 to 
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Tabic 1. Concentrations of purines and pyrimidines, in parts per million (ppm), in 
surface sediments of Lake Erie. Identification of the indicated purines and 
pyrimidines was based on retention times on standardized anion and cation exclusion 
columns and on ratios of the absorbance at 254 and 280 nm (4). The orders of 
elution as well as the optical ratios were different on the two columns, and the 
quantitative results reported are based on analyses in both systems. Average recov
eries (percentages) of ,4C-labelcd purines and pyrimidines added to sediment samples 
were as follows: cytosinc (C), 92; uracil (U), 86; thymine (T), 92; adenine (A), 75; 
guanine (G), 66; and hypoxanthine (HX), 53. The reported concentrations are not 
conccted for recovery. 

Core 

LI· 19 
LE43 

Section 
(cm) 

0-10 
0 - 5 

С 

24 
27 

U 

5 
5 

Concentration (ppm) 

Τ 

16 
16 

A 

29 
25 

G 

40 
29 

HX 

9 
6 

Total 

123 
108 

2 percent of the total nitrogen reported in samples from the same 
areas (5). The very low concentration of uracil is particularly noteworthy. 
In the sediments of the experimental Mohole no uracil was detected, even 
in surface samples (1). The sedimentation time in oceans is, of course, very 
much greater than that in lakes, and the possibility exists that organic 
matter is already devoid of uracil before reaching the bottom. It has been 
shown, for example, that chlorophylls are almost completely decomposed 
in Lake Erie and Lake Ontario before reaching the lake bed (6). On the 
other hand, degradation of uracil at the sediment-water interface, where 
microbial activity is greatest, cannot be ruled out (7). Preliminary results 
on cores sectioned at 1-cm intervals show that uracil is already markedly 
underabundant in the first centimeter of sediment. Rapid degradation, 
biological or nonbiological, must be occurring in the water column or at 
the sediment-water interface. 

Figure 1A shows the variation of the total nucleic acid base content with 
depth in the two cores. The concentration of each base follows, in general, 
the same profile as the total concentration. The sedimentation rates in the 
eastern and central basins of Lake Erie, and consequently the ages corres
ponding to given depths, are quite different. This is indicated by the 
locations of the Castanea and Ambrosia horizons, which have been deter
mined in cores taken close to those in the present study (5). These 
horizons represent the depths in the cores in which pollen counts of chest
nut (Castanea) and ragweed (Ambrosia) are observed to decrease and in
crease, respectively. The decrease of Castanea pollen has been correlated 
with an epidemic fungus disease, which is dated at approximately 1935 for 
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the vicinity of Lake Erie. The increase of Ambrosia pollen represents the 
effect of forest clearance by early colonists and is dated at 1850 (5). An 
approximate relation between depth in the core and age is based on 
average sedimentation rates for the periods delineated by these horizons, 
that is, 1850 to 1935 and 1935 to the present. The data in Fig. 1A have 
been replotted against estimated dates of deposition in this manner in 
Fig. IB. The use of average sedimentation rates is, of course, only an 
approximation made for this analysis, and no corrections have been 
applied for increasing compaction of the core with depth. In the case of 
core LE-43, dates prior to 1850 (precolonial) have been assigned by 
assuming the same average sedimentation rate as in the period 1850 to 
1935. Consequently, the actual ages of the lower sections of this core are 
probably considerably greater than indicated. 

When the total concentrations of purines and pyrimidines are replotted 
against estimated date of deposition instead of depth in the core, a more 
revealing picture emerges (Fig. IB). An extremely rapid increase in purine 
and pyrimidine contents of sediments of both the central and eastern 
basins of Lake Erie is seen to have taken place since 1900. The results 
from the central basin, in particular, are in close agreement with the obser
vations of Kemp et al (8). These authors interpreted enrichment of 
organic C, N, and Ρ as being due mainly to increased loading of nutrients 
since about 1900. More recent studies suggest that the most important 
increases in input to the sediments of both basins have occurred since 
1950(5). Our data are also in agreement on this point. Although the 
sedimentation rate is higher at the location of core LE19, the total concen
tration of extracted purines and pyrimidines is, in general, somewhat 
lower, except for the upper 15 cm of sediment. It has been suggested that 
the eastern basin has 'aged' less rapidly than other regions of Lake Erie 
because of its depth, but is (as of 1968) on the verge of becoming eutro-
phic (9). Eutrophication is typified by (among other factors) greatly in
creased productivity, depletion of dissolved oxygen, an increase in dis
solved solids, and an increasing rate of sedimentation of organic material. 
The data of Fig. 1B, showing a dramatic increase in purine and pyrimidine 
concentrations beginning around 1950 in the eastern basin, certainly seem 
to be in agreement with this hypothesis, although rapid alteration of these 
compounds within the sediment cannot yet be eliminated as an alternative 
explanation. 
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Fig. 1. Total concentration of identified purines and pyrimidines in sediments of the 
central and eastern basins of Lake Erie (not conected for losses). (A) Concen
tration versus depth in the cores; (B) concentration versus estimated date of 
deposition. 
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NUCLEIC ACID BASE CONTENTS AS INDICATORS 
OF BIOLOGICAL ACTIVITY IN SEDIMENTS 

W. van der VELDEN and Alan W. SCHWARTZ 
Department of Exobiology, University of Nijmegen, Toemooiveld, 
Nijmegen, The Netherlands. 

Introduction 

A knowledge of the distribution and diagenesis of the nucleic acid bases in 
various environments is potentially of great importance in organic geo
chemistry. Because of a lack of data in this area, our laboratory is engaged 
in a study of geologically recent sediments and soils with a view toward 
understanding, eventually, the fate of individual purines and pyrimidines. 
As part of this study we have analyzed a number of core sections from the 
Great -Lakes, collected by the Canada Centre for Inland Waters (Burling
ton). Previously, we have reported that cores from the central and eastern 
basins of Lake Erie show sharply increased purine and pyrimidine contents 
in the uppermost layers, as well as a marked underabundance of uracil 
throughout the cores (van der Velden and Schwartz, 1974). The data on 
total purine and pyrimidine content were in excellent agreement with 
other work on recent increases in organic С and total N and Ρ in Lake Erie 
sediments (Kemp et aL, 1972). An unresolved question was whether the 
observed increases represent increased loading of organic material to the 
surface sediment, or merely a rapid degradative process within the sedi
ment. In order to attempt to clarify the processes involved, we have 
analyzed additional core samples from Lakes Erie, Ontario and Huron, as 
well as a number of surface samples and a zooplankton sample from Lake 
Ontario. This article constitutes a preliminary report on the purine and 
pyrimidine contents of these samples. The sediments studied have been the 
subject of previous analyses by Kemp and co-workers (Kemp, 1971; Kemp 
and Mudrochova, 1972 and 1973). We have made use of data obtained by 
these workers in order to relate the purine and pyrimidine contents to 
total organic carbon and to calculate estimated dates of deposition for 
given depths in the cores. (Kemp et aL, 1974). These estimates are based 
on average sedimentation rates between the Castanea and Ambrosia pollen 
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horizons (Anderson, 1974). It should be noted that the existence of these 
horizons within the cores indicates that the sediments have not been 
stratigraphically disturbed since the time of deposition. 

Materials and Methods 

The locations of the sample areas are summarized in Table 1. The zoo-
plankton sample was collected at the location of core E30 in the eastern 
basin of Lake Ontario. The extraction procedure which was employed for 
isolation of the purines and pyrimidines is shown schematically in 
Figure 1 

SEDIMENT [ 0 5 - 2 5g) 

i 
PRELININARV 

EXTRACTION 

1M HCL (cold) 

I 
Residue 

1 
HF DIGESTID« 

1 
Residue 

1 
EXTRACTION-

1M HCL(reMui) 

1 
C u r a c i 

t 
CHARCOAL CLEANUP 

I 
ELUTION WITH HCDOH 

* 
EVAPORATE SOLVENT 

i 
DOWEX-l CLEANUP 

EVAPORATE SOLVENT 

l С ANALVSIS 

Fig. 1 Procedure for the isolation of purines and pyrimidines from sediments and 
soils. 
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Tabic 1 Sample Locations and Water Depths of Sediments 

Sample 
Number 

SB1 
G16 
L30 
KB1 
CB3 
WB4 

855 
875 

Sample Location 

Lake Huron-South Bay 
Lake 1 nc-Ccntral Basin 
Lake Ontario-Eastern Basin 
Lake Ontario-Kingston Bay 
Lake Ontario-Central Basin 
Lake Ontano-Western Basin 

Beaufort Sea 
Beaufort Sea 

Station Location 
Lat. N 

45 0 37. 5' 
42° 0. 2' 
43° 30. 5' 
44° 04.7 Γ 
43°33. 0' 
43 ο24.10' 

70 ο57. 4' 
70<,31. 8' 

Long. W 

8t 0 52.73' 
81 036. 2' 
77 054. 3' 
76024.72· 
78° 10. 4' 
79°26.66' 

135<,03. 4' 
132° 10. 0' 

Water 
Depth 
(m) 

56 
24 

225 
26 

186 
101 

457 
35 

Analysis and identification was performed by liquid chromatography, 
utilizing anion and cation exclusion columns operating at pH 10 and pH 4, 
respectively. A detailed description of the procedures employed is 
reported elsewhere (van der Velden et ai, 1974; van der Velden and 
Schwartz, 1974). 

The recoveries of standard 14C-labeled purines and pyrimidines added to 
sediment were: cytosine, 92%; uracil, 86%; thymine, 92%; adenine, 75%; 
guanine, 66%; and hypoxanthine, 53%. 

The reported values are uncorrected for losses. 

Results and discussion 

Analytical results for surface samples are summarized in Table 2. Also 
included in this table are analyses of four soils, derived from a number of 
vegetation types and two marine sediments from the Beaufort Sea (Peak 
et. al, 1972). Evident are the low levels of uracil in all sediments and soils 
and the high hypoxanthine contents of Lake Ontario samples. Table 3 
gives the mole % distribution of the five major bases in the same materials. 
The uracil content does not exceed 4 mole % in any sample. By com
parison, the zooplankton sample contains 17 mole % uracil. The relative 
absence of uracil in the sediments and soils could be explained by a rapid 
turnover of RNA. It is known that there is generally very little RNA 
extractable from soils, while bases derived from DNA have been reported 
(Anderson, 1967). A similar, specific degradation of RNA may occur in 
aqueous environments and this is indeed suggested by the uniform, low 
uracil contents of both the soil and sediment samples. 
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Table 2. Puiincs and Pyrimidines in Surface Sediments and Soils 

Location 

Huron-SB 1 
Eiie-G16 
Ontario -E30 

-KBl 
-СВЗ 
-WB4 

Forest Soils'3 

Beaufort Sea 855 
Beaufort Sea 875 

I 
II 
III 
IV 

Sample 
Depth 
(cm) 

0-1 
0-1 
0-1 
0-5 
0-3 
0-3 

10-20 
10-20 
10-20 
10-20 

0-5 
0-5 

Concentrations of 
Individual Bases (ppm) a 

С 

38 

52 
59 
31 
51 
32 
12 
10 

11 
11 

2.4 
2.1 

U 

2 
5 
4 
3 
6 
3 
2 
2 
1 
2 
0.2 
0.3 

Τ 

24 

36 
43 
20 
40 

25 

9 
8 

8 

8 
1.7 
1.7 

A 

45 
98 

78 

2.1 
2.2 

G 

38 
150 

55 
63 
83 

51 
18 

14 

15 
14 

1.7 

2.5 

HX 

10 

15 
48 
32 

39 
24 

0.4 

0.3 
0.4 

0.3 
0.3 
0.3 

Total 

157 

356 
287 

196 
292 

178 

55 

45 

46 
46 

8.4 

9.1 

^ p m = parts per million, based on dry weight of sediment, uncorrected for losses. 

"vegetation types: I, Lamium; II, Pinus; III, Urtica; IV, Agrostis. 

Table 3. Mole % Distribution of the Five Major Bases 

Sample 

Location 

Huron-SB 1 

Eric-G16 
Ontario -E30 

-KBl 

-CB3 
-WB4 

Forest Soils 

Beaufort Sea 855 

Beaufort Sea 875 

I 

II 
HI 
IV 

Zooplankton Sample 

с 

30 
19 
27 
23 
24 
25 
25 
26 
28 
28 
34 
28 
20 

Mole % Distribution 

U 

2 
2 
2 
2 
3 
2 
4 
4 
3 
4 
3 
4 

17 

Τ 

17 

11 
18 
13 

17 
17 
18 

19 
18 

18 
21 

20 
11 

A 

29 
29 
30 
28 
28 

27 
24 

23 
23 

23 
24 

24 
27 

G 

22 
40 
20 
34 

29 
29 
29 

27 
28 
27 

18 
24 
26 
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The E30 core of Lake Ontario is particularly interesting, as it affords an 
opportunity of following the changes in purine and pyrimidine contents 
through a period of nearly 5000 years. (Complete data on individual 
purine and pyrimidine contents of this and other cores will be reported 
elsewhere.) Total purines and pyrimidines are plotted against estimated 
time of deposition in Figure 2. It is apparent that a rapid breakdown 
process, presumably microbial, extends quite deeply into the sediment. 
The curve only levels off at a depth of 20 to 30 cm and an age of 
100-200 years. In interesting feature is the slow process, observable at ages 
greater than about 1000 years, which probably corresponds to chemical 
diagenesis of the purines and pyrimidines. In the, deepest portion of the 
core, hypoxanthine, which as already noted is unusually high in Lake 

-ι TOTAL PURINES 

. ANO PVRIMIOINES 

· - 70 (ppm) 

_ l I ι I I I 

5000 (.000 3000 2000 1000 

TIME OF DEPOSITION IVEARS ΘΡ) 

Fig. 2 Total content of identified purines and pyrimidines in the Lake Ontario E30 
core versus estimated time of deposition. 
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Ontario sediments, becomes dominant. Hypoxanthine is, of course, a 
hydrolytic product of adenine, which could contribute to the increase in 
its concentration relative to adenine (van der Velden et al, 1974). 

Rapid microbial degradation of purines and pyrimidines appears to be a 
characteristic of relatively eutrophic locations in the Great Lakes. The 
most sensitive method of displaying this property is to plot the total 
content of purines and pyrimidines as a fraction of the total organic 
carbon against the estimated date of deposition of the core sections. This 
procedure has been applied to the data from Lakes Erie, Ontario and 
Huron and the results are presented in Figure 3. It can be seen that the 
nucleic acid base content decreases with time most rapidly in Lake Erie 
and least rapidly in Lake Huron. Similarly, the absolute value of the purine 
and pyrimidine content at the surface is highest in Lake Erie and lowest in 
Lake Huron. Both with regard to the rate of change of the base content 
with time and depth and the total content at the surface, Lake Ontario 
seems to be in an intermediate position. It is generally accepted that, while 
Lake Huron has remained oligotrophic, the central basin of Lake Erie has 
become eutrophic and that input of organic material to the sediment has 
increased dramatically in recent years (Beeton, 1969; Kemp, et ai, 1973). 
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° LAKE ONÍARIO E30 

о LAKE ERIE G16 
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i /o 
D 
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Fig. 3 Purines and pyrimidines in cores of Lake Erie, Ontano and Huron. Total 
contents expressed as percentage of organic С versus estimated time of deposi
tion. 
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Our data support this hypothesis, but also suggest that the increased 

microbial population in the sediment is adequate to recycle key metaboli

tes such as the purines and pyrimidines. 

This is in accord with other observations that organic nitrogen compounds 

in lake sediments are degraded preferentially to the bulk of the organic 

matter (Kemp and Mudrochova, 1972). It is remarkable, however, that the 

increased rate of breakdown of the purines and pyrimidines appears to 

more than compensate for increased rates of organic sedimentation. Thus, 

all three curves ultimately reach a basal level of about 0.1%, but in an 

order which is quite unexpected, the area of highest organic sedimentation 

being reduced to 0.1% much more quickly than the area of lowest organic 

sedimentation. Additional studies are obviously needed to establish 

whether the pattern shown here is a general one. 
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PURINES, PYRIMIDINES AND ORGANIC CARBON IN 
LAKE SEDIMENTS - A COMPARISON OF SEDIMENTS 
FROM LAKES OF VARYING DEGREES OF EUTRO-
PHICATION 

W. van der VELDEN and Alan W. SCHWARTZ 
Department of Exobiology, University of Nijmegen, Toemooiveld, 
The Netherlands. 

Abstract. Sediment cores from the Great Lakes of North America and the Bodensee 
(Lake Constance) were analyzed for punne and pynnudine contents and total organ
ic carbon. Lakes subject to recent cultural eutrophication showed steep increases in 
both organic carbon and punne and pynmidinc concentrations in the recently 
deposited sediments. Analytical results for Lake Huron (ohgotrophic) and for a 
highly eutrophic area of the Bodensee (Gnadcnscc) appeared remarkably similar, 
in that only gradual, linear increases were observed in the total organic carbon cur
ves. The curves for total purines and pynmidines were also less steep for these cores 
as compared to the others studied. A possible explanation is that both areas re
present lakes with no serious, recent changes in productivity. Uracil was found to 
decrease m concentration faster than any other purme of pynmidine in the first 
few centimeters of all cores, supporting previous suggestions of more rapid turn
over of this pyrimidme m sediments. 

INTRODUCTION 

In the past few decades increased nutrient loading and subsequent cultural 
eutrophication has affected many lakes in heavily populated areas of the 
world. The Great Lakes of the North American continent in particular 
have been the subject of a number of studies on the biological, chemical 
and sedimentological changes accompanying cultural eutrophication. A 
description of the process of accelerated eutrophication due to man's im
pact on the environment has been given by Harlow (1968). He described 
the possible disastrous fate of Lake Erie, which is regarded as the most 
seriously polluted of all the Great Lakes. Beeton (1965, 1969) summar
ized the changes in the environment and biota of the Great Lakes waters, 
including increases in dissolved solids and salts, changes in phytoplankton 
and fish species, alterations in bottom fauna and decreases in dissolved 
oxygen. 
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Variations in the sedimentary record in these lakes have been studied by 
means of various parameters, including pollen analysis, changes in diatom 
assemblages and sediment inputs (Kemp et al., 1974). Information on the 
distribution of the organic C, N and Ρ in the sediments of the Great Lakes 
is also quite well documented at the present time (Kemp, 1969, 1971; 
Kemp and Mudrochova, 1972, 1973; Kemp et al., 1972, 1974). Steep 
increases in organic С and total N in the recent sediments of Lakes Erie 
and Ontario were observed, with relatively little change in the sediments of 
Lake Huron. These changes were interpreted as being mainly due to in
creased loading of organic material to the sediment in recent years (Kemp 
et al., 1972). 

The study of individual classes of bio-organic molecules could, poten
tially, reveal important details of the mechanisms operating in the dia-
genesis of organic material in sediments. The purines and pyrimidines, as 
the remains of the genetic material of organisms, could provide such a class 
of compounds. We have previously reported that the total content of 
purines and pyrimidines in cores from the central and eastern basins of 
Lake Erie increased steeply toward the surface (Van der Velden and 
Schwartz, 1974). More recently, we have reported preliminary results on 
the distribution of the nucleic acid bases in three sediment cores from 
lakes Erie, Ontario and Huron. These cores, which were sectioned at 1-cm 
intervals, showed patterns of total nucleic acid base content and organic 
carbon which suggested low microbial activity in the sediment of oligo-
trophic Lake Huron, a high activity in Lake Erie — correlated with eutro-
phic conditions — and an intermediate position for Lake Ontario. Both 
rates of breakdown and rates of loading appeared to be higher in the more 
eutrophic sediments (Van der Velden and Schwartz, 1976). 

We have now extended our investigations to sediment cores from a large 
European lake, the Bodensee (Lake Constance). The present paper com
pares the patterns of distribution of organic carbon and purines and 
pyrimidines in cores from lakes Erie, Ontario and Huron, with three areas 
of the Bodensee. 

Materials and methods 

The cores from the Great Lakes were collected by the Canada Centre for 
Inland Waters (Burlington, Ontario) and have been the subject of previous 
studies (Kemp, 1971; Kemp and Mudrochova, 1972, 1973; Van der 
Velden and Schwartz, 1976). The designations and locations are as 
follows: 

SB1 (Lake Huron-South Bay) was collected at 45037.5*N, 81 0 52.73^ in 
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56 m of water. 
G16 (Lake Erie-Central Basin) was collected at 42o0.2'N) 81°36.2'W in 

24 m of water. 
E30 (Lake Ontario-Eastern Basin) was collected at 43o30.07'N, 

76o54.0,W in 225 m of water. 
The Bodensee sample locations are indicated in Fig. 1. The Obersee-1 

core was collected in the deepest part of the Bodensee, between Uttwil 
and Friedrichshafen, in 250 m of water. The Obersee-2 core location was 
at the entrance of the Überlinger See, between Konstanz-Staad and 
Hagnau, in 142 m of water. 

The Gnadensee core was collected in the middle of the Gnadensee, 
opposite Münster (Reichenau), in 21 m of water. 

The cores were subsampled on shipboard, immediately frozen upon 
arrival in Konstanz and lyophilized before analysis. Some compaction of 
lower sections of the cores was observed during subsampling by extrusion 
with a piston. Reported core depths have not been corrected for compac
tion. 

Organic carbon was determined by wet combustion following the 
modified 'Tinsley HI' method (Kalembasa and Jenkinson, 1973). Com
parison of results with values obtained by dry combustion for the Great 
Lakes samples showed good agreement (Kemp, 1971). 

Purines and pyrimidines were extracted from the sediment by refluxing 
with 1 M HCl, after pretreatment with 1 M HCl at room temperature and 
digestion with 40% HF at 100° С Full details of the extraction procedure 
and the subsequent purification and analysis by dual column, ion-exclu
sion chromatography have been reported previously (Van der Velden and 
Schwartz, 1974; Van der Velden et al., 1974). We have found that this 
procedure, although suited to the determination of purines and pyrimi
dines in all deeper core sections, gives low results when applied to the first 
2-3 cm of the sediment. This is due partly to a loss of some bases in the 
preliminary extraction, but most importantly to incomplete liberation of 
pyrimidines. We have therefore reanalyzed the upper few centimeters of 
each core for acid-extractable purines and for pyrimidines by means of the 
following, direct hydrolysis procedure: sediment (up to 100 mg) was 
weighed out into the Teflon cup of a Parr 4745 acid-digestion bomb. 
Formic acid (0.5 ml of 98-100%) and trifluoroacetic acid (0.5 ml) were 
added and the Teflon cover was placed on the cup. The contents of the 
cup were frozen in liquid N2 and the cup was placed in a vacuum dessica-
tor. The dessicator was evacuated and back filled with N2 several times to 
replace the air in the cup with N2. The cup was then placed in the bomb, 
which was sealed and placed in an oven at 1750C. (This procedure is based 
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on that of Lakings and Gehrke (1972). The Parr bomb was utilized after 
repeated explosions were experienced in attempting to open sealed glass 
tubes.) After 1.5 h the oven was switched off and the bomb left in place to 
cool overnight (the time required for the interior of the bomb to reach 
175° С was 0.8-1.0 h). The hydrolysate was taken up in 15 ml of 1 M HCl, 
and filtered through quartz wool. The filtrate and subsequent washings 
(total volume 50 ml) were then purified on a column of activated charcoal 
and analyzed as previously described. Figs 2 and 3 show chromatograms of 
the hydrolysate of the Obersee-1 surface section (0-0,5 cm). 

Results obtained for the pvrimidines by the two procedures were com
parable after the first 2-3 cm (the direct hydrolysis procedure is unsuitable 
for analysis of the purines due to the occurrence of deamination). 

0032 0 0 

' I I I I 

ma 3000 2000 1000 SECONDS 

Fig. 2 Anion-exclusion chiomatogram of the purified extract of the Obersee-1 sur
face section (0.-0JS cm) after direct hydrolysis. Aminex A-6 (0.6 by 50 cm) in 
0,02 M NH« HCO, plus 0.1 M NH, (pH 10.0) at 60°C and 24 ml/h. 
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_l_ 
3000 2000 1000 SECONDS 

Fig. 3 Cation exclusion chromatogiam of the purified extract of the Obersee-1 sur
face section after direct hydrolysis. Aminex A-25 (0.6 by 25 cm) in 0.1 M 
sodium acetate (pH 4.0) at 60oC and 24 ml/h. 

RESULTS AND DISCUSSION 

Nucleic acid bases in surface sediments 

Analytical results for surface sections of cores from the Great Lakes and 
the Bodensee are summarized in Table 1. The total concentrations in the 
surface sediments of both areas were found to be in about the same range. 
Although the uracil contents are higher than any previously reported (Van 
der Velden and Schwartz, 1976), the larger relative abundance of thymine 
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suggests a more rapid breakdown of uracil. In general, RNA-derived uracil 
should be more abundant in biological material than DNA-derived 
thymine. Thus Lake Ontario surface sediments contain much less uracil 
relative to thymine than is found in analysis of zooplankton collected 
from the same area (Dungworth et al., in press). Table 2 illustrates the 
rapid decrease in the uracil/thymine ratio in the first few centimeters of all 
cores. In comparison, the uracil/thymine ratio for the zooplankton sample 
was 1.75. The most reasonable explanation for this phenomenon would 
appear to be a faster rate of utilization of uracil by the microbial popula
tion of the sediments. 

Table 1. Concentrations of identified purines and pyrimidmes in surface sediments 
of the Gieat Lakes and the Bodensee. 

Location 

Huion-SBl 
Erie-G16 
Ontario-E30 
Obersee-1 
Obersee-2 
Gnadensee 

Watet 
depth 
(m) 

56 
24 

225 
250 
142 

21 

Sample 
depth 
(cm) 

0-1 
0-1 
0-1 
(H).5 
0-1 
0-1 

Concentrations of individual bases (ppm)*1 

С 

42 
75 
75 
90 
47 
40 

U 

12 
22 
14 
33 
29 
13 

Τ 

26 
45 
50 
61 
33 
25 

A 

47 
98 
83 

126 
57 
46 

G 

39 
150 
58 

155 
77 
64 

HX 

12 
15 
52 
30 
24 
17 

Χ 

n-d.*1 

n.d. 
n.d. 

2 
11 

7 

total 

178 
405*» 
332 
497 
278 
212 

Abbreviations: С = cytosine; U = uracil; Τ = thymine; A = adenine; G = guanine; HX 
= hypoxanthine; and Χ = xanthine. 
*1 ppm = parts per million, based on dry weight of sediment. 
*2 n.d. = not detected, < 0.1 ppm. 
*3 Uncorrected for possible loss of purines in the prelimmary extraction. 

Table 2 Variation in uracil/thymine molar ratio with depth. 

Depth 
in core 
(cm) 

0-0.5 
0.5-1 
0-1 
1-2 
2-3 
3 4 

Ober-
see-1 

0.61 
0.33 

_ 
0.25 
0.18 
0.14 

Obei-

see-2 

_ 

— 
0.99 
0.67 
0.53 
0.20 

Gnaden-
sce 

_ 

— 
0.59 
0.50 
0.33 
0.21 

Erie-G16 

_ 

_ 
0.55 
0.35 
0.1 
0.1 

Huron-SB 1 

_ 

-
0.52 
0.25 
0.20 
0.19 

Ontario 
E30 

__ 

-
0.32 

-
-

0.15 
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Organic carbon and bases as functions of depth 

With the exception of uracil, the individual purines and pyrimidines 
showed roughly the same patterns of decreasing concentration with depth 
as the total purine plus pyrimidine content for each of the cores. An 
exception is the longer Lake Ontario core, which permits a study of sedi
ments extending to ages greater than 5.000 years. This core will be the 
subject of a separate report (Dungworth et al., in press). 

In Figs 4-9 are plotted the total purine and pyrimidine contents and the 
total organic carbon contents of each core as a function of depth (organic 
carbon data for Great Lakes cores from Kemp et al., 1972). The data have 
been fitted to smooth curves. There is, however a definite suggestion of a 
sinous pattern in the organic carbon plots, for which we have no explana
tion at present. The slow, linear increase observed in the carbon content of 
Lake Huron sediment (Fig. 4), compared to the exponentially increasing 
curves observed for lakes Ontario and Erie (Figs 5 and 6) have been inter
preted in relation to the known oligotrophic state of Lake Huron and the 
effects of cultural eutrophication and increased organic loading to the 
sediments of lakes Ontario and Erie (Kemp et al., 1972, 1974). Similarly, 
we have interpreted the steep curves for purine and pyrimidine contents as 

organic С (7<,| -

5 00 

Ш 

3 00 

200 

100 h 

LAKE HURON ISB-11 

- total purines and pyrimidines 
Ippm) 

350 

300 

250 

200 

150 

100 

18 16 H 12 10 8 6 t 2 0 
depth in core (cm) 

Fig. 4 Lake Huron, SB1 core. Total concentrations of purines and pyrimidines and 

organic carbon contents vs. depth 
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00 
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00 

00 

00 

cci·/.: total purines and pyrimidmes 
ppm) о ο H tOO 

350 

:oo 

250 

200 

150 

100 

50 

J L· _!_ 
26 24 22 20 IB 16 H 12 10 β 6 i 2 0 

depth in core I cm I 

Lake 5 Lake Erie, Gl б core. Total concentrations of purines and pyrimidmes and 
organic carbon contents vs. depth ^uncorrected for possible loss of purines in 
the preliminary extraction; negligible below 2 cm) 

organic С ( " М - - total purines and pyrimidmes 

26 21 22 20 19 16 К 12 10 θ 6 4 2 0 
depth in core lem) 

Fig. 6 Lake Ontario, E30 core. Total concentration of purines and pyrimidines and 
organic carbon contents vs. depth 
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the result of increased rates of loading and faster rates of microbial altera
tion in the sediments of lakes Ontario and Erie (Van der Velden and 
Schwartz, 1976). 

Figs 7 and 8, representing the two Obersee cores, are similar in appear
ance to the plots for the Erie and Ontario cores, although the sedimenta
tion rates are somewhat different. For Lake Erie a date of about 1950 can 
be calculated for a depth of about 9 cm (Kemp et al., 1974; Van der 
Velden and Schwartz, 1974), while in the Obersee-1 location a depth of 
approximately 7 cm corresponds to sediment deposited around 1900 
(Wagner, 1972). At both locations the concentrations of purines and 
pyrimidines drop smoothly in the top 10 cm of sediment, although in both 
lakes dramatic increases in productivity and therefore of organic carbon 
input to the sediments are thought to have begun around 1950 (Lehn, 
1972; Kemp et al., 1974). It would seem that metaboUtes such as the 

organic С Hol total purines and pyrimidines 

S00 

WO 

400 

350 

300 

2 И 

200 

150 

100 

50 

18 16 К 12 10 В 6 ¡. 2 О 
depth in core (cm) 

Fig. 7 Obersee-1 соте. Total concentrations of purines and pyrimidines and organic 
carbon contents vs. depth 
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organic С17.) 

5 00 

- total purines and pynmidines 
(ppm) 

6 4 2 0 
depth in core (cm) 

Fig. 8 Obersee-2 core. Total concentrations of purines and pyrimidines and organic 
carbon contents vs. depth 

purines and pyrimidines are very rapidly degraded in the first 10 cm or so 
of sediment and that little if any evidence can be found in the deeper 
layers of sediment of the effects of increased loading of organic material. 
Studies in Lake Washington have revealed a similar phenomenon, in which 
resampling after a ten-year period (during which time a decrease in produc
tivity of the lake occurred) showed the disappearance of a previously 
observed upswing in organic carbon and nitrogen in sediment cores 
(Shapiro et al., 1971). 

Fig. 9, which summarizes the data obtained from the Gnadensee core, is 
puzzling. Although it is generally accepted that the Gnadensee is the most 
eutrophic area of the Bodensee (Kiefer, 1972; Lehn, 1972), both the 
patterns of total organic carbon and purine and pyrimidine contents of the 
core are similar in appearance to the curves for the Lake Huron core 
(Fig. 4). Neither a sharp upswing in the nucleic acid base content nor a 
significant deviation from linearity in the total organic carbon could be 
observed. An interesting possibility is that both oligotrophic Lake Huron 
sediment and eutrophic Gnadensee sediment are close to equilibrium with 
respect to microbial activity and the rate of organic loading to the 
sediment. The Gnadensee has been described as being in an eutrophic state 
for more than 50 years (Kiefer, 1972, p. 167). This area may represent a 
natural state of eutrophication, rather than a culturally induced one and it 
is possible that no serious recent changes in productivity have occurred. 
The Obersee, on the other hand, like lakes Erie and Ontario, represents an 
area which has recently experienced the effects of cultural eutrophication. 
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total purines and pynmidines 
ppm) 

6 4 2 0 
depth m core (cm) 

Fig. 9 Gnadensce core. Total concentrations of purines and pynmidines and organic 
carbon contents vs. depth 

The organic content of a lake sediment, therefore, although possibly not 
preserving a long-term record of productivity, may be a sensitive indicator 
of recent processes which induce changes in the trophic state of a lake. 
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G. DUNGWORTH, M. THIJSSEN, J. ZUURVELD, W. van der VELDEN 
and Alan W. SCHWARTZ 
Department of Exobiology, Faculty of Science, University of Nijmegen, 
The Netherlands. 

Abstract An uregular decrease of total ammo acid contents in a Lake Ontario 
sediment core (0-160 cm) is contrasted with the uniform decrease of both organic 
carbon and nitrogen. 
The source of the ammo sugars glucosamine and galactosamine has been attrib
uted either to the chitinous exo-skeletons of lake organisms or to the mucopep-
tides of algae or bacterial membranes. In addition, substantial abundances of the 
D- enantiomers of alanine and glutamic acid are indicative of bacterial activity 
within the sediment. 
In direct contrast with earlier evidence (Kemp and Mudrochova, 1973), amino 
sugars were found to degrade more quickly than the amino acid contents 
The relative order of the degree of racemistation of amino acids with depth is in 
agreement with previous results for the established order m older sediments and 
fossils. In contrast to amino acid and ammo sugar nitrogen, which together 
account for about 50 per cent of total organic nitrogen within the surface 
sediment, purine and pyrimidme nitrogen represent less than 2 per cent of the 
organic nitrogen balance. At a depth of only 15 cm this contnbution to the 
organic nitrogen balance has decreased ten-fold. Unlike the similarity between 
ammo acid distributions in the sediment and zooplankton samples there is no 
apparent correlation between the purine and pynnudine content of the sediment 
and that of the zooplankton sample. Below a depth of 60 cm hypoxanthine 
becomes the single most abundant base. Although kinetic experiments have 
indicated that purines and pyrimidmes are moderately stable within the geological 
environment (Minton and Rosenberg, 1964), their rapid disappearance in this core 
suggests that factors other than thermal stability are responsible for their extreme 
lability. 

INTRODUCTION 

Subsequent to the initial report of the occurrence of amino acids in 
recent marine sediments (Erdman et al, 1956), numerous geochemical 
investigations of amino acid distributions in sediments have established the 
ubiquity of this class of compounds. Relatively high concentrations, ca. 
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200-800 ppm, of amino acids have been identified in sediment cores, 
exhibiting reducing Eh potentials, from the Santa Barbara basin which 
reveal no relationship with depth (Degens et al, 1961). Alternatively, 
amino acid contents in marine sediments from the San Diego Trench, 
which exhibit positive Eh potentials (Degens et al, 1963), and in the 
Experimental Mohole (Rittenberg et al, 1963) reveal a distinct decrease in 
concentration with depth. More recently, amino acid concentrations which 
display a general decrease of abundance with depth have been reported for 
recent marine sediments (Clarke, 1967; Brown et al, 1972). Amino acid 
distributions in older sediments of Pleistocene and Holocene to Oligocene 
ages have been published (Hare, 1972; Aizenshtat et al, 1973; Itihara, 
1973). Similarly, the geochemistry of amino acids in calcareous sediments 
and the compositions of calcified proteins in the sedimentary environment 
have been studied by Mitterer (1972,1973). 

Amino acid distributions in more ancient sediments such as the Green 
River Formation of Eocene age (Vallentyne, 1960) have been re-investi
gated and the D/L ratios of the enantiomers of twelve amino acids indicate 
that a predominant proportion of the amino acids in this sediment may be 
attributed to modem contamination (Kvenvolden, 1975). On the other 
hand, a racemic mixture of amino acids, indicative of an indigenous and 
syngenetic origin, has been identified in the hydrolysate of fossil fish scales 
isolated from the Messel Oil Shale of Eocene age (Dungworth, 1976). The 
recognition of contaminant amino acids in sediments of all ages will un
doubtedly contribute to amino acid geochemistry. 

The irregular distribution of amino acids with depth in sediments from 
the Argentine Basin enabled Stevenson and Cheng (1969) to correlate 
changes of amino-acid nitrogen with Pleistocene climatic fluctuations. 
Detailed organic geochemical studies of sediments from the Great Lakes of 
North America include the variations of organic carbon and nitrogen in 
surface sediments, the correlation of amino acid distributions with 
plankton compositions and the decrease of organic nitrogen with depth in 
post-glacial sediment cores (Kemp, 1971; Kemp and Mudrochova, 1972, 
1973). 

Purines and pyrimidines account for a small proportion (< 2%) of the 
organic nitrogen balance in marine and non-marine sediments. The initial 
study of purine and pyrimidine contents in a marine sediment core was 
reported by Rosenberg (1964). Furthermore, the kinetics of degradation 
of these bases, determined by pyrolysis studies, were explained by a first 
order rate process. Activation energies for these degradative reactions indi
cated that purines and pyrimidines would be stable for millions of years at 
the low temperatures generally observed in the geological environment 
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(Minton and Rosenberg, 1964). Subsequently, low abundances of purines 
and pyrimidines have been identified in non-marine sediments by van der 
Velden and Schwartz (1974, 1976 and in press) and van der Velden et al 
(1974) and correlated with other data concerning rates of sedimentation, 
organic nitrogen and carbon contents and the process of eutrophication in 
lakes. In general, the nucleic acid base contents decrease very rapidly with 
sediment depth; their occurrence in ancient sediments has not yet been 
demonstrated. 

This report represents a comparative study of amino acid, amino sugar 
and purine and pyrimidine contents in a Lake Ontario sediment core, 
0-160 cm in depth. A previous study of the distribution of amino acids 
and amino sugars in the surface sediment of this core has been reported 
previously (Kemp and Mudrochova, 1973). The presence of specific non
protein amino acids e.g. a-e-diaminopimelic acid, in sediments, is believed 
to be indicative of microbial activity. This study reports the presence of 
enhanced levels of D-alanine and D-glumatic acid in this core, which can 
be related directly to their natural occurrence in the peptidoglycan struc
tures of bacterial membranes. 

Sample description and location 

Dr. A.L.W. Kemp kindly supplied freeze-dried sections of a core, collected 
in 1970, which is located in the deepest waters of Lake Ontario at Lat. N. 
43ο30.7·; Long. W. 76o54.0,. The water depth at the location is 225 m and 
the approximate post-glacial sediment is 7.4 m in depth, representing an 
accumulation period of 11.000 years (A.L.W. Kemp, personal communi
cation). A zooplankton haul was provided from the above location at a 
depth of 3 m below the water surface. Suspended sediment was collected 
from the north-east extremity of the Lake, where the water shallows 
towards the St. Lawrence River. Respective faunal and mineralógica! com
positions of the zooplankton and suspended sediment have been described 
previously by Kemp and Mudrochova (1973). 

Sample preparation 

Core sections were obtained with a 'triple gravity corer' and freeze-dried 
within 24 hours of collection (Kemp, 1971). Zooplankton and suspended-
sediment samples were freeze-dried immediately after collection. The main 
core was sectioned to provide a 0-5 cm sample followed by sections at 
1 cm intervals to a depth of 10 cm. Sections of 1 cm thickness were then 
cut at 5 cm intervals to a depth of 30 cm followed by sectioning at 10 cm 
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intervals in the range 50-160 cm depth. An additional core provided 0-1 
and 3-4 cm sections. Mean sample depths may be extrapolated from the 
data points illustrated in Fig. 1. 

Methods 

Organic carbon and nitrogen: 

Organic carbon was determined, after carbonate removal, by use of a 
titrimetric method involving chromic acid digestion according to the 
method of Kalembasa and Jenkinson (1973). Data for organic nitrogen are 
from results pubUshed previously by Kemp and Mudrochova (1972). 

Amino acids and amino sugars: 

Freeze-dried sediment (1 g) was suspended in 5M HF/0.1M HCl (20 ml) 
and evaporated at 90oC, under a nitrogen atmosphere, to low bulk. The 
dry residue was heated for 12 hours under reflux in 6M HCl (100 ml), in a 
nitrogen atmosphere. This procedure, essentially the method of Stevenson 
and Cheng (1969), gave the maximum yield of amino acids from the 
sediment and resulted in only minimal amounts of racemisation. Hydro
lysis mixtures were filtered through acid-washed Millipore filters (0.45 jum) 
and evaporated to dryness at 50oC under reduced pressure in a rotary 
evaporator. Distilled water (20-30 ml) was added to each residue and re-
evaporated in order to remove excess HCl. The residues were dissolved in 
water (5-8 ml) and neutralized with IM NaOH to pH = 7, followed by 
re-adjustment of pH over a period of 20 minutes. Metal hydroxides were 
filtered and the filtrates were evaporated to volumes of 2-6 ml, dependant 
upon salt concentration, and each filtrate was transferred quantitatively to 
a pre-washed and conditioned ion exchange resin column (AG 50W-X8, 
200-400 mesh, hydrogen form, 30 ml). Anions were eluted with 3 bed 
volumes of distilled water. Amino acids and amino sugars were then eluted 
with 4 bed volumes of 3M NH4OH, freshly prepared by dissolution of 
gaseous ammonia in distilled water. The eluent was evaporated carefully 
and quantitatively transferred to a glass vial (with teflon cap) and diluted 
to an exact volume (4.0ml). Such fractions were frozen and stored at 
-20oC until aliquots were required for the following analytical procedures. 

Quantitative analyses of these amino acid and amino sugar fractions were 
determined for six of the core sections by automatic ion exchange chroma
tography (± 5% error). Norleucine was added to the aliquots for cali
bration purposes. The amino sugars glucosamine and galatosamine eluted 
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between the retention times of alanine and valine, valine and cysteine, 
respectively. 

N-Trifluoroacetyl-n-butyl ester derivatives were prepared from the 
evaporated residue of an aliquot (0.5 ml) and examined by gas-liquid 
chromatography. These volatile amino acid derivatives were chromato-
graphed (1 μΐ) on a 2.3 m χ 4 mm I.D. glass column, 10 minutes at 100° 
followed by a temperature program 100ο-210ο at 2.5° per minute, packed 
with a 0.35% ethyleneglycol adipate coating on Chromosorb G, acid 
washed, 100/120 mesh, according to a method described previously 
(Dungworth et al, 1976). A total of 2-3 aliquots were derivatised for each 
core section, from which the average concentration of 13 amino acids was 
calculated (± 15% error). Although this method is less reliable and accurate 
than ion exchange chromatography, it provides a rapid and useful method 
for the study of fluctuations in amino acid concentrations with depth in 
both sediments and sous. 

Enantiomeric compositions of several amino acids, isolated from each 
sediment hydrolysis, were determined by synthesis of N-Trifluoroacetyl 
methyl ester derivatives, followed by gas-liquid chromatography on a 
60 m χ 0.5 mm I.D. stainless-steel column previously coated with a 10% 
solution of N-Trifluoroacetyl-L-phenylalanyl-L-leucyl cyclohexyl ester 
according to a previous procedure (Dungworth et al, 1976). Due to the 
low abundances of several D-enantiomers each derivative was chromato-
graphed between 3-10 times. Mean deviations of percentage abundances of 
each D-amino acid enantiomer were as follows: ± 8%, D-valine; ± 10%, 
D-alloisoleucine; ± 13%, D-leucine, ± 5%, D-alanine; ± 9%, D-aspartic acid 
and ±11% D-glutamic acid. 

Purines and pyrimidines: 

Purines and pyrimidines were extracted from sediment sections with 
1 M HCl, after previous digestion with HF (40%) and evaporation at 
100oC. Complete details of the extraction procedure and the subsequent 
purification and analysis by dual column, ion exclusion chromatography 
have been reported previously (van der Velden et al, 1974; van der Velden 
and Schwartz, 1974). It was found necessary to apply a more drastic 
hydrolysis procedure to the 0-1 and 3-4 cm sections in order to maximize 
the liberation of pyrimidines. This procedure, which involves direct hydro
lysis of samples in a mixture (50 : 50 by volume) of formic acid 
(98-100%) and trifluoroacetic acid is described elsewhere (van der Velden 
and Schwartz, in press). 
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RESULTS AND DISCUSSION 

Organic carbon and nitrogen 

Previous reports have indicated that the majonty of organic debns in
corporated within the sediment detntus of Lakes Erie and Ontano is of 
autochthonous origin (Harlow, 1968, Kemp and Mudrochova, 1973) 
Detailed study of the surface sediments in Lake Ontano has revealed a 
content of organic carbon in the range of less than 1 % in near-shore areas 
to about 5% in off-shore basins (Kemp, 1971) Our data for the variations 
of organic carbon content within the core are presented in Fig 1. These 
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Fig. 1 Distribution of organic carbon and nitrogen and total amino acid content with 
depth m a Lake Ontario sediment core 
(ammo acids decrease with depth from right to left) 
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data, which were obtained according to a method developed by Kalembasa 
and Jenkinson (1973) for application to soil chemistry, compare excel-
lenty with values reported by Kemp and Mudrochova (1972) for the 
surface sediment and selected core sections at this site. A very close corre
lation exists between the variation of organic carbon and nitrogen content 
with depth. The C/N molecular ratio, ca. 10-12 in the surface sediments, is 
remarkably constant throughout the core, decreasing to a ratio of ca. 9-10 
below a depth of 20 cm. These values are somewhat higher than the ratio 
8.6 for the humic acid fraction of a different Lake Ontario surface 
sediment (Kemp and Mudrochova, 1973) and considerably larger than the 
ratios 5.7 and 4.4 obtained for a fulvic acid fraction and zooplankton haul, 
respectively. Although the mechanism of organic nitrogen degradation is 
unknown, the larger value of C/N in the surface sediment in comparison 
with the zooplankton haul, and the constancy of this ratio with depth, 
may suggest that intense microbiological activity is operative at the sedi
ment-water interface. The sharp increases of organic carbon and nitrogen 
above a depth of 20 cm have been attributed to an increased input of 
organic detritus, particularly within the last 30 years (Kemp, 1971). 
Interestingly, a similar effect is evident in the purine and pyrimidine con
centrations with depth, the details of which are described in a following 
section. 

Amino acids and amino sugars: 

Amino-acid nitrogen accounts for about 50% of the total organic nitrogen 
in the surface sediment, in close agreement with earlier data (Kemp and 
Mudrochova, 1973). However, there is an erratic trend of amino-acid con
centration with depth, even though a general decrease is apparent. Free 
amino acids and amino acids combined with organic compounds as soluble 
components of interstitial water account for less than 1% of the total 
organic nitrogen in surface sediments (Kemp and Mudrochova, 1973). 
Consequently, the mole % distributions of the total amino acid hydro-
lysates, presented in Table 1, represent the compositions of amino acids 
occurring as insoluble peptides and proteins, or bound within fulvic and 
humic acid fractions of the sediment. The extraction procedure of 
Stevenson and Cheng (1969) was preferred since simple acid hydrolysis 
(6M HCl) does not completely liberate amino acids bound within clay 
mineral fractions. With only one exception the data display a remarkably 
uniform amino-acid distribution with depth, in direct contrast to the total 
amino-acid content. The gross similarity between the amino-acid compo
sition of surface sediment and that of the zooplankton haul has been 
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attributed to a 'low microbial turnover' in the surface sediment (Kemp and 
Mudrochova, 1973). Our results for sections which scan a depositional 
history over the last 5000 years would then indicate a constant ecology for 
this region of Lake Ontario. However, total amino-acid analyses of certain 
bacteria (Wyckoff, 1972) reveal a similarity of composition with both the 
zooplankton and sediment data. The bacterial analyses display depleted 
abundance of glycine (10-11 mole%) and increased abundances of valine 
(7-9 mole%) and leucine (9-11 mole^) when compared with the former 
data. Unfortunately, the lack of knowledge concerning bacterial popula
tions in the sediments of Lake Ontario and the experimental bias involved 
in obtaining viable bacterial counts so far precludes a direct comparison of 
total amino acid analyses. Nevertheless, the presence of substantial abun
dances of D-alanine and D-glutamic acid in the zero-age surface sediments, 
discussed later, is indicative of extensive bacterial degradation within the 
surface sediments. The availability of the insoluble amino acid components 
in the sediment for microbial growth is little understood. Although the 
soluble amino acid components of interstitial waters and fulvic acid 
fractions are susceptible to enzymatic degradation, the insoluble amino 
acid components in humic substances are protected from enzymatic 
hydrolysis (Kemp and Mudrochova, 1973). Consequently, it may prove 
warranted to ascribe the D-amino acid distribution within this core 
section to a model which limits microbial degradation to the surface 
sediment. At present no explanation is presented for the anomalous 
amino-acid distribution at a depth of 50-60 cm other than a limited eco
logical effect which Umited the input of planktonic debris to the surface 
detritus. 

Several non-protein amino acids have been identified. Ornithine, which 
displayed a slight increase in abundance with depth, is present in much 
smaller amounts than previously indicated (Kemp and Mudrochova, 1973). 
D-aUoisoleucine, the result of the natural epimerisation of L-isoleucine in 
sediments and fossils, was only present in low amounts although it could 
be accurately quantitated by gas-liquid chromatography, γ-amino-n-
butyric acid revealed an irregular but slight increase in abundance with 
depth. 

A series of control experiments conducted for 12, 24 and 48 hours with 
samples from the uppermost 0-5 cm section estabUshed that the 6M HCl 
hydrolysis procedure caused only minimal racemisation. Corrections for 
the degree of racemisation induced by the 12 hour hydrolytic procedure 
were calculated for alanine, valine, isoleucine, leucine and aspartic acid and 
were 0.5%, 0.3%, 0.3'/<, 0.8% and 5% respectively. Previous studies have 
shown that the synthesis and gas-liquid chromatography of amino acid 
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Table 1 Total Amino Acids (Mole %) in Lake Ontario core, plankton and suspended 
sediment. 

Deoth (cm) 

Basic 

Acidic 

Neutral 

Arginine 
Histidine 
Lysine 
Ornithine 

Aspartic 
acid 
Glutamic 
acid 

Hydroxy-
proline 
Threonine 
Serine 
Proline 
Glycine 
Alanine 
Valine 
Allo
dole ucine 
Isoleucine 
Leucine 
Y-aminobut-
ync acid 

Aromatic Phenyl-

Sulphur 

alanine 
Tyrosine 

Methionine 
Methionine 
sulphoxidc 
Cysteic 
acid 

Total ammo (n.mol/ 
acids g sed.) 

(mg/g) 

0-3t 

3.1 
2.2 
4.8 
3.2 

10.9 

7.8 

n.d. 

5.8 
9.1 
6.2 

14.5 
10.2 
5.9 

n.d. 

3.1 
4.8 

n.d. 

2.9 

2.3 

n.d. 
n.d. 

n.d. 

22.8 

0-5 

3.0 
1.0 
5.2 
0.7 

10.2 

7.5 

1.4 

7.3 
8.5 
7.0 

15.1 
12.1 

6.3 
0.05 

3.3 
5.1 
0.7 

2.8 

2.1 

0.3 
0.3 

0.2 

62500 

8.25 

14-15 

3.1 
0.5 
4.8 
0.7 

11.4 

8.7 

1.6 

7 0 
8.9 
5.1 

14.1 
12.6 
6.8 

0.07 

3.3 
5.2 
0.5 

2.8 

2.0 

Tr. 
1.0 

Tr. 

23700 

3.13 

29-30 

3.0 
0.7 
5 0 
0.7 

10.7 

8 0 

1.9 

7.3 
8.7 
5.1 

16.8 
12.3 

6.0 
0.08 

3.1 
4.9 
0.7 

2.7 

1.6 

Tr. 
0.9 

Tr. 

19300 

2.55 

50-60 

3.4 
0.6 
6 0 
1.0 

2.6 

2.6 

2.1 

8.4 
9.1 
7.1 

20.5 
14.3 
7.0 

0.08 

3.5 
5.4 
1.1 

2.7 

1.6 

0.1 
0.9 

0.2 

27400 

3.62 

102-110 150-160 

2.9 
0.8 
5.1 
0.9 

10.9 

7.3 

1.9 

6.7 
7.3 
6.2 

16.0 
11.9 
5.6 

0.09 

3.0 
4.7 
0.7 

2.5 

1.6 

Tr. 
0.9 

0.4 

34800 

4.59 

3.1 
1.5 
5.4 
1.1 

11.4 

7.1 

1.5 

6.8 
7.3 
5.4 

16.5 
12 6 
6.2 

0.06 

3.1 
4.6 
1.2 

3.1 

1.5 

0.3 
n.d 

0.3 

2690 

0.35 

Suspend.t 

sediment 

4.5 
1.3 
4.8 
0.3 

8.5 

9.6 

n.d. 

5.8 
7.7 
2.2 

12.3 
11.7 
5.8 
n.d. 

4.4 
8.2 
n.d. 

3.8 

4.4 

n.d. 
n.d. 

n.d. 

93 8 

Zoo t 

plankton 

4.9 
2.1 
6.5 
0.4 

10.9 

11.4 

n.d. 

5.2 
7.2 
5.3 
9.1 

10.2 
5.9 
n.d. 

3.9 
7.1 
n.d. 

3.5 

5.7 

n.d. 
n.d. 

n.d. 

510 

t Analyses by Kemp and Mudrochova, (1973). n.d. not determined. Tr. Trace Amounts. 
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derivatives results in negligable racemisation (Dungworth et al, 1976). The 
percentage abundances of D-amino acids, uncorrected for the amount in
duced by the hydrolytic procedure, have been plotted with respect to 
depth and the ages of specific horizons, derived from floral and radio
carbon data, have been inserted according to data reported by Kemp et al 
(1974). The plots are presented in Fig. 2 and indicate that the relative 
order of the degree of racemisation in this core is aspartic acid > glumatic 
acid > alanine > leucine = isoleucine > valine, and is similar to the order 
found in fossils and sediments of more ancient age (Dungworth, 1976). 
Only D-aspartic acid reveals any significant increase in the 5000 yr history 
of this core. Over such a short interval of time leucine, isoleucine and 
valine are only slightly racemised when compared with their abundances irt 
zero-age sediment., The D-enantiomers of alanine and glumatic acid, how
ever, display enhanced abundances in the surface sediment which cannot 
be explained either by the racemisation reaction at such a low sediment 
temperature, 4° C, or an essentially zero-age. Furthermore, the catalytic 
enhancement of racemisation rate by metal cations was obviated by the 
control experiments, at elevated temperature, which revealed similar rates 
of racemisation expected for model systems of pure amino acids in solu-

AGES OF SPECIFIC HORIZONS 
(YEARS В P | 

Fig. 2. Percentage abundances of D-amino acids with respect to depth and the ages of 
specific horizons in a Lake Ontario sediment core. AU ages are referred to as 
prior to the date of collection in 1970. Symbols. 

*, Valine; Δ, Alloisoleucine; •, Leucine; a, Alanine; o, Aspartic Acid; · , Glumatic 
acid. 
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tion. The low abundances of D-valine (0.7%), D-alloisoleucine (1.7%) and 
D-leucine (2.2%) in zero-age sediment, after correction for racemisation 
induced in the analytical procedures, are similar to their abundances in soil 
(Gil-Av, 1975) although their origin is not yet known. 

Although several non-protein amino acids in sediments may represent 
artefacts produced during the analytical procedure, only the occurrence of 
diaminopimelic acid has been attributed, directly, to bacterial activity in 
sediments and soils. D-alanine occurs as a constituent not only in teichoic 
acids, an accessory polymer of the murein content of bacteria, but also in 
equimolar amounts with D-glumatic acid in the peptidoglycan structure of 
murein. The anomalous abundances of these enantiomers in the surface 
sediment is interpreted as direct evidence of bacterial debris. Continuing 
bacterial activity within the core would be expected to further contribute 
to enhanced abundances of D-alanine and D-glutamic acid with depth. The 
absence of this effect in our data may indicate that bacterial activity is 
almost wholly preponderant in the 0-5 cm section of Lake Ontario core. 

Kemp and Mudrochova (1973) have reported data for amino sugar con
centrations within this core. Amino sugar nitrogen was found to increase 
with respect to amino acid nitrogen with depth, i.e. amino sugars were less 
susceptible to degradation than the amino acids. Our own data, which 
indicate respective concentrations for glucosamine and galactosamine of 
330 and 340 nmol/g sediment at 0-5 cm, 210 and 220 nmol/g at 50-60 cm, 
45 and 83 nmol/g at 102-110 cm and 16 and 23 nmol/g at 150-160 do not 
support this conclusion. A twenty-fold decrease of amino sugar content 
with depth would, in fact, suggest that they are more labile to degradation. 
Standardization of the extraction and hydrolysis procedures in this labora
tory suggest that this exponential decrease is real. However, until detailed 
studies of the degradation of amino sugars are undertaken, involving the 
need of standardization of extraction procedures and inter-calibration by 
various organic geochemical groups, such conflicting results should be 
regarded as of dubious geochemical value. 

Purines and pyrimidines: 

The complete analytical results for the identified purines and pyrimidines 
are presented in Table 2. Total concentrations decreased from 2,5 /jmol/g 
at the surface, representing 2% of total organic nitrogen, to less than 
50 nmol/g at 155 cm, representing about 0.2% of total organic nitrogen. 
This order-of-magnitude decrease contrasts with the relatively constant 
proportion of organic nitrogen found as amino acids. In addition, while 
the amino acid composition appears to be planktonic or bacterial in 
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Table 2. Purine and Pyrimidine contents in a Lake Ontano Core. 

Depth (cm) 

0-1 
3-4 
6-7 
7-8 
8-9 
9-10 

14-15 

19-20 

29-30 

50-60 

60-70 

70-80 

80-90 

90-100 

102-110 

110-120 

120-130 

130-140 

140-150 

150-160 

С 

675 
270 
127 
106 
95 
86 
40 
24 
18 
13 
9 
9 
7 
7 
5 
5 
3 
3 
5 
2 

и 
125 
27 
6 
6 
5 
4 
2 
2 
2 
2 
1 

,-
-
-
-
-
-
-
-
-

Τ 

397 
174 

91 

77 
76 
59 

36 
21 
13 
13 

10 
10 
9 
9 

7 
8 
6 

6 
6 
6 

А 

580 
246 
159 
131 
119 
104 
50 
31 
31 
26 
24 
24 
24 
20 
17 
21 
16 
13 
13 
15 

G 

366 
276 
146 
122 
115 
100 
49 
27 
19 

15 
12 
12 
13 
12 
11 
11 
9 
8 
7 
7 

Hx 

35 3 

193 
123 
88 
76 
61 
32 
18 
26 
23 
29 
28 
25 
20 
16 
23 
19 
15 
13 
24 

Total (nmol/g) 

2500 

1190 
650 
530 
490 
410 
210 
123 
109 
92 
85 
83 
78 
68 
56 
68 
53 
45 
44 
54 

Mole % 

14 
16 
19 
17 
16 
15 
15 
15 
24 

25 
34 
34 
32 
29 
29 
34 
36 
33 
30 
44 

All concentrations arc expressed as nmol/g sediment. 
Abbreviations: С, cytosine; U, uracil; Τ, thymine; A, adenine; G, guanine; 
Hx, hypoxanthine. 

character, there is little direct correlation betweent the ouserved base 
contents in the sediments and that of the zooplankton sample. Table 3. It 
has been suggested elsewhere that the low uracil contents found in sedi
ments (relative to thymine) may indicate a rapid and specific degradation 
of uracil itself or of the RNA fraction of which uracil is characteristic (van 
der Velden and Schwartz, 1976 and in press). The decrease in uracil 
content in the first 7 cm is particularly striking. It is also apparent that the 
purines and pyrimidines are degraded more rapidly than the amino acids. 
The greatest part of the decrease in the purine and pyrimidine content 
occurs in the top 20 cm of sediment, Fig. 3. Interestingly, the decomposi
tion process appears to be bimodal, with a sharp break in the curve at 
about 20 cm. The reason for this break, which appears to correlate with a 
similar pattern in both total organic carbon and nitrogen, Fig. 1, is 
obscure. It is possible that this transition may be due to a shift from 
microbial breakdown to chemical diagenesis, although the sharpness of the 
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Table 3. Purine and Punmidinc contents of tlie Zooplankton haul and surface 

sediment 

С и Τ A G Нх 

Zooplankton haul 19.6 21.6 12.3 26.5 27.0 10.6 
(umol/g plankton) 
Mole Redistribution 17 18 10 23 23 9 

Surljce sediment 
Mole 7r distribution 27 5 16 23 15 14 

Abbreviations Refer to Table 2. 

transition is surprising. If this explanation is correct, it indicates that the 
microbial population of the sediment is metabolically active to a depth 
corresponding to an age of 140 years. This depth in the core corresponds 
closely to the level of minimum Eh (Kemp and Mudrochova, 1972), and 
also to that of the Ambrosia pollen horizon (19 cm), which is accredited 
to the effects of large scale land clearance by early colonists. However, 
other cores examined from Lake Erie show no such correlations (van der 
Velden and Schwartz, in press). 

The curve below 20 cm displays, superficially at least, first order rate 
kinetics. The half-life calculated on this basis for the total purine and 
pyrimidine content is of the order of a few thousand years (3,400 yr). This 
rate of breakdown is too rapid to be understandable except as a catalyzed 
process, or as an irreversible reaction with other constituents in the sedi
ment. The data suggest a faster rate of breakdown of pyrimidines as 
compared to purines, Fig. 3. Although all of the purines decrease with 
depth less rapidly than the pyrimidines, hypoxanthine actually becomes 
the single, most abundant, recognizable base below 60 cm. This might be 
explained as the result of hydrolytic deamination of adenine, except that 
the subsequent hydrolysis product of both hypoxanthine and guanine, 
xanthine, was not detected in the sediment in significant concentrations. It 
is apparent that in situ studies of the diagenesis of these classes of com
pounds are required and that studies with isolated bases provide little if 
any information as to the diagenetic processes occurring within the sedi
ment (Minton and Rosenberg, 1964; van der Velden étal, 1974). 
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Fig. 3. Variation of punne/pyiimidine ratio (solid circles) and purine + pyrimidine 
content (hollow circles) with depth in a Lake Ontario sediment core Abbre-
vutions Pu, purines, Py, pynmidines. 
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SEARCH FOR PURINES AND PYRIMIDINES 
IN THE MURCHISON METEORITE 

W van der VELDEN and Alan W SCHWARTZ 
Department of Exobiology, Faculty of Science, University of Nijmegen, 
Nijmegen, The Netherlands 

Abstract. A 1 g interior sample of the Murchison CU meteorite was examined for 
the presence of purines and pynmidines by dual-column ion-exclusion chromato
graphy and ultraviolet spectroscopy Xanthine, not previously reported in meteo
rites, was found to be the major purine liberated by extraction with formic acid, 
with a concentration corresponding to 2 3 micrograms per gram of meteorite 
Guanme (0 1 ppm) and hypoxanthine (0 04 ppm) were also tentatively identified. 
The presence of adenine could not be confirmed No pynmidine was detected at 
concentrations higher than the background level (0 01 ppm) in water, formic acid 
or strong acid extracts Silylation of the water extract, however, resulted in the 
appearance of 4-hydroxypyrimidine, 4-hydroxy 2-methylpyrimidine and 
4 hydroxy-6-methylpynmidme These compounds are thought to be formed 
during the silylation procedure from contammants present in the reagent 

INTRODUCTION 

Purine as well as pynmidines have been reported to exist in meteontes, 
although these two classes of heterocyclic compounds have never 
been detected simultaneously in the same sample Hayatsu (1964) pre
sented evidence for the presence of the purines adenine and guanine and 
some s-tnazines in the Orgueil CI chondnte The occurrence of 4-hy-
droxypynmidine and several of its derivatives in water and formic acid 
extracts from Orgueil, Murray (СП) and Murchison (СИ) meteorites was 
reported by Folsome et al (1971, 1973) However, these workers were 
unable to detect purines or s-tnazines, even after hydrolysis of the residue 
m 6 M HCl More recently, two samples of the Murchison meteorite were 
analyzed by Hayatsu et al (1975). These investigators utilized the same 
extraction procedure as reported by Folsome et al. (extraction with water 
and with 88% formic acid), but were unable to confirm the presence of 
4-hydroxypynmidines or mdeed detect any heterocyclic compounds. 
Hydrolysis of the residue in 3 M HCl, however yielded urea (25 ppm), 
guanylurea (30 ppm), and the triazmes cyanunc acid, melamine and 
ammelide as well as the purines adenine and guanme 
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An additional portion of this sample was also subjected to a lengthy 
procedure in which a trifluoroacetic acid-soluble fraction was repeatedly 
acetylated and hydrolyzed in 3 M HCl. The purpose of this procedure 
was, repostedly, to liberate heterocyclic compounds from a polymeric 
component. In addition to cyanuric acid (20 ppm) and melamine 
(20ppm) the purines adenine (15 ppm) and guanine (5 ppm) were iden
tified. Curiously, a separate sample which was extracted with water and 
subsequently hydrolyzed in 6 M HCl yielded larger quantities of guany-
lurea (45 ppm) and cyanuric acid (30 ppm) but no purines. 

The discrepancies between the reports from these two laboratories are 
difficult to understand, as essentially the same extraction procedures 
yielded pyrimidines but no purines in one laboratory, and failed to yield 
pyrimidines in another. A possible source of difficulty in comparing the 
two sets of reports is the use of direct volatilization in a mass spectrometer 
by Hayatsu et al., while Folsome et αϊ subjected their fractions to trime-
thylsilylation prior to gas chromatography-mass spectrometry. The latter 
technique, especially, is sufficiently violent so as to suggest the possibility 
that the compounds identified may not actually have existed in the same 
form prior to analysis. 

Because of the contradictory nature of previous results, and the obvious 
importance of the purines and pyrimidines in the context of chemical 
evolution, we have analyzed a small sample of the Murchison meteorite by 
means of a high performance liquid chromatography system. The advan
tages of the applied analytical method are high sensitivity (less than 
10 nanograms of a purine or pyrimidine is sufficient for analysis) and the 
fact that extracts can be analyzed without prior derivatization or volatili
zation. 

Materials and methods 

The Murchison meteorite sample investigated consisted of 3 interior frag
ments (total weight 4.6 g, catalog nr. 828) obtained from Dr. C.B. Moore 
of the Center for Meteorite Studies, Arizona State University. The Allende 
sample, used for control and recovery experiments, was an interior portion 
of an unfragmented stone of 486 g (catalog nr. 324) obtained from Dr. 
E.A. King, Jr., of the Department of Geology, University of Houston. Two 
slices of about 1 cm thick were cut off from the Allende stone by means 
of a circle saw coated with diamond powder. During sawing the stone was 
continuously cooled by an abundant supply of distilled water and after 
cutting the slices were immediatly rinsed with distilled water and were 
dried overnight in an evacuated dessicator over P2 Os. 
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The outer rim of the interior slice was removed and the remaining 
portion fragmented. Meteorite fragments were broken into small pieces of 
a few mm and ground by hand in a glazed porcelain mortar. Pulverized 
quartz sand (acid-washed and heated for several hours at 570° C) was used 
in blank experiments. Volatile solvents used were redistilled and all chemi
cals were reagent grade. 

N,0-bis-(trimethylsilyl)-acetamide (BSA) was purchased from Pierce 
Chemical Co. 

Extraction procedure 

A scheme of the extraction procedure is presented in Fig. 1. Pulverized 
Murchison meteorite (1.0 g), was weighed out into a Teflon receptacle, 
which could be connected to a glass condenser. This sample was subse
quently refluxed with 35 ml of toluene, water and formic acid (98-100%) 
each for 20 hr, under a nitrogen atmosphere and stirring with a Teflon 
coated stirring bar. As a procedural blank, the same amount of Allende 
powder was weighed out in another receptacle and simultaneously taken 

[ MURCHISON ( Ю д ) | 

iTOLUENE-REFLUn + TOLUENE EXTRACT 
residue 

IWATER-REFLinH^,.1!1:''» WATER EXTRACT 
residue 

IHCOOH-REFLUXH • FORMIC ACID EXTRACT 
residue 

|зм н с м г о " - ! * зм наHYDROLYSATE 
residue 

I HF-DIGESTION | 
residue 

M M HCl-REFLUX"! *• HF-1M HCl EXTRACT 
1 I ' 

residue 

IHCOOH-TFA- Ï ÏSH 1 " HCI> HCOOH-TFA HYDROLYSATE 
Fig. 1 Procedure foi the isolation of N-heterocyclic compounds from the Murchison 

meteorite. 

79 



through the entire procedure. After cooling the receptacles were placed in 
a centrifuge and solids spun down. Supernatants were decanted and the 
water extract acidified to about 1 M HCl and adjusted to a volume of 
50 ml. The formic acid extract was evaporated to dryness (50° C, vacuum) 
and 1 M HCl (50 ml) was added before further processing. The water 
extract was subjected to charcoal filtration (see next section) and the 
purified extract subsequently hydrolyzed in 3 M HCl (evacuated sealed 
tube, 120° C, 6 hr). The residue of the formic acid extract was suspended 
in 3 M HCl (7 ml) and transferred to a hydrolysis tube. 

Tubes were frozen in liquid nitrogen and sealed under vacuum. Hydro
lysis was performed at 120° С for 6 hr. After cooling, tubes were opened, 
supernatants recovered by centrifugation and adjusted to 50 ml and 
1 M HCl. The residue of the 3 M HCl hydrolysis was transferred back to 
the original Teflon receptacle with some portions of water (total 8 ml) and 
42 ml of HF (48%) was added to digest silicates. The HF was evaporated 
on a steam bath under a flow of N2 and the dry residue extracted with 
1 M HCl (35 ml) for 1 hr under reflux conditions (van der Velden and 
Schwartz, 1974). 

The remaining residue was suspended in HCOOH (1.5 ml, 98-100%) and 
transferred to the Teflon container of a Parr bomb. 

An equal volume of trifluoroacetic acid (TFA) was added and hydrolysis 
performed at 175° С for 1.5 hr according a method reported in detail else
where (van der Velden and Schwartz, 1976 b). The hydrolysate was subse
quently taken up in 1 M HCl (50 ml). 

Charcoal filtration and recoveries 

In order to avoid incomplete adsorption of heterocyclic compounds and 
discrepancies in the recoveries of the individual bases (Hayatsu et al., 
1975), all extracts were adjusted to about 1 M HCl and a volume of 50 ml 
before filtration through a column of activated charcoal (0.6 χ 5 cm). 

Charcoal (Fisher activated Cocoanut charcoal, 50-200 mesh) was washed 
with H2 O, 7 M NH3, H2 О and then extracted in an all glass Soxhlet 
apparatus with 6 M HCl (48 hr), 98-100% HCOOH (72 hr) and water 
24 hr). 

After adsorption of the sample, columns were washed with 1 M HCl 
and H 2 0 to remove unbound material, and adsorbed compounds were 
eluted with HCOOH (98-100%, 40 ml), (van der Velden and Schwartz, 
1974). Recovery experiments were performed at the nanogram level 
for the charcoal filtration alone and at the microgram level for each 
of the separate extraction procedures. Recoveries were determined 

80 



by percolating through the column 50 ml 1 M HCl containing 20 ng 
each of cytosine, uracil, thymine, hypoxanthine, adenine and guanine; 
40 ng 4-hydroxypyrimidine and 200 ng each of melamine and ammeline. 
Recoveries ranged between 73 and 96%, with the exception of 4-hydroxy
pyrimidine for which 50-55% was estimated. In a separate experiment, 
xanthine (in the μg range) was recovered from a 1 M HCl solution in 87% 
yield. 

Overal recoveries were estimated by addition of standard amounts of 
bases and s-triazines to 1.0 g of Allende before the separate extractions, 
except for the HCOOH-TFA hydrolysis. In this case only 0.1 g of meteo
rite powder was weighed out. The following amounts of bases and s-tria
zines were added: cytosine, uracil, thymine, hypoxanthine, adenine 
xanthine and guanine, each 20 μg; and 4-hydroxypyrimidine, melamine, 
ammeline and ammelide 40 jug each. Water and formic acid extracts 
/howed recoveries in the range of 48% (adenine) to 105% (ammeline). An 
exception was the low recovery of 4-hydroxypyrimidine in the formic acid 
extract (23%). The results of the acid hydrolysis (3 M HCl, 110° С, 6 hr) 
were somewhat more diverse. Recoveries for pyrimidines ranged from 
49-83% and for purines from 22-43%. For the s-triazines we found: 
melamine 3.5, ammeline 23 and ammelide 7-10%. In contrast with earlier 
reported values obtained from HF—1 M HCl extractions of bases added to 
lake sediments (van der Velden and Schwartz, 1974) very low recovery 
percentages were found for the pyrimidines (8-39%) upon extraction in 
the presence of Allende meteorite. Yields for purines ranged between 64 
and 85% and the values for melamine, ammeline and ammelide were 21,55 
and 86% respectively. Estimated recoveries for purines and pyrimidines of 
the HCOOH-TFA hydrolysis procedure were between 53 and 90%, while 
17, 153 and 34% was found for melamine, ammeline and ammelide, 
respectively. The high yields of ammeline in some extracts are almost 
certainly due to a conversion of melamine into ammeline. 

Chromatography 

Formic acid eluates of the charcoal columns were evaporated to dryness 
(vacuum, 50° C) and the residues taken up in 0.1 M NHj (100-250 ¡A). 
Analysis was performed by anion as well as cation exclusion chromato
graphy. The columns used were Aminex A6 (0.6 χ 50 cm) in ammonium 
bicarbonate-ammonia buffers (pH 10.0 and 9.0) and ammonium formate 
buffer (pH 8.2), and Aminex A25 (0.6 χ 25 cm) in sodium acetate buffers 
(pH 3.0, 3.5 and 4.0) (Singhal, 1972; Singhal and Cohn, 1973). Both 
columns were operated at 60е С and a flow rate of 24 ml/hr. U.V. absorp-
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tion of the eluate was monitored at 254 and 280 nm with a Chromatronix 
Model 230 dual channel detector and at 225 or 230 nm with a Zeiss QI1 
spectrometer equipped with micro flow-cells and a 'log to linear' con
verter. Although the latter equipment was very much less sensitive than 
that employed for detection at 254 and 280 nm, it provided a means of 
detecting s-triazines, should these compounds be present in substantial 
amounts. 

Integration of peaks and recording of retention times was performed on 
the 254 nm channel by means of a Hewlett-Packard 3370B integrator. 
Retention times of standard compounds were repeatable to within 1% on 
both columns. 

RESULTS 

Blanks 

Preliminary investigations with quartz sand and Allende blanks showed the 
absence of any of the sought bases or triazines above the limits of detec
tion in all extraction procedures. With the exception of some U.V. absorb
ing material excluded from the anion column, and in early extracts, a 
peak corresponding with pyridine, the chromatograms of both quartz sand 
and Allende blanks showed that the extracts were essentially free of any 
contaminants. 

The limits of detection, and therefore maximum possible concentrations 
of bases and s-triazines recovered from the Allende meteorite were 2 to 
5 ppb for uracil, thymine, cytosine, 4-hydroxypyrimidine, hypoxanthine, 
adenine and guanine; and 8 ppb for xanthine. The detection limit for 
cyanuric acid, melamine, ammeline and ammelide was 1-2 ppm. 

Murchison meteorite 

A preliminary screening of the toluene extract by gas chromatography 
showed no indication of unsubstituted s-triazine above the detection limit 
of 3 ppm. 

The chromatograms of the hydrolyzed water extract are shown in Fig. 2 
en 3. The corresponding chromatograms of the formic acid extract are 
represented by Fig. 4 and 5. Although a few large peaks were observed in 
the chromatograms of the water extract at positions corresponding to 
some of the bases (for example the adenine position in Fig. 2 and the 
uracil position in Fig. 3), in no ca^e was there a peak at the appropriate 
position in both chromatograms. There were also no correlations between 
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WATER EXTRACT 
A6 (pH 10.0) 

254 nm 

\^-л 

5000 1000 3000 2000 1000 SECONDS 

Fig. 2 Anion-exclusion chiomatogram of the hydrolyzed watet extract of the 
Muichison meteorite (For abbreviations see Table 1). 
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WATER EXTRACT 
A 2 5 ( p ! K 0 ) 

5000 то 3000 2000 1000 SECONDS 

Fig. 3 Cation-exclusion chiomatogram of the hydrolyzed water extract of the 
Murchison meteorite (For abbreviations see Table 1) 
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FORMIC ACID EXTRACT 
A б (pH 10.0) 

О 00? O D 

2 5 t nm 

ч ^ 

5000 UNO 3000 2000 1000 SECONDS 

Fig. 4 Anion-exclusion chiomatogiam of the formic acid extract of the Muichison 
meteoiite (For abbreviations see Table 1). 

85 



FORMIC ACID EXTRACT 
A 2 5 ( p H U ) ) 

0 0 0 2 0 0 

2Ы*ш 

5000 (.000 3000 2000 1000 SECONDS 

Fig. S Cation-exclusion chromatogram of the formic acid extract of the Mmchison 
meteorite (For abbreviations see Table 1). 
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Table 1 Upper limits to concentrations of purines and pynmidines in extracts of the 
Murchison meteorite. 
(parts per million)* 

4HP U Τ С A G HX Χ 

Water 0.01 0.06 0.01 0 04 0.03 0.09 0.28 0.31 
Extract 

Formic acid 0.01 0.01 0.01 0 03 0.09 0.27 0.30 2.4 
Extract 

3 M HCl - 0.01 0.03 - 0.33 
Hydrolysate 

HF-1 M HCl - 0.01 0.02 - 0.20 
Extract 

HCOOH-TFA - - - - - 0.01 - 0.02 
Hydrolysate 

* Concentrations were calculated on the supposition that a peak present in chro-
matograms from both columns might correspond to the sought compound, regardless 
of the observed spectral properties. 
Abbreviations 4HP, 4 hydroxypynmidine, U, uracil; T, thymine; C, cytosine; A, 
adenine, G, guanine; HX, hypoxanthme; X, xanthine. 

the optical ratios (280/254) of unknowns and of standard purines and 
pyrimidines. Although no compounds were identified in this extract, the 
data were used to calculate upper limits to the concentrations of purines 
and pyrimidines which might be present (Table 1). Similar calculations are 
included in Table 1 for the subsequent extracts. Chromatograms of the 
formic acid extract showed the appearance of a large peak at the xanthine 
position as well as an increase in the peak corresponding to guanine 
(Fig. 5). Portions of the eluate corresponding with the peaks in the 
hypoxanthine, xanthine and guanine positions were collected separately as 
indicated on the central chromatogram of Fig. 6. 

Collection was performed by means of a valve system and sample loop 
(Modified Chromatronix sample injection valve). Recovered fractions were 
desalted on charcoal and reanalyzed according to the scheme of Fig. 6. 
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3000 ΐΟΟΟ 1000 s ^ n o s зоос τοαο i o n stœios 

Fig. 6 Refiactionation of xanthine, hypo xanthine and guanine peaks of the 
Muxchison formic acid extract (For details see text). 

Before reanalysis the xanthine fraction was heated in 0.1 M NH3 (80°, 
1 hr). This treatment had been shown to cause the disappearance ot un
identified material cochromatographing with xanthine on the Aminex A25 
column. Xanthine was tentatively identified by chromatography on both 
the anion and the cation exclusion columns under five different sets of 
conditions (bottom two chromatograms of Fig. 6and Table 2). The ob
served peaks in the xanthine position showed identical retention times and 
optical ratios as compared to values obtained from standard analyses of 
authentic xanthine. Similarly, hypoxanthine and guanine were tentatively 
identified (Right and left chromatogram of Fig. 6). Table 2 summarizes 
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Table 2. Retention times, optical ratios and concentrations of purines tentatively 
identified in the foimic acid extract. 

Compound 

Xanthine 

Hypoxanthine 

Guanine 

column 

A6 
A6 
A25 
A25 
A25 

A6 
A25 

A6 
A25 

PH 

8.2 
9.0 
3.0 
3.5 
4.0 

10.0 
4.0 

10.0 
4.0 

time, 

Standard (sec) 

1597 
1181 
2437 
2487 
2600 

1352 
2515 

2665 
3266 

time, 

Unknown (sec) 

1579 
1188 
2438 
2482 
2598 

1350 
2507 

2666 
3245 

280/254 

Standard 

0.70 
0.78 
0.58 
0.58 
0.63 

0.24 
0.30 

0.63 
0.56 

280/254 concen
tration 

Unknown (ppm) 

0.71 
0.78 
0.58 
0.58 
0.65 

0.25 
0.33 

0.59 
0.59 

2.3 
2.1 
2.2 
2.1 
2.2 

0.04 

0.10 

the analytical data for the refractionations illustrated in Fig. 6, as well as 
foi three additional analyses for xanthine which are not illustrated. 
Adenine was sought during refractionation of the xanthine peak, but could 
not be identified. Upon analysis of the subsequent extracts (3 M HCl 
hydrolysate, HF-1 M HCl extract and HCOOH-TFA hydrolysate) it be
came clear that the bulk of the U.V. absorbing material present in the 
meteorite was liberated into the water and formic acid extracts (Table 1), 
although the general appearance of the chromatograms stayed the same. 
Inspection of the 225 or 230 nm tracings (not illustrated) did not show 
the presence of cyanuric acid, melamine, ammeUne or ammeUde, in
dicating that these triazines were not present at concentrations higher than 
about 2 ppm. 

DISCUSSION 

The extraction procedure employed was designed to incorporate some 
features of previously published techniques. The water and formic acid 
extractions were essentially the same as those applied by Folsome et al 
(1971, 1973), with the exception of the strenght of formic acid used, 
which was 98-100% in place of 88%. The subsequent hydrolysis steps were 
incorporated to test the possiblity that heterocycles would only be re
leased upon the strong acid hydrolysis, as suggested by Hayatsu et al 
(1975), although no attempt was made to duplicate these worken' pro
cedure exactly. In agreement with Hayatsu et al. (1975), we were unable 
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to detect 4-hydroxypyrimidine, 4-hydroxy-2-methylpyrimidine, or 
4-hydroxy-6-methylpyrimidine in either water or formic acid extracts of 
our sample of Murchison. 

Since our methods would have easily revealed a concentration of 
0.02 micrograms per gram of meteorite of any of the above pyrimidines, it 
was difficult to understand reported concentrations ranging form 1 to 
4.2 micrograms per gram (Folsome et al, 1973). We have investigated the 
possibility that pyrimidines were liberated by the trimethylsilylation pro
cedure itself. The water extract of an additional (3.3 g) portion of the 
Murchison meteorite was hydrolyzed in HCOOH-TFA (van der Velden and 
Schwartz, 1976 b), purified on charcoal, evaporated to dryness and sily-
lated with 330 μΐ of BS A at 150° С for 1 hr. (A 1 : 1 mixture of BS A in 
pyridine as described by Folsome et al. 1973 was not used, as pyridine was 
shown not to be necessary and to be extremely difficult to remove from 
the sample). The silylated sample was subsequently evaporated, extracted 
in 0.1 M NH3 and analyzed. Water extracts from Allende, from a sample 
of Allende heated at 570° С for 4 hr, and from quartz sand were also 
included. These samples were also derivatized with a second batch of BSA. 
Reagent blanks were run of heated and unheated BSA. The results are 
summarized in Table 3. All samples of BSA which we have examined 
produced ultraviolet-absorbing peaks upon evaporation, extraction and 
anlysis by ion-exclusion chromatography. Upon heating the reagent, either 
alone or in the presence of quartz sand, the number and concentration of 
unknowns was found to increase, although none of the unknowns corre
sponded to the three hydroxypyrimidines which have been reported 
(Folsome et al., 1973). 

Hydroxy-pyrimidines were present, however, after silylation of both 
Muchison and Allende extracts. Note that the concentrations of the three 
hydroxy-pyrimidines obtained from the Murchison extract were fairly 
close to those reported by Folsome et al. (1973). The Allende, which is 
known not to contain extractable organic material (Simmonds et al, 
1969), also yielded small concentrations of these compounds with the 
more seriously contaminated BSA sample. The sample which had been 
heated to destroy organics produced even higher concentrations. We be
lieve that these tentatively identified hydroxy-pyrimidines are being 
formed during the silylation procedure from precursors present in the 
reagent. The formation of the hydroxy-pyrimidines appears to be pro
moted by inorganic constituents of the meteorite. The nature of this 
reaction is currently under further study. 
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Table 3 Identified pyrimidmes and other products after silylation of water extracts 

Sample 

BSA(l) unhealed 
BSA (2) unhealed 

BSA(l) 
BSA (2) 

Quartz sand extract 

+ BSA(1) 
+ BSA (2) 

Allende extract 

+ BSA(1) 
+ BSA(2) 

570° Allende extract 

+ BSA (1) 
+ BSA (2) 

Murchison extract 
+ BSA (2) 

4-HP 

_ 
-

-
-

_ 
-

_ 
-

0.12 
0.16 

1.3 

Compounds (ppm)* 

4-H-2-MP 4-H-6-MP 

_ _ 
-

_ _ 
-

_ _ 
-

— _ 
0.27 0.43 

0.36 0.72 
0.31 1.0 

2.6 1.0 

Unknowns 

+ 
++ 

++ 
+++ 

+ + 
++ + 

+ + 
+++ 

+++ 
++ + 

++ + 

* Hydroxypynmidines tentatively identified by comparison with authentic stan
dards on anion and cation exclusion columns. 
Abbreviations 4-HP, 4-hydroxypyrimidme, 4-H-2-MP, 4-Hydroxy-2-methyl-
pyrimidme, 4-H-6-MP, 4-hydroxy-6-methylpyrimidme. 
Concentrations of identified components are expressed as micrograms per gram of 
extracted material. 

Although the positive identification of xanthine, hypoxanthine and 
guanine awaits confirmation by combined GC-MS techniques, we ob
tained strong evidence for the indigenous presence of these compounds 
in the Murchison meteorite. Xanthine and hypoxanthine have never pre
viously been reported in carbonaceous meteorites. 

The failure of two other laboratories to detect xanthine in the 
Murchison meteorite is puzzling. Although we employed extraction with 
98-100% fomuc acid rather than 88%, the subsequent hydrolysis step in 
6 M HCl employed by other workers (Folsome et al, 1973, and Hayatsu et 
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al., 1975) should have liberated this purine. On the other hand, we could 
not detect triazines in concentrations higher than about 2 ppm, whereas 
Hayatsu et al. (1975), report 30 ppm cyanuric acid. Folsome et al. (1971, 
1973), with much more sensitive techniques, were also unable to detect 
triazines. 

Surprisingly, we were unable to confirm the presence of adenine in the 
formic acid extract. The maximum possible concentration was only 
0.09 ppm (Table 1) and subsequent hydrolysis of the residue under more 
severe conditions failed to liberate adenine. Similarly, no additional 
guanine was released in steps subsequent to the formic acid extraction. We 
do not believe that these results are compatible with the presence of 
adenine and guanine bound in the manner suggested by Hayatsu et al. 
(1975). Indeed we carried out a single acetylation and hydrolysis on a 
portion of the residue from the formic acid extraction without detecting 
the release of any additional purines. Rather, the most reasonable expla
nation for the discrepancies in analysis for purines and triazines would 
seem to be heterogeneity of distribution of these compounds or their 
precursors in the meteorite itself. 

In this regard, it is noteworthy that Hayatsu et ai (1973), failed to 
detect purines in one of their two samples of Murchison, although the 
extraction procedure employed was in no way less rigorous than that used 
for the other sample. 

Finally, the large concentration of xanthine, our failure to find any of 
the pyrimidines and the complete lack of any correlation with the distribu
tion of nucleic acid basis in geological environments on Earth (see van der 
Velden and Schwartz, 1974, 1976 a and 1976 b) strongly supports the 
earlier demonstration (Kvenvolden et al., 1971) that the Murchison 
meteorite is essentially free of any serious biological contamination. 
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SUMMARY AND CONCLUSIONS 

Cores obtained from a number of locations in the Great Lakes of North 
America and the Bodensee (Lake Constance) provided the opportunity to 
study and compare a wide variety of recently deposited lake sediments. In 
the surface sediment the purines and pyrimidines constitute 1-2% of the 
total organic nitrogen with a rapid decrease to about one tenth of this 
value in deeper layers. The study of a wide variety of geological samples 
including these lake sediments, forest soils and marine sediments, revealed 
that, although the absolute values differed considerably, the mole % con
tent of uracil was low in all samples studied. Moreover, in the upper layers 
of lake sediments uracil decreased with depth faster than any of the other 
bases, which showed in general the same rate of decrease as the total 
purine plus pyrimidine content. 

These results indicate that the degradation of the incoming organic 
material proceeds quite rapidly in the uppermost layers of all these 
environments, suggesting the operation of microbial processes. The marked 
underabundance of uracil, even in the top-most centimeter of lake sedi
ments, points to a preferential degradation of this compound, or of the 
parent RNA of which uracil is characteristic, at the very early stages of 
deposition. These observations are in agreement with previous findings of 
Rosenberg who was also unable to detect uracil in any of the sections of 
the experimental Mohole core. Initial studies of two cores from the central 
and eastern basins of Lake Erie revealed that the total content of the 
purines and pyrimidines increased steeply toward the surface (Paper II). 

These data showed obvious correlations with previously reported recent 
increases in organic carbon, nitrogen and phosphorus, which were mainly 
attributed to increased loadings of nutrients to the lakes, and increased 
rates of sedimentation of organic materials since about 1900. 

Due to the existence of well established pollen horizons in the sediments 
of the Great Lakes it was not only possible to follow the distribution of 
the purines and pyrimidines with depth into the sediment, but also with 
estimated date of deposition. The onset of the steep increases in total 
purine and pyrimidine content in these cores coincidenced almost exactly 
with the exponentially increasing rates of sedimentation of organic matter, 
which are thought to have occured in the last decennia, and could have 
been due to culturally induced eutrophication. However, the distribution 
patterns of total organic carbon as well as purines and pyrimidines are also 
strongly influenzed by the action of microbial processes. 

Subsequently, additional cores of three different areas of the Great 
Lakes (Lake Huron — South Bay, Lake Erie — central basin and Lake 
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Ontario - eastern basin) were analyzed for nucleic acid base contents 
(Paper III). The total concentrations of purines and pyrimidines found in 
this study, were directly expressed as a percentage of the organic carbon 
content of the different core sections, and this relation was plotted versus 
the estimated time of depostion. The results revealed that, although the 
absolute concentrations of the nucleic acid bases were highest in lakes 
subject to cultural eutrophication, the microbial degradation acted in a 
more than compensating way upon the increased loading of organic 
material. These data pointed to low microbial activity in the sediments of 
oligotrophic Lake Huron, a high activity in Lake Erie, correlated with 
eutrophic conditions, and an intermediate position for Lake Ontario. 

Cores obtained from three different areas of the Bodensee (Lake Con
stance), provided the possiblity to study and compare the distribution of 
purines and pyrimidines and organic С in a wide variety of lake sediments 
from completely different geological locations (Paper IV). 

Concentrations of total purine and pyrimidine content in top layers 
(first cm) of all cores were found to be in roughly the same range 
(178—497 ppm). Remarkable similarities were observed in the distribution 
patterns of the investigated parameters in sediments of locations subject to 
cultural eutrophication in both the Great Lakes and the Bodensee. Es
pecially the curves from the central basin of Lake Erie and the Obersee 
matched each other almost exactly, although the sedimentation rates dif
fered considerably. This would mean that the onset of the dramatic in
creases in productivity and therefore organic sedimentation, which for 
both locations are thought to have begun around 19S0, were not preserved 
in the sediment, and that the earlier observed coincidence between the 
upswing in base content for the eastern basin of Lake Erie and a date 
of 1950 (Paper II) was probably a fortuitous one. 

Significant in this connection is the earlier reported evidence for the 
disappearance of a previous observed upswing in organic content of Lake 
Washington sediments after a ten year period in which productivity 
decreased. Considering the observed fast rate of breakdown of the purines 
and pyrimidines in the first 10-15 cm of sediment, it became doubtful if 
any evidence could be found in the deeper layers of the effects of in
creased loading of organic material. These data support the idea that the 
observed distribution patterns of purine and pyrimidine and organic С in 
lake sediments are mainly the result of two opposing processes: on the one 
hand a dramatic increase in loading of organic material to the surface 
sediment of lakes subject to cultural eutrophication, but on the other hand 
an acceleration of microbial degradation processes within the sediments of 
these locations. 
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A surprisingly strong resemblance was observed between the patterns of 
distribution of total purines and pyrimidines and organic С content in the 
sediments of Lake Huron (oligitrophic) and Bodensee - Gnadensee (eutro-
phic)and could suggest that sediments of both locations are close to equili
brium with respect to incoming organic material and microbial activity. 
This hypothesis would imply that no recent changes in productivity have 
occurred in the Gnadensee, and that this location could represent a natural 
state of eutrophication rather than a culturally induced one. The organic 
content of a lake sediment, therefore, although perhaps not preserving a 
record of long term changes, may be a sensitive indicator of'processes 
which affect productivity on a short term basis. A longer core from Lake 
Ontario (ranging to 160 cm and a 14C-dated age of about 5000 years) was 
studied in greater detail together with a zooplankton sample from the 
same location (Paper V). In this core, organic carbon, total organic nitro
gen and purines and pyrimidines showed uniform decreases, with a sharp 
change in rate around 20 cm, suggesting a shift from microbial to chemical 
diagenesis. A half life of about 3400 years was calculated for the total 
purine and pyrimidine content, during the assumed chemical diagenesis, 
based on the apparent first order rate decrease below 20 cm. The total 
amino acid content decreased irregularly with depth. 

No correlation was found between the base content of the sedi
ment and the investigated zooplankton sample. The purines were 
found to decrease more rapidly with depth than total organic carbon or 
the amino acids, and pyrimidines (especially uracil) degraded at a faster 
rate than the purines. Below a depth of 60 cm hypoxanthine became domi
nating. These observations supported earlier suggestions of the existence of 
selective breakdown mechanisms operating on the organic matter in lake 
sediments. The half life of only a few thousand years for the total base 
content is in contrast with the kinetic simulation experiments performed 
by Minton and Rosenberg who obtained indications for much longer half 
lives (up to 1 million years) for some of the individual bases. However, it 
can not be excluded that these compounds are more stable, and could 
survive longer time spans, under other conditions than examined in the 
present study. The occurrence of purines in meteorites (see Paper VI) 
obviously suggests great intrinsic stability, since it is generally assumed 
that they were formed 4600 million years ago and have survived degrada
tion to this day. 

In the study of the breakdown of nucleic acid base derivatives under 
simulated geological conditions, two types of plausible processes were 
investigated (Paper I). Pyrimidine derivatives were subjected to a reductive 
degradation in the presence of Ni (Untreated kaohnite, which is known to 
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serve as a catalyst in this type of reaction. 
Catalyzed hydrogénation was demonstrated for uridine-5'-phosphate, 

undine, uracil and thymine, although reactions proceeded more slowly for 
this last compound. A reduction of cytosine at moderate temperatures 
could not be established. However, attempts to repeat the experiments 
with other Ni (II) treated clays or most other batches of kaolinite re
mained unsuccesful. It therefore seems questionable whether reductive 
degradation of pyrimidines has widespread geochemical significance. 

The purine bases adenine and guanine were subjected to a simulated hydro-
lytic degradation in the presence of kaolinite. This clay was found to act ca-
talytically on the conversion of adenine into hypoxanthine and on ring 
cleavage of this compound ultimately resulting in the formation of glycine. 
Guanine was susceptible to hydrolytic deamination resulting in xanthine, 
which seemed fairly resistant to further cleavage under the employed con
ditions. Although studies of this kind on the degradation of nucleic acid 
base derivatives under simulated geological conditions could provide 
insight in the reactions which might take place, the results have to be 
interpreted causiously when transferred to gelogical environments. Upon 
comparing these results with the distribution in the investigated soils and 
sediments, no correlations were found, and it became clear that in situ 
studies of the diagenesis of this class of compounds are required to come to 
a realistic impression of their geological fate. 

The analysis of the МигсЬ'ог,л mpt^nríte (Paper VI) revealed the presence 
of xanthine (2.3 ppm), guanine (0.1 ppm) and hypoxanthine (0.04 ppm) 
in formic acid extracts. 

Xanthine and hypoxanthine have not previously been reported to exist in 
meteorites. The presence of adenine, reported by Hayatsu and coworkers 
could not be confirmed. No indications were obtained for the presence of 
pyrimidines in water, formic acid or other acid extracts or hydrolysates. 
Application of the silylation technique used by Folsome and collaborators 
to the water extract, however, led to the detection of the same 4-hydroxy-
pyrimidines reported by these workers. Numerous control experiments 
gave strong evidence that the 4-hydroxy-pyrimidines were formed from 
precursors present in the reagent during the silylation procedure in the 
presence of inorganic constituents of the meteorite, and indicate that the 
quartz sand blanks used by Folsome et al. were inadequate controls. 
Although the present investigations confirmed the presence of purines in 
the Murchison meteorite, the distribution pattern differed from that re
ported earlier by Hayatsu et al. 

Triazines were not detected in any of the extracts above the limits of 
detection ( 1 — 2 ppm), in contrast to Hayatsu et al. who presented 
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evidence for concentrations of 20 to 30 ppm. 
The most reasonable explanation for these discrepancies seems to be a 

heterogenous distribution of the N-heterocyclic compounds or their pre
cursors in the meteorite itself. The peculiar distribution of the bases found 
in this meteorite supports earlier evidence of a minimum of biological 
contamination of the Murchison meteorite and indicates a true extrater
restrial origin of the indigenous organic compounds. 
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SAMENVATTING 

De kwantitatieve bepaling en de bestudering van de verspreiding van de 
purinen en pyrimidinen in geologische monsters vormen het onderwerp 
van dit onderzoek. Het merendeel van het werk is gewijd aan het vóór
komen van nucleinezuur basen in boorkemen van recentelijk in meren af
gezette sedimenten. Ter vergelijking zijn ook een aantal grondmonsters, 
zee-sedimenten en een zoöplankton monster bij het onderzoek betrokken. 
In enkele experimenten is de afbraak van de gewone nucleinezuur basen na
gegaan onder gesimuleerde geologische omstandigheden. 

De analyse van een aantal verschillende grondmonsters en sedimenten 
toonde aan dat de concentraties van de purinen en pyrimidinen vrij laag 
waren en niet boven 1 à 2% van het totale organische stikstof gehalte uit
kwamen. 

Alle onderzochte monsters waren opvallend arm aan uracil en de con
centratie van uracil daalde, met toenemende diepte in de sedimenten, 
sneller dan alle andere nucleinezuur basen. Deze waarneming duidt op een 
preferente afbraak van uracil, of van RNA waarvan het afkomstig is, en 
wijst op een reeds ver gevorderde (waarschijnlijk microbiologische) degra
datie van organisch materiaal in de allereerste stadia van de sedimentatie. 

In de jonge, bovenste sedimentlagen van meren die onderhevig zijn aan 
kunstmatige eutrofiëring werden sterke stijgingen in zowel organisch kool
stof als purine en pyrimidine concentraties waargenomen. Deze verdelings
patronen werden in verband gebracht met een snelle toename in de be
lasting met organisch materiaal en duidden ook op een grotere microbio
logische omzetting in sedimenten van meren met belangrijke recente ver
anderingen in produktiviteit. 

Er werden aanwijzingen verkregen dat de variaties in de hoeveelheden 
organische stof in meer sedimenten ervoor zouden kunnen dienen om rela
tief snelle veranderingen in het gehalte aan voedingsstoffen in een meer aan 
te tonen. 

In tegenstelling met de overeenkomst die bestond tussen de aminozuur 
verdeling in sedimenten en zoöplankton monsters, was er geen duidelijk 
verband tussen de purinen en pyrimidinen aanwezig in sedimenten en het 
onderzochte zoöplankton monster. 

Uit het onderzoek van een langere boorkem werden aanwijzingen ver
kregen voor een verschuiving van microbiologische naar chemische diagenese, 
op een diepte van ongeveer 20 cm. Er werd een halfwaarde tijd van onge
veer 3400 jaar berekend voor de totale purine en pyrimidine hoeveelheid, 
gedurende de veronderstelde chemische diagenese in dit sediment. 

Het diagenetische verdelingspatroon kwam met geen van de tot dusver 
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uitgevoerde simulatie experimenten goed overeen en het werd duidelijk 
dat meer onderzoek in deze richting gewenst is. 

Een onderzoek naar het vóórkomen van purinen en pyrimidinen in de 
Murchison meteoriet vormt het afsluitende gedeelte van het verrichte werk. 
De resultaten gaven sterke aanwijzingen dat de eerder gepubliceerde aan
wezigheid van 4-hydroxy-pyrimidinen een artifact zou kunnen zijn, ver
oorzaakt door de toegepaste procedure. Alhoewel de aanwezigheid van 
purinen in de meteoriet werd bevestigd, was het verdelingspatroon uitge
sproken afwijkend van dat wat eerder werd gevonden. 

Xanthine en hypoxanthine, twee purinen waarvan het vóórkomen in 
meteorieten nog niet eerder is gepubliceerd, werden met een hoge mate 
van waarschijnlijkheid aangetoond. 
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CURRICULUM VITAE 

De schrijver van dit proefschrift werd geboren te Doomenburg (gemeente 
Bemmel)op 17 juli 1944. 
Na één jaar lagere Landbouwschool te Gendt bezocht hij van 1958 tot 
1961 de Rijks Middelbare Tuinbouwschool te Nijmegen. Van 1961 tot 
1965 volgde hij het Avond Lyceum te Arnhem. Deze opleiding sloot hij af 
met het Staatsexamen HBS-B te Den Haag. Daarna studeerde hij van 1965-
1971 biologie aan de Katholieke Universiteit te Nijmegen. Vervolgens be
haalde hij in december 1968 het kandidaatsexamen en op 7 december 1971 
het doctoraalexamen. 
In het kader van zijn doctoraalstudie koos hij als hoofdvak Zoologje-
Celbiologie (bij Prof. Dr. H.D. Berendes) en als bijvakken Exobiologie (bij 
Prof. Dr. A.W. Schwartz) en Biochemie (bij Prof. Dr. H. Bloemendal). 
Sedert januari 1972 is hij werkzaam in het laboratorium voor Exobiologie 
te Nijmegen. 
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STELLINGEN 

I 

De aanwezigheid van hetzelfde type onoplosbaar organisch materiaal in en 
buiten de oudste nu bekende, op microfossielen lijkende, strukturen en de 
door Brooks en zijn medewerkers toegepaste extractiemethode, maken 
het door hen gestelde chemische onderzoek van fossiele microorganismen 
twijfelachtig. 

Brooks, J , Muir, M.D en Shaw, G. ]973 Nature 244, 215-217 

II 

Hoewel er volgens Crick en Orgel nog geen gegevens bestaan die ten gunste 
spreken voor een al dan niet grote waarschijnlijkheid van leven op andere 
planeten in ons melkwegstelsel, berust hun theorie van "gerichte 
panspermia" voornamelijk op het eerste van deze twee alternatieven, 
hetgeen de geloofwaardigheid van deze theorie sterk ondergraaft. 

Спек, Ь II С en Orgel, L L· 1973 Icarus 19, 341-346 

III 

De ambivalente resultaten van de eerste Vikingexperimenten, die ten doel 
hebben leven op Mars aan te tonen, zouden het gevolg geweest kunnen zijn 
van het feit dat onvoldoende rekening gehouden is met de temperatuur-
gevoeligheid van psychrofiele organismen. 

IV 

De hypothese, dat de organische verbindingen welke in koolstofhoudende 
meteorieten worden gevonden, gevormd zijn door spontane (Fischer-Trosch) 
reacties van CO, H2 en NH3, waarbij gelijktijdig zowel purinen als 
pyrimidinen worden gevormd, hoeft niet in tegenspraak te zijn met de 
afwezigheid van aantoonbare hoeveelheden pyrimidinen in deze 
meteorieten. 

Hayatsu et al 1968. Geochim. Cosmochim. Acta 32, 175-190, 
Hayatsu et al. 1972. Geochim. Cosmochim. Acta 36, 555-571, 
en dit proefschrift 





ν 

De informatie, vastgelegd op een geneties instabiele struktuur als een 
Plasmide, kan in een baktenepopulatie behouden blijven door gelijktijdige 
kodenng voor een bactenocine en immuuneiwit op het plasmide 

Jetten, A M en Vogels, G D 1973 Antimicrob Ag Chemother 
4 49 57 
Sidikaro, J en Nomura, M 1974 J Diol Chem 249,445-453 

VI 

Het voorstel, overmatige algengroei in eutrofe meren met chemische 
middelen te bestrijden, kan hoogstens als noodoplossing aanvaard worden, 
daar deze aanpak alleen de symptomen wegneemt doch de oorzaken 
ongemoeid laat 

VII 

Het leven binnen woonerven biedt de mogelijkheid aan mensen elkaar te 
kennen en herkennen 

VIII 

Het begrip prebiologische soep wijst naar de Meesterhand van een Kok 

W A H M van der Velden Nijmegen, 15 december 1976. 








