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ABSTRACT 

The distribution of carbon isotopes in food chains was in­

vestigated by analyzing animals grown in the laboratory on diets of 

constant isotopic composition. The isotopic composition of an animal 

reflects the isotopic composition of its diet , but the animal is 

generally enriched by about 1 %a in o13c relative to the diet. An 

isotopic mass balance exists for an animal-diet system. In three of 

four cases analyzed, the 13c enrichment of the body relative to the 

diet is balanced by a 13c depletion of the respired CO
2

. 

The carbon isotope distribution among different suborganismic 

components of animals was also analyzed. The relationships among the 

13c; 12c ratios of the major biochemical fractions, such as lipid, 

carbohydrate, and protein, appear to be preserved in going from one 

trophic level to the next, but the actual isotopic composition of a 

fraction in an animal and its diet can differ considerably. The 

relationship between the carbon isotopic composition of a tissue in 

a mouse and the carbon isotopic composition of the diet is affected 

both by the type of tissue analyzed and by the diet. The 13c; 12c 

ratios of the biochemical components collagen, chitin, and the insoJuble 

organic fraction of shells, which are commonly preserved in fossil 

material, ·also show a correlation with the isotopic composition of the 

diet. However, the magnitude of the difference between the 13c; 12c 

ratios of the component and the diet depends on the animal, the diet, 

and the biochemical nature of the component. 

These results suggest that it will be possible to perform dietary 
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analysis based on the relationship between the 13c; 12c ratios of 

animals and their diets. The 1 imits of accuracy of this method, as 

established by the experiments reported here, will restrict its 

application to situations in which the diet is derived from sources 

13 with large differences in their 6 C values, such as terrestrial vs. 

aquatic organisms and c
3 

~ - c4 plants. This method should be 

applicable in fossil as well as modern situations. 

The second part of this study involved the elucidation of the 

basis of the low 13c; 12c ratio of the I ipid fraction relative to the 

carbon isotopic composition of the whole organism and the other major 

biochemical fractions. Experiments in which~- coli was grown on 

carbon sources which enter at different steps of the metabolic sequence 

leading to 1 ipid formation indicate that the carbon isotope fractionation 

resulting in the 13c depletion of the I ipid fraction occurs during the 

oxidative decarboxylation of pyruvate to acetyl CoA by the pyruvate 

dehydrogenase complex. 

The isotopic fractionations occurring during this step were 

analyzed indirectly in a series of~ vitro experiments with pyruvate 

decarboxylase . These experments indicate that: 

1) An isotopic fractionation of the expected direction and 

magnitude occurs during the pyruvate dehydrogenase step. 

2) The 13c depletion of the acetyl CoA formed in the reaction 

is concentrated primarily in the carbonyl carbon atom, with the 

methyl carbon atom retaining the 13c; 12c ratio of pyruvate. 

3) The difference in the 13c; 12c ratios of the methyl and 

carbonyl carbon atoms of acetyl CoA is twice as large as the 
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13c depletion of the 1 ipid fraction. 

4) The difference in the 13c; 12c ratios of the methyl and 

carbonyl carbon atoms of acetyl CoA is temperature-dependent. 

5) There will be a large, temperature-dependent difference in 

the carbon isotopic composition of those carbon atoms of I ipid 

components which derive from the methyl and carbonyl carbon 

atoms of acetyl CoA. 
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I. INTRODUCTION AND REVIEW OF THE LITERATURE 

1.1. Introduction 

The introduction of a high resolution mass spectrometer which 

permitted the detection of small variations in the abundance of the 

stable isotopes of the light elements (McKinney~~-, 1950) led 

to the widespread use of this technique in the area of geochemistry. 

The stable isotopes of carbon have been studied most thoroughly, 

partly because of the ease with which samples can be prepared for 

isotopic analysis and also because of the importance of this element 

in many geochemical processes. Since so much of the carbon cycle 

involves carbon in organic matter, these studies have included 

determinations of carbon isotopic abundance in biological matter. 

Figure 1-1 presents a summary of the research in this area, 

emphasizing the influence of biological processes on carbon isotope 

distribution in nature. The figure and the following discussion are 

divided into three sections: primordial carbon, carbon dioxide cycle, 

and organic matter. 

1.2. Definition of o 13c. 

The carbon isotope ratios are presented as o13c values where 

(
13c/12c) , 

standard 

0 l 3 C (. ., ) in.ii, = - l . 103 

The o13c values discussed in this work are presented relative to the 

PDB standard, which is CO
2 

prepared from the calcium carbonate of the 

Cretaceous belemnite Belemnitel la americana from the Peedee formation 
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Figure 1-1 . Range of o13c values of some 

major reservoirs of carbon in nature. The 

superscripts refer to the following references: 

1 
(Bender~~ -, 1973) 

2 
(Degens, 1969) 

3 (Epstein, 1?69) 

4
(Epstein, 1977) 

5 (Hoefs , 1973) 

6 ( Schwa rz , 1 96?, ) 

7 (smith and Epstein, 1970). 
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of South Carolina. A o13c value of -10.ffiq indicates that the sample 

l 3 12 
carbon has a C/ C ratio which is 1.00% less than that of the PDB 

standard carbon. 

1.3. Distribution of carbon isotopes in nature. 

1.3. l. Primordial carbon. The o13c value of the original crustal 

carbon reservoi r can be es t imated by analyzing the carbon contained 

in minerals which derive from deep-seated magmas which presumably do 

13 
not contain any recycled carbon . Theo C values of suitable samples 

of diamonds, carbonatites (magmatic carbonates), and igneous graphites 

fall in a range of (-1 to -11)%Q. This method is complicated by the 

many ways of changing the o13c value of the small carbon reservoirs 

from which the mineral samples were formed, by either addition or sub­

traction of carbon as CH 4 , CO or CO
2

. A second, more reliable, method 

for determining this value involves the estimation of the size and 

o13c values of all the present-day crustal carbon reservoirs. A mass 

balance calculation using these estimates provides a o 13c value for 

total crustal carbon, which wi 11 equal that of primordial crustal carbon 

assuming that there has been no significant loss of carbon from the 

crust since its formation. Crustal carbon is contained almost entirely 

in carbonates (73% of the total carbon) and in the organic matter of 

shales and other sedimentary deposits (>26% of the total)(Rubey, 1951), 

so that the o 13c values of these two reservoirs are the major factors 

in determining the o 13c value of crustal carbon. Three such calculations 

have yielded values of -G!oq, -7/4Q, and -?.':Yoo (Degens, 1969; Epstein, 1969; 

Hoefs, 1973), indicating that the o 13c value of primordial crustal 
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carbon was in the neighborhood of -7%u. 

1.3.2. Carbon dioxide cycle. The primary factor which determines the 

isotopic composition of all organic matter is the isotopic fractionation 

associated with carbon fixation during photosynthesis. It is there-

fore necessary to understand the factors which can influence the 

isotopic composition of the components of the carbon dioxide cycle 

which serve as the source of carbon for photosynthesis. 

The overriding feature influencing the isotopic composition 

of the components of the carbon dioxide cycle is the isotopic 

equilibrium between the species co 2 (g.) - Hco;(aq.) - Caco
3
(s.). In 

an equilibrium system, the o13c value of the co 2 (g.) will be 10. ~ u less 

than that of the Caco
3

(s.) and 8.4%,less than that of Hco;(aq.) at 20°C. 

The temperature variations for these equilibrium fractionations are 

small, being -0.063 %0 per 1°c for Caco
3 

(s.) - C)2(g.) and -0.109%, per 

1°c for Hco; (aq.) - co 2 (g.) (Emrich ~~-, 1970). 

This equilibrium fractionation 1 a rge 1 y explains the distribution 

of carbon isotopes in the marine carbon dioxide cycle, in which co2 (g.) 

is depleted ino13c by 6-10 L relative to the Hco;(aq.) and the lime­

stones (calcium carbonates), although there is a considerable spread 

in the o13c values of the limestones. The non-marine system (fresh­

water lakes and rivers plus terrestrial air) is more complicated due 

to several factors. Rural area air contains CO 2 whose o13 c value is 

not very different from that of marine air, but the CO 2 of urban air 

may be slightly depleted in 13c due to the addition of 13c-depleted 

CO 2 from the burning of fossil fuels (Epstein, 1977). The Hco;(aq.) of 
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freshwater systems in equilibrium with CO 2 in rural air would be 

expected to have a distribution similar to that of Hco;(aq . ) in marine 

water, but the contribution of CO 2 from decaying organic matter and 

from respiration of organisms, with both processes producing CO whose 
2 

a13 c values are more negative than that of atmospheric co 2 , tends to 

13 -reduce the o C values of freshwater HC0
3 

(aq.) . It should be noted 

that high rates of photosynthesis possibly could increase the a13c of 

the HCO; (aq.) of freshwater by preferentially fixing 12 c. Freshwater 

limestones come from a variety of environments, such as caves , springs , 

and lakes. The different amounts of CO 2 derived from decaying organic 

matter and from biological activity in these environments explains 

the wide range and low a13 c values of these limestones. 

In summary, then, the a13c values of the carbon dioxide cycle 

components which serve as the carbon sources for photosynthesis, 

CO 2 (g.) and Hco; (aq.), vary depending on the environment from which 

they are isolated; this variation must be considered in interpreting 

the a13 c values of organic matter which originates in these environments. 

1.3.3. Organic matter. 

1.3.3.1. Plants. Figure 1-1 indicates that plants taken from either 

marine, freshwater, or terrestrial environments have lower \5 13c values 

than the inorganic CO 2 (g . ) or Hco; (aq.) which serves as the carbon 

source for those plants. Park and Epstein (1960) have offered a model 

1 3 which can be used to explain the characteristic o C values of plants 

taken from different environments and of plants which have different 

biosynthetic pathways for fixing CO
2

. Their model is shown in 
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Figure 1-2. Step k1 is the diffusion of atmospheric CO
2 

into the leaf; 

the maximum fractionation of this step was estimated to be -14 %. by 

analogy with the fractionation accompanying the absorption of CO
2 

by 

a Ba(OH) 2 solution. Step k2 is the fixation of CO 2 by the enzyme 

ribulose 1 ,5-diphosphate carboxylase , which was shown to have a 

maximum fractionation of -17 ~ (for the enzyme from tomato plants). 

The k
3 

step, 1t1hich involves translocation of "di ssolved" CO 2 in the 

leaf to the roots, where it is lost from the plants by the k
5 

step , 

prevents unreacted 11dissolved 11 CO
2 

from being fixed by the enzyme. 

Complete conversion of 11dissolved 11 CO
2 

to hexose would result in no 

isotopic fractionation in the k
2 

step. The model preuicts that, 

starting with tne atmospheric CO whose a13c = -7/4•, the maximum 
2 

fractionations in k1 and k2 would lead to values of -21 %0 for 11 dissolved11 

CO and -38 ~ for the whole plant carbon (assuming no overall isotope 
2 

effect during incorporation of hexose carbon atoms into the other plant 

biochemical components). More positive values for both pools could be 

obtained if k_ 1 or k_ 2 were sufficiently fast or if k
3 

were sufficiently 

slow. Although details of the model have been challenged (Whelan~~-, 

1973) and it has been suggested that the a13 c values of plants ~re 

determined by the photosynthesis/photorespi ration ratios in plants 

(Lowdon and Dyck, 1974), the model can be used to explain most of the 

variations of o13c values observed in various types of plants. 

Aquatic plants, both marine and freshwater, are enriched in 13c 

relative to those terrestrial plants which fix co
2 

via the ribulose 

1 ,5-diphosphate carboxylase reaction (c 3-type). Park and Epstein 
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Figure 1-2. Park and Epstein (1960) model for 

carbon isotope fractionation during 

photosynthesis. 
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(1960) pointed out that aquatic plants would not have a fractionation 

during the k1 step if communication between aquatic Hco
3 

(aq . ) and 

11dissolved 11 CO 2 in the plant were rapid . Since the HC0
3 

(aq.) has a 

0
13c value more positive than co2 (g . ) for both marine and freshwater 

systems, and since the isotopic fractionat i on of the k1 step would be 

absent in aquatic plants, aquatic plants have more positive o13c 

values than those terrestrial plants which f i x carbon by the c
3 

path­

way . 

The difference in o13c values between c
3 

plants, which fix CO 2 

with ribulose 1,5-diphosphate (RuDP) carboxylase, and c4 plants, which 

fix CO
2 

(initially, at least) with phosphoenolpyruvate (PEP) carboxylase, 

has been ascribed to differences in the fractionation of carbon isotopes 

during CO 2 fixation by the two enzymes. PEP carboxylase from sorghum 

was shown to have a maximum fractionation of only -31~0, compared with 

a fractionation of -34 L for RuDP carboxylase from the same plant 

(Whelan~~-, 1973). Although the CO2 initially fixed by PEP 

carboxylase probably is released and subsequently refixed by RuDP 

carboxylase (Black, 1973), if the refixation is complete the 0 13c 

values of c4 plants will be determined solely by the fractionatiqn 

of the PEP carboxylase step (Whelan~~-, 1973). The smaller 

fractionation of this step relative to the CO 2-fixing step in c3 plants 

explains the hiqher 13c; 12 c ratios of c4 plants relative to c
3 

plants. 

The o13c values of crassulacean acid metabolism (CAM) plants 

overlap the values of Cf and c4-type plants. These plants are capable 

of either c
3
-or c

4
-type metabolism depending on environmental conditions. 
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It has been shown that conditions presumably favorable to CO 2 fixation 

by the c4 pathway (high light intensity, high temperature) result in 

CAM plants with c4-like o13c values, while those conditions favoring 

co
2 

fixation by the c
3 

pathway (low light intensity, low temperature) 

result in CAM plants with c
3
-1ike o13c values (Bender et al., 1973). 

1.3.3.2. Animals. The o13c values of animals from marine, freshwater, 

and terrestrial environments fall within the range of plant o13c 

values from the particular environment. This observation has been 

taken to mean that no large fractionation occurs during the passage 

of carbon to various trophic levels. The magnitude and basis for changes 

in the isotopic composition of carbon as it passes through food 

chains is the subject matter of this study, and will be commented on 

below. 

1.3.3.3. Fossil organic matter. The o13c values of fossil organic 

matter are determined by the o13c values of the biogenic carbon which 

serves as the starting material for these fractions and the isotopic 

fractionation associated with the steps leading to their formation. 

The highly aromatic structure of coal has been interpreted as evidence 

that coal derives primarily from the aromatic plant fraction lignin. 

The similarity between the o13c values of coals and extant terrestrial 

plants and their 1 ignin fractions has been taken to indicate that there 

is no fractionation of carbon isotopes during coal ification (Craig, 

1953; Degens, 1969). By contrast, however, the o13c values of 

petroleums, both marine and non-marine, are more negative than the 

o13c values of the whole organisms from which they derive their carbon. 
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This difference has been ascribed to the preferential incorporation of 

the lipid fraction of organisms into petroleums (Silverman and 

Epstein, 1958), since the lipid fraction of an organism has a more 

negative o13c value than the whole organism (see Section 5. 1). The 

very low o13c values of natural gases can be accounted for by both 

isotopic fractionation during the production of methane either by 

thermal cracking of sedimentary organic matter (Silverman, 1967) or 

by bacterial fermentation (Rosenfield and Silverman, 1959) and by direct 

equilibrium isotopic exchange with CO2 (Bottinga, 1969). 

1.4. Previous work relating to factors influencing the carbon isotope 

composition of animals. 

It has generally been assumed that there are no large isotopic 

fractionations associated with the incorporation of diet carbon into 

an animal's body. This assumption was supported by the observation, 

noted above, that the o13c values of animals from marine, freshwater, 

and terrestrial environments fall within the range of o13c values of 

plants from the respective environment. Additionally, the observation 

13 that the 6 C values of plankton samples were not affected by the 

amounts of zooplankton present in the sample (the zooplankton presumably 

having fed on phytoplankton present in the sample) was interpreted as 

support for this assumption (Degens ~~-, 1968) 

Two studies have been published in which the authors have directly 

examined the question of isotope effects during incorporation of carbon 

into animals. Smith and Epstein (1970), based on a comparison of 

13c;12c ratios of fourteen macroscopic plants and six animals occurring 
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together in a salt marsh, conclude that 11 isotopically these animals 

nicely reflected their presumptive diets 11
• However, the authors did 

not indicate what the presumptive diets were. Among the animals analyzed, 

there were a filter feeder, a detritus feeder, a grazer-scraper, and 

three predators (Hyman, 1967; Ricketts~~-, 1968), so that the 

presumptive diet of none of the animals was actually analyzed. Since 

the isotopic composition of the actual diets might differ significantly 

from the isotopic composition of the plants which were analyzed (e.g. 

due to fractionation of carbon isotopes during detritus formation or 

during passage of carbon through trophic levels), the conclusion of 

this study does not appear to have been substantiated. In a more 

rigorously control led field study (Minson~~-, 1975), cows were 

grazed in pastures which contained predominantly one or a few plant 

species of either the c
3 

or c4 type. 13 Theo C values of the pasture 

plants and of the cows 1 milk and hair are shown in Table 1-1. The large 

difference in 13c; 12c characteristic of plants possessing the different 

photosynthetic pathways was reflected in the isotopic composition of 

milk and hair of cows from the respective pastures, although there was 

significant variability in the relationship of the 13c; 12c ratios of 

the diets and the animal components which appeared to be dependent 

both on the diet and on the component analyzed. 

Several factors which cannot be controlled in field studies 1 imit 

the validity of the conclusions which derive from them. Seasonal 

variation in the isotopic composition of maple tree leaves and grasses 

(up to 6 %0 and 5 %0 respectively) has been demonstrated (Lowden and 
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Table 1-1 . o13c values of pasture plants and 

the milk ancl hair of cows grazed on them. 

(Minson~~- , 1975) 
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PHOTOSYNTHETIC PATHWAY 
o13c OF PASTURE PLANTS (%. ) 

Plants Milk Hair 

C4 -11,J.o -15.5 -12.1 

C4 -12.4 -15.0 -15.1 

c3 -25.4 -22. 5 -22.3 

c3 -28.9 -26.0 -26.2 
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Dyck, 1974); variations of similar magnitude probably exist in other 

plants, since the basis for the variation was ascribed to changes in 

the 13c; 12c ratio of atmospheric co
2

. Unless recently synthesized 

animal components were analyzed, or an integrated value for the isotopic 

composition of the diet is used, determination of the relationship 

between plant and animal isotopic composition will be in error. 

Secondly, the assumption that herbivores will consume the available 

plants at random is implicit in the design of natural experiments; the 

existence of selectivity in the choice of food plants, coupled with 

differences in their isotopic compositions, will cause error associated 

with this assumption. Minson~~- (1975) recognized such a possibility 

(e.g. that a cow might graze on a few c4 plants in a predominantly c
3 

pasture) and used it as a possible explanation for the differences 

between the isotopic composition of the pasture plants and the cows• 

components. The possibility that herbivores may be selective in 

avoiding c4 species in a mixed population of potential food plants 

(Caswell~~-, 1973) would lead to large errors if random feeding is 

assumed, due to the large difference of 13u 12c ratios for c
3 

and c
4 

plants. A third consideration with regard to natural experiments relates 

to the observation that the isotopic composition of the major bio­

chemical components of plants varies systematically, with the series 

13 protein-carbohydrate-lipid showing a progressive decrease in C content 

(see Section 5.1). The proportions of these components which are 

assimilated into animal carbon wi 11 be a function of both their avail­

ability and the animal 1 s metabolic requirements, so that changes in the 

physiological states of both the diet organism and the consumer will be 
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factors in field studies. Control led laboratory experiments, where 

animals are reared on a single diet of constant isotopic composition, 

avoid most of the complexities of interpreting observations based on 

naturally occurring diet-animal relationships, and allow for a more 

precise determination of the isotopic relationship between consumed 

and incorporated carbon. These findings can then be applied to the 

interpretation of the isotopic relationship between animals and their 

diets as they exist in the field. 

1.5. Overview of work presented in this study. 

This study was initiated with the long-term objective of 

understanding the basis for the carbon isotope distr i bution in animals 

at the organismic and suborganismic levels. Because there has been 

no systematic analysis of these distributions, let alone of the factors 

responsible for them, much of the work presented here is of a survey 

nature. It is hoped that the findings based on these studies will 

serve as the foundation for a rigorous application of stable isotope 

methodology to problems of animal physiology and ecology. 

The first specific goal of this study was to define the relation­

ship between the 613cvalue of an animal and the 613c value of its 

diet. The results of experiments in which a number of animals were 

raised on diets of constant 613c value are presented in Section 3.2. 

Some of the causes for the differences observed between the 613c 

values of animals and their diets were analyzed and are discussed in 

Section 3,3 and Section 3.4. 

A second objective of this study was to determine if the dietary 
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history of an animal can be reconstructed from the o13c value of 

the animal's carbon. This approach involves two steps. First, the 

0
13c value of the diet is estimated from the o13c value of the animal. 

Second, the relative contribution of diet sources of known isotopic 

composition is calculated from the diet 613c value. In practice, it 

may not always be possible or desirable t o measure the o13c value 

of a whole animal in order to determine the o13c value of the diet. 

Therefore, the relationships between the o13c values of the diet and 

several types of suborganismic components of animals were determined. 

The isotopic relationships are discussed for some of the major bio­

chemical fractions (lipid, glycogen, and protein) in Section 3,5, 

for different tissues from mice in Section 3.6, and for several organic 

components which are often preserved as fossil material in Section 3,7. 

Finally, a discussion of some of the practical considerations in-

volved in the application of the method of dietary analysis based on 

the determination of the o13c value of animal carbon is presented in 

Section 3,8. 
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2. ANALYTICAL TECHNIQUES 

2.1. Sampling methods. 

2.1.1. Preparation of diets and growth of animals. All animals in 

this study were raised from birth on a single diet of constant o13c 

value. The diets, which are listed in Table 2-1, were prepared by the 

following methods. The algae were grown under fluorescent lighting in 

a medium containing only inorganic salts through which tank CO 2 and 

compressed air were bubbled (Swart, 1977). Bacteria were cultured in 

liquid minimal media with glucose as the carbon source (Johnson, 1977). 

Corn and wheat seedlings were grown in vermiculite soaked in an 

inorganic nutrient solution (Yih and Clark, 1965) with CO
2 

in the 

laboratory air serving as the carbon source. The 1 ight source was a 

bank of fluorescent lights supplemented with sunlight from a nearby 

window. Grape leaves, milkweed seeds, Romaine lettuce leaves, and 

wheat seeds were obtained from plants grown in the field. Horsemeat 

was obtained from Breeder 1 s Choice Pet Foods, Irwindale, California, 

while the pork was provided by the Clougherty Meat Company, Vernon, 

California. Mouse diets were purchased from commercial suppliers: 

JAX 911A from the Jackson Laboratory, Bar Harbor, Maine; Purina Rat 

Chow from the Ralston Purina Company, St. Louis, Missouri; and Wayne 

Lab-Blox F6 from Allied Mills, Inc., Chicago, Illinois. 

The techniques used in raising the animals are outlined in Table 

2-1. 

2. 1.2. Sample collection. The diets were sampled by one of three 

methods. In those cases in which the animal and its diet were supplied 
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Table 2-1 . Animals , diets , diet sampling 

methods, and anima l culture techniques. 
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to us, a sample of the diet was taken immediately upon receipt (sampling 

technique al, Table 2-1). In these cases, the diet was drawn from a 

large homogeneous reservoir so that variation in the o13c value of the 

diet was assumed to be small over the 1 ifetime of the animal. In 

those cases in which the animal was given its entire 1 ifetime supply of 

food at one time, a sample of the diet was taken only when the diet 

was f~rst introduced to the animal (sampling technique a2). If several 

batches of food were required during the lifetime of the animal, at 

least one sample from each batch was taken (sampling technique b). The 

samples of the diets were stored at -20°c. 

The presence of food in the gut of some animals, which represents 

contamination If the o13c value of the whole animal is to be determined, 

necessitated theadoption of several variations in the sampling technique 

for the animals. Al 1 insects, except for Call iphora and Musca, were 

held in cages with water but no food for 24 hours before collection to 

permit them to empty their guts by the normal processes of excretion. 

This treatment was not considered to be necessary for Cal liphora and 

Musca, since the food,which was available only to larval stages, pre­

sumably would not be present in the gut of the adults which were 

analyzed. Artemia and Caenorhabditis were maintained in culture without 

food for four hours in order to purge their digestive tracts. The gut 

and its contents were removed from Helix specimens by dissection. 

Contamination by gut contents was not a consideration with mice, since 

organs and tissues exclusive of the alimentary canal, rather than the 

whole organism, were analyzed. The contribution of gut contents to the 
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whole animal body carbon was probably small in most cases. For exampl e , 

the isotopic composition of Oncopeltus specimens which had been 

starved, -26.7 ± 0.5 L (n=6), did not differ from that of specimens which 

.had not been starved, -26 . 6 ± 0.2 L (n=4). All animal specimens with 

the exception of mice were killed by immersion in liquid nitrogen and 

were stored in their entirety at -20°C. Mice were killed by cervical 

dislocation, dissected, and tissues and organs were stored at -20°C. 

2.2. Isolation of biochemical components from specimens. 

All chemicals used in these procedures were of reagent grade. 

Triply distilled water was used in making solutions. 

The specimens from which lipid, total or soluble protein, or 

glycogen were to be isolated were first lyophi lized, then ground to a 

powder with a mortar and pestle. Special procedures were required to 

prepare the specimens from which collagen, chitin, or the insoluble 

organic fraction of shells were to be isolated. These procedures are 

described when the isolation technique for each of these components 

is discussed below. 

2.2.1. Lipids. The method of Bligh and Dyer (1959) was used to extract 

lipids. 50-100 mg. of sample was ground in 2 ml. of a homogenous 

mixture of methanol: chloroform: water (2.0: 1.0: 0.8). The solution 

was centrifuged at 1800 g., and the supernatant held in reserve. The 

pellet was extracted twice more with 2 ml. of the methanol :chloroform: 

water mixture and once with 2 ml. of methanol. The supernatants were 

combined, and chloroform and O. 18 M KCl were added to bring the final 

methanol:chloroform:water +0.18 M KC! ratio to 2.0:2.0:1.8. The 
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solution was mixed and al lowed to separate overnight. The denser 

chloroform phase, which contained the total lipid fraction, was isolated 

with a separatory funnel. The chloroform was evaporated and the 

- residual lipid redissolved in 1 ml. of chloroform. An aliquot of this 

solution was transferred to a pre-weighed, pre-combusted porcelain boat, 

the chloroform was evaporated, and the sample weighed before combustion. 

Experiments in which this extraction procedure was applied to a blank 

sample gave no detectable CO 2 following combustion (<0.2 µ moles). 

2.2.2. Total protein. The method of Marroquin and Farber (1965) was 

used to prepare the total protein fraction. After the lipids had been 

extracted from a 50-100 mg. sample by the procedure detailed above, the 

residual pellet was ground in 2 ml. of ice-cold 10% (w/w) TCA (tri­

chloroacetic acid). After 50 minutes, the mixture was centrifugea at 

1800 g. and the supernatant solution poured off. The extraction 

procedure was repeated four times. Next, 2 ml. of 10% (w/w) TCA was 

added to the pellet, and the mixture was put in a 90°C water bath for 

30 minutes. The resulting suspension was filtered through a carbon-

free glass-fiber filter (Reeve Angel Co.), and the residue was washed 

with absolute ethanol and diethyl ether. After the filter was 

lyophillzec, it could be cut into strips and combusted, or the residue 

could be scraped off. Combustion of a filter from an experiment in which 

the procedure was applied to a blank sample gave no detectable CO 2 

(<0.2 µ moles). 

2.2.3. Soluble protein. A modification of the procedure to isolate 
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the total protein fraction (Section 2.2.2.) was used to prepare the 

soluble protein fraction. A sample of 0.3-1.0 g. was sonicated in 40 

ml. water and then centrifuged at 2000 g. The supernatant was isolated 

-and solid TCA was added to it to bring the final concentration of TCA 

to 10% (w/w). The solution was cooled to 4°c and centrifuged at 

1800 g. The supernatant was discarded. 5 ml . of 10% TCA was added to 

the pellet, and the mixture was put in a 90°C water bath for 30 minutes. 

The mixture was filtered through a carbon-free glass fiber filter, and 

the residue washed0Tfh absolute ethanol and diethyl ether. After 

lyophilizatior,,the residue was scraped from the filter and combusted. 

2.2.4. Glycogen. The methods of Stetten et al. (1956) and Jacobson 

!:!_~.(1972) were used for glycogen preparation. The sample was taken 

through the soluble protein isolation procedure. Glycogen was isolated 

from the 2000 g., 10% (w/w) TCA supernatant by precipitation either by 

addition of ethanol to a final concentration of 67% (v/v) or by centri­

fugation at 20000 g. The glycogen was dissolved in water and re­

precipitated with ethanol in the first case, while in the second case 

it was dissolved in water, washed with n-butnnol in a separatory funnel, 

and reprecipitated by centrifugation at 20000 g. 

2. 2. 5. Co 11 agen Mouse bones were prepared for the collagen extraction 

procedure by the following steps. The flesh was removed from the bones 

during a prolonged exposure to dermestid beetle larva. Superficial 

debris was removed by sonicating the stripped bones in distilled water. 

The bones were then lyophilized and any remaining debris was removed 

with forceps under a dissecting microscope. The cleaned bones were 
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crushed in a rock piston. Collagen was isolated by the method of 

Longin (1971). 50-150 mg. of crushed bone was mixed with 50 ml. of 

t M HCl at room temperature; after 20 minutes, the mixture was filtered 

through a carbon-free glass-fiber filter. The filter was transferred 

to a 100 ml. beaker, 50 ml. of 10-3 M HCl was added, and the beaker 

covered with aluminum foil. The solution was heated at 90-95°C for 

9-10 hours and then filtered through another carbon-free glass-fiber 

filter. The filtrate was reduced to a smal 1 volume by evaporation and 

then lyophil ized. The residue is collagen. 

· 2.2.6. Chitin. The method of Tsao and Richards (1952) was used to 

isolate chitin from insects. A whole insect was refluxed in 40 ml. of 

10% (w/w) Na0H for three days, with the solution being changed daily. 

The insoluble residue was rehydrated by taking it through a series 

of ethanol-water mixtures of decreasing ethanol content, soaked in 

0.4% (v/v) HCl for ten minutes to remove carbonates, and washed in 

water. This residue is chitin. 

2.2.7. Shell insoluble organic fraction. The method of Weiner et al. 

(1976)was used to isolate the insoluble organic fraction of Helix 

shells. The snail shel 1 was broken; the flesh and superficial debris 

were removed by scrubbing in water. For decalcification purposes, 

the shell was broken to smaller pieces and these were dialyzed against 

10% (w/v) EDTA, buffered to pH 7,0 with phosphate and poisoned with a 

small amount of sodium azide. After decalcification, the insoluble 

organic fraction was recovered by centrifugation at 3170 g. and washed 

extensively with water. 
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2.3. Mass spectrometer analysis . 

All carbon was converted to CO
2 

by one of several methods outlin ~d 

below prior to isotopic analysis by mas s spectrometry. The CO
2 

samples 

• were analyzed in a 60° sector, double-collecting mass spectrometer, with 

the modifications of McKinney e !_ .~ . (1950) on the original design of 

Nier (1947), in which the 13c; 12c ratio of a sample co
2 

is compared 

h h 13 ; 12c • f d d CO Th l d wit t e c ratio o a stan ar 2 . e resu ts are expresse 

as a o13c value: 

( • "% ) ~sample 1n oo = R 
standard 

-] • 103 

where R is the ratio of mass 45 ( 13 c16o16o) 12 16 16 to mass 44 ( C O 0). 

Corrections for machine background, mixing of sample and standard gases 

in the inlet system, and 12c17o16o contribution to the mass 45 peak 

have been made (Craig, 1957; Deines, 1970). All results are reported 

13 as o CPDB values, where the standard gas is CO 2 prepared from the 

caldum carbonate of the Cretaceous belemnite Belmnitella americana 

from the Peedee formation of South Carolina. The precision of mass 

spectrometer analysis was better than 0.1 %0. 

2.4. Carbon dioxide sample purification and yield determination. 

The CO
2 

samples from the combustion of organic matter were 

generally contaminated with oxides of nitrogen and sulfur. The 

respired CO 2 samples also contained unidentified contaminants which 

interferred with the isotopic analysis. All CO
2 

samples, except those 

prepared from carbonates, were exposed first to Cu at 450°C to remove 

the oxides of nitrogen, then to Mn0 2 at 450°C to remove oxides of sulfur. 
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As shown below, these procedures did not alter the isotopic composition 

of the CO2• 

Run number 

MjDR-567 

MJDR-589 

MJDR-438 

13 o C (of pure CO 
(before purificaiion) 

-21. 3 

-20.8 

-20.5 

o13c 
(after purification) 

-21.4 

-20.8 

-20.6 

The volume of the co2 was measured after purification in a mercury 

manometer. The yield of CO 2 determined in this manner was accurate 

to within 1 µ mole. 

2.5. Preparation of samples for mass spectrometer analysis. 

The following abbreviations are used in this section. Dry ice-

M17 is a slurry of powdered dry ice and M17 (an organic non-polar 

solvent); H2o but not CO
2 

will condense out at the temperature of the 

slurry, -80°C. LN 2 is liquid nitrogen (-180°C), which is used to con­

dense CO 2 . CRV is a carbonate reaction vessel, which is identical in 

design to an enzyme reaction vessel (Figure 6-1), except that it doesn't 

have the large sidearm. 

2.5. 1. Preparation of CO 2 from carbonates. CO
2 

was prepared from ' the 

calcium carbonate of snail shells, mouse bones, and a commercial Caco
3 

sample by the method of McCrea (1950). The shell and bone samples were 

ground to a powder and pretreated with a 50% aqueous solution of commer­

cial Chlorox to destroy organic matter which might interfere with the 

isotopic analysis of the carbonate (Lowenstam and Epstein, 1957). The 

sample was then washed extensively with water and lyophilized. The 

carbonate sample was put in the main well of a carbonate reaction 
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vessel (CRV), 3 ml. of 100% H
3

Po 4 was put in the sidearm, and the vessel 

was evacuated. The stopcock was closed and the CRV was transferred to 

a 25°c water bath. After 3 hours, the phosphoric acid was tipped into 

~he main well. The products of the reaction, CO 2 and H20, were 

condensed in a trap immersed in LN 2 . The trap was then warmed to dry 

ice temperature, and the sublimed CO 2 condensed to a manometer with LN 2 , 

where its volume was measured prior to isotopic analysis. The re­

producibility of replicate analyses of carbonates was ±0.1% •. 

2.5.2. Collection of respired CO 2 . Respired CO2 was collected from 

mice by the following procedure. (The modifications of the procedure 

necessary for the collection of required CO 2 from snails and insects 

are discussed below.) A mouse was placed in a one liter bulb which was 

attached to the line shown in Figure 2-1 through an airtight greased 

ground glass joint. The line between the air inlet and SC3, which 

included the specimen bulb, was at atmospheric pressure, while the line 

beyond SC4 was held under vacuum. Trap I was immersed in LN
2

. • The 

condensation of o
2

, H
2
o and CO

2 
in the trap caused the pressure in the 

line to drop, but air flowed through the air inlet to balance this 

pressure drop, so that the animal was not exposed to any significant 

pressure trauma. The air entering the specimen bulb had been scrubbed 

of CO2 by passage over Ascarite (which is NaOH absorbed onto asbestos) 

and by bubbling through a Ba(OH)
2 

bath. After ten minutes of flushing 

the specimen container wi th CO 2-free air, SC2 was closed, so that any 

CO 2 that was introduced when the specimen bulb was attached to the line 

was isolated in Trap I. Trap I I I was then immersed in LN 2 and Trap 11 
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Figure 2-1 . High vacuum line for the collection 

of respiratory CO 2. 
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in dry ice-M17. SC5 was closed and SC4 was opened, permitting any 

co respired by the animal to be condensed in Trap I I I. The specimen 
2 

container was again flushed for ten minutes, after which SC4 was closed 

. in order to isolate the traps from the specimen bulb. The non­

condensible gases and liquid oxygen contained in Trap I I I were pumped 

away. Trap I I I was then warmed to dry ice temperature and the 

sublimed CO
2 

condensed into a sample tube with LN 2 _ for subsequent 

purification and analysis. 

For snails and insects, the fol lowing modifications in the procedure 

were necessary in order to collect a reasonably large CO 2 sample. 1-6 

specimens, depending on the size of the animals, were placed in either 

the one liter specimen bulb or in a 150 ml. bulb. After the initial 

ten minute flushing period, SCI, SC2 and SC4 were closed, isolating 

the specimen bulb. After 12-24 hours, Trap I I I was immersed in LN 2 

and SCI and SC4 were opened. The specimen container was then flushed 

with CO 2-free air for ten minutes. The rest of the procedure outlined 

for mice was fol lowed. 

Two control experiments were done. Runs with an empty specimen 

bulb gave no detectable CO 2 (<?.2 µ moles). Since all respired C? 2 

samples were larger than 100 µ moles, this indicates that background 

contribution of CO 2 was negligible. Control experiments in which a 

vial containing co
2 

of known isotopic composition was broken in an 

otherwise empty specimen bulb and the released CO2 then collected by 

the standard procedure sh™ed that the error due to the collection 

procedure was less than 0.3 L. The results of this second set of 

control runs are shown below. 



Run number 

MJDR-41 

MJDR-42 

MJDR-43 

o13c ~,), 
before collection 

-22.2 

-22.2 

-30.0 

36 

o13c ~.) 
after co 11 ect iQn 

-22.5 

-22.4 

-29.9 

2.5.3. Combustion of organic samples to col. Organic samples were 

converted to CO 2 by combusting the sample in a stream of free oxygen 

at 850°c in the 1 ine shown in Figure 2-2. 11.11 samples were lyophi lized 

prior to combustion. The combustion furnace on the line consisted 

of two elements whose temperatures could be controlled separately. The 

section close to the end cap was kept at 550°C, while the other section 

~as maintained at 850°c. There was a plug of CuO in the part of the 

line at 850°c. 1-20 mg. of sample was placed in a pre-combusted 

porcelain boat, which was then put in a cool part of the line near the 

end cap. The line was heated with an annealing flame and evacuated. 

The stopcocks leading to the vacuum were closed, Trap I was immersed 

In dry ice-M17 and Trap I I was immersed in LN 2 . An excess of o2 was 

admitted from a reservoir of liquid oxygen through SCll, which was then 

closed. The automatic Toepler pump was activated, the porcelain boat 

was pushed into the furnace by the action of a quartz rod containing a 

magnet, and the temperature of the cooler part of the furnace was raised 

to 850°c. After twenty minutes, the line was evacuated through SC16, 

which was then closed. Trap I I was warmed to dry ice temperature and 

the sublimed CO
2 

condensed into sample tube with LN
2

. The CO 2 was 

purified and its volume determined prior to isotopic analysis. 

For lipid samples, in order to insure complete combustion, it was 
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Figure 2-2. High vacuum line for the 

combustion of organic samples to CO
2

. 
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necessary to circulate the oxygen and the combustion p rod ucts for 

twenty minutes without LN 2 or dry ice-Ml] on either trap . Trap I I was 

then immersed in LN 2 to condense out the combustion products , from 

which co
2 

was isolated as described above . 

The completeness of the combustion, which insures no isotopic 

fractionation, was demonstrated by the following series of combustions 

of tripalmitin . 

R.un number Yield cS 13c 

MJD-249 99 . 6% ·-22.2 %0 

MJ D- 268 90.2% ·-22 . 2 'J;o 

MJ D-269 96.8% - 22.2 %0 

MJ D-270 100. 1% - 22. 2 %0 

MJD-281 98. 7% -22. 3 %0 

The precision of the combustion method was determined by the replicate 

analyses of two standards which were combusted periodically during the 

course of this study, as indicated below . 

Standard 

Grape leaf· 

Hemoglobin 

Number of Analyses 

2C 

9 - 1 3 . 2 loo ± 0 , 3 %0 
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3. RESULTS AN D DISCl lSSION 

3. 1. Isotopic composition of the diets . 

The o13c values for the diets used 1n th i s study are indicated 

in Table 3-1. Standard deviations are re porte d only for th ose cases 

in which the diet was sampled more t ha n once (sampling me thod b, Section 

2. J.2.). Duplicate analyse s o f t he di e t i n ca ses in which the diet 

was sampled only once (sampling methods a l and aZ differed by 0 . 1 L or 

less. In most cases the anima ls were cultured ove r one continuous 

period, so that a single sample or set of samples was taken. However, 

in the cases of Helix raised on Romaine lettuce leaves, the animals 

were cultured during two different pe ri ods, so t wo sets of samples 

were taken. The cause for the smal 1 difference in o13c values of the 

two diets used for the two growth periods is not known. 

The o13c values for corn and wheat seedlings used in this study 

are considerably mo re neg a tive than values reported in the 1 iterature. 

Smith and Epstein (1970) repo rt va lues of -14.0 %0 for corn and -23. 7 %0 

for wheat grovm in nature, v1hi le our laboratory-grown specimens had 

values of -22 . 6 L and -40.2 L respectively. Note also that our wheat 

seeds, which were grown in na ture, had a o13 c of -25.0 'loo. The source 

of CO 2 for plants grown in our laboratory was a mixture of Los Angeles 

1 ~ . 
atmospheric CO 2 and human respired co 2 . The 6 'C va lue of this co 2 

would be more negative than the average o13c value of -7 L for rural 

atmosphere co2 (Keeling, 1958) , because Los Angeles urban CO 2 ranges 

from -7 L to -12 L due to the contribution of 13c-depleted co 2 from 

the burning of fossi 1 fuels (Epstein, 1977), while human respired COz has 

even more negative o13c va lues (Broec ker and Olson, 1961; La Croix 
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Table 3-l. o13c values of the diets. 
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DIET o13c ~o) 

Algae -20.4 

Bacteria -24.4 

Corn seedlings -22.6 ± o.6 (n = 3) 

Grape leaves -2~L 5 

Horsemeat -23. 9 

JAX 91 lA -22.3 ± 0.5 (n = 10) 

Milkweed seeds -27. 1 

Pork -13.5 

Purina Rat Chow -18.3 ± 0.6 (n = 4) 

Romaine lettuce leaves #1 -27.6 ± ~. 1 (n = 2) 

Romaine lettuce leaves #2 -26.6 ± 0.3 (n = 3) 

Wayne Lab-Blox F6 -19,3 ± o.4 (n = 4) 

Wheat seed -25.0 

Wheat seedling -40.2 ± 0.8 (n = 3) 
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~~-, 1973). The low a13c values of the seedlings grovm in our 

laboratory must reflect the isotopic composition of their CO
2 

source . 

1 ~ The difference in the cS ~c values of the pork and horsemeat has 

a similar explanation. The horsemeat was taken from an animal whose 

primary source of carbon must have been c
3 

plants, since its o13c 

value, -23.9 ~, falls in their range. The pork was obtained from a pig 

13 which was fed large amounts of corn (John, 1977), and its cS C value, 

-13.5 L, reflects the isotopic composition of its diet. 

3.2. ~elationship between the a13c values of whole animals and their 

diets. 

The relationship between the o13c value of a whole animal and the 

0
13c value of its diet is shown in Figure 3-1, in which the 6ANIMAL-DIET 

13 13 
values (cS CANIMAL - cS CDIET) are plotted for al 1 animals studied 

except mice. A positive 6ANIMAL-DIET value indicates that an animal 1 s 

carbon is enriched in 13c relative to its diet. 

The fol lowing conclusions can be made from the data of Figure 3-1. 

1) The animal carbon is generally enriched in 13c relative to the 

diet carbon. The average 6ANIMAL-DIET value is +0.8 ± 1.0 %., vlith 

average values for the different species of animals ranging from :o.6 L 

for Caenorhabditis raised on bacteria to +2.7 7~. for Desmia raised on 

grape leaves and Melanoplus adults raised on wheat seedlings. 

2) There can be considerable range in the o13c values of several 

individuals of an animal species fed the same diet. The range of 

<".ANIMAL-DIET values varies from a low of 0.2 'Yoo for Calliphora raised 

on pork (n=~) to a high of 1.8 ~f. for Melanoplus adults raised on wheat 

seedlings (n=4). 
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13 
Figure 3-1. Relationship between the 6 C 

values of whole animals and the 613c values of 

the i r diets . The data are presented as 

t:. l (613 613 ) 
ANIMAL-DIET va ues CANIMAL- CDIET • 

The superscripts indicate that each point 

represents the analysis of: 1 a single animal; 

2f • • 1 3 • 1 1ve an,ma s; or many an,ma s. 
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3) The effect of the species of animal on the 6ANIMAL-DIET 

relationship is small. Different animal species feeding on the same 

diet, Cal liphora and Musca raised on horse~eat, Call iphora and Musca 

raised on pork, and Sitophilus granarius and 1· oryzae raised on 

wheat seeds, do not show large differences 1,1 hen their 6/i.NIMAL-DIET 

values are compared. The larges t difference in the L'i ANIMAL-DIET values 

for different animal species fed the same diet is -- J %0 , 

4) The effect of diet on the 6ANIMAL-D IET relationship is 

also small. The same animal species feeding on different diets, 

Calliphora raised on horsemeat and pork, Musca raised on horsemeat and 

pork, and Melanoplus raised on corn and wheat seedlings, do not have 

large differences in their 6AN IMAL-DIET values. The largest difference 

in the 6ANIMAL-DIET values for the same animal raised on different 

diets is on the order of l L. 

3,3. Carbon isotope mass balance for animals and their diets. 

The isotopic composition of carbon which enters an animal as 

its diet (input) must equal the isotopic composition of the carbon 

which is used by or lost from the animal (output). The output consists 

of incorporation of carbon into the body and loss of carbon from the 

body via either excretion or respiration. The overall carbon isotopic 

budget must represent a mass balance: 

• n. 
J 

where i and j refer to input and output respectively and n is the 

number of moles of carbon in a component. 

Th • • b 1 • • d. h l 3c e 1sotop1c mass a ance expression 1n 1cates tat a 



enrichment relative to the diet in one output component must be 

balanced by a 13c depletion of at least one other output component. 

This suggests that the 13 c enrichment of the whole animal relative to 

its diet must be balanced by a 13 c depletion, relative to the diet, 

of either the respired CO 2 or the excreted u 1rbon. Melanoplus adults 

raised on wheat seedlings had the largest average 6ANIMAL-DIET values 

of the animals analyzed. The expected 13c depletion, relative to the 

diet, of some output component other than incorporated carbon should 

be larger and hence more easily detected in Melanoplus raised on wheat 

seedlings than in the other animals of the study. Therefore, the o13c 

values of the input and output components for Melanoplus adults raised 

on wheat seedlings were determined. 

The results of these determinations are shown in Figure 3-2a. 

Relative to the diet, the respired co2 has a lower o13
c value, vJhile 

the feces and the whole body carbon have more positive o13c values. 

It should be noted that in insects the nitrogenous waste products which 

contain carbon are incorporated into the feces (Wigglesworth, 1972), 

rather than excreted separately, so that the feces in this case 

represents all the output carbon lost through excretion. 

The isotopic mass balance expression for Melanoplus raised on 

wheat seedlings is solved in Table 3-2. The amounts of carbon in the 

various components were approximated using the data of Smith (1959) 

for the amount of input (weight of wheat seed 1 i ngs eaten) and output 

(weight of feces produced and increase in body weight) over a five­

day period for adults of the related grasshoppe~ Helanoplus bi li­

turatus. The amount of carbon lost as respired CO 2 , which Smith did 
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Figure 3.2. o13c values of input and output 

components for: 

a) Melanoplus raised on wheat seed] ings 

b) Melanoelus raised on corn seed 1 i ngs 

c) Oncopeltus raised on milkweed seeds 

d) Helix raised on Romaine lettuce leaves 

#2 plus CaCO . 
3 



49 

Melonoplus fed wheat seed I ings 

RESPIRED CO2 • 

FECES 

• • • • • • • • • • • • . \) 

ADULT BODY 
~-~-~ _J ·- -·- -- I ----·•f§ .J tile _ ..___· ___. 

- 42. - 41 -40 -39 -38 - 37 

Melonoplus fed corn seed lings 
r-- --,--

RESPIR ED CO 2 • • •• 
FECES • • 
ADULT BODY i diet 

1 
-

I I I I I I 
-27 -26 -25 - 24 - 23 -22 - 21 

Oncopel!us fed milkweed seeds 

• RESPIRED CO2 

FECES 

• • • 1--+-l prec ision of 

ADULT BODY 

-29 

• • 1• 
1 

diett
1 

• 

- 28 ·-27 

• 
•• 

- 26 -25 

Helix fed Romaine lett uce leaves #2 + CaC0 3 

RESPIRED CO2 • • • • • • 
FECES • • • • 
ADULT BO DY i diet 

1 

• • 
I I I I 

- 27 -26 - 25 -24 -23 

8 13C PDB (%0) 

8 13c analysis 

I 
- 20 
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Table 3-2. Carbon isotope mass balance for 

Melanoplus raised on wheat seed I ings. 
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not determ i ne , was ass ume d to ma ke up t he difference between the 

amounts o f input and output carbon. 

output carbon , - 39.7 ± 0. 3 7;0, ag re e s 

13 The 6 • C value calcula t ed fo r t he 

r·e2 sona h l y wel 1 with 13 th e 6 C 

value of t he i np ut ca r bon , -L0. 2 " , . ·! \.} • 0 l (UJ 'I i r. d i C c1 t i n g t ha t an iso t opi c 

mass balance does e x is t fo r t hi s sy s tem . 

The 6 13c va l ues of t he :,; .iu r and o utpu t component s f o r tvm o t her 

insect sy s t ems , Me lanopl us adu l ls rais ed an co rn seed l i ngs and 

Oncopeltus ril i sed on mi l kv1ee d SP. eds , are s hrn-m in tigure 3- 2b and 

Figure 3-2 c . lhe res pi red CO2 samp l e s ha ve mo re neg ative o13c 

values whil e t he body an d the feces have mo re po s it ive o13c va l ue s 

than the diet , whic h is the s a me patte rn th at was ob s e rved for 

Melanoplus adu l t s ra i sed on v✓ heat see dlings . The i sotop i c mass bu l a nce 

expression s fo r the se s ys t ems cann o t be so l ved beca use da t a 

relating t o t he si ze o f the input anrl outp ut com ponent po o l s a re not 

available . Howeve r, qual itat ively , it appea rs t ha t th e r e i s i so t opic 

mass balance in e ach of th e syst ems. 

The o13 c va l ue s of some of the input and o ut put compon en t s of 

Helix rai se d on Romai ne lettuce le aves #2 plus Cac o
3 

are s how n in 

Figure 3-2d . In this cas e, t he 6 13c va l ues o f a 11 three o utp ut com-

ponents - - res p ired co
2

, fe ce s , and ad ult who le bo dy -- a re more pos itive 

than the o13c values o f th e diet. It sho ul d be not e d t hat th e Helix 

system is com pl icated by an additional so urce of i nput ca r bon, t he 

Caco
3 

suppl ement , 

that of th e di et 
' 

wh i ch had a o13c value 12. 8 L mo re pos i t ive t ha n 

a nd by an ad dit iona l outpu t compo ne nt, th e Caco
3 

contained in t he s he ll. Th e source o f carbon f o r t he s he ll ca r bonate 

is not kn ovm (see Sec ti on 3.8.2), so th a t it has no t be e n poss ible t o 
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solve, even q uali t a ti vely , t he is o t op ic mass balance exp ression fo r 

this system. Howeve r, at l ea s t one as pect o f t he is o t opi c r elat ion sh i p 

among input and out out compo nen t s in t he t h r ee insect syst ems was 

demonstra ted not t o hol d for t he HeJ ~i7'.. syste!n . The res p ired co
2 

o f 

Helix raised on Pomai ne lett uce le aves !,/ 2 p l us Ca ~( P01 ) 2 as th e calc i un: 
- ~ I 

13 supplement has a 6 C va lue, - 25 . G ~ 0 .5 L (n =S) wh i ch i s more pos i ti ve 

than the 813c va l ue of t he d i et , -2 6 . 6 ~ - Thus, i n th e abse nce o f a 

second sou r ce of in put ca r bon , it ca n be seen that the iso t op i c 

relationshi p be t ween the respired CO~ a nd t he d iet of He li x r a ised on 
,:_ 

Romaine lettuce le aves #2 is t he r eve r se of t he rela t ionshi p o bser ve d 

for these component s in t he t h ree in sect sy stems . 

3.4. Effect of age on th e i s o t opi c composi ti on o f Mel anopl us. 

The da ta fo r Me l ano p lu s r aised on co rn o r wh eat seed] in gs, shown 

in Figure 3-l, i nd ic a te tha t a sma ll d i ff ere nce (on t he o rd e r o f 1 ;~. ) 

exists between the avera ge 6 13 c va l ues o f j uvenile f o r ms , known as 

nymphs in t he ca s e o f Me lanopl us, and a dult s ra i s e d on t he same di e t . 

13 The 6 C va lue s of nymp hs ar e more sif1li l a r t o t he d ie t i sotop ic 

compositi on t han t hos e of adults . These da t a , t oge the r wi t h t he we i gh t 

and devel opme n ta l s tage* o f ea ch spec imen, a re 1 is ted in Tab le 3- 3 . 

Also 1 ist e d are the 613c va l ue s and wei gh ts o f the newly ha tch ed 1s t 

*Insects ha ve re la t i ve l y i nel ast i c cu t icul ar e xoske letons whi ch l i mi t 
their gr ow th. Wh e n an inse c t becomes too l arge f o r its e xoskel e t on, 
the animal sheds it and a cqu i re s a l a rge r on e through a process cal led 
moultin g . The peri od be t wee n moult s is t e rme d a stad ium, while the 
insect durin g a stadium i s r e fe rred to as an inst a r. Our Mel a no p lus 
specimens fed on either co rn o r whe a t s e e d] in gs went through f i ve 
stadia pri o r to th e f in a l mou lti ng t o t he adult st ag e. 
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Table 3-3. Effect of age on the o13 c value 

of whole Helanoplus raised on corn or wheat 

seedlings. In some cases, several specimens 

of the same age were co~bined prior to 

combustion. 



Melanop lus 
Fed co rn seed! in gs 

corn see dli ngs 

Melanop lus 
fed whea t seedl ings 

whea t seedlin gs 

''' not determined 
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DEVELOP~E NTAL STAGE 

1s t i nsta r , newly ha tched 

3rd in s t ;:i r 

5th i nsta i-

adul t 

adu lt 

a dul t 

1st insta r , newly hatche d 

2nd instar 

3rd in s tar 

4th in s tar 

5th i ns t a r 

adul t 

adult 

adult 

adu lt 

WEI GHT ( mg . ) 
13c {;oo) 

-25.8 

16 -22 . 0 

22 - 21 . 8 

~ l -2 l . 6 

76 -20 .9 

n . d. t, - 20.8 

n . d . -20 . 6 

-22. 6 

- 22 .6 

7 -37.8 

14 -37. 8 

32 -38 . I 

47 -38.9 

n . d. -38.2 

n . d .. - 37 . 7 

56 -37. 6 

46 -36 . 4 

- 40.2 
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instar nymph s \'1hi ch \\!ere usco t o star t each c ult u re. Th e eggs f rorn 

which the nymph s were hatc hed we re obtained f rorn t wo sources who 

apparentl y ma intai ned t lieir 11e l anop l us cult u res on d iets of d iff e rent 

isotopic composition . Th e da t ~ o r T~~ l 2 3-3 indicat e that ns t he ag e 

13 of the nymph i ncreases, the 8 C value of i ts body t rends awa y from 

"i 3 
the newly hatched nym ph ~ C vil luc and towa rd a val ue somewhat 

heavier th an the diet 6 13 c value . This t re nd would re s u l t fro m 

mixin g of carbon p resent in the nev1ly ha t ch e d 1s t i ns t a r nymph and 

carbon as sim il ate d fro m t he d ie t . As th e age (and s ize) of the ny mph 

increases, the contributi on of carbon fr o~ th e newly hat ched 1st instar 

nymph is progress ively di l uted, s o th a t beyond the 3rd inst a r nymph, 

this effect becomes neg l igible . Th e dat a of Table 3-3 also s how th at 

the 6 13c values of adults are mo re positive than the 6 13c va lues of the 

older nymphs. This observation s s uggests t he possibility that there 

are difference s in th e i sotopi c composition of carbon i nco rporated 

into the body of Melanoplus at d ifferent stages of i ts 1 ife. 

In order to under s t a nd t he causes fo r the var ia tion s of th e 5 13c 

value of Melanoplus who le bodi es wit h age, the o13c val ues for mou lted 

exoskele tons (ex uvi ae) and who le re ar legs taken from nymphs and adults 

were determined . nuring the per iod precedi ng mou ltin g , part (up to 

90% in some insects) of the o ld cuticle is adsorbed and reincor po rated 

into the new exoskelet on (Wi gg leswor th, 1972) . Analysis of the exuviae 

should demons trat e the mixi ng o f carbon present in th e newly hatched 

nymph and assi milat ed car bon . On the othe r hand, the rapid rate 

of weight gain in the rear leg of the g rasshopper should reduce the 

effect of mixing on the o13 c va lue of the s pecimen , perm ittin g 
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differences in the isotopic compositi on of ca r-bon i ncorporated into the 

legs of nymphs an d adult s to be obse rved, if they exis t. (I n 

Melanoplus fed corn seed] ing s, the rea r leg averaged 0 . 06 mg. i n ne1t1 ly 

hatched 1st instar nym ph s , 1.7 mg . i n 3 rd i ns t a r nymph s , 2 . 7 mg . in 4t h 

instar nymphs , 4. 5 mg . i n 5t h inst a r nymphs, an d ~l.5 mg . in adul ts . ) 

The o13c va lues o f exuv iae and rear legs nre shown in Fig ure 3-3 . 

The o13c values of exuv iae demonst ra te a mi xing e ffe c t for mo ults f rom 

the 2nd and 3rd i nsta r nymphs fo r Me lanoplus raised on e ither corn or 

wheat seedlin gs. There is no ~1 i xing effect e vi dent fo r mo u lt s from the 

4th and 5th instar nymphs , presumab l y because t he carbon pres ent in 

the newly hatched 1st ins ta r nymp h ha s neen s uff ic iently d iluted by 

growth. No mi x ing e ffect i s obs e r ved i n the o13c va lue s of the 

rear legs of Melanoplus ra is ed on ei t her d iet. Th ere may be a trend 

for legs from o l der spe c imen s t o ha ve mo re • • o 13 c po s 1t1 ve values, but 

the variation o f 6 
1 3c va l ues fo r legs fr om s peci mens of t he same age 

is nearly as large ilS the to tal range of va l ues for spec ir.'ens o f all 

ages. 

l 3 In summary, an ag e effec t on th e 6 C val ue of ca rbon incorpo ra te d 

into the body o f Me lanoplus ra is ed on e i t her corn or whea t seedlings 

cannot be ruled out. Howe ver, the magnitude o f th e effect, on the 

order of 1 %., i s small. 13 The acc uracy wi th which the 6 C value o f 

the diet can be det e rmin ed f rom the o13c va l ue o f an animal' s carbon 

will not be seriously af f ecte d by possible age effects of this size. 

3.5. Relationship between t he o13c value s o f biochemica l fr a cti ons in 

animals and their diet s. 



Figure 3-:-3. 
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13 
Effect of age on the 6 C 

values of exuviae and rear legs of Melanoplus 

raised on corn or whe<1t seedlings. In some 

cases,several specimens of the same age were 

combined prior to combustion. The number 

near each point refers to the instar from which 

the specimen was taken (for rear legs) or the 

instar from which the animal was moulting (for 

exuviae). The number 11 611 identifies an 

adult specimen. 
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13 13 
The AANIMAL-DIET values ( 6 CANIMAL - 6 CDIET) for an animal 

species raised on a single diet, as discussed in Section 3. 2., range 

from -o.6 %, to +2.7 %0. Differences in the relative proportions of 

the major biochemical fractions in different animals and their diets 

could contribute to the variability in the AANIMAL-DIET values, because 

the major biochemical fractions have characteristically different 

613c values (see Section 5.1.) . Fo r example, if a diet with a high 

fat content were fed to an animal which incorporated only a smal 1 part 

of that fat, the AA~IMAL-DIET value might be large because of the 

exclusion of the fat fraction, which is highly enriched in 12c 

relative to the other components of the diet, from the animal body. 
13 Comparison of the 6 C values of a biochemical fraction in the animal 

and its diet might avoid the complications resulting from differences 

in the concentration of the fractions in animals and their diets. 

Accordingly, the 613c values of several readily isolated biochemical 

fractions in animals and their diets were measured in order to determine 

if the accuracy of the isotopic method of dietary analysis could be 

improved by comparing the 613c values of animals and their diets at 

the suborganismic level. 

13 The 6 C values of the total organic matter and of the 1 ipid, 

glycogen, and soluble protein fractions were determined for the follow­

ing samples: horsemeat, pork and each of two species of flies, 

.£.alliphora and Musca, raised on each meat. The results, which are 

shown in Figure 3-4, indicate that the 6 13c value of a component in 

the fly generally reflects the 613c value of that component in the 

meat it was raised on. 13 However, the 6 C value of a component in a 
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Figure 3-4. o13c values of total organic 

matter and of the lipid, glycogen, and soluble 

protein fractions in Calliphora and Musca and 

in the horsemeat and pork they were raised on. 
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13 fly and the o C val ue of tha t component in t he diet may differ by up 

to 3.0 %0, wh il e a t the same ti me the differences between the o13c values 

of the tot a l orga n ic ma t ter of a fly and its d ie t are a ll less than 

o. 5 %0 

Evidentl y , th e biochemica l fra ction s of th e diet are not i n­

corpo r ated i nt o the animal wi t hou t isotopic al t erat ion. Differen ces 

between th e 013c va l ues of components i n the animal an d its die t cou l d 

arise fr om is otope e ffect s during as similat i on of the compone nt and /o r 

in the~~ syn thesis of the component i n the animal . The f ac t 

that thes e isotope ef fects te nd to bal ance one another when ave raged 

over the whole o f an an imal's meta bol is m s ug gests t ha t ch an ges in the 

o13c value of one fr act ion occurs at the expe ns e of t he i so topi c 

composition of s ome other component. It a ppears that the o13c 

analysis o f the t ot a l orga ni c mat t er of ani mals and the ir d iets wi l 1 

result i n a more accura te die t ary an al ysi s tha n the de te rmina ti on 

of the o13c values of ma jo r ciochemical f ract ions . 

13 The o C va lue s of t he total organic matter and the b ioch em ic al 

fracti ons of ho r semeat have the same relationships wi th on e another as 

13 has been obs e r ved i n autotrophs (see Section 5. 1.): o CLIPID < 

013 d 0 13 < (0 13 
CTOTAL ORGA NIC MATTER an CLI PI D CCARB OHYD RAT E' 

13 ° CPROTE IN) . Th I 3c d • • b • • k • h f. • h . h e . 1 st r I u t I on I n po r I s t e I rs t ca se I n w I c 

13 13 13 1 "i ° CLIPID = ° CTOTAL ORGAN IC MJ\TT EP. and ° CLI P ID > 0 • (PROTEI N" 

diff e rent iso t opic rel a t ionships in the two mea t s probab ly re fl ect 

differe nces in th e fee din g reg imes of the an i ma l s they cnme fr om. 

The 

Horses intended fo r s lau ght e r a re ge ne rall y gi ven a rel a tive ly constant 

diet t h ro ughout their lives (Carr, 1977). Th e o13c va lue o f the ho r se-
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mea t, -23.9to, 1 indi cates t hat th e ho r s e at e a d iet compose d pr inwr i ly 

o f c
3 

plant s . Corn -fed p igs , on t he o t he r h2nd , ar e f ed mi xe d 91-a i ns 

whe n t hey are youn g , and , i n orde r t o fa t te n t hem f o r mar ke t , are f e d 

a die t r i ch i n co rn dur i ng the se cond ~~lf o f t hei r 1 ives (Ca rr , 197 7). 

Most g rains exce pt f o r corn come f rom c
3 

p lant s, and t here fore ha ve 

• 1 3 more neg ative c5 va l ue s than corn , v1hici1 is a c
4 

p l an t. If lipid s 

an d glycogen we r e fo rme d p refe ren t ially du r i ng t he f a t ten i ng pe riod, 

the o13c va l ue s of the 1 ipids and gly cogen wou l d be mo re posi t ive (co rn­

li ke ) th an that of t he prote i n f rac tion . The 13c de ple t ion of t he 

lipid fracti on re la t ive t o t he g l ycog en is t he usua l rela ti ons h ip 

ob se rve d between the o13c val ues o f these t wo fr act i ons (see Sec ti on 

5. 1.) . 

The li mited data avai labl e (Fi gure 3-4) indicate that changes in 

13 the o C va l ue of a fraction in going fro m the diet to the animal 

are no t la r ge enough to affect the ge neral isotopic relationships 

among th e biochemi cal fract i on s , which a ppear to be i nherited from 

the di e t . The relationshi ps of 6
13

cL IP ID < o
13

cTOTAL ORGAN IC MIHTER 
I 3 13 13 . 

and ° CLIPI D < ( cS CCARB OHYDRATP c5 (P ROTEIN )' wh rch exi 5t in 

aut otroprs (Se ct ion 5. I.) a nd presumab l y in the plants e at en by the 

horse, are preserved , i n t urn , f i rst in the horsemeat and then in th e 

fl ie s which were ra i sed on t he horseme a t . The flies raised on pork show 

the 1 1 • h . o 13c O 13 
anoma ous re at1ons ins , LIP IDS? • CTOTAL ORGAN IC MATTER 

and 13 I 3 
c5 CLIP IDS > c5 CPROTEINS' which arP. found in the pork. 

Apparentl y , the isotopic relatio nships among the biochemica l fractions 

present i n organisms at one trophic level are i nher i ted by t he organ isms 
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at the next trophic leve l . 

3.6. Relationship between the o13c values of the tiss ues of mice and 

their diets. 

It is impractical to determi ne the o13c val ue of the total o rga n i c 

matter of a large animal for us e i n dietary ana lys i s. An alternate 

approach is to dete rmine the i sotopic composition of s ome pa r t of the 

animal which best reflects the o13c of the die t . The o13c values of 

various tissues of mice raised on diets of known isotopic composi tion 

were measured in order to determine which tissues might be suitable 

for this purpose. 

In al 1 other instan ces of th is study, animals \'lte re raised on 

naturally occurring diets of constant o13c value. It was not possible 

to obtain mice or other vertebrates raised on a natural diet of constant 

o13c value, so the compromise approach of using mice raised on formula t ed 

diets of constant o13c values was adopted. Application of these 

results to interpretation of natural systems may involve more 

extrapolation than is requ ired in those cases in which laboratory-raised 

animals were fed on natural diets. 

In order to minimize differences among individuals, tissues from 

eleven BALB/c mice raised on Wayne Lab-Blox F6 were pooled and homog­

enized prior to combustion . The result s of o 13c analysis are shown 

in Figure 3-5. Most of the tissues have o13c values of approx imately 

-21 ~, which is -1.5 L more neqative than the a13c value of the diet. 

However, the 8 13c values of brain, hair and spleen are all more 

positive th;:in that of the di et by up to 1 ,~o . /\na 1 ys is of tissues 
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13 
Fi gure 3-5, 6 C values o f tissues fr om 

BA LB/c mi ce rai sed on Wayne Lab - Blox F6. 

The t i ss ues of eleven a n ima ls were combi ned 

pr io r to combust i on. The mi ce were 17 weeks 

old. 
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taken from individual mice raised on the sa~e diet is shown in Figure 

3-6a. For some tissues, considerable variation among samples taken 

from different mice was observed. Spleen and hair from individuals 

have o13c values which differ from the 613c value for the pooled sample 

by up to 3.6 L. The 6
13

c values of brain, 1 iver , or kidney from 

individual animals differ from the 613c value for the pooled sample by 

less than - 1 %0. 

613c values of tissues from individual mice raised on other diets 

are also shown in Figure 3-6. Mice of a different strain and age 

raised on Purina Rat Chow (Figure 3-66) have a distribution in the 

613c values of their tissues similar to mice raised on Wayne Lab-Blox 

F6. . 1 3 Brain and hair generally have higher o C values and the other 

organs have lower a13c values than the diet. The main difference 

between tissues of mice raised on the two diets is the absence of 

13c enrichment relative to the diet in the spleen samples of mice 

raised on Purina Rat Chow. Four mice raised on JAX 911A show two new 

features in the a13c values of their tissues (Figure 3-6c). First, 

the liver and kidney have more positive 613c values than the diet, 

whereas in the previous two cases these organs had 613 c values which 

1 1 % • h h • 13 1 were - ,5 ~ more negative tan t e diet o C va ue. Second, the brain, 

instead of having the most positive a13cvalues as was observed in the 

other cases, now has a13c values that are slightly lower than the 6
13c 

values of the 1 iver and kidney. 

The results of Figure 3-5 and Figure 3-6 indicate that no single 

tissue can be analyzed in order to determine the 613 c value of the diet 

by proxy. Because of the large range in the a13 c values of a single 
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Figure 3-6 . o13c values of tissues from 

mice raised on several diets. Each point, 

except as indicated, represents the analysis 

of tissue from an individual animal. The 

strain of mice, the diet,and the age of the 

mice in each figure are: 

a) BALA/c, Wayne Lab-Blox F6, 14-17 weeks 

b) 1\QR, Purina Rat Chow, 4-8 weeks 

c) BALB/cJ, JAX 911A., 15 weeks. 
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type of tissue taken from several specimens raised on the same diet, 

and because of the apparent influence of diet on the relationship 

between the o13c value of a tissue and the o 13c value of the diet of 

the animal, it wil 1 be necessary to measure the o13c values of several 

tissues from an animal in order to estimate a o13c value for its diet. 

3,7, Relationship between the o13c values of potentially fossil 

organic components of animals and their diets. 

The method of dietary analysis by o13c determination of animal 

carbon may be applied to certain fossil organic material if two require­

ments are met. First, the o13c value of some component synthesized 

by the animal and preserved in the fossil material must be unaltered 

by diagenetic processes. Second, the relationship between the o13c 

value of such a component and the o 13c value of the diet of the animal 

which synthesized it must be known. This first requirement is often 

met by several biochemical components of animals, such as collagen, 

chitin, and the organic fraction of intertebrate shells (see Section 

3.8.2.). In order to satisfy the second requirement, the relationship 

between the o13c values of these components and the o13c values of the 

diets of the animals from which they were isolated was determined. · 

The ACOMPONENT-DIET values (ol3CCOMPONENT - ol3CDIET) for chitin 

from insects, collagen from the bones of mice, and the insoluble 

organic fraction of Helix shells are shown in Figure 3-7. The 

ACHITIN-DIET values are generally positive, with the variability in 

the o13c values of chitin isolated from individuals of the same species 

raised on a single diet ranging up to 3.5 %,. Diet appears to affect 
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Figure 3-7 . Relationship between the o13c 

values of some potentially fossil organic 

components of animals and the o13c values 

of their diets. The data are presented as 

13 1 3 ) 6COMPONENT-DIET values (o CCOMPONENT-o CDIET • 
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this isotopic relationship. Chitin samples isolated from Melanoplus 

raised on corn seedlings have a different distribution in their 

ACHITIN-DIET values than chitin isolated from Melanoelus raised 

on wheat seedlings. 

Collagen samples extracted f rom the bones of BALB/c mice raised 

on two different diets have sim i lar distributions i n their 

ACOLLAGEN-DIET values, the mean values be i ng +3.7 Land +2.8 L. The 

range of ACOLLAGEN-DIET values is only 0 .1 L for the collagen samples 

isolated from three mice on each diet. 

The ACOMPONENT-DIET va l ues for the i nsoluble o rganic fraction 

of snail shells isolated from individual animals whose diet was 

supplemented with Caco3 or ca
3 

(Po 4)2 range from approximately O L to 

+1,5 L. There is an increase of about +l . 5 Lin the average 

ACOMPONENT-DIET values fo r this component isolated from snails which 

received no calcium supplement . It is possible that the thin , almost 

carbonate-free , shells of snails raised without a calcium supplement 

have a different biochemical composition than the heavily calcified 

shells of snails which received a calcium supplement, and that this 

compositional difference results in the difference in the ACOMPONENT-DIET 

values of the insoluble organic fraction isolated from heavily cal­

cified and poorly calcified shells . In any case, the heavily calcified 

shells are identical in appearance to the shells of Helix specimens 

grown in nature. The ACOMPONENT-DIET values determined for the in­

soluble organic fraction of shells of animals whose diets were 

supplemented with Caco
3 

or ca
3 

(Po4)
2 

should be used in determining 

the o13 c value of the diet of a terrestrial snail that grew in nature. 
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3.8. Dietary analysis by 813c determination of animal carbon. 

3.8. 1. Determining the 813c value of the diet from the 813c value 

of extant animal carbon. The isotopic composition of an animal's 

diet can be determined from the 8 13c value of animal carbon by the 

application of correction factors which take into account isotope 

effects during the incorporation of diet carbon into the animal. The 

o13c value of a whole animal \'Vas found to be o.8 ± 1. 0 %0 more positive 

than its diet 13 8 C value (Section 3.2)tso that 1 %0 should be subtracted 

from the 813c value of an animal 1 s total carbon in order to estimate 

the o13c value of its diet. This diet 813c value is only accurate to 

2%ot howevert because the 813c values of individuals of a single 

species raised on the same diet can vary by that amount. If it is 

impractical to determine the 813c value of the whole animal t the 813c 

values of as many tissues as possible should be determinedt and an 

average of these values taken for the 8 13c value of the diet. Because 

of the variabi 1 ity in the relationship between the 813c values of 

tissues and the 813c values of the diet for mice raised on several 

diets (Section 3.6)t the 813c values of the diet estimated in this 

fashion is only accurate to within ±2 L. 

Analysis of several specimens which are thought to have eaten the 

same d• h 1 d d h • • h d. .{' 13c 1 1 • ,et sou re uce t e uncertainty 1n t e ,et u va ue resu ting 

from individual variations. 

The accuracy of the estimated o 13 c value for the diet apparently 

cannot be improved by determining the 813c values of the major bio­

chemical fractions of the animal instead of the 813c value of the 
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whole animal, because, as was shown in Section 3.5, the isotopic 

relationships between these fractions in the animal and in its diet 

are generally more variable than the isotopic relationship between the 

total organic matter of the animal and the diet. 

3.8.2. Determining the o13 c value of the diet from the o13c value of 

fossil animal carbon. If the o13c value of fossil organic matter 

originally incorporated in an animal is to be related to the o13c 

value of the animal's diet, it is necessary to demonstrate that there 

has been no diagenetic alteration of the isotopic composition of 

the animal carbon. One method of avoiding possible effects of isotopic 

fractionation during diagenesis is the analysis of organic compounds 

which retain their integrity as fossils. There are several compounds 

with widespread fossil occurrence which have been sho .. m to satisfy 

this requirement. Chitin and collagen are preserved without alteration 

of the chemical structure as fossil material extending back 400 m.y. 

(million years) (Rosenheim, 1905) and 350 m.y. (Isaacs!:.!.~-, 1963) 

respectively. The organic fraction of a clam shell has been shown to 

contain inact proteins in specimens 80 m.y. old (Weiner!:.!.~•, 1976), 

which suggests that this material might retain its original o13c v~lue. 

If it can be shown that there has been no diagenetic alteration 

f • • • • "" 13c 1 f • f • 1 o 1sotop1c compos1t1on, u va ues o organic matter rom an1ma 

fossil material can be related to the o13c values of the diet by the 

application of the appropriate correction factor, several of which have 

been determined (see Section 3,7). The o13c value of collagen is 

3-4 L more positive than the o13c value of the diet, with a difference 
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of only 0.1 L encountered for collagen samples from several mice raised 

on a single diet. Therefore, 3.5 %, should be subtracted from the o13c 

value of collagen samples to determine the o13 c value of the diet of 

the animal from which the collagen was isolated. The error in the 

inferred diet o13c value is presently estimated to be 0.5 ¼u, but this 

estimate is probably low, since the correction factor is based on data 

from mice raised on only two different diets. Similar considerations 

for the insoluble organic fraction of terrestrial snail shells indicate 

that 1 L should be subtracted from the o13c value of the fossi I material 

to determine the o13c value of the diet; the estimated error is ±IL. 

The correction factor to be subtracted from the o13c value of chitin 

samples is ~o, but the considerable range Ln o13c values of chitin 

isolated from individuals of a single species raised on the same diet, 

coupled with the variability in the relationship between the o13c values 

of chitin and the o13c value of the diet for the same species raised on 

d,fferent diets, contribute to a large uncertainty in the estimated 

o13c value of the diet, on the order of ±3%,. 

Correction factors can be estimated for those organic components 

for which the relationship between the isotopic composition of the 

component and of the diet has not been experimentally established. 

Consideration of the distribution of 13c in the major biochemical 

fractions of animals (Section 3.5 and Section 5.1) indicates that 

13 13 . the 6COMPONENT-DIET values (o CCOMPONENT - ° CDIET) will be moS t 

positive for components rich in protein, positive but to a lesser degree 

for components with a large concentration of carbohydrate, and negative 

for lipid-rich components. Approximate correction factors can be 
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derived from these relationships, but the large uncertainties in such 

estimates, probably on the order of ±3-5 L, make it advisable to 

determine the 6COMPONENT-DIET value for the compo nent of interest in 

laboratory-reared animals before attempting a fossil application. 

The question arises at this point as to whether the 613c values 

of biogenical ly precipitated inorganic phases, specifically the Farbonate 

fraction of invertebrate shells and of vertebrate bones , can be used 

to estimate the 613c value of the diet . The 613c values of some in­

vertebrate shell carbonates are known to reflect the 613 c values of 

carbon sources other than the diet and hence cannot be used for this 

purpose. • The source of carbon in the she 11 carbonate of marine and 

freshv,ater mollusks is CO 2 dissolved in the v1ater (Keith ~~-, 1964 ; 

Fritz and Poplawski, 1974); aquatic carbonate-depositing organisms from 

other phyla probably derive their carbon for shel 1 formation from the 

same source . 

The source of carbon for the shell carbonate of terrestrial snails 

is not known. Atmospheric CO
2 

may make a s~all contribution , primaril y 

through uptake of CO 2 dissolved in the water ingested by the snail. 

Carbon from sol id Caco 3 ingested along with the diet is known to be 

incorporated into the shell (Rubin~~-, 1963), although this is 

also probably a minor source of carbon for the shell carbonate of 

snails living in the field , especially in environments with acidic 

soils (Crowell, 1973). The third and probably the major source of 

carbon for shell carbonate is the diet, presumably via metabolic CO
2 

dissolved in the blood and in the extrapall ial fluid from which the 
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shell is precipitated. Experiments designed to determine the dietary 

contribution to the sriel l carbonate could not be carried out, since it 

proved impossible to raise Helix on diets of different 6 13 c values . 

However, even if it can be shown th at there i s a dietary influence on 

the isotopic composition of terrestrial snail shel 1 carbonate, the 

prospects for using this value for estim2ting the o13 c value of the 

diet appear dim, since relatively smal 1 contributions of carbon from 

atmospheric CO
2 

or ingested Caco3, both of which have much more positi ve 

o13c values than diet sources, would result in a sizable shift in the 

o13c value of the shel 1 carbonate away from the value determined by the 

diet. 

The source of carbon in the carbonate fraction of vertebrate bones 

has not been established. However, even if it can be sho1J-m that 

there is a dietary contribution, the available evidence suggests that 

the 6 13c va 1 ue of foss i 1 bones cannot be used for the purposes of 

dietary analysis. Dating of bone samples, whose age has been 

independently established, from the 14 c content of the carbonate 

fraction has been shown to produce erroneous ages, presumably because 

carbon in the carbonate carbon is exchangeable with either or both CO
2 

dissolved in groundwater (Olson , 1963) and atmospheric CO
2 

(Tamers and 

Pearson, 1965) . Thus, the original o13c value of bone carbonate 

is not 1 ikely to be preserved in the fossil. However, the amount of 

exchange which would affect the 
14

c content of the carbonate is much 

smaller than that which would be necessary to significantly alter the 

content. Therefore, the possibility of using the o13 c value of 

the bone carbon~te to estimate the isotopic composition of a vertebrate 
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diet merits further investigation. 

3.8.3. Potential applications of the method. The methods commonly 

used in determining what an animal eats involve either visual observation 

or ar.alysis of undigested food fragments in the feces. These methods 

are time consuming and subject to considerably error, the first due to 

observer fatigue and the second due to differential digestibility 

of different foods. The first method is not applicable to fossil 

situations, while the second can sometimes be applied when the feces 

are preserved. 

The method of dietary analysis by o13c determination of animal 

carbon provides a considerable improvement over these methods in some 

modern and fossil situations. The relative contribution of potential 

diet sources, either plant or animal, can be determined if the difference 

in o13c values of the diet sources are somewhat larger than the 1 imits 

of accuracy on the o13c value of the diet as estimated from the animal 

13 o C value. In many situations, the small range and overlap of the 

o13c values of potential diet sources would prevent the determination 

of the contribution of each source to an animal's diet. For example, 

five algae in a salt marsh h~d o13c values which range from -16.6%0 

to -22.7%0 (Smith and Epstein, 1970). The relative amounts of each 

alga eaten by an herbivore subsisting solely on algae could not be 

determined from the o13c value of the animal's carbon. However, even 

in this cases some qualitative information concerning the consumption 

of the algae with the highest and lowest o13c values might be obtained. 

In two cases, the potential diet sources come from groups which 
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13 differ sufficiently in o C value so that the relative contribution of 

each group to the diet can probably be determined by analyzing the 

0
13c value of the animal or one of its components. The first of these 

involves terrestrial~- aquatic organisms as diet sources. The 

0
13c value of the aquatic plants and animals ra rely overlap those of 

terrestrial organisms (see Section 1.3.3.). Thus it should be possible 

to use this difference to determine the relative contribution of these 

organisms to the diets of animals I iving in near-shore environments. 

The second case involves c
3 

~- c1f plant s as potential diet sources. 

The o13c value of most c
3 

plants range from -23 L to -35 L , while most 

c4 plants have o13c values which lie between -9 L and -19 L (see 

Section 1.3.3. 1.). This difference is large enough so that the relative 

amounts of c
3 

and c4 plants eaten by an animal probably can be determined 

from the o13c value of its carbon. 
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4. SUMMARY 

The distribution of stable carbon isotopes in animals has been 

largely ignored in previous investi gations relat i ng to the bio­

geochemistry of carbon isotopes . Application of stable isotope 

methodolO£Y to problems of extant and fossi 1 animal biochemistry, 

physiology, and ecology requires an understanding of the factors 

affecting natural variations of the 13c; 12c ratio in animals at 

the organismic and suborganismic levels. This study represents the 

beginning of a systematic investigation of these factors . 

Eleven species of animals were each raised on one or more diets 

of constant o13c value. A total of thirteen diets were ~sed. In some 

cases, an animal species was raised on two separate diets, and in 

other cases two animal species were raised on the same diet. 

4. 1. Principal findings. 

1) The o13c value of an animal reflects the o13c value of its 

diet, but the animal is in most cases enriched in 13c relative to the 

diet. The average difference between the o13c values of whole 

animals and their diets is +0.8 ± 1.0 ~ . 

2) There is appreciable variation in the a13c values of 

individuals of an animal species raised on a single diet. The maximum 

range observed is I.B L for four individuals of a species raised on 

the same diet. 

3) The species of the animal or the nature of the diet has 

little effect on the isotopic relationship between animal and diet. 
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4) A carbon isotopic mass balance exists between input (diet) 

and the sum of the total carbon either incorporated into or excreted 

and respired from an animal. For three cases, the 13c enrichment of 

the body relative to the diet is balanced by a 13c depletion of the 

respired CO 2 . This relationship does not hold in al I animals, however, 

since in one other case the respired co2 is enriched in 13c relative 

to the diet. 

5) The difference between the o13c values of a biochemical 

fraction such as lipid, glycogen, or soluble protein in an animal and 

its diet is generally larger than the difference between the o13c 

values of the animal and its diet. 

6) The isotopic relationships among the biochemical fractions 

at one trophic level are preserved in the next trophic level. 

7) The difference between the o13c values of the tissues of mice 

and the diet of the mouse varies depending on the tissue being 

analyzed and the diet. 

8) The o13c values of collagen, chitin, and the insoluble 

organic fraction of terrestrial snail shells reflect the o13c value 

of the diet. 

4.2. Conclusions. 

The immediate application of the results of these studies is 

the proposal for a new method of dietary analysis based on the o13c 

value of animal carbon. The o13c value of the diet is first estimated 

from the 6 13c value of the animal or one of its components by the use 

of the isotopic relationships which were determined. T~e relative 
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contribution of diet sources of known isotopic composition are then 

calculated from this diet 6 13c value. The limits of accuracy on the 

estimated 6 13c value of the diet are such that the relative contributions 

to the diet of aquatic~- terrestrial organisms or of c
3 

~- C
11 

plants 

should be able to be determined from the 6 13c value of the animal. 
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I I. MECHANISM OF CARBON ISOTOPE FRACTIONATION 

ASSOCIATED WITH LIPID SYNTHESIS 
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5. INTP.ODUCTION AND REVIEW OF THE LITERt\TURE 

5. 1. Distribution of carbon isotopes in the major biochemical 

fractions of organisms 

Data from the first studies of th e distribution of carbon isotopes 

at the suborganismic level (l'.belson and Hoering, 1961; Park and 

Epstein, 1961) are plot t ed in Fi gure 5- 1 as 6COMPONENT values 

( 13 1 3 ° CCOMPONENT - ° CWHOLE ORG ANI SM) . A neg a tive 6coMPONENT value 

indicates a 13 c depletion of the component relative to the o13c value 

of the whole organism. The 6LIPID values of all the 1 ipid fractions are 

negative, ranging from -1.9 L to -8.6 L . The 6PROTEIN values for 

the total amino acid (protein) fractions are positive, ranging from 

+0.1 %0 to +3,9 %0. The !\CARBOHYDRATE values for the 1 imited number of 

carbohydrates are also positive, ranging from +0.1 %0 to +1.6 %0, The 

main feature of the distribution of carbon isotopes in these organisms 

is a depletion of 13c in the 1 ipid fraction relative to the o13c values 

of the whole organism and the other two major biochemical fractions, 

protein and carbohydrate. Park and Epstein (1961) also showed that 

there was a negative correlation between the dry weight percent of 

, 13 13 
1 ipid in a plant species and the 6LIPID value (o CLIPID - o CCHCl 

3 

EXTRACTED RESIDUE) for that species. 

Asimilar pattern of carbon isotope distribution among the major 

biochemical fractions has been observed in nearly al 1 organisms which 

have been analyzed. 
13 Theo C values of a number of organisms* and their 

*The data for corn-fed pork and Calliphora and Musca raised on it are 
not included in Table 5-1 and the fol lowing discussion for reasons 
discussed in Section 3.5. 
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Figure 5-1 . Ca rbon isotopic composition of the 

major biochemical fractions of organisms analyzed 

in the first studies of suborganismic 

distribution of carbon isotopes . The data are 

13 
plotted as ~COMPONENT values (6 CCOMPONENT -

o13c ) The references are WHOLE ORGANISM • 
1(Abelson and Haering , 1961) and 

2
(Park and Epstein , 1961) 
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protein, carbohydrate and lipid fractions are listed in Table 5-1. No 

o13c values have been published for nucleic acids, the other major 

biochemical fractions. The organisms in the t able are grouped according 

to the mode of energy production they employ, either autotrophy (i.e., 

photosynthesis for all the organisms in the table under this 

classification) or heterotrophy (i.e. absorption or ingestion of reduced 

carbon compounds). Plankton samples are presented separately, since 

they represent mixtures of autotrophic and hetc rotrophic organisms. The 

autotrophs and heterotrophs are divided into unicellular and multi­

cellular organisms, with the unicellular organisms further subdivided 

into prokaryotes (evolutionarily more primitive organisms lacking 

a nucleus) and eukaryotes (nucleated cells). 

The ~LIPID values in all but one case (73, Leiostomas xanthuras) 

in Table 5-1 are negative, In all organisms which have been analyzed the 

~13 13 
u C values of the lipid fraction is more negative than the° C values 

of the protein or carbohydrate fractions. The o 13c values of the 

carbohydrate fractions is generally within 1.5 L of the o 13 c value of 

the whole organism, and the o 13c value of the protein fraction is generally 

slightly more positive than that of the carbohydrate fraction. These 

relationships do not appear to be influenced by the manner in which an 

organism gathers its food or by the organizational complexity of the 

organism. The overriding feature in the distribution of carbon isotopes 

in all organisms is the 13c depletion of the 1 ipid fraction relative to 

theo
13c value of the whole organism and the o13c values of the protein 

and carbohydrate fractions. 
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Table 5-l . Carbon i sotopic composition of 

whole organisms and their protein, 

carbohydrate, and lipid fract ions . The 

standard is the PDB carbonate, except as 

noted in the REFERENCE column. 
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Footnotes: 

aRelative to tank CO2 , which was the carbon source 

bRelative to oceanic CO 2 , which was the carbon source 

cTotal amino acids 

dsoluble protein 

eTota 1 protein 

f Tota 1 sugars 

gstarch 

hCellulose 

iNon-cel lulosic polysaccharides 

jGlycogen 

kRelative to glucose, which was the carbon source 
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5.2. Relationship between the amount of lipid in an organism and the 

difference between the o13c values of the whole organism and 

the lipid. 

An organisms 1 s dry weight percent of 1 ipid is compared with its 

ALIPIO value (o13CLIPID - o13CWHOLE ORGANISM) in Figure 5-2. There 

appears to be a negative correlation between the amount of 1 ipid in 

an organism and the 13c depletion of th e 1 ipid fraction. The data for 

autotrophs show this relationship more clearly than that for heterotrophs. 

The 1 ipid fraction of a heterotroph contains components which are 

assimilated directly from the diet, as well as components synthesized 

~~ by the heterotroph. Since the o13c values of the assimilated 

lipid components are a function of the metabolic processes of the diet 

organisms and not of the heterotroph, it is not unexpected that the 

relationship between weight percent lipid and ALIPIDvalue is less well 

defined in heterotrophs than in autotrophs. 

5.3. Isotopic composition of lipid fraction components isolated from 

a single organism. 

The lipid fraction is composed of components, which, by definition, 

are soluble in chloroform or some other non-polar solvent. Any 

explanation of the basis of the 13c depletion of the lipid fraction must 

actually explain the 13c depletion of the components, the sum of whose 

013c values determines the o13c value of the lipid fraction. However, 

since most of the carbon of the lipid fraction derives from a single 

intermediate, the acetyl group of acetyl CoA, and since the pathways 

involved in the synthesis of lipid fraction components are similar, it 

is expected that the components of the 1 ipid fraction will have s~mi lar 
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Figure 5-2. The relationship between the 

amount of 1 ipid in an organism and the 

difference between the o13c values of the 

whole organism and of the lipid. The 

isotopic data are plotted as 6 values LIPID 

( ~13C ~13C ) The 
u LIPID - u WHOLE ORGANISM' 

number next to each point identifies the 

organism according to the code used in 

Table 5-1. 
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The data relating to this point are limited. Parker (1964) has 

analyzed fatty acids, the major components of the lipid fraction, 

isolated by gas chromatography from three species of plants. His 

results are shown in Table 5- 2. Within the 1 imits of error of the 

procedure , stated to be ±l%o , the o13c values of fatty acids from a 

single organism generally do not differ from one another. Parker stated 

that the o 13c va 1 ue of the 1 i pi d fraction II is es sent i a 11 y that of the 

fatty acids 11
, although he did not publish the values of the total lipid 

fractions. The only other data relating to this point has recently been 

published by Haering (1975) . He isolated general classes of lipid 

components by column chromatography from four plant species. His 

results are shown in Table 5-3. The 1 imits of error of his procedure 

were not stated . The o 13c values of the saturated and unsaturated 

fatty acids do not differ from one another and from the o13c value of 

the total saponified lipid fraction by more than 2%o, which is con­

sistent with Parker's results. Theo 13 c values of three minor lipid 

components , carotene pigments, sterols and phytol, have a wider range 

and are generally more positive than those of the fatty acids and hydro­

carbons . The basis for this difference may be the significantly 

different pathways involved in the synthesis of these cyclic lipid 

components as compared with those involved in the synthesis of the 

aliphatic fatty acids and hydrocarbons (Richards and Hendrickson, 1964). 

5.4. 1 ~ Previous proposals for the basis of the -c depletion of the lipid 

fraction. 

Any explanation for the basis of the 13 c depletion of lipids must 
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Table 5-2. Carbon isotopic composition of 

fatty acids isolated from single plant species 

(Parker, 1964). 



SAMPLE 

Chlorella pyrenoidosa 

Total organism 

Palmitic acid 

Palmitoleic acid 

Stearic plus oleic acids 

Ulva sp. 

Total organism 

Palmitic acid 

Stearic acid 

0leic acid 

Linoleic acid 

Linolenic acid 

Thallasia sp. 

Total organism 

Palmitic acid 

Palmitoleic acid 

Stearic acid 

0leic acid 

Linoleic acid 

Li no 1 en i c a c i d 

104 

- 36 

-41 

-41 

-41 

- 20 

- 27 

- 27 

-27 

-27 

-27 

- 7 .8 

-21 

-23 

-21.6 

-22 

-22 

-19 
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Table 5-3. Carbon isotopic composition of lipid 

fraction components isolated from single plant 

species (Haering, 1975). 
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involve fractionation of the carbon isotopes at some step or steps 

during metabolism prior to the formation of 1 ipid components . Two 

models have been proposed to explain this fractionation. An under­

standing of intermediary metabolism is necessary if these mode ls are 

to be discussed. A schematic i 1 lustration of this topic is shown in 

Figure 5-3. Both models were presented to explain the 13c depletion 

of lipids in autotrophs , so that the starting point of these consider­

ations is glucose, which is the end product of photosynthesis . Glucos e, 

a six-carbon molecule , is converted to two three-carbon molecules 

(pyruvate) by the Embden-Meyerhof pathway. Pyruvate is then oxidatively 

decarboxylated by the pyruvate dehydrogenase complex to give a two­

carbon product, the acetyl group of acetyl CoA. Lipid components 

are formed primarily via polymerization of the acetyl group of acetyl 

CoA. Acetyl CoA can also be involved in other reactions, the most 

important of which is the incorporation of the acetyl grouo into the 

tricarboxylic acid (TCA) cycle. The static picture presented .here 

is complicated by the presence of other reactions of the indicated 

intermediates. These reactions include the synthesis of carbohydrates 

from Embden-Meyerhof pathway intermediates and the synthesis of am)no 

acids, which derive their carbon atoms from pyruvate, acetyl CoA, and 

several Embden-Meyerhof and tricarboxylic acid cycle intermediates. An 

additional set of important reactions are those involved with the 

anaplerotic replenishment of the tricarboxylic acid cycle from pyruvate 

and phosphoenolpyruvate, which serves to connect the Embden-Meyerhof 

pathway and the tricarboxyl ic acid cycle. Figure 5-3 also indicates 

that many of these reactions are functionally reversible, although 
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Figure 5-3. Simplified version of intermediary 

metabolism, emphasizing the source of carbon 

atoms for carbohydrate, protein, and lipid 

component synthesis. 
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different pathways are often employed in the two directions. 

Park and Epstein (1961) suggested that the basis of the 13 c 

depletion of 1 ipids was the selection of 12c-enriched c2 units (the 

acetyl group of acetyl CoA) for lipid synthesis and of 13c-enriched 

C2 units for incorporation into the tricarboxyl ic acid cycle. As 

support, they cited the negative correlation between the 13c depletion 

of the lipid fraction and the weight percent of lipid in a plant, 

implying that as a larger fraction of acetyl CoA was directed toward 

1 ipid synthesis, the fractionation at the selection point would be 

decreased. They also presented evidence that the o13 c value of CO 2 

respired by tomato plants has a more positive o13c value than that of 

the whole plant and suggested that the source of this respired CO 2 wa s 

13c-enriched c2 units incorporated into the tricarboxylic acid cycle. 

lvlev ~~- (1974) proposed that the 13c depletion of the 1 ipid 

fraction results from kinetic isotope effects during the decarboxylation 

of pyruvate. Abelson and Haering (1961), using a crude extract of 

yeast, found that pyruvate with a 12 c in the carboxyl carbon atom is 

decarboxylated 0.2% faster than pyruvate with 13 c in that position, 

meaning that the CO 2 released in the reaction has a o13 c value 2.0 %o 

less than that of the carboxyl carbon of pyruvate. lvlev et al. 

proposed that as a result of this fractionation, which they mistook 

to be 20.0 %a, the acetyl CoA formed from pyruvate by the pyruvate de­

hydrogenase complex would be depleted in 13c relative to unreacted 

pyruvate, and that lipids synthesized from this acetyl CoA would be 

depleted in 13 c relative to other cell components. 
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5.5. Overview of work presented in this study. 

The present study was undertaken to determine the basis of the 
13c depletion of the lipid fraction. Two basic points were established. 

First, the step during which the isotopic fractionation responsible for 

the 13c depletion of 1 ipids occurs was identified as the pyruvate 

dehydrogenase complex reaction; these experiments are discussed in 

Section 7. 1. The kinetic isotope fractionations associated with the 

reaction of the complex were determined indirectly in a series of in 

vitro experiments with the enzyme pyruvate decarboxylase; these 

experiments are discussed in Section 7.2 and Section 7.3, Finally, 

a model for the 13c depletion of the 1 ipid fraction which incorporates 

these results is presented in Section 7.4. 
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6. ANALYTICAL TECHINQUES 

6. 1 Mate ri a 1 s . 

Sodium pyruvate and pyruvate decarboxylase from brewer's yeast 

were purchased from Sigma Chemical Company . The enzyme wa s purified 

by th e met hod o f U l 1 r i ch et a 1 . ( l 96 6 ) (Broi da, 1976). It was supplied 

as a crystal] ine suspension, in 3.2 M (NH
2

)
2
so4 at pH 6, which had an 

activity of 36 units per ml . (One unit of pyruvate decarboxylase converts 

to 1.0 µ mole of pyruvate to acetaldehyde at 25°C and pH 6 . 0.) 100% 

phosphoric acid was prepared by saturating 85% phosphoric acid with 

phosphorous pentoxide. Carbon monoxide, hydrogen sulfide , and methane 

were all CP grade and >99 L pure. All other chemicals used were of 

reagent grade. Triply distilled water was used in all solutions except 

for bacterial growth experiments, in which commercially distilled water 

was used in the minimal media . 

6.2. Growth of bacteria. 

E. coli stain AB 1621 was used in all bacter ial growth experiments . 

The composition of the minimal media is shown in Table 6-1 . A single 

colony from an EHA plate was used to initiate each culture. The cultures 

were maintained at 25°C with vigorous aeration . Cells were harvested 

8 -1 by centrifugation during log phase at 2 x 10 cells ml. ; at this 

concentration, less than 2% of the available carbon was assimilated into 

eel 1 matter. The cells were stored at -20°C prior to lyophil ization. 

6.3. Isolation of 1 ipid fraction. 

The 1 ipid fraction was isolated from bacteria by the technique 

described in Section 2.2 . 1. 
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Table 6-1. Composition of minimal media used 

for the grow th of ~- co 1 i . The inorganic 

salt formulation is from Kornberg and 

Sadler (1961). 



Inorganic salts 

CaC1 2 • 2H 20 

MnC1
2 

• liH
2

0 

MgS0 4 • 7H
2

0 

Fec1
3 

• 6H2o 

Kl P04 

KHl04 

NH 4c1 

Vitamins 

thiamine HCl 

Carbon .sources (one of the fol lowing) 

glucose (28mM) 

Sodium pyruvate (56mM) 

sodium acetate · 3H2o (84mM) 

Distilled water 

114 

27 . 0 mg . 

2 . 0 mg . 

40 . 0 mg . 

2 . 1 mg . 

5. 82 g . 

2.26 g. 

2 . 68 g . 

1.0 mg . 

5 . 00 g. 

6.16 g . 

11.45 g . 

to one liter 
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6.4. Preparation of reaction mixtures for the determination of kinetic 

isotope fractionations of pyruvate decarboxylase. 

The preparation of several experimental and control reaction 

mixtures for the determination of the kinetic isotope fractionation of 

pyruvate decarboxylase is described in th is section. The fol lowing 

abbreviations are used. ERV is an e nzyme reaction vessel , a flask with 

two sidearms v1hich can be connected to the vacuum line , shown in Figure 

6-1. Dry ice-M17 is a slurry of powdered dry ice and M17, a commerci a l 

organic solvent. H2o but not co2 wil 1 condense out at the temperature 

of the slurry, - 80°c . LN
2 

is liquid nitrogen. CO
2 

wil 1 condense out 

at liquid nitrogen temperature, -l80°C. Frozen n-pentane is a slur ry 

of melting n-pentane, originally frozen by adding LN 2. Acetaldehyde 

but not CO 2 wil 1 condense out at the temperature of the slur ry , - 120°C . 

CO
2
-free air is laboratory air scrubbed of CO 2 by passage over Ascari te 

(NaOH absorbed onto asbestos) and through a Ba(OH) 2 ba th. 

6 . 4. 1. Reaction mixture for the hydro0en peroxide decarboxylation of 

pyruvate. Sodium pyruvate (from 10-30 mg.) was placed in the main we l 1 

of an ERV and 3.0 ml. of 30% H2o2 was pipetted into the large sidearm . 

The ERV was capped and attached to the vacuum line. The H2o2 solution 

was frozen by immersing the sidearm in dry ice-M17, the ERV was evacuated , 

then filled with CO 2-free air . The cap stopcock was closed and the ERV 

placed in a 25°C water bath and equilibrated. The reaction was begun 

by tipping the H
2

o
2 

solution into the main well. 

6.4.2. Reaction mixture for the enzymatic reaction with pyruvate . 

1.0 ml. of a buffered solution containing pyruvate was pipetted into the 



1 16 

Figure 6-1. Enzyme reaction vessel (ERV) . 

The reduction of diameter in the large 

sidearm is necessary to prevent a cylinder 

of frozen solution from being propel led, 

by the pressure from its own melted water 

vapor trapped behind it, out of the sidearm 

and into the main well. 
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main well of an ERV, 2.0 ml. of the buffered solution containing 30 

microl iters of the pyruvate decarboxylase suspension was pipetted into 

the large sidearm, and 3.0 ml . of 100% phosphoric acid was pipetted into 

the small sidearm. The buffer was 100 m/1 sodium citrate, pH 6.0, 

except for the experiments reported in Table 7-12, in which the fol lowing 

buffers were used: pH 5.0, 48 mM citric acid and 103 mM sodium phos­

phate dibasic; pH 6.0, 37 mM citric acid and 126 mM sodium phosphate 

dibasic; pH 7.0, 18 mM citric acid and 165 mM sodium phosphate dibasic. 

The amount of pyruvate present in the reaction mixture was determined 

to within 0. l mg. and was on the order of l mg. for the 100% enzymatic 

reaction and l 10 mg. for the 1% enzymatic reaction. The ERV was capped 

and attached to the vacuum line. The large sidearm and the main well 

were immersed in dry ice-Ml7, the ERV was evacuated, then filled with 

CO 2-free air. The cap stopcock was closed and the ERV placed in a 

water bath and equilibrated. The reaction was begun by tipping the 

enzyme solution into the main well. The reaction was stopped by adding 

the phosphoric acid to the main well. 

6.4.3. Reaction mixture for control experiments with added CO~ and 

acetaldehyde of known isotopic composition. The ERV was set up in 

the usual fashion for the 1% enzymatic reaction with pyruvate, but 

after the evacuation step, the main well was immersed in LN 2. Samples 

of CO
2 

and acetaldehyde of known quantity and o13c value were con­

densed into the main well. The ERV was then filled with CO 2-free air. 

The cap stopcock was closed and the ERV placed in a 25°C water bath 

and equilibrated. After 3 hours, the phosphoric acid 
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was added to the enzyme solution, and then this mixture was added to 

the pyruvate solution. 

6.5. Mass spectrometer analysis. 

The procedure described in Section 2.3 was followed. 

6.6. Carbon dioxide sample purification and yield determination. 

All CO 2 samples were purified according to the procedure discussed 

in Section 2.4. These purification steps do not alter the carbon 

isotope composition of pure CO 2 samples, but are necessary to insure good 

traces on the mass spectrometer when impurities are present in the 

co 2 samples. 

6.7. Preparation of samples for mass spectrometer analysis. 

6.7. 1. Collection of CO 2 and acetaldehyde from reaction mixtures. CO 2 

and acetaldehyde wi 11 pass through a trap maintained at dry ice temperature 

and condense out in a trap at liquid nitrogen temperature; they can be 

separated from one another with frozen n-pentane, which condenses 

acetaldehyde but not co2 . That actual procedure that was used is as 

follows. The ERV was attached to the line shovm in Figure 6-2 and the 

1 ine was evacuated; SC (stopcocks) 2-6 were then closed. The main 

well of the ERV was immersed in dry ice-M17, Trap I i'n dry ice-M17, and 

Trap I I and Trap I I I in LN 2 . SC 1-6 were opened sequentially at one 

minute intervals. After the line was evacuated, SC 5 was closed and 

the reaction mixture was distil led out of the ERV by immersing the main 

well in hot (~80°C) water. The line was evacuated again through SC 6, 

which was then closed. The LN
2 

condensates, al 1 of which were contained 

in Trap 11, were disti 1 led to a sample tube immersed in liquid nitrogen. 
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Figure 6-2. High vacuum line for collection of 

CO 2 and acetaldehyde from reaction mixtures. 
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The sample tube was warmed to room temperature and then immersed in 

frozen n-pentane. Acetaldehyde condensed in this sample tube; CO
2 

was condensed into the second sample tube which was immersed in liquid 

nitrogen. The CO 2 was purified and its volume determined prior to 

isotopic analysis. The volume of acetaldehyde was determined before 

further processing. 

6.7.2. Combustion of organic samples to CO 2 . Glucose, sodium pyruvate, 

sodium acetate, and the lipid fraction of E. coli were combusted to 

CO 2 by the procedure described in Section 2.5.3. Certain modifications 

of this procedure were required in order to combust acetaldehyde. A 

sample tube containing 6-15 µ moles of acetaldehyde was attached to 

the 1 ine shown in Figure 2-2. After the 1 ine 1,,,1as heated and evacuated, 

the acetaldehyde was condensed into Trap I I with LN 2 . After oxygen was 

admitted to the line, the LN 2 was removed from Trap I I. The procedure 

described for the combustion of lipids (Section 2.5.3.) was then 

fol lowed. 

6.7.3. Conversion of each carbon atom of acetaldehyde to co2 . 

6.7.3.1. Pyrolysis of acetaldehyde followed by combustion of th.e 

pyrolysis products. Acetaldehyde was pyrolyzed in the 1 ine sho..vn in the 

left half of Figure 6-3; the products of pyrolysis were then separated 

and combusted in the 1 ine sh°"'n in the right hand half of Figure 6-3. 

The pyrolysis was done according to the technique of Roth and Rollefson 

(1942), the separation and combustion according to the technique of 

Sakai!:!.~· (1976). A sample tube containing 6-15 µ moles of acetalde­

hyde was attached at the sample tube 2 position, while a sample 
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Figure 6-3. High vacuum line for the 

pyrolysis-combustion of acetaldehyde. 
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1 7. 5 

tube containing 13 µ moles of H2s was attached at the sample tube 

3 position. The line was heated with an annealing flame and evacuated; 

the stopcocks to the vacuum were then closed. SC 4 was closed and 

SC l was set in the left-hand position. The acetaldehyde and H2s 

were condensed to the pyrolysis U-tube with LN 2 ; SC 5 and SC 6 were 

then closed. The LN 2 was removed from the pyrolysi s U-tube and it was 

heated at 500°C for 2 hours. Trap I I I wa s then immersed in LN 2 , SC 5 

and SC 6 were opened , the automatic Toepler pump was act ivated , and the 

contents of the pyrolysis tube (H
2

S, CO, CH 4) were circulated for 10 

minutes, witl1 H2S being condensed out in Trap I I I. SC I was then closed 

resulting in the non-condensible CO and CH 4 being pumped out of the 

pyrolysis line by the Toepler pump and being contained between the one­

way valve and SC 1. When the vacuum gauge indicated that the pyrolysis 

line was evacuated,SC 8 was closed and SC l was set at its right-hand 

position, admitting the CO and CH 4 to the combustion line. LN 2 was 

placed in Trap I I. The gases were circulated through the combustion 

furnace at 425°c without added oxygen; under these conditions, CO 

is oxidized to CO
2 

while CH 4 does not react. After thirty minutes, 

SC was closed so that CHL
1 

was pumped out of the line by the Toepler 

pump and contained between the one-way valve and SC l. SC 9 was closed 

when the gauge indicated the line was evacuated. Trap I I was immersed 

in dry ice-M17 and the sublimed CO2 condensed into sample tube 1 with 

LN
2

. The temperature of the combustion furnace was raised to 850°C and 

Trap I I was immersed in LN
2

. SC 9 and SC 1 were opened, admitting the 

CH 4 to the combustion 1 ine. After forty minutes of circulation, during 

which CH 4 was oxidized to co2 , the 1 ine was evacuated and Trap I I was 
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immersed in dry ice-Ml? . The sublimed CO 2 was condensed into sample 

tube 2 with LN 2 . The two CO 2 samples were purified and their volumes 

determined prior to isotopic analysis . 

6.? . 3.2 . Control experiments f or th e pyro lys is - combus ti on p rocedure . 

Three control experiments were perfo r med in order to determine i f th e 

pyrolysis of acetaldehyde and the subsequent combustion of the pyrolysis 

products introduced any er ror in the determin a tion of th e i so t opic 

composition of each of the carbon atoms of acetaldehyde . These cont rol 

experiments were performed using the line shown in Figure 6-3. In the 

first of these, 10- l 5 µ moles of acetaldehyde of known isotopic compos ­

ition was subjected to the procedure to determine if the sum of the 

613c values for the two carbon atoms equaled the 613 c value of the 

acetaldehyde. In the second set of control experiments, CO and CH 4 of 

known isotopic composition were mixed and subjected to the pyrolysis­

combustion procedure to determine if there were any isotopic exchange 

between the two pyrolysis products. A sample tube containing CO was 

attached at the sample tube l position, a sample tube containing CH 4 

was attached at the sample tube 2 position, and a sample tube containing 

HS was attached at the sample tube 3 position. The line was heated 2 

with an annealing flame and evacuated. SC 3 was closed and SC l 

was set in the left-hand position. The stopcocks to the vacuum were 

closed. The stopcocks on the sample tubes containing CO , CH 4 and H2s 

were opened and the automatic Toepler pump was activated. After ten 

minutes of circulation, SC 5 and SC 6 were closed~ The amounts of CO, 

CH 4 and H2S initially present in the sample tubes were sucl1 that the 
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the pyrolysis U-tube now contained similar amounts of three gases as 

would be present after the pyrolysis of an average size acetaldehyde 

sample. The rest of the 1 ine was then pumped down. The pyrolysis­

combustion procedure was then fol lowed, starting with the two hour heat­

ing of the pyrolysis U-tube at 500°C . 

In the third control experiment, a mixture of acetaldehyde (the 

o13c value of each carbon atom of which had been determined in the first 

control experiment) and either CO or CH 4 of known isotopic composition 

was subjected to the pyrolysis-combustion procedure, as a further check 

to determine if there were any isotopic exchange between the two carbon 

atoms of acetaldehyde. A sample tube containing CO (or CH4) was 

attached at the sample tube l position, a sample tube containing 12 µ 

moles of acetaldehyde was attached at the sample tube 2 position, and 

a sample tube containing 13 µ moles of H2S was attached at the sample 

tube 3 position. The standard procedure was used to introduce the H2S 

and acetaldehyde to the pyrolysis U-tube and SC 5 and SC 6 were then 

closed. SC 1 was closed, the sample tube containing CO (or CH 4) was 

opened, and the CO (or CH 4) was pumped out of the line by the Toepler 

pump and confined between the one-way valve and SC I. SC 5 and S~ 6 

were then opened, and, with the LN 2 still on the pyrolysis U-tube, SC 

was set in the left-hand position and the Toepler run through one cycle, 

filling the line with CO (or CH 4). SC 5 and SC 6 were then closed, and 

the line was pumped down. The pyrolysis - combustion p1"ocedure was then 

followeci, starting with the two hour heating of the pyrolysis U-tube at 

500°c. 
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7. RESULTS AND DISCUSSION 

7. 1 Identification of the metabolic step during which the carbon 

isotope fractionation leading to the 13c deplet ion of 1 ip ids occurs . 

The data of Abelson and Hoering (1 9hl) , which showed that both~­

col i and Chlorella grown on glucose as the sole carbon source had lip i d 

fractions with 8 13c values 7 .0 L less than that of the glucose , 

established that the 13c depletion of the lipid fraction must be due to 

isotope effects during the catabolic metabolism of glucose . Since 

most of the carbon atoms of the 1 ipid fraction are derived from carbon 

atoms 1, 2, 5 and 6 of glucose (see Figure 7-1) , a lower 13c content 

in these carbon atoms relative to carbon atoms 3 and 4 of glucose could 

explain the 13c depletion of the lipid fraction without recourse to 

isotope effects in the synthetic pathway from glucose to lipid components . 

However, since the glucose used in these experiments was isotopically 

homogeneous (i.e . there were not large differences in the isotopic 
p 

composition of the individual carbon atoms of the glucose), the ~c 

depletion of the 1 ipid fraction must be due to isotopic fractionation 

during the metabolic conversion of glucose to 1 ipid components . 

Microorganisms grown in minimal media (inorganic salts , trace . 

quantities of vitamins, and a single source of carbon) provide a 

simple system for identifying the metabolic steps during which the 

fractionation of carbon isotopes leading to a 13c depletion of the 

1 ipid fraction occur. The pathways involved in lipid synthesis from 

glucose in microorganisms growing on glucose as the sole carbon source 

are shown in simplified form in Figure 7-1. Glucose is metabolized 

via the Embden-Heyerhof pathway to pyruvate. Pyruvate is then de-
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Figure 7-1. Simplified version of lipid 

synthesis in microorganisms growing on 

glucose as the sole carbon source. 



130 

CHO-CHOH-CHOH-CHOH-CHOH-CH2OH 

(c1-c2- c3 - c4-c5-c6) 

EMBDEN­
MEYERHOF 
PATHWAY 

PYRUVATE 
DEHYDROGENASE 
COMPLEX 

GLUCOSE 

I 
I 
I 
t 

CH3- CO-COOH 

(c1,6-c2,s-c3,4) 

PYRUVA TE 

~CO2 

I ,c3, 4) 

t 
CH

3
-cO-CoA 

{C 1, 6-c2, 5-CoA) 

ACETYL CoA 

~CoA 

I 
t 

LIPID COMPONENTS 

(Cl16-c2, 5)n 



131 

carboxylated and oxidized by the pyruvate dehydrogenase complex to 

acetyl CoA. The acetyl group of acetyl CoA serves as the main source 

of carbon for lipid biosynthesis. 

The steps in this metabolic sequence responsible for the 13 c 

depletion of lipids can be identified by growing~- ~ on carbon 

sources which enter as intermediates after glucose but before lipid 

synthesis. Growth on a carbon source which enters before the fractio n-

ating steps 1,,Jill result in a lipid fraction depleted in 13c relative to 

the carbon source. Conversely, the 13 c depletion of the lipid 

fraction relative to the carbon source will be eliminated if the carbon 

source enters after the steps causing the isotopic fractionation. 

The results of experiments in which~- coli was grown in minima l 

media with glucose, pyruvate, or acetate as the sole carbon source are 

presented in Table 7-1. Cells grown on glucose and pyruvate have 1 ipid 

fractions 1,,1hich are depleted ino13c by 6.5 %0 and 8.4%0 relative to their 

respective carbon sources, while growth on acetate produces a lipid 

fraction which is depleted by only 1.0 %0 relative to the carbon source. 

Abelson and Haering (1961) concluded from indirect evidence that 

there is little isotopic fractionation during the metabolism of glucose 

to pyruvate. Their datum that in Chiarella grown on glucose as the sole 

carbon source, alanine has a o 13c value only 0.5 L more positive than 

the glucose supports this conclusion, since alanine derives its carbon 

atoms directly from pyruvate via a transamination reaction (Umbarger 

and Davis, 1962). This conclusion is consistent with the above results 

which indicate that growth on both glucose and pyruvate give 13 c 

depletions in the lipid fraction of similar magnitude. Growth on acetate, 
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Table 7-1. Effect of carbon source on the 

carbon isotopic composition of the lipid 

fraction of E. coli. 
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CARBON SOURCE o13c (%0) 

Carbon Source Lipid 

Glucose - 9. 5 -15.7 

-16.3 

Na pyruvate -20.5 -28.9 

-28.9 

Na acetate -20. 1 -21.5 

-20.7 
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which is metabolized directly to acetyl CoA (Doelle , 1975) before 

1 ipid synthesis, results in a much smaller isotopic fractionation . 

Therefore, most of the 13 c depletion of the 1 ipid fraction must occur 

during the oxidation of pyruvate to acetyl CoA by the pyruvate de­

hydrogenase complex . 

The results of these experiments i n which~- coli was grown on 

several carbon sources indicate that the model of Park and Epstein 

(1961) for the basis of the 13c depletion of lipids is not correct. 

They proposed (see Section 5,4) that there is a f ractionation after 

acetyl CoA formation, with 12c-rich acetyl CoA going for lipid synthesis 

and 13c-rich acetyl CoA going for respiration via the TCA cycle . If 

this were the case, growth on acetate , which enters before their 

proposed fractionation step , should have resulted in the usual 13 c 

depletion of the 1 ipid fraction relative to the carbon source. 

7,2. The use of pyruvate decarboxylase to determine the isotope 

effects during the oxidation of pyruvate to acetyl CoA. 

Pyruvate is decarbyoxylated and oxidized to acetyl CoA by the 

pyruvate dehydrogenase complex (PDC), a multienzyme complex containing 

three enzymes , in t-.ihich the following reactions occur (Lowenstein , '1971). 

( 1 ) ) E1-TPP-CHOHCH
3 

+ CO
2 

(enzyme-coenzyme) 1 (py ruvate) (hyd roxyethy 1-enzyme) 

(2) El-TPP-CHOHCH
3 

+ E2-lipoic acid~ E1-TPP+E 2-1ipoic acidRED- COCH
3 

(enzyme-coenzyme) 2 

(3) ) E1- lipoic acidRED.+CH
3

co-CoA 

(acetyl CoA) 
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(4) 

(enzyme-coenzyme)
3 

(5) E -FADH + NAO$ 
3 2 

After the initial step of the pyruvate dehydrogenase complex reaction, 

the enzyme-bound hydroxethyl group will be complete ly converted to acetyl 

C-0/J., since the intermediates of the PDC reaction do not dissociate from 

the complex (Reed and 01 iver, 1969) . Therefore, the 
13c depletion of 

the 1 ipid fraction must result from kinetic isotope effects during this 

initial step producing hydroexyethyl groups depleted in 13c relative to 

the pyruvate . One method of determining the kinetic isotope effects 

13 of a reaction is based on the comparison of o C values of the products 

of the reaction run to a few percent of completion (so as not to change 

the isotopic composition of the reactant pool) with the o13c values of 

the reactants. The enzyme pyruvate decarboxylase from yeast was selected 

for the study of the isotope effects in question. It catalyzes the 

same reaction as equation (1) above, but the CH
3

CHOH-E complex then 

breaks down to E and CH 3CHo (aceta-ldehyde) (Utter, 1962). This allows 

precise measurement of the kinetic isotope effects of the enzymatic 

reaction, since both carbon dioxide and acetaldehyde can be isolated 

b h • • • h • .r l 3c 1 b d • d b y vacuum tee n1que, perm1tt1ng t e1r u va ues to e eterm1ne y 

simple and direct methods. Direct determination of the isotope effects 

involved in the pyruvate dehydrogenase complex reaction probably could 

not be done as accurately as the determination with pyruvate decarboxylase 

since isolation of the product of the PDC reaction, acetyl CoA, and 

determination of the isotopic composition of the acetyl group would 

require the use of numerous wet chem i ca 1 techniques which might introduce 
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large errors in analysis. 

7,3, Kinetic isotope effects of pyruvate decarboxylase. 

The determination of the isotope effects of the pyruva t e de­

carboxylase reaction involves comparison of the o13c values of the 

products of the reaction run to ~1% of completion with the o13c values 

of the homologous carbon atoms of pyruvate from which the products a re 

derived. The basic experiment for determining these o13c values involves 

isolation of the products of the enzymatic react i on , co
2 

and acetaldehyde, 

fol lowed either by direct conversion of the acetaldehyde to CO 2 or by 

separation and conversion of each carbon atom of acetaldehyde to co 2 . 

It is necessary to demonstrate that the experimental procedures do not 

introduce any artifacts to the isotope effects which are being 

determined. Consequently, a large part of the following discussion of 

isotope effects of pyruvate decarboxylase is concerned with control 

experiments . Such extensive control on the techniques is required, 

however, since the isotope effects are so small (<2%) that any error 

introduced during the procedure is likely to obscure the true effect. 

7,3, 1. Control experiments demonstrating that there are no 

significant isotope effects during the collection , separation and 

analysis of co
2 

and acetaldehyde. In order to demonstrate that the procedure 

used to analyze CO
2 

and acetaldehyde produced in the enzymatic reaction 

does not introduce any significant alteration~ in the a13c values of the 

two molecules, known amounts of CO
2 

and acetaldehyde of known isotopic 

composition were added to standard enzymatic reaction mixtures , the 

enzyme was denatured so that no CO 2 or acetaldehyde could be generated 
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from pyruvate, and the reaction mixtures were subjected to the standard 

collection procedure. The results are shown in Table 7-2. 

1 3 Theo · c values of CO 2 collected from the reaction mixtures do not 

differ significantly from the o13c values of the co2 samples that were 

added. The differences between initial and collected values range from 

0.0 - 0.8 ~, with the average difference being 0 .3 L The same 

finding holds for the acetaldehyde. The differences between initial 

and collected o13 c values ranges from 0.1 - 0.7 L with th e average 

difference being 0. 4 ~- These errors, possibly introduced during 

collection of CO
2 

and acetaldehyde, are small compared with the magnitude 

of the isotope effects to be measured, 6 - 10 L, and hence will not 

affect the determinations. 

The yields of CO
2 

in Table 7-2, which indicate the fraction of 

added co2 that was recovered, range from 92 - 109 %. The amounts of 

CO
2 

and acetaldehyde commonly measured in this study were on the order 

of 10-20 µ moles; the manometric determinations are accurate to within 

±10% in this range. Thus, the recovery of CO
2 

from the reaction mixtures 

is complete, within the 1 imits of detection of our system. The recovery 

of acetaldehyde, however, is generally on the order of 50%. The basis 

for this low recovery of acetaldehyde, which was observed consistently 

throughout these experiments in both control and experimental runs, is 

not known; however, whatever process is involved does not cause a 

significant isotope effect. Most probably, the acetaldehyde is being 

polymerized to paraldehyde by the catalytic action of phosphoric acid 

(Hatcher and Brodie, 1931). Paraldehyde, with a melting point of 

+l2.5°C, would not pass through a dry ice trap whereas acetaldehyde does. 
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Table 7- 2. 6 13c values of co 2 and 

13 
acetaldehyde added to (6 CINITIAL) and 

collected from (6l 3c ) enzyme re -
COLLECTED 

action mixtures in which the enzyme was 

denatured so that there could be no 

enzymatic production of CO 2 and acetaldehy<le . 
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The yield of CO~ rather than that of acetaldehyde, wi 11 be used to 

determine the extent of the enzymatic reaction, since CO 2 is completely 

recovered from the reaction mixtures . 

7.3.2. Control experiments demonstrating that there are no significant 

isotope effects during the pyrolysis-combustion of acetaldehyde. It 

became necessary to determine the kinetic isotope effects on each of the 

three carbon atoms of the products of the enzymatic reaction . A 

procedure was developed which permitted the acetaldehyde to be quanti­

tatively pyrolyzed to CH 4 and CO (which derive from the methyl and 

carbonyl carbon atoms of acetaldehyde respectively) (Roth anc Rollefson , 

1942); the CO and CH 4 were separated from one another and converted to 

CO2 for isotopic analysis by combustion at 425°C and at 850°c (Sakai!:.!_ 

~-, 1976). The following experiments were done in order to demonstrate 

that there are no isotopic artifacts introduced during this procedure. 

Acetaldehyde of known isotopic composition and quantity was 

processed by the pyrolysis-combustion procedure. The results are 

indicated in Table 7-3. The yields of CH 4 and CO are all nearly 100%, 

indicating quantitative conversion of acetaldehyde to products. The 

a13c values calculated for acetaldehyde from the sum of the 013c values 

for the CO and CH 4 generated in each experiment are all within O.Z&o 

13 . 13 of the o C value of the acetaldehyde used. Finally, the° C values 

for CO or CH 4 generated in e~ch experiment agree wel 1 with one another. 

Thus, if there is no exchange between CO and CH
4
, the o13c values of 

the CO and CH 4 represent the isotopic composition of the carbonyl and 

methyl carbon atoms of acetaldehyde respectively. 
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Table 7-3. o 13c values of CO and CH 4 
generated from the pyrolysis-combustion 

of acetaldehyde of known isotopic composition . 



EXPERIMENT co 

A -35.4 103 

B -35.4 103 

C -35.3 100 

D -35.2 103 

AVERAGE -35.3 ± 0. 1 
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-25 . 2 103 

-24 . 9 100 

-25 . 3 106 

-24.9 100 

-25. 1 ± 0. 2 

ACETALDEHYDE''' 

o13c {%, ) 

-30.3 

-30.2 

-30 . 2 

-30.0 

-30. 2±0 . 1 

*These values were calculated from the o13c values of CO and CH 4 

generated in each experiment . The acetaldehyde used was drawn 

from a large reservoir; its o13c = -30.2 ± 0.3 %0 (n = 4). 
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Two experiments were done to determine if there were any exchan ge 

between CO and CH 4 during the pyrolysis-combustion procedure . In the 

first of these, CO and CH 4 of known iso topic composition were mixed 

and subjected to the procedure. Th e re s ul t s a re sh ow n in Table 7-4 . 

The o13c of CO collected from t1,v o exp e r i ment s i s within 0 . 3 %. of tha t 

of the initial CO ; the o13c of CH 4 collected is within 0. 2 L of the 

starting CH 4. 

A second experiment was don e in wh ich a sample of acetaldehyde , 

which had been analyzed in the expe ri ment reported in Table 7-3, 

was pyrolyzed in the presence of either CO or CH
11 

of known isotopic 

composition . The added CO and CH 4 had o13c values 7 L and 15 L 1 igh ter 

than the CO and CH 4 generated from the acetaldehyde; they were presen t 

in excess so that any exchange should have shifted the o13c value of 

the carbon atom generated solely from acetaldehyde away from that 

determined previously. This did not occur, as is shown in Table 7-5 . 

In experiment A, the presence of a 3.3X excess of CO did not change the 

6 1 3c va 1 ue of the CH 4 generated from acetaldehyde. Similarly, in 

experiment B' the presence of a 2.5X excess of CH 4 did not af feet the 

613c va 1 ue of CO generateci from acetaldehyde. There is no exchan9e 

between CO and cH 4,and since the pyrolysis-combustion procedure was shovm 

to give quantitative yields of CO and CHL, the procedure can be used to 

determine the o13c values of the two carbon atoms of acetaldehyde . 

7.3.3, Isotopic composition of the individual carbon atoms of pyruvate . 

The products of the pyruvate decarboxylase reaction, CO 2 and acetaldehyde , 

are derived from the carboxyl carbon atom and from the methyl and 
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13 
Table 7-4. • o • C values of CO and Cf\ of 

known isotopic composition which were mixed 

and then subjected to the pyrolysis­

combustion procedure. 
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EXPERIMENT co 

A -42.2 -38. 4 

B -42.4 -38.4 

Initial;': -42. 1 -38.6 

*The 813c values of the CO and cH 4 that were mixed together 

are indicated in this line. 
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Table 7-5. o13c values of CO and CH 4 
generated by the pyrolysis-combustion of 

acetaldehyde of known isotopic composition 

in the presence of CO or CH 4 of different 

isotopic composition. 
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carbonyl carbon atoms of pyruvate respectively: 

E + E + CH
3 

- CHO + Cf\ - CO - COOH 

(methyl-carbonyl -carboxyl) (methyl-carbonyl) (ca r bo.xyl) 

In order to determine the is otope effects on each product of the 

reaction it is necessary to know the o13c values of the homologous carbon 

atoms of pyruvate from which the products are derived. These values 

were determined either for the pyruvate carb oxyl carbon atom and for 

its methyl and carbonyl carbon atoms taken together (designa ted as 

methyl-carbonyl carbon atoms), as described in Section 7 , 3, 3,1, , or 

for each of the carbon atoms of pyruvate, as described in Section 

7,3,3,2. 

7. 3. 3. 1. 13 6 C values of the methyl-carbonyl and carboxyl carbon atoms 

of pyruvate . Pyruvate is decarboxylated by H2o2 (Holleman, 1904) in 

the reaction: 

+ CH
3 

COOH +CO
2

+ H
2

0 

Analysis of the CO formed 
2 

in this reaction permits the o13c value of 

the carboxyl carbon of pyruvate to be determi ned. The acetate formed 

does not react with H2o2 . A control experiment in which H2o2 was added 

to 27 mg. of sodium acetate yielded no CO
2

. 13 • The 6 C values of the sum 

of the three carbon atoms of pyruvate can be determined by combustion 

of pyruvate . Th e o13 c value of the methyl plus carbonyl carbon atoms 

of pyruvate can be calculate d from the mass balance equation. The 

data for this experiment are presented in Table 7-6. The three carbons 

of pyruvate have a a13c of -21 .0 k , while the carboxyl carbon has a 

o13c of -22.1 ;~ •. By using the mass balance equation, the o13 c of the 
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Table 7-6. Determination of t he a13c val ues 

of t he carboxyl and methy l-ca rbonyl carbon 

atoms of pyruvate by H2o2 deca rboxylation . 
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Combustion of Na pyruvate 

EXPERIMENT YIELD (%) o13c (%0) 

A 102 -21 .0 

B 103 -21. 0 

C 105 -21 .o 
13 

o CPYRUVATE = -21 .o ± 0.0 (n•3) 

Hydrogen eeroxide decarboxyl ation of Na etruvate 

EXPERIMENT YIELD (%) o 13c (%.) 

A 103 -22.3 

B 105 -22.4 

C 98 -22. 0 

D 98 -22.0 

E 97 -21. 9 

13 
o CCARBOXYL = -22. 1 ± U.2 (n=5) 

13 P 
o CPYRUVATE • 2/ 3 o ✓ cMETHYL-CARBONYL 

l 3 
+ l/ 3 ° CCARBOXYL 

13 6 CMETHYL - CARBONYL= 20 •4 ± O. l 
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methyl-carbonyl carbon atoms of pyruvate is calculated to be -20 . ~ L. 

The o13c value for the different carbon atoms of pyruvate can be 

determined directly by running the enzymatic reaction to completion. 

Results of this experiment are shavm in Tab le 7-7 . The CO yield is 
2 

96% for all experiments, indicating that the reaction has run to 

completion. 
13 • 

The carboxyl carbon of pyruvate has a 6 C value of 

-22.5 L, while the methyl-carbonyl carbon atoms have a o13c value 

of -20.6 L . These values are in close agreement with those determined 

by hydrogen peroxide decarboxylation of pyruvate as described in the 

previous paragraph . 

13 
8 C values of the methyl , carbonyl, and carboxyl carbon 

atoms of pyruvate . The isotopic composition of each of the reactant 

carbon atoms of pyruvate was determined by first running the enzymatic 

reaction to completion; the CO 2 and acetaldehyde were separated; and the 

acetaldehyde was then subjected to the pyrolysis-combustion procedure. 

The results are shown in Table 7- 8. The COr yields are all around 
L 

90-95%, confirmin g that the reaction has run to completion. The 

yields for CO and CH 4 are generally within 10% of one another, as 

expected since they are generated in equimolar amounts by the pyrolysis 

of acetaldehyde . The o13c value for the carboxyl carbon of pyruvate 

as determined here, -22.3 L , is in good agreement with the values 

determined previously in Table 7-6, -22.1 %1), and in Table 7-7, -22.~o. 

13 The 6 C value of the methyl-carbonyl carbon atoms of pyruvate, 

calculated from the average of the c 13c values of the methyl and the 
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Table 7- 7. Determination of the a13c values 

of the carboxyl and methyl - carbonyl carbon 

atoms of pyruva t e by the 100% enzymatic reation. 
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EXPERIMENT CO 2 ACETALDEHYDE 

cS1 3c ~00) YIELD (%) cS 13c (%. ) YIELD (%) 

A -22.5 96 sample lost 

B - 22.7 96 -21 . 1 60 

C -22. l 96 -20.2 54 

D -22.6 96 -20.6 60 

Average -22.5 ± 0.3 -20.6 ± 0.4 

13 = ( 4) cS CCARBOXYL -22 . 5 ± 0. 3 n • 

1 3 ( ) 
cS CMETHYL - CARBONYL = - 20 •6 ± o. 4 n = 3 



154 

Table 7-8. Determination of the a13c values 

of the methyl, carbonyl, and carboxyl carbon 

atoms of pyruvate by the 100% enzymatic reaction . 
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EXPERIMENT CH co COOH 

o 13c (%.) YIELD(%) o 13c (%.) YIELD(%) o 13c (%.) YIELD (%) 

A -20.3 49 -20.2 57 -22.3 90 

B -20.2 51 -20.3 73 -22.2 90 

C -18.9 41 -20.2 57 -22.4 90 

D -20.2 41 -20. 1 52 -22. l 95 

E -21.0 48 -19.7 48 -22.4 88 

F -20.9 41 -19.8 48 -22. l 95 

G -20. 3 41 -19.9 48 -22.5 95 

H -19.6 41 -19.5 48 -22.6 95 

-19.8 41 -19.6 41 -22. I 95 

Average -20. 1 ± 0. 6 -19.9 ± 0.3 -22.3 ± 0.2 

o13c = 
METHYL 

-20. 1 ± o.6 (n = 9) 

13 ° CCARBONYL = -19.9 ± 0.3 (n = 9) 

13 ° CCARBOXYL = -22.3 ± 0.2 (n = 9) 

calculated o13c = -20.0 ± 0.7 
METHYL-CARBONYL 
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carbonyl carbon atoms determined here, is -20.0 L, which compares 

reasonably well with the values of -20.4 L calculated in Table 7-6 

and -20.6 L measured in Table 7-7. 

7.3.4 . Kinetic isotope fractionati on during the pyruvate decarboxylase 

reaction. The isotopic fractionations associated with the pyruvate 

decarboxylase reaction were determined at several temperatures and 

pli values. The reaction was run to ~1% of completion and the o13c 

values of the products compared with those of the homologous carbon 

atoms of pyruvate. A 1% completion of a reaction v-Jith a 20 'Yoo 

fractionation (which is larger than any effect to be measured here) 

changes the o13c value of the reactant pool by only 0.1 %0, so that 

the fractionation effects obtained in this fashion are the maximum 

values attainable. As larger fractions of reactant are converted to 

products, the difference between the o13c values of the original 

reactant pool and of product carbon atoms decreases unti 1, at 100% 

reaction, there is no fractionation. 

7:3.4. I .Reaction at 25°C and pH 6.0. The kinetic isotope fractionations 

at 25°C and pH 6.0 were determined; the results are shown in Table 7-9. 

The CO 2 formed in the 1% reaction has a o13c value, -28.8%,, \vhich is 

6 . 3 L less than that of the carboxyl carbon of pyruvate, which has a 

o13c value of -22.5 L. The acetaldehyde formed in the 1% reaction has 

a o13c value which is 7.9 L less than the o13c value of the methyl-

carbonyl carbon atoms of pyruvate from which it is derived, i.e., 

-28.5 %0 compared with -20.6 % •. Thus, not only is the CO 2 released in 

the decarboxylation reaction depleted in 13c, but the acetaldehyde 
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Table 7-9. Kinetic isotope fractionations 

of pyruvate decarboxylase at 25°C and pH 6.0 for 

CO 2 and for acetaldehyde. 



EXPERIMENT 

A 

B 

C 

D 

Average 

100% enzymatic 
reaction , 
Table 7-7 

CO2 
o13c G~o) YIELD 

-28. 9 1. 2 

-28.6 1. 6 

-28.8 1. 2 

-28.8 1.6 

-28.8 ± 0. 1 

-22.5 ± 0.3 
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ACETALDEHYDE 

(%) o13c (%0) YIELD (%) 

-28 . 6 o.6 

-28.2 0.7 

-28.6 0.7 

-28 . 7 0.7 

-28. 5 ± 0.2 

-20.6 ± o.4 
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formed in the reaction is depleted in 13c relative to the homologous 

carbon atoms of pyruvate from which it is derived. 

The bonding to the methyl carbon of py ruvate does not change 

during the pyruvate decarboxylase produc t ion of acetaldehyde (Utter, 

1961). Thus it was anticipated that the 13c depletion of acetaldehyde 

would be restricted to its carbonyl carbon atom , since secondary 

isotope effects, which are isotope effects on atoms which do not undergo 

a change in bonding during the reaction, are generally small for carbon 

(Fry, 1970). This hypothesis was confirmed by comparing the a13c 

values of each of the three carbon atoms of the enzymatic products with 

the a13c values of the homologous carbon atoms of pyruvate. The data 

are shown in Figure 7-10. The CO 2 formed in the 1% reaction is depleted 

in a13c by 6.5 %0 relative to the carboxyl carbon of pyruvate, which 

compares wel 1 with the value of 6.3 L determined in Table 7-9. The 

carbonyl carbon atom of acetaldehyde formed in the 1% reaction has a 

a13c value which is 14. l L lower than the carbonyl carbon atom of 

pyruvate, i . e., -34.0 ioo compared with -19.9 1; •. As expected, the change 

is the isotopic composition of the methyl carbon atom in going from 

pyruvate to acetaldehyde is smal 1, being only 1.0 L. The 13c depletion 

of acetaldehyde formed in this reaction, determined by comparing the 

13 o C values of the methyl and carbonyl carbon atoms of acetaldehyde 

with the same carbon atoms in pyruvate, is 7.6 ~, which compares wel 1 

with the value of 7.9 ~ determined in Table 7-9. 13 In summary, the C 

depletion of the acetaldehyde formed in the 1% reaction of pyruvate with 

pyruvate decarboxylase is confined largely to the carbonyl carbon atom 

of acetaldehyde. However, the V~o lowering of the a13c value of the 
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Table 7-10. Kinetic isotope fractionations of 

pyruvate decarboxylase at 25°C and pH 6.0 for 

CO 2 and for each carbon atom of acetaldehyde. 
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methyl carbon atom of the acetaldehyde is statistically s ig ni ficant by 

Student's t test (at the P = 0 . 05 level). 

7.3.4 . 2. Reaction at 15°C , 25°c, or 35°C and pH 6.0. The results of 

experiments in which the effects of temperature on the kinetic isotope 

fractionation of pyruvate decarboxylase we re de te rmined are shOMn in 

Table 7-11. The &13
Cdepletion of the CO 2 produced in the 1% reaction 

relative to the carboxyl carbon of pyruv a te changes f rom -5.6 L at l5°C 

to - 6 . 3 L at 25°C to -7 .7 L at 35°c . The smal 1 differences in the 

extent of reaction, as determined from the yield of CO~ do not affect 

these values. For example, if experiment Cat 15°C had been run to 

1.6% of completion (the highest value in the table) instead of 0.4% of 

completion (the lowest value in the table), the o13c value of the product 

CO 2, which can be calculated from the expression given by Bigeleisen 

(~949), would not have changed. The difference between the o13c 

value of the acetaldehyde produced in the 1% enzymatic reaction and the 

13 o C value of the methyl-carbonyl carbon atoms of pyruvate also shows 

a temperature effect, changing from -5.9 L at 15°c to -7.9 L at 25°C to 

- 9.6 L at 35°C . Since the small isotope effect on the methyl carbon 

atom of acetaldehyde wi 11 not vary significantly with temperature, 

the temperature effect on the 13c depletion of acetaldehyde must manifest 

itself primarily in the carbonyl carbon atom. Therefore, the observed 

difference in o13c values between the methyl and carbonyl carbon atoms 

of acetaldehyde produced in the 1% reaction must increase by 0.4 L per 

l°C, i.e., twice the 3.7 ~ increase observed for the two carbon atoms 

of acetaldehyde over the 20°C range of the experiments of Table 7-11. 
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Table 7-11. Kinetic isotope fractionations of 

pyruvate decarboxylase at 15°, 25° or 35°C and 

pH 6 . 0 for CO 2 and for acetaldehyde . The data 

for the reaction at 25°C are reprinted from 

Table 7-9. 



EXPERIMENT CO
2 

o 13c (%0) YIELD 

A, 15°c -27.9 

B' 15°c -28.4 

C, 15°c -27.6 

D, 15°c -28.6 

Average, 15°c -28. 1 ± 0.5 

E' 25°c -28.9 

F' 25°c -28.6 

G, 25°c -28.8 

H, 25°c -28.8 

Average, 25°c -28.8 ± 0. 1 

I ' 35°C -30.4 

J' 35°C -30.9 

K, 35°c -29.9 

L, 35°c -29.8 

Average, 35°c -30.2 ± 0.5 

100% enzymatic -22.5 ± 0.3 
reation, 
Table 7-7 

o.6 

0.5 

0.4 

o.s 

1. 2 

1. 6 

1.2 

1 . 6 

0.8 

0.8 

0.6 

1. 1 

164 

ACETALDEHYDE 

(%) o13c (%0) YIELD (%) 

- 26.2 0.3 

-26.6 0.3 

-26.8 0.2 

- 26.5 0.3 

-26.5 ± 0.2 

-28.6 o.6 

-28.2 0.7 

-28.6 0.7 

-28.7 0.7 

-28.5 ± 0.2 

-30.2 0.4 

-29.3 0.3 

-30.9 0.3 

-30.3 o.6 

-30.2 ± 0.7 

-20.6 ± 0.4 
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7.3 .4.3. Reaction at 25°C and pH 5.0, 6.0 or 7.0. The res ults of 

experiments in which the effects of pH on the kinetic i sotope fraction ­

ations of pyruvate decarboxylase were determined are presented in Table 

7-12 . The composition and ionic strength of the buffers used in these 

experiments were different from those of the buffer used in al 1 other 

experiments of this study (see Section 6.4.2). 

However , these changes in the buffer do not have a significant 

effect on the kinetic isotope fractionations. The values determined 

at pH 6.0 in this experiment are in good agreement with the values 

determined at pH 6.0 in Table 7-9. The d3c depletion of CO 2 determined 

in Table 7-12 had a value of -6.5 L, which compares wel 1 with the value 

of -6.3 ~ determined in Table 7-9. The difference between the kinetic 

isotope fractionation of acetaldehyde determined using the different 

buffers is also smal 1, with the value of -7.6 L in Table 7-12 compared 

to the value of -7.9 L from Table 7-9. 

The effect of pH on the kinetic isotope fractionations appears to 

be smal 1. There may be a smaller fractionation in the CO2 as pH is 

increased, but the average values differ by only 0.9 L between pH 5.0 

and 7. 0. There may also be some effect of pH on the fractionation 

associated with the formation of acetaldehyde, but again the averages 

at the three pH values differ by less than 0.8 L. 

7.4. A model for the 13c depletion of 1 ipids . 

The depletion and distribution of 13c in the 1 ipid fraction of 

microorganisms grown on isotopical ly homogeneous glucose are accounted 

for by the fol lo~iing model. Refer to Figure 7-1 for an outline of the 
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Table 7-12. Kinetic isotope fractionations 

of pyruvate decarboxylase at 25°C and pH 5.0, 

6.0, or 7.0 for CO
2 

and for acetaldehyde. 



EXPERIMENT CO 2 

o13c (%.) 

A, pH' 5. 0 -29.6 

B, pH 5.0 -29.3 

C' pH 6. 0 -29.0 

D, pH 6. 0 -29.0 

E, pH 7. 0 -28.8 

F, pH 7.0 -28.4 

100% enzymatic -22.5 ± 0.3 
reaction, 
Table 7-7 

ACETALDEHYDE 

YIELD (%) ol3c (%.) YI ELD (%) 

0.5 -27.5 0.3 

1. 0 -27.2 0.6 

2. 4 -28. 2 1.3 

2.9 -28.3 1.4 

2.6 -27.8 I. 2 

2. 1 -27.6 1.0 

-20.6 ± 0.4 
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metabolic steps discussed belov;. There is little isotope fractionation 

when glucose is converted to pyruvate via the Embden-Meyerhof pathway. 

The oxidation of pyruvate to acetyl CoA by the pyruvate dehydrogenase 

1 1 • d • 13 f h 1 comp ex resu ts 1n a ecrease 1n C content o t e acety group 

relative to the pyruvate. The magnitude of the 13c depletion depends 

on the temperature-dependent kinetic isotope fractionation of the 

initial step of the pyruvate dehydrogenase complex reaction and on the 

partitioning of pyruvate between this and other reactions. The 13c 

depletion of acetyl CoA is concentrated primarily in the carbonyl carbon 

atom, with the methyl group retaining the o13c value of the glucose. 

The 13c depletion of the 1 ipid fraction results from the incorporation 

13 of C-depleted acetyl groups into lipid components; the difference 

in o13c values between the methyl and carbonyl carbon atoms of acetyl 

CoA is preserved in the carbon atoms of 1 ipid components which derive 

from them. The difference between the o13c values of the glucose and 

the 1 ipid fraction is half as large as that between the methyl and 

carbonyl carbon atoms of acetyl CoA. 

It is important to note that if all the pyruvate were oxidized 

to acetyl CoA, the acetyl group would have the same isotopic composition 

as the pyruvate. As smaller proportions of the total pyruvate pool pass 

through the pyruvate dehydrogenase complex, the magnitude of the 13c 

depletion of the acetyl group relative to pyruvate increases toward a 

maximum value, which is reached if only a few percent of the available 

pyruvate is converted to acetyl CoA. Other reactions involving pyruvate 

as a reactant modulate the fraction of pyruvate which is oxidized to 

acetyl CoA. The observation that the magnitude of the 13c depletion 

of the 1 ipid fraction has a negative correlation with the amount of 
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lipid in an organism (Figure 5-2) can thus be explained by this feature 

of the mode 1 . 

The model explains the observation by Abelson and Haering (1961) 

that among nine amino acids isolated from Chlorel la an d E. coli grown 

on glucose, leucine has the car boxy l carbon atom with the most negative 

13 13 
6 C value, 9-17 L lower than t he 6 C value of the carboxyl carbon 

atoms of the other amino ac ids . The carboxyl carbon atom of leucine is 

derived from the carbonyl carbon atom of the acetyl CoA , while the 

carboxyl carbon atoms of th e eight other amino acids are derived from 

either Embden-Meyerhof pathway or tricarboxyl ic acid cycle intermediates 

(Umbarger and Davis , 1962). Abelson and Haering found that, relative 

to the glucose carbon source , the carboxyl carbon atom of leucine has 

a 6
13 c value of -14 . 0 %0 for Chlorel la and -18.5 %0 for l.· .s9J..L, while 

the lipid fractions of both organisms are -7 , 0 L . 13 The low 6 C value 

of the leucine carboxyl carbon atom is cons i stent with the proposal 

13 that the difference between the 6 ·c values of the glucose carbon source 

and the l i pid fraction will be half as large as that between the methyl 

and carbonyl carbon atoms of acetyl CoA. 

The basic design of lipid synthesis is the same in al 1 organ~sms. 

Kinetic isotope effects during the pyruvate dehydrogenase reaction could 

account for the 13c depletion of the lipid fraction observed in. both 

autotrophs and heterotrophs* as they exist in nature. Species-specific 

*The situation in heterotrophs is complicated by the fact that their bio­
chemical fractions consist of components assimilated directly from the 
diet and those synthesized de nova in the heterotroph. Newly synthesized 
lipid componyots will be deple~in 13c according t~ the_mode!· The 
addition of 5c-depleted lipid components from the diet will, 1n general, 
result in the usual pattern of isotope distribution in the biochemical 
fractions of the animal (Table 5-1). 
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differences in the magnitude of the 13c depletion could arise from 

different kinetic isotope effects during the specific pyruvate de­

hydrogenase complex reaction and from the different flow rates of pyruvate 

to its various metabolic reactions. The 13 c depletion would be limited 

primarily to the carbonyl carbon atoms of ace t y l CoA. 

The main comp! ication in observing intramo lecular carbon isotopic 

heterogeneity in 1 ipid components in these natural systems is the 

possibility of intramolecular isotopic heterogeneity in the carbon atoms 

of pyruvate , which in turn is a function of the isotopic distribution 

in the metabolic precursors of pyruvate. In plants, the cyclic nature 

of the Calvin cycle produces random incorporation of 14c into photo­

synthetic carbohydrate in the long run (Arnoff and Vernon, 1950; Calvin 

~~-, 1951), which implies that there will be no large isotopic 

differences in the carbon atoms of the hexoses which are the basic 

starting materials for metabolism. In animals, intramolecular isotopic 

distribution in carbohydrates would be a function of relative contribution 

of de~ synthesis and assimilation of precursors from the diet; the 

further an animal is from plant carbon in the food chain, the more 

complex the factors determining the intramolecular isotopic composition 

of its pyruvate. 

Techniques which al low for the precise comparison of the isotopic 

composition of carbon atoms of lipid co~ponents which are known to derive 

from the methyl and carbonyl carbon atoms of acetyl CoA (see Figure 7- 2 

for some examples) are not known at present. Their development would 

permit the direct demonstration of temperature-dependent intramolecular 

carbon isotopic heterogeneity in extant lipid components and would 
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Figure 7-2. Origin of the ca rbon atoms of some 

lipid fraction components. Those carbon 

atoms marked C* derive from the carbonyl carbon 

atom of acetyl CoA; unmarked carbon atoms der i ve 

from the methyl carbon atom of acetyl CoA. 
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provide a method which might yield information as to the source and 

early thermal history of fossil lipids. 
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8. SUMMARY 

The mechanism of the carbon isotope fractionation associated 

with lipid synthesis is determined. 

8.1. Principal findings. 

1) The oxidative decarboxylation of pyruvate to give acetyl CoA 

by the pyruvate dehydrogenase complex is identified as the metabolic 

step during ~rhich the carbon isotope fractionation leading to the 

low 13c; 12c ratio of the lipid fraction occurs. The identification of 

this step was accomplished by determining the effect that growth of 

I· coli on different carbon sources had on the 13c depletion of the 

lipid fraction. With glucose or pyruvate serving as the sole carbon 

source, the lipid fraction is depleted in o13c relative to the carbon 

source by 6.5 J;,o and 8.4 %0 respectively, while growth on acetate results 

in a lipid fraction which is depleted in o 13 c by only 1.0 L relative 

to the acetate. Since acetate is metabolized directly to acetyl CoA 

before lipid synthesis, most of the 13c depletion must occur during 

the oxidative decarboxylation of pyruvate to acetyl CoA. 

2) The kinetic isotope fractionations occurring during the 

pyruvate dehydrogenase complex reaction were studied using yeast 

pyruvate decarboxylase, which produces ro 2 and acetaldehyde from 

pyruvate. The reaction catalyzed by the yeast enzyme is identical 

with the initial step of the pyruvate dehydrogenase complex reaction. 

It is during this step that all the isotopic fractionation occurring 

during the formation of acetyl CoA from pyruvate must occur. The 

experiments involvi119 pyruvate decarhoxylase show: 
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a) There is an isotopic fractionation of the proper 

direction and magnitude occurring during the reaction . The 

acetaldehyde formed on the 1% reaction at 25°C has a o13c 

value which is 7, 9 %. lower than th e o13c value of the carbon 

atoms of pyruvate from which it was derived. 

b) The 13c depletion of the acetaldehyde is not uniformly 

distributed over the two carbon atoms of the molecule. The 

13c depletion of the acetaldehyde formed in the 1% reaction 

at 25°C is concentrated almost entirely in the carbonyl 

carbon atom, although there is also a small 13c depletion 

in the methyl carbon atom. 

c) The isotopic fractionations show a temperature 

dependence . The 13c depletion of the acetaldehyde formed 

in the 1% reaction, relative to the o13c value of the carbon 

atoms of pyruvate from which it was derived, increases by 

3. 7 %, over the range l5°-35°C. The observed difference 

between the o13c values of the methyl and carbonyl carbon 

atoms of the acetaldehyde must increase by 0.4 %. per l°C, 

since the temperature effect on the small 13 c depletion of 

the methyl carbon atom is negligible. 

8.2. Conclusions. 

The results of the experiments described above are incorporated 

into the following model for the 13c depletion of 1 ipids in micro­

organisms grown on glucose. There is no isotopic fractionation during 

the conversion of glucose to pyruvate. The fractionation of carbon 
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isotopes during the pyruvate dehydrogenase complex reaction results 

in the formation of acetyl CoA in which the acetyl group has a 6
13c 

value more negative than that of the pyruvate from which it was 

derived. This 13c depletion is confined to the carbonyl carbon atom 

of acetyl CoA, with the methyl carbon atom retaining the 613c value of 

the pyruvate. Incorporation of these 13c-depleted acetyl groups into 

lipid components results in the low 13c; 12c ratio of the lipid fraction. 

The difference in the 613c values of the methyl and carbonyl carbon 

atoms of acetyl CoA is preserved in the carbon atoms of lipid components 

which derive from them. 

The model also explains the cause of the low 13c; 12 c ratio of 

the lipid fraction relative to the rest of the organism for both 

autotrophs and heterotrophs as they exist in nature. 
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