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ABSTRACT 

Adenosine triphosphate extracted from soil was used 

to estimate soil microbial biomass. A modified n-butanol 

extracting procedure was found to give the best recovery, 68$, 

from a variety of soils. Light emitted by the luciferin-

luciferase reaction was measured using a liquid scintillation 

counter and related to ATP concentration. An average ratio 

of 0.33 ug ATP/mg microbial biomass dry weight was found 

for microorganisms under simulated soil conditions. 

Equations are given for calculating ATP concentrations from 

light emitted and biomass from ATP concentration. 

This technique was used to follow monthly changes 

in the microbial biomass in three desert soil profiles. 

The changes in these profiles appear to follow cyclic 

changes with lows in microbial biomass occurring during 

September and October. This technique was also used to ob

serve the rhizosphere effect. The numbers of microorganisms 

increased from bulk soil to root surface. The energy charge 

of microorganisms also increased from bulk soil to root 

surface. 

This method is more accurate and faster than previ

ously existing techniques used-in measuring soil microbial 

content. 

ix 



INTRODUCTION 

All elements essential to life move in cycles 

through the environment. Part of the time these elements 

are constituents of living organisms, the rest of the time 

they are inorganic constituents of the environment. Many 

of the transitions between biosphere, hydrosphere, atmos

phere and lithosphere are controlled or mediated by micro

organisms. Outside of the hydrosphere these microorganisms 

live mainly in soil. 

As controller and mediator between the various 

spheres, soil microorganisms play an important role in agri

culture. Soil fertility is increased by nitrogen fixation 

and by decomposition of rocks, minerals and organic matter 

to provide phosphate, potassium, trace elements, sulfur and 

carbon dioxide. Soil fertility can also be decreased by 

microbial denitrification and immobilization of nutrients. 

In addition, soil microorganisms form symbiotic and para

sitic relationships with plants. Thus, under certain con

ditions soil microorganisms benefit and at other times 

hinder plant growth. The problem is to define the condi

tions which afford the maximum benefits to plants. 

In their role in nutrient cycles soil microorgan

isms also decompose organic matter. This returns elements 
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to the atmosphere, hydrosphere and lithosphere where they 

can be reused and provides a means of ridding the environ

ment of solid waste. Along with solid waste, liquid and 

gaseous contaminants in the environment are removed by soil. 

The rate at which these constituents are removed depends on 

the size and composition of the microbial content of soil. 

Thus, a second problem of considerable importance is to de

fine optimum conditions for the decomposition of organic 

matter and the adsorption of gaseous pollutants by soil. 

The optimum soil conditions for plant growth and 

organic matter decomposition may or may not be the same. 

However, factors which influence the size and composition 

of microbial populations in soil must be elucidated before 

these conditions can be controlled. Environmental factors 

such as soil moisture, temperature, energy and nutrient 

availability are of primary concern. Unfortunately the 

intricacy of the soil matrix makes an understanding of their 

individual importance difficult. Likewise the complexity 

of the relationships between these factors proportionately 

increase the difficulty of their understanding and eluci

dation. 

Presently many techniques are available for 

following changes in the microbial content of soil. The 

most useful are the dilution plate, extinction dilution 
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and direct count methods. These and all other techniques 

are inherently time consuming and inaccurate. A rapid and 

accurate method for measuring the microbial content of soil 

is extremely important considering their significance in 

soil plant relationships and pollution control. 

The objective of this study was to develop a meth

od, based on extracted adenosine triphosphate (ATP), to 

estimate the microbial content of soil. This objective was 

broken down into three sub-objectives. The first was to 

develop a reliable procedure for extracting ATP from soil. 

The second was to determine the ATP/biomass ratio of micro

organisms and roots so that an estimation of soil microbial 

biomass could be made. The third part of this study was 

designed to show the applicability of the procedure devel

oped. This last part involved a study of monthly changes 

in the microbial biomass of three soil profiles and a 

study of the rhizosphere effect. A corollary study of 

changes in the energy charge of soil associated with the 

rhizosphere effect was also carried out. 



LITERATURE REVIEW 

Largely because of the inaccuracies involved and the 

time consumed using standard techniques, studies of soil 

microorganisms in relationship to plants and other environ

mental factors have been of questionable value. This is 

why few have undertaken extensive studies in these areas. 

For instance, the rhizosphere effect has been studied ex

tensively by a number of investigators (Fahraeus and 

Ljunggren, 1968; Macura, 1968; Alexander, 1971; and Brown, 

Jackson and Burlingham, 1968). However, these studies have 

been questioned on the grounds that they may largely be an 

artifact due to the selectivity of the techniques used. 

Changes in the microbial content of soil and related envi

ronmental factors are of great concern. However, studies 

of this type have suffered since the nature of what has 

been studied is unknown. (Rybalkina and Kononenko, 1971; 

Gray et al., 1968; van Schreven and Harmsen, 1968; and 

Cameron, 1971). 

Methods for Measuring Microbial Content in Soil 

Many methods for measuring the microbial content of 

soil have been developed. These include the dilution plate 

count, the direct count, extinction dilution, nutritional 



classification, quantitative grani stain, affinity index and 

functional group analysis. Of these only the dilution 

plate count, direct count and extinction dilution methods 

have been used to any great extent, 

Plate Count 

In the plate count method 5 to 10 grams of soil are 

mixed with 95 to 97 ml of tap water of physiological saline. 

The mixture is shaken vigorously and a serial dilution made 
g 

to 10 • Samples were taken at several dilutions and mixed 

with a nutritive medium in a petri dish. After a suitable 

lapse of time, one or two weeks, colonies are counted. The 

number of colonies is taken as the number of organisms orig

inally present in the soil sample. This technique's 

strongest points are that it measures only live microbial 

tissue and at the same time allows estimation of the kinds 

of fungi, actinomycetes and bacteria present. 

The weak points of this technique are that not all 

microorganisms can be removed from soil by shaking. Esti

mation of the efficiency of removal has largely been ig

nored. Even assuming all organisms could be removed, the 

variety of conditions existing in soil could not be dupli

cated in one petri dish. 

The most dramatic example of the inaccuracies in

volved in plate counts is in some work done by Casida (1963). 
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He found that a soil showing microorganisms using 
a 

standard techniques showed ^10 microorganisms when the 

plates were incubated under microaerophilic conditions. 

Since most plate counts do not allow the growth of micro

aerophilic microbes another uncertainty is introduced. 

An additional problem is introduced when fungi 

occur on a dilution plate. Since fungi are not a single 

body of definite shape but rather an extended branching 

hyphae, numbers of fungi are meaningless and the term 

number of propagules is used. However, a propagule can be 

a spore or a piece of hyphae of indeterminate length. Thus 

the amount of fungal tissue present is not accurately deter

mined. Also, situations occur where fungi overgrow some or 

all of a dilution plate and thereby make it impossible to 

determine the number of colonies present. 

Y/hen using the dilution plate count method algae 

and other higher plants and animals are not considered 

(Pramer and Schmidt, 1964)» 

Extinction Dilution 

In this technique as with the dilution plate method, 

serial dilutions are made, but instead of inoculating agar 

plates, test tubes containing liquid media are Inoculated 

and observed for growth. The highest dilution at which 

growth occurs is related to the most probable number of 
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organisms present through statistical tables (Cameron, 1971). 

This technique has the advantage of being somewhat faster 

than the plate count and allows for the estimation of the 

occurrence of different types of microorganisms. Thus, by 

selection of the proper growth media and conditions, esti

mation of the number of cellulose decomposers, fungi, 

aerobes and anaerobes is possible. In addition it allows 

an estimation of the number of various higher plants and 

animals. 

The problems associated with this technique arc 

similar to those associated with the dilution plate method. 

The number of microbes removed from the soil is unknown and 

nutritional requirements of all microorganisms cannot always 

be met. Although overgrowth by fungi is not a problem, 

estimation as to the amount of fungal tissue originally 

present is not possible. 

Total Count 

Total counts are made by suspending soil in a 

dilute agar medium, taking 0.01 ml and spreading it over 

2 
a 1 cm area on a slide. After fixing and staining, the 

slide is observed under a previously calibrated microscope 

and the cells counted. Using this technique the total 

microbial content of soil is measured. The microbial con

tent is reported either as numbers of microorganisms or as 
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mass of tissue present. With a mass estimation, fungi can 

assume their proper proportion. An additional benefit of 

this technique is that it is somewhat faster than the 

others although still time consuming (Pramer and Schmidt, 

1964). 

The disadvantage of the direct count is that it 

does not distinguish between living and dead microorganisms. 

In addition root hairs and other soil debris may be mis

taken for fungal hyphae or bacteria. Thus, there is un

certainty as to the proportion of living material in the 

total count. A general estimate of the inaccuracy of this 

technique cannot be made because it depends not on the 

technique but on the soil being observed. 

Quantitative Gram Stain 

Using this technique a soil sample is stained with 

crystal violet, the stain fixed with Gram's iodine and then 

rinsed with ethanol. This is done in the same manner in 

which a gram stain is done except that a counter stain is 

not used. The stained soil is placed on a strip of filter 

paper and an ascending chromatogram using ethanol as an 

elutant. The length of the purple streak produced indi

cates the number of gram positive organisms present, as 

determined by standards (Gyllenberg, 1963). 

The advantage of this technique is that it is rapid 

and measurements are straightforward. It is specific in 
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that only a certain type of organism is measured. Since 

the meaning of the gram stain and the staining of organ

isms in soil is in question the value of this technique is 

limited. Furthermore no information about actinomycetes, 

fungi, algae or higher plants or animals can be obtained. 

Nutritional Classification and the Affinity Index 

In the nutritional classification soil suspensions 

are used to inoculate media of increasing complexity and 

differences in growth are observed. A general idea of the 

numbers of fastidious organisms present can be obtained in 

this way (Rouatt, 1963). The affinity index is a grouping 

of organisms on the basis of similar ability to use certain 

substrates. This type of information can be important in 

studies concerning nitrification, denitrification, etc. but 

does not give direct information as to the number or mass 

of organisms present (Rovira and Brisbane, 1963). Both of 

these techniques are qualitative rather than quantitative 

in nature. 

Although the above techniques for measuring the 

microbial content in soil allow a wide choice, only the 

direct count gives a measure of the microbial biomass. Un

fortunately the biomass determined may be dead and not of 

prime interest in studying active processes. While methods 

depending on the growth of microorganisms measure live 

microbial numbers, such estimates are usually inaccurate by 
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factors of 10 to 100, In all cases these techniques are 

time consuming and the results are questionable# Thus, a 

real need exists for a rapid accurate technique for esti

mation of the total live microbial biomass or numbers in 

soil. 

Methods of Extracting Adenosine Triphosphate 

Any chemical or physical treatment which disrupts 

cell structure and destroys the cell wall and/or membrane 

will release ATP. Physical disruption, as with sonic dis

ruption, pressure or grinding and chemical extraction 

using various acids, n-butanol of hot-tris (hydroxymethyl) 

aminomethane (Tris) buffer have been used. Below are some 

of the commonly used techniques. 

Physical Techniques 

Physical techniques for extracting ATP are useful 

from several points of view. These techniques do not intro

duce contaminants into the cell extract and are rapid. 

They have the disadvantage of only allowing one extraction 

to be done at a time. Also the type of material which can 

be extracted is often restricted to easily disrupted and 

nonabrasive materials. 

Sonic Disruption. Using this method tissue or 

microbial cells are suspended in an appropriate cold buffer 

and subjected to sonic vibrations for 30 minutes. The re

sulting suspensions are centrifuged to remove cell debris 
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and ATP is measured in the supernatant liquid. This tech

nique is adequate for a number of organisms and has the 

advantage of allowing temperature control (Leitzmann and 

Bernlohr, 1965)# The time and noise involved plus the fact 

that only a limited number of organisms are subject to dis

ruption are its main limitations. 

French Press. In this method a cell or tissue sus-

2 
pension is subjected to a pressure of 26,000 lbs/in • Upon 

releasing the pressure the cells burst releasing their con

tents. A cold suspending buffer and cold apparatus are 

normally used to prevent overheating when the cells are 

compressed. The exudate is centrifuged to remove cell 

debris and analyzed for ATP. This method has the advantage 

of being faster and less noisy than sonic disruption. 

However, only suspensions free of abrasives can be extract

ed (Klofat et al., 1969). 

Glass Homogenizer. The sample to be extracted is 

suspended in a buffer and homogenized between two glass 

surfaces. The homogenate is centrifuged to remove cell 

debris and analyzed for ATP. This technique works well in 

certain instances but is time consuming. Also, suspensions 

must be free of gritty material (Stenlid, 1971). 

Chemical Methods 

Chemical methods for extracting ATP have the ad

vantage of allowing numerous samples to be extracted 



simultaneously. They can be applied to systems which con

tain abrasives and do not require cooling prior to ATP ex

traction. These methods have the disadvantage of adding 

ions that might interfere with the measurement of ATP. 

Perchloric Acid. The material to be extracted is 

mixed with cold perchloric acid solution and allowed to 

stand for 30 minutes. The perchloric acid is neutralized 

with potassium hydroxide and centrifuged to remove cell 

debris. Adenosine triphosphate is measured in the supernate. 

This method has been used extensively because it is assumed 

to stop all enzymatic activity. In complex systems such 

as soil, large amounts of ions which interfere with ATP 

determination are extracted (Chapman, Fall and Atkinson, 

1971). 

Formic Acid. The material to be extracted is nixed 

with a dilute formic acid-ethylenediaminetetraacetic acid 

(EDTA) solution, allowed to stand in the cold for 30 min

utes and then filtered. The filtrate is neutralized and 

analyzed for ATP. This method has not been used as fre

quently as the perchloric acid method but works well. In 

addition to being time consuming, interfering ions are ex

tracted when it is applied to natural environmental systems 

(Klofat et al., 1969). 

N-bromosuccinimide. The material to be extracted 

is mixed in the cold for 30 minutes with an arsenate buffer 
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containing n-bromosuccinimide and EDTA. After 30 minutes 

10 mg of sodium borohydride are added to neutralize excess 

n-bromosuccinimide and the mixture is centrifuged. The 

supernate is analyzed for ATP (Macleod, Chappelle and 

Crawford, 1969)# This method is time consuming and requires 

the use of an unstable compound, i.e., sodium borohydride. 

Although specifically designed for extracting ATP from soil 

the n-bromosuccinimide method does not compare favorably with 

other methods. It is, however, better than the hot Tris 

method (Conklin and Macgregor, 1972). 

Hot Tris. The material to be extracted is placed 

in a boiling Tris buffer for ten minutes, filtered and 

cooled. Adenosine triphosphate in the filtrate is measured. 

This method is attractive because it is quick and simple. 

The main limitation is that the Tris buffer must be boiling 

throughout the procedure. When extracting ATP from a 

material with a large heat capacity, the buffer's tempera

ture drops to that of the added material with a consequent 

loss in extracted ATP (Holm-Hansen and Booth, 1966). 

n-Butanol. The material to be extracted is mixed 

with n-butanol and allowed to stand for 30 seconds. The 

n-butanol is filtered and arsenate buffer added. The mix

ture is allowed to stand one minute and filtered again. 

The combined filtrates are mixed with water-washed octanol 



14 

to remove the n-butanol and the mixture is centrifuged to 

separate the layers. The buffer layer is removed and ana

lyzed for ATP. This method is more complex than the hot-

Tris method but is very useful in situations where inter

fering ions are likely to be a problem (D'Eustachio and 

Johnson, 196&). 

Sulfuric Acid. Cold sulfuric acid is added to the 

material to be extracted and allowed to stand for one 

minute. The acid is then neutralized with sodium hydroxide. 

The resulting solution can be analyzed for ATP. This method 

has been modified to include a clean-up step using a 

cation exchange resin. This allows ATP extracted from 

materials containing interfering ions to be measured. While 

this step is beneficial in that it removes interfering ions, 

it also increases the volume of solution required (Lee et 

al., 1971). 

Measurement of Adenosine Triphosphate 

Adenosine triphosphate, the primary and readily 

available energy source of living organisms, has been in

tensively studied by the biochemist, microbiologist, envi

ronmentalist and agriculturalist. Because of this interest 

several methods for measuring extremely low concentrations 

of ATP have been developed. Measurement is accomplished 

either indirectly by spectrophotometry methods or directly 
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by the luciferin-luciferase method. Using these techniques 

concentrations of 0.2 to 1 x 10""^ )ig of ATP can be measured. 

Phosphoglycerate Kinase Method 

In this method ATP is converted to adenosine di

phosphate (ADP) and used to produce 1,3 diphosphoglycerate 

(1,3-DPG) from 3-phosphoglycerate (3-PG), using the enzyme 

phosphoglycerate kinase (PKG). The 1,3-DPG is reduced by 

nicotinamide-adenine dinucleotide phosphate (NADPH) using 

the enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

to form glyceraldehyde-3-phosphate (G-3-P) from which 

glyceraldehyde-3-phosphate hydrozone is made. The reaction 

scheme is: 

+2 
3-DPG + ATP PKG| —> 1,3-DPG +ADP 

1,3-DPG + NADPH* + H+ GADPH » G-3-P + NAD + Pi 

G-3-P • Hydrazine > SgfKL 

The amount of hydrozone produced, which is proportional to 

the original ATP content, is measured spectrophotometrically 

at 240 mji and 366 mji. Using this technique ATP concentra

tions as low a: 

(Adams, 1963). 

—8 —9 
tions as low as 10 to 10 7 molar can be measured 
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He xose Kinase Method 

In this method ATP is used to phosphorylate glu

cose using the enzyme hexosc kinase. The resulting glucose-

6-phosphate (G-6-P) is used to reduce HAD to KADPil"* using 

the enzyme glucose-6-phosphate dehydrogenase (G--6-PDH). 

The reaction scheme is: 

Glucose + ATP JI®2S°SSLAiSase> G_^P + ADP 

G-6-P + NAD . G-6-PDH—^ 6-phosphogluconic -lactone + NADiI+ 

The NADPH produced is directly proportional to the original 

concentration of ATP and is measured spectrophotowetrically 

at 360 Using this technique ATP concentrations as low 

as 0.2 p.g can be measured (Lamprecht and Trautchold, 1963) • 

Fluorescence Method 

One of two procedures can be followed in determin

ing ATP content by this method. The reactions used in the 

hexose kinase method can be used and the NADPH measured 

spectrofluorometrically. This is done by exciting NADPH 

with a mercury spectrum line (365 m^i) and measuring the 

resulting fluorescence. Alternately the first two reactions 

in the phosphoglycerate method can be used and the result

ing loss in fluorescence measured. In the first procedure 

the increase and in the second procedure the decrease in 

fluorescence is proportional to the original ATP concen

tration. Using either of these procedures concentrations 
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as low as 10"^ M of ATP can be measured (Greengard, 1963). 

The above methods are well established and can be 

carried out using commonly available instruments. However, 

these methods involve systems which are very complex. They 

are complex because several reactions requiring a number 

of freshly prepared solutions are needed. Also, these 

methods are expensive and time consuming if a large number 

of analyses are to be made. 

Luciferin-Luciferase Method 

In this method ATP reacts with luciferin under the 

influence of luciferase to form adenosine monophosphate 

(AMP). In the course of the reaction one photon (hv) of 

light is given off for every molecule of ATP reacting with 

luciferin. With an excess of luciferin every molecule of 

ATP will react to form AMP and a measurement of the light 

emitted can be related to the ATP concentration. The 

reactions involved in this process are shown below. 

ATP + LH2 (luciferin) • • AMP'LHg + PP* 

LH2.AMP + i-02 ^ L.AMP* + H20 

L.AMP* ^ L.AMP + hv + HgO 

where asterisks denote the excited state. 

The light given off can be measured by homemade 

photomultipliers (Strehler, 1967) or liquid scintillation 
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spectrometers (Stanley and Williams, 1963). The lower 

limit using a liquid scintillation counter is 10*"^ )ig of 

ATP/ml. A range of concentrations between 10 and 10 can 

be measured and still have a linear relationship between 

ATP and the light emitted. 

Although the reaction scheme for this method is 

complex, in practice a buffered suspension of partially 

purified firefly lanterns is the only reagent required for 

ATP analysis. One drawback is that the light emitting 

reaction is sensitive to dissolved salts. Calcium concen-
_ 0  

trations as low as 10 molar can prevent the emission of 

light (Aledert, Weed and Troup, 1966). Thus in extracting 

ATP from cells, tissue or from some part of the environment 

care must be exercised in limiting the amounts of salts 

dissolved by the extracting procedure. 

Significance of Extracted Adenosine Triphosphate 

Adenosine triphosphate has been extracted from 

mammalian tissue, plants, microorganisms, ocean water and 

soil. It has been used in studying optimum tissue storage 

conditions, nutrient uptake, ATP to biomass ratios and has 

been suggested as an extraterrestial life detection system. 

It has also been used in conjunction with extracted ADP and 

AMP to measure the energy charge of these systems. 
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Mammalian Tissue, Plants and Microorganisms 

In mammalian tissue ATP has been extracted from 

erythrocytes to follow the growth and development of 

parasites in blood streams (Fletcher, Fielding and Macgraith, 

1970), Adenosine triphosphate determinations have also been 

used to discover the best buffer to use in storing blood 

(Banson and Kochlaty, 1971)« The ATP levels in muscle 

tissue of animals at various altitudes have been measured 

in studying adaptation to high altitudes (Gale and Nagle, 

1971). 

Adenosine triphosphate has been extracted from both 

aerial and root portions of plants in order to follow the 

effects of various nutrients on energy levels* 

(V/eissman, 1972). Extraction of ATP from roots has been 

used to follow the effects of 2,4-D on root activity 

(Milcityuk and Chkanikov, 1970). In addition root tip 

activity and elongation of roots have been followed using 

ATP. This type of study allows the location of the main 

absorptive tissue in roots (Stenlid, 1971). Adenosine tri

phosphate levels in the mitochondria of seeds has been used 

to predict viability of the seeds and their potential 

productivity (McDaniel, 1969). 

The extraction of ATP from sporulating bacteria has 

shed new light on this phenomenon and factors surrounding 

initiation of sporulation (Klofat et al., 1969). Various 
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stages in the life cycle of amoeba have been followed in 

this way in order to learn more about their mode of loco

motion. Adenosine triphosphate has also been related to 

microbial numbers (D'Eustachio and Johnson, 196#) and to 

microbial biomass (Doxtader, 1969). 

Natural Systems 

Holm-Hansen and Booth (1966) were the first to 

suggest that ATP extracted from natural systems was related 

to microbial content. In their work ATP extracted from 

organisms obtained from various depths in the ocean was 

related to microbial biomass. Adenosine triphosphate has 

been suggested as a means of following changes in the 

microbial population of sewage (Patterson, Brezonik and 

Putnam, 1970). Anaerobic processes in lake muds associated 

with pollution have been followed by extracting ATP and re

lating it to the microbial population (Lee, et al., 1971). 

In this work some extraction of ATP from soil was also 

carried out, but its significance was not demonstrated. 

It has been suggested that ATP extracted from the soil of 

other planets be used in extraterrestrial life detection 

.(Macleod et al., 1969). Although some work has been done, 

no extensive study of ATP extracted from soil has been made. 
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Energy Charge 

The energy charge of a system is a measure of its 

energy content and as such a measure of the activity of the 

organisms in question. The energy charge is found by di

viding ATP + iADP by total adenylates. Thus one of the 

more interesting uses of extracted ATP is to combine it 

•with information about ADP and AMP and calculate the energy 

charge as shown below (Atkinson and V/alton, 1967). 

ATP + ADP _ ~U~-y.rra 
ATP + ADP + AMP ~ enersy Chage 

The energy charge calculated gives the energy con

tent of the organisms and also provides information about 

the activity of the system. Energy charge of organisms 

under aerobic and anaerobic (Strange, Wade and Dark, 1963), 

normal and high salts (Hasson-Porath and Polijakoff-Mayber, 

1971) and under the influence of inhibitors (Marques-Julio 

and French, 1967) have been followed. Roots under various 

conditions (Stenlid, 1971) and plant leaves in dark and 

light conditions have also been studied (Santarius and 

tteber, 1965)* 
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Environmental Factors Affecting Changes 
in the Microbial Content of Soils 

General environmental and defined experimental 

conditions which cause changes in the microbial content of 

soil have been elucidated (Alexander, 1971)# However, 

there are few long term studies of naturally occurring 

changes in the microbial population of soil. One such 

study was carried out on the polders developed by reclaim

ing the former Zuider Zee. This study showed that as the 

soil became aerated anaerobic microorganisms were replaced 

by aerobes. However, the establishment of nitrogen fixers 

required several years (van Schreven and Harmsen, 1963). 

Attempts to relate environmental changes to changes in the 

microbial content of a European pine forest soil have been 

made without success. No relationship between environ

mental factors such as soil, water, temperature, pH and 

microbial changes could be found (Gray et al., 1963). 

The techniques which must be used are time consuming 

and inaccurate and as a result few studies of this type 

have been conducted. 

The present work was undertaken in order to develop 

a method of extracting ATP from soil, measure and relate it 

to microbial content. Such a technique should be faster 

and more accurate than present procedures and be applicable 

to complex natural systems. It should also be useful in 
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studying microbial content changes associated v/ith environ

mental changes. 



METHODS AND MATERIALS 

Microorganisms used in this study were, ATCC 

(American Type Culture Collection) cultures 14347 (Nocardia 

corallina), 13525 (Pseudomonas fluorescens), and 1003 

(Aspergillus flavus)• A culture of Aguillula silusiae was 

obtained from the Trutox Company and used in all experi

ments involving nematodes. A gram positive rod, SO-2, and 

two actinomycetes, SO-4 and S0-19, and all other fungi and 

algae used in this work were isolated from desert soil. 

Bacteria, actinomycetes and algae were grown in AC 

and algae broth (Difco Laboratories, Detroit, Michigan) 

respectively. Fungi were grown in a medium containing 10 g 

of potato extract and 10 g of dextrose (both from Difco) in 

1000 ml of distilled water. Nematodes were grown on mois

tened corn meal. 

Suspensions of the various microorganisms were pre

pared by inoculating the proper culture medium with a 

stock culture of the organism in question. The inoculated 

culture was allowed to grow until the cells reached log 

growth phase, as indicated by a slight turbidity (0.D.<10) 

in the growth medium. Depending on the organism, 0.1 to 

1.0 ml was transferred to another flask and allowed to de

velop to the log growth phase and harvested for ATP analysis. 

24 
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Dry weight of bacteria, actinomycetes, algae and 

nematodes was determined by taking analiquot of suspension 

filtering through a dried preweighed 0.45 }A Millipore 

filter membrane and drying at 80°C for 24 hours. The filter 

membrane was then reweighed and dry matter determined by 

difference. In the case of fungi the same sample was used 

for both dry weight determination and ATP extraction. Cells 

were extracted on a dried preweighed 0.45 Millipore 

filter. The cell material remaining behind was dried for 

24 hours at 80°C, reweighed and dry matter determined by 

difference. After ATP analysis the filtrate was dried, 

weighed, corrected for solutes and the weight added to 

that remaining on the millipore filter to get the total 

weight of cells extracted. 

Microbial numbers were measured by plate count or 

direct counting methods. Bacteria and actinomycetes were 

counted by plating serial dilutions in nutrient agar. All 

other organisms, except fungi, for which only dry weight 

was obtained, were counted using the Petroff-Hausser 

chamber. 

Experimental Procedures 

All ATP and/or adenylate extracts were analyzed 

immediately or quick frozen and stored at -10°C until 

analysis. At -10°C, ATP extracts are storable for up to 

six months. 
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All filtrations were carried out using Millipore 

microanalysis filter holders fitted with 0.45 Ji Millipore 

filter membranes (HAWP 02500), 

Comparison of Extraction Procedures 

The three soil types used in these experiments were 

Sonoita sandy loam, Grabe loam and Vekol clay. These soils 

had been stored dry in the laboratory for six months prior 

to use. The soil designated as "active" was a 200 g 

sample of Sonoita sandy loam which had been amended with 

2 g ground alfalfa leaves and stems and 100 mg of ammonium 

nitrate and kept moist. The soil designated as #Bh was 

taken from the 180 cm depth of a Sonoita sandy loam profile. 

Sterilization of soil samples was accomplished by 

autoclaving for 60 minutes at 15 lbs/in" on three successive 

days. Sterility was checked by ATP analysis and by plate 

count on soil extract nutrient agar. Soil extract nutrient 

agar was made by mixing nutrient agar (Difco) with 500 ml 

of distilled water and 500 ml of soil extract prepared from 

the soil being counted (Pramer and Schmidt, 1964)• 

In all experiments 5 g of soil was used for ATP 

extraction. Various moisture levels were obtained by 

adding sterile water to the samples just before extraction. 

Soil moisture content was subsequently determined by adding 



27 

an equivalent amount of water to a replicate soil sample 

and drying for 24 hours at 105°C. 

Soil was extracted using the formic acid method 

(Klofat et al., 1969), the n-bromosuccinimide method 

(Macleod et al., 1969), and the hot-Tris method (Holm-

Hansen and Booth, 1966). 

Soil was also extracted using the n-butanol method 

developed by D'Eustachio and Johnson (1963) with the 

following modification. On ml of n-butanol was mixed with 

5 g of soil and allowed to stand 30 seconds. After 30 

seconds 3 ml of arsenate buffer (0.02 M sodium arsenate, 

0.02 M [ethylenedinitrilo] tetraacetic acid, disodium salt, 

pH 7.5) was added to the soil-butanol mixture and allowed 

to stand for 3 minutes before filtering. 

To obtain soil of known microbial content, standard 

suspensions (2 x 10 cells/ml) of Pseudomonas fluorescens 

(ATCC 13679) were added to sterile soil. Standard sus

pensions were prepared by harvesting cells after 24 hours 

incubation in AC broth (Difco) at room temperature and 

resuspending in sterile soil extract. One ml of the 

freshly prepared suspensions was added to soil, mixed and 

ATP extracted as described above. Also 3 ml of each 

standard suspension were extracted without mixing the soil. 

In order to obtain soil-organism mixtures at the 1.5$ 

moisture level, sterile soil samples were oven dried at 
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100°C overnight and 0.1 ml of standard suspension, prepa

ration described above, (2 x 10^cells/ml in soil extract) 

added. These mixtures were extracted as above. 

Adenosine Triphosphate to Biomass Ratios . 
in Microorganisms and Plant Roots 

Adenosine triphosphate was extracted from micro

organisms in pure culture by one of five chemical methods: 

the formic acid method (Klofat et al., 1969), the n-butanol 

method (D'Eustachio and Johnson, 1963), the hot Tris method 

(Holm-Hansen and Booth, 1966), the n-bromosuccinimide 

method (Macleod et al., 1969), and the perchloric acid 

method (Chapman et al., 1971). 

The following modification of the n-butanol method 

was also used to extract microorganisms. A 1 ml portion 

of pure culture was mixed in a test tube with 1 ml of n-

butanol, allowed to stand for 30 seconds and filtered. 

Three ml of arsenate buffer (0.02 M sodium arsenate, pH 7*5) 

were added to the empty test tube mixed, poured into the 

filter apparatus and allowed to stand for 30 seconds. 

After 30 seconds the buffer was filtered and the total 

filtrate treated as described by D'Eustachio and Johnson. 

Adenosine triphosphate was also obtained from micro-
p 

organisms by rupturing at 26,000 lbs/in" in a french press. 

In this procedure 1 ml of standard cell suspension, de

scribed above, (10^ cells ml) was added to 9 ml of arsenate 
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buffer (0.02 M sodium arsenate, pH 7*5) and ruptured in a 

cold (5°C) french press. Exudates were quick frozen and 

kept at -10°C until ready for analyses. In all cases dry 

weight of microbial tissue was determined by drying the 

exudate and correcting for solutes. 

Corn, barley, rye grass, soybean, lima bean and 

radish seeds were surface sterilized by washing with a 0.2$ 

HgC^ solution followed by washing with 0.2$ formaldehyde 

in ethanol solution and rinsed three times with sterile 

normal saline. The seeds were placed in sterilized petri 

dishes containing a moistened filter paper and allowed to 

germinate. Roots were harvested when they were 5 cm long. 

Adenosine triphosphate was extracted using the modified 

n-butanol method used for extracting soil samples. The 

extracted roots were dried at £0°C for 24 hours and dry 

weight determined. Calculation of ATP/biomass ratios is 

shown under calculations on page 34 • 

Rhizosphere Effect and Energy Charge 

Corn, barley, rye grass, soybean, lima bean and 

radish seeds were germinated and two seedlings were trans

ferred to a pot containing Sonoita sandy loam and two to a 

pot containing washed sand. The seedlings were allowed to 

grow until 10 cm tall. At this time the plants were gently 

removed from the soil. Soil loosely adhering to the roots 

(rhizoplane) was washed off by shaking the roots in 
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physiological saline solution. Adenosine triphosphate was 

then extracted from a sample of the bulk soil, the rhizo-

plane soil (after excess normal saline had been filtered 

off) and from the roots. In this work the modified 

n-butanol method for extracting ATP from soil was used. ATP, 

ADP and AMP were measured in this extract using the luciferin-

lucif.erase reaction described by La.dygina 'and Rubin 

11971). 

Biomass was calculated as described cn page 36 and 

energy charge was calculated from the following relationship 

(Atkinson and Fall, 1967). 

ATP + jADP enerrv charre 
ATP + ADP + AiiP ^ 

In the case of root surfaces, biomar.s was corrected for 

ATP extracted from roots. 

Seasonal Changes in Soil Profiles 

The sampling site of the barren Sonoit-a sandy loam 

is located in Pima county approximately 25 miles south of 

Tucson. It is located on the International Biological 

Program's Santa Rita validation site 300 motors easterly 

from the northwest corner of plot number 2 and 30 meters 

north of the fence. The elevation is 900 meters with an 

average precipitation of 28 cm. The soil formed on an 

alluvial fan from granite, rhyolitc, andesite and limestone. 
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The surrounding vegetation is desert shrub, cacti and 

grasses. 

The grass-covered Sonoita sandy loam sampling site 

is located 100 meters east of the barren site at the head 

of a developing wash. Site characteristics are the same as 

above except the soil surface is covered with perennial and 

annual grasses. 

The barren Rillito loam sampling site is located 

in Pima county approximately miles northwest of Tucson. 

It is 30 meters inside the southern boundary of the Inter-

national Biological Program's Silverbell site along the 

road and 3 meters west of the road. The elevation is 625 

meters with an average precipitation of 22 cm. The soils 

formed on alluvial fans from limestone. The surrounding 

vegetation is desert shrub and cacti. Profile descriptions 

of Sonoita sandy loam and Rillito loam are given in 

Appendix D. 

Within the general sampling area a new hole was dug 

on each sampling date. Soil samples were taken by inserting 

the open mouth of a 7-dram plastic vial into the soil 

profile at the appropriate depth. The vial plus soil was 

immediately capped after removing from the soil profile. 

All sampling was done between 7 and 9 a.m. on the sampling 

date. Twenty to forty grams were collected from each depth. 

Without further treatment and within 4 hours of sampling 
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ATP was extracted from 5 g of each soil sample. All ex

tractions were carried out using the modified n-butanol 

method described under comparison of extraction procedures. 

In sampling the soil profile a vial with a diameter 

of 3 cm was used. Although the sampling depth is given as 

a point they actually contain soil from approximately 1.5 cm 

above and below. Also, the surface sample, which is des

ignated as 0 cm actually includes soil from the soil surface 

to a depth of 1.5 cm. 

Soil dilution plates were made by shaking 10 g of 

soil with 95 ml of sterile physiological saline solution 
cj /i. 6 

and serially diluting to 10 . One ml of the 10 , 10 and 

10 dilutions was mixed with enough nutrient agar-soil ex

tract to cover the bottom of the petri dish to a depth of 

1 mm. Sextuplet replicates of each dilution were prepared 

and incubated at 30°C for two weeks and counted at weekly 

intervals. 

Chemical and Biochemical Procedures 

Soil surface temperatures were measured at each 

sampling by placing a bulb thermometer in the 0.2 cm layer 

of the soil profile. 

Percent water, expressed on a dry weight basis, was 

determined by taking approximately 10 g of soil, drying for 

24 hours at 105°C and determining water content by difference. 
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Total nitrogen was determined using standard 

kjeldahl procedures. Nitrate was determined by the phenol-

disulfonic acid method modified to allow determinations on 

one gram samples* 

Phosphate and percent organic carbon were deter

mined by the Murphy-Reilly (1962) and Walkley-Black (1964) 

methods respectively. 

Total salts and pH were determined on saturated 

paste extracts. 

Firefly extract (Sigma Chemical Co.) was rehydrated 

according to instructions supplied by Sigma. The resulting 

solution was allowed to stand at room temperature (22°C) 

until light emission from 100 pi of firefly extract dropped 

to 2,000 counts per 50 seconds. This background count re

sulted from endogenous ATP and was constant in all ATP 

analyses. 

Standardized firefly extract (100 jil) was placed 

in a small test tube, which was placed through a hole in 

the cap of a liquid scintillation vial filled with toluene 

fluor (Packard Permaflor). This set up was placed in a 

Packard Tricarb 407 liquid scintillation counter sample 

changer just before it advanced the sample. Just prior to 

entering the counting chamber, 50 pi of sample was injected, 

using a Hamilton Cr 400-50 syringe, into the firefly extract. 

Counting was continued for 50 seconds with discriminator 



set at 50-1000 and high gain set at 14,000 volts. Counts 

were related to jig of ATP by means of a standard curve con

structed according to the method of Stanley and Williams 

(1968). 

In all oxygen uptake studies a Y/arburg respirometer 

(American Instrument Company) was used. In this procedure 

microbial suspensions were produced by harvesting cells as 

described under Methods and Materials. The harvested cells 

were washed with and then suspended in 20 ml of soil ex

tract (made from Sonoita sandy loam)• This suspension was 

placed in a 125 ml reaction vessel with a KOH carbon diox

ide trap. Oxygen uptake was followed periodically. At 

intervals samples were taken, dry weight, and ATP and 

plate count analyses made. Only dry weight and ATP con

centration were determined for fungi. Oxygen uptake rates 

were calculated according to Umbreit,Burris and Stauffer 

(1964). 

Calculations 

Standard ATP solutions were made to contain from 

10~^ to 10"1 jag ATP/ml and 50 jil of each standard solution 

was injected into firefly extract. Counts were converted 

to a per ml scale such that the standard curve related 

counts to jig ATP per ml directly. Over a period of six 

months 15 standard curves of jig ATP/ml versus counts were 
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determined. A regression analysis of these curves gave an 

r2 value of 0.9&. From this same data the equation of the 

line (shown below) was obtained. 

Log of counts + 0.872 = 1.606 Log ATP concentration/ml 

°.^ 2°'6o'6" *+ ' = ^og of ATP concentration/ml 

The rearranged equation was used in calculating ATP content 

from counts. From this the following equations which give 

total ATP extracted and jig ATP per g material extracted 

were derived. 

Antilog ATP x vol extractant = Total ATP extracted 

Total ATP extracted _ ,mp / 
Mass of material extracted ° 

All results in this vrork are expressed on a dry xveight per 

gram basis. Relative differences in ATP concentration of 

less than 25$ were not detectable. 

In calculating biomass from ATP concentration, the 

ATP to biomass ratio, 0.33 pg ATP/mg microbial biomass dry 

weight was used. This value was determined from the work 

reported herein, see page 46. Also correction was made for 

soil moisture level and for recovery of ATP. A value of 

0.70 was used for recovery as determined previously, see 

page 42# Thus the following expression was developed. 



36 

Correcting jag ATP to jig ATP/g of dry soils 

s.<ffigA"ii—= >"g ATP/g of dry soil 

u + i H2OJ 

Rearranging and correcting for recovery: 

(Mg ATP) (l + ̂  H2Q) _ ATP/P 
(5.00 g soil) 0.70 recovery Qf dry 

Converting jig ATP to biomass: 

Cpg ATP) (1 + jo H2O) _ microbial 

(5.00 g soil) (0.70) (0.33 Mg ATP/mg) biomass/g of dry 
' soil 

Thus, values of biomass are also on a dry vreight per gram 

of soil basis. Data given in this work are accurate to tvro 

significant figures. 

Estimated microbial numbers (EM) were determined 

by assuming a concentration of 4 x 10"*"^ jag ATP/cell 

D'Eustachio and Johnson (1963). Thus EMN were calculated 

using the following equation. 

W, ATP extracted from soil = Bstimatod ralcrobial 

4 x 10-10 ATP/cell number 



Statistical Analyses 

All statistical analyses were carried out using an 

Olivetti Programma 101• Programs for coefficient of 

variation, linear regression and t-test supplied by the 

manufacturer were used# 

Two types of replicate sampling were done. On the 

barren Sonoita sandy loam, triplicate samples were taken 

at each depth in the same profile 2.5 cm apart. On the 

barren Rillito loam two holes were dug and samples taken 

from the same depth in each. 



RESULTS AND DISCUSSION 

In order to use ATP extracted from soil as an in

dicator of microbial biomass, several basic parameters 

must be determined. The extraction method which gives the 

highest recovery of microbial ATP from soil must be deter

mined. The technique chosen should have the potential for 

extracting all ATP present. It must be shown that ATP 

content is closely related to microbial biomass. Also, 

the applicability of the technique and the types of infor

mation which can be obtained by its use should be demon

strated. 

Extraction of Adenosine Triphosphate from Soil 

Adenosine triphosphate extracted by different pro

cedures from soils differing in type, texture, percent 

moisture and microbial content is shown in Table 1. In all 

cases the n-butanol method gave the highest yield of ATP. 

Interfering ions extracted from soil were removed by ethyl-

enedinitrilo tetraacetic acid disodium added to the arsenate 

buffer (Aledort, Weed and Troup, 1966). After mixing the 

buffer with n-butanol-soil combinations the mixture was 

allowed to settle 3 minutes to facilitate filtration. 

33 
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The n-bromosucciniraide method gave the second high

est yield of ATP. This procedure extracted ATP from all 

but one soil sample. The formic acid and hot-Tris proce

dures failed to show measurable ATP in extracts from 

several soil samples. Although the hot-Tris method extracts 

more ATP than the formic acid method, it extracts less ATP 

than the n-butanol method. 

Table 1. Adenosine triphosphate extracted by different 
procedures from soil of varying texture and 
moisture contents. 

nga ATP/g of dry soil 
Soil Formic Hot n-bromo n-butanol 
Sample H20 acid Tris succinimide 

"active" 15 0.59 0.S4 5.0 53 
S3h 1 udb 0.13 0.29 0.53 

Sonoita 1 ud ud 0.95 53 
sandy 15 ud ud 3.0 4.0 
loam 33 ud ud 1.5 3.0 

Grabe 1 0.29 0.16 ud 0.S9 
loam 15 ud 0.22 0.57 7.9 

33 ud ud 1.0 7.9 

Vekol 1 ud 0.66 3.3 S.9 
clay 15 ud ud 0.5 5.0 

33 ud 0.34 2.1 16 

a ng - nanograms = 10" 3 jig 

k ud - undetectable, i.e., less than 1 x 10"^ ug ATP per ml. 
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Most ATP extraction methods (except for the n-bromo-

succinimide and hot-Tris methods) have been developed to 

extract ATP from microorganisms obtained from pure culture. 

No significant difference between extracting procedures 

could be found when used to extract ATP from pure cultures. 

However, these methods are not equally effective in extrac

ting ATP from complex media such as soil. The failure of 

certain extraction procedures to yield measurable ATP in 

soil extracts may be due to several factors. These factors 

have been reviewed recently by (Macleod et al., 1969) and 

(Patterson, Brezonik and Putnam, 1970). One factor not 

covered in these reviews is that ATP has been reported to 

transphosphorylate its terminal phosphate group to apatite. 

This reaction has been reported by Krane and Glimcher (1962) 

to occur at a rate of 3^-M of ATP per 100 jig apatite per 

15 minutes. Although this particular reaction has not 

been shown to occur in soil it could contribute to a loss 

of ATP during long extraction times. From these consider

ations it would appear that any extraction procedure using 

long extraction times would be unreliable when applied to 

soil. 

In order to determine the efficiency of the n-butanol 

method the amount of ATP extracted by it was compared to 

the amount obtained by the french press method. As can be 

seen from Table 2 the n-butanol method extracts more ATP 



than physical disruption. Microscopic observation showed 

that 99$ of the cells were disrupted leaving much cell 

debris, not present vdth the n-butanol method, which may 

account for the lower ATP recovery. 

Table 2. Comparison of n-butanol and french press methods 
of ATP extraction. 

Organism n-ButanoI French press 

Pseudomonas 
fluorescens 0.40 0.264 

SO-3 1.05 0.562 

Nocardia corallina 0.30 0.1#1 

Phycomyces spp. 0.19 0.021 

superscript denotes number of replications 

The recovery of ATP from soil using the n-butanol 

method was measured by extracting suspensions of P. fluor-

escens with and without addition to sterile soil. Percent 

recovery of ATP is defined by the following equation. 

* recovery of ATP . AT" 8011 - 100 

Soil moisture and texture appear to have little effect on 

the recovery of ATP from the soils examined. In Table 3 the 

n-butanol method is shown to give good recovery of ATP from 

soils of various types and textures and vdth different 

microbial and moisture contents. 
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Table 3. Recovery of adenosine triphosphate from three 
soils. 

Moisture 
content 
(*) 

io Recovery Moisture 
content 
(*) 

Sonoita Grabe Vekol 

1.5 76 76 77 
15.0 63 6B 70 
33.0 65 66 63 

In addition to the recovery of ATP from soil, the 

half-life of non-cellular ATP must be known in order to 

obtain meaningful information about the viable microfloral 

content of soil. Standard ATP-solutions containing 

mmO 
50 x 10"" y.g ATP/g soil were added to untreated soil 

samples and the amount of ATP remaining after incubation 

checked by washing the soil with buffer minus n-butanol. 

In Table 4f the half-life of non-cellular ATP in soil is 

shown to be less than one hour. 

Table 4. Percent recovery of Adenosine triphosphate 
from three soils after various incubation times. 

Elapsed 
time (hr.) 

Recovery Elapsed 
time (hr.) Sonoita Grabe Vekol 

0 100.0 100.0 100.0 
1 0.3 0.03 0.05 
2 0.06 ud ud 
3 ud ud ud 

1 x 10"4 
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Adenosine triphosphate to biomass ratios have been 

determined by several workers (see Table 5)« These workers 

have extracted ATP from organisms grown under various con

ditions. In Table 5 the ratios are shown to range from 

2.0 to 0.2 jig ATP/mg microbial biomass. Also shown are 

ATP/biomass ratios of microorganisms grown under adverse 

conditions. The ratios obtained under these conditions 

fall at the lower end of the range. Thus, if it is assumed 

that microorganisms in soil are in a state of starvation 

or under the influence of various inhibitory substances, the 

ATP/biomass ratios of soil microorganisms would also be 

expected to be at the lower end of the reported range. 

The ATP/biomass ratios obtained in our laboratory 

are shown in Table 6. This list includes a large selection 

of fungi, soil algae, actinomycetes, and one nematode. The 

emphasis was on these organisms because they were not well 

documented in the literature. The ATP/biomass ratios 

ranged from 0.2 to 0.9 pg ATP/mg biomass. In all cases the 

cells were filtered before ATP extraction. Thus, these 

ATP/biomass ratios may be somewhat low as a result of a 

loss of ATP as noted by (Cole, Wimpenny and Hughes, 1967). 

However, the ratios measured agree with those reported in 

the literature and show that there is no particular problem 

in extracting ATP from a variety of organisms. 
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Table 5* Adenosine triphosphate concentrations in 
microorganisms reported in the literature. 

Organism jig ATP/mg dry wt. References 

Bacteria G6 0.93 Holm-Hansen and Booth 
(1966) 

Sheletonema 
costatum 0.15 

Aorobacter 
aerosenes 2.00 J 

0.50 
Strange et al. (1963) 

E» coli 2-6c 
°*2d 
1.0a 

Cole, Wimpenny and 
Hughes (1967) 

E. coli 2.40a Franzen and Binkley 
(1961) 

Chromatium D 1.4a Gibson and Sigehiro 
(1967) 

Bacillus 
licheniformis 0.43a Leitzmann and Bernlohr 

(1965) 

Methanobacterium 
st. I.I.O.H. 

1.37a Roberton and Wolfe 
(1970) 

Yeast cells 0.50a Polakis and Bartley 
(1966) 

Yeast cells 0.90a Betz and Moore (1967) 

Klebsiella 
aerop;enes 

0.32a Harrison and Maitra 
(1969) 

Bacillus 
ineRaterium 

0.39a Setlow and Kornberg 
(1970) 

acalculated from data given, 

^under high solute concentration. 

cunder anaerobic starvation, 

under aerobic starvation. 



Table 6. Adenosine triphosphate concentrations in 
mi croorgani sms• 

' Number of 
Organism yg ATP/mg dry wt. replications 

Nocardia 
corallina O.83 4 

S04 0.33 3 
S09 0.97 2 

Streptomyces 
aures 0.53 2 

Phycomyces sp. 0.25 3 

Rhizoctonia sp. 0.6l 1 

Aspergillus 
niger O.36 1 

Nostoc sp. 0.37 2 

Scenedesmus sp. 0.31 2 

Ulothrox sp. 0.26 3 

Anhist sp. 0.21 3 

Pseudomonas 
fluorescenes 0.43 5 

S03 0.22 4 

Anguillula 
silusiae 0.27 2 
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In soil systems ATP/biomass ratios would be expect

ed to fall at the lower end of the reported range. This 

may occur because of starvation conditions or other adverse 

conditions. Organisms grown in soil extract would be 

expected to show ATP/biomass ratios similar to those of 

microorganisms in soil. Also, under these conditions less 

variability in this ratio would be expected. 

Respiration and ATP/biomass ratios of various micro

organisms suspended in soil extract were followed for 

varying periods of time. The results of these studies are 

summarized in Table 7. After a short period of time there 

is an increase in the numbers of bacteria and actinomycetes 

in the soil extract. This indicates that the growth of 

microorganisms in soil is not always limited by nutrient 

supply. Adenosine triphosphate/biomass ratios and oxygen 

uptake rates remained fairly constant over a 4$ hour 

period of time. As theorized above, the ATP/biomass ratios 

are less variable and are at the lower end of the range. 

Here, the range is from 0.30 to 0.20 jag ATP/mg biomass with 

an average value of 0.33* This ratio was used in calulating 

the biomass of the soil profiles. 

Microorganisms are not the only source of ATP in 

soil. Soil normally contains myriad roots which are a 

potential source of ATP. The question as to the effect of 

roots on ATP extracted from soil has arisen. 
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Table 7# Oxygen uptake and adenosine triphosphate 
concentration in microorganisms suspended in 
soil extract. 

Oxygen 
Concentration Plate uptake 

Time ()ig ATP/ count (pl/hr/mg 
Organism (hrs.) mg dry wt.) (cells/ml) of dry wt.) 

Phycomyces 1.5 0.24 -a 4.6 X 10""5 

sp. 
24.0 0.63 6.4 X 10" 5 

27.5 0.55 - 3.3 X 10" 5 

74.5 0.19 - 1.5 X 10" 5 

S03 1.5 0.15 9 X 108 3.3 X 10" 5 

4.1 0.19 3 X 108 2.5 X 10":5 

6.5 0.30 3 X 10? 8.5 X 10" •5 

25.1 0.17 2 X 10? 1.4 X 10"4 

Pseudomonas 0.9 0.34 2 X 107 6.4 X 10"4 

fluorescens 6.1 0.39 1 X 106 1.3 X 10"3 

24.9 0.24 3 X 10^ 2.6 X 10~4 

73.0 0.30 6 X 108 7.0 X H
* 

o
 i 

Nocardia 0.7 0.35 7 X 106 8.4 X 10~7 

corallina 
0.35 

n 
4.0 0.45 1 X 107 1.0 X 10 5 

6.0 0.60 3 X 107 7.2 X 10~7 

• 24.5 0.30 1 X 108 1.0 X 10"6 



Literature reports of ATP/biomass ratios for 

various roots are shown in Table 8. This data indicates 

that the ratio in roots is about the same as that found 

in microorganisms. Changes in the nitrogen source and 

distance from root apex had little effect of the ATP/bio-

mass ratios. 

Table S. Adenosine triphosphate/biomass ratios of 
roots reported in the literature. 

Organism 

Concentration 
(jig ATP/mg 
dry root) References 

Soybean 
Nitrogen source 

NH I 3.6 Weissman (1972) 

NO" 3.8 

Sunflower 
Nitrogen source 

NH" 1.1 

NOj 0.7 

Wheat 
from apex of root 

0 - 10 mm 1.03 Stenlid (1971) 

10 - 20 mm 1.41 

Pea lo30 Mikityuk and 
Chkanikov (1970) 
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Root ATP/biomass ratios found in our laboratory-

are shown in Table 9* This ratio has been determined both 

for freshly germinated seeds and for roots collected from 

typical desert plants. It can also be seen that for newly 

germinated seeds the ratios are about the same as those re

ported in the literature and similar to those of micro

organisms. However, typical desert plant roots show ATP/ 

biomass ratios 100 to 1000 times less than those of freshly 

germinated seeds. The decreased ATP content of these roots 

could be accounted for by assuming they were mainly con

ductive in nature or mostly dead. However, there is no 

information which would support this supposition. 

Old roots or roots from woody plants have little 

effect on extractable soil ATP, however roots should be 

removed wherever possible. When active roots are present, 

soil extracts will contain significant amounts of ATP from 

them. Under these conditions soil ATP should be corrected 

for root ATP since even under ideal conditions it is im

possible to remove all roots from soil. 



Table 9. Adenosine triphosphate/biomass ratios of 
roots of young seedlings and typical desert 
plants. 

Plant 
jig ATP/mg 

dry wt. 

Freshly germinated seeds 

Corn 1.50 

Barley 1.00 

Rye grass 1.97 

Soybean 2.03 

Lima bean 1.90 

Radish 1.45 

Desert plant roots 

Cane beard grass 0.004 

Threeawn 0.005 

Blue grama 0.007 

Plains love grass 0.010 

Creosote bush 0.003 

Shrubby buckwheat 0.009 
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Seasonal Changes in Soil Biomass 

The relationships between the various methods of 

measuring soil microbial content serve as a point of refer

ence and relate the data obtained to more familiar terms. 

In two cases plate counts and ATP extractions were per

formed on samples taken from the same soil profile. 

Assuming that all microbes are similar in size and shape 

to Escherichia coli cells, extracted ATP was converted to 

estimated microbial numbers (EMN). This was done by 

-10 
assuming each cell would contain 4 x 10 jig ATP 

(D'Eustachio and Johnson, 1963). This is a convenient way 

of comparing plate counts and extracted ATP but holds 

little relationship to reality. 

A plot of the EMN and plate counts from a grass-

covered Sonoita sandy loam profile is shown in Figure la. 

This graph does not show convergence with depth. The roots 

from the grass may be providing enough organic matter and 

nutrients to allow the growth of fastidious microorganisms 

lower in the profile. 

The relationship between plate counts and EMN for 

a barren Sonoita sandy loam profile is shown in Figure lb. 

There is much more variation in the EMN curve than the 

plate count curve. At the 100 cm depth the plate count 

appears to be as efficient as the EMN method in estimating 
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Figure 1. Estimated nicrobial number and plate counts of a barren (a) 
and grass-covered (b) Sonoita sandy loam. 



cells/g soil. An increase in autotrophs with depth and 

an increase in difference between EMN and plate count 

might be expected but was not observed. Apparently, at 

least down to the 100 cm depth, there is little increase 

in the numbers of autotrophs and a concomitant decrease 

in fastidious organisms. 

Barren soil 

Changes in the microbial biomass in barren Sonoita 

sandy loam and barren Rillito loam soils were measured at 

approximately monthly intervals for seventeen and four 

months respectively. 

The data collected can be presented in several 

ways to bring out similarities or dissimilarities of 

interest. Microbial biomass changes in four different 

samplings of the barren Sonoita sandy loam site are shown 

in Figure 2. In all cases biomass tended to decrease with 

depth. A regression analysis of biomass versus depth re

vealed that this trend accounts for less than 50?° of the 

observed variation. 

The differences in biomass at the surface are not 

as great as might be expected considering the intense sun

light and high surface temperatures during summer months. 

The greatest amount of biomass occurs in the surface 30 cm 

of this virgin soil. During the time period shown, soil 

samples taken in March had the highest water content. 
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Figure 2. Changes in microbial biomass in a barren 
Sonoita sandy loam profile with time. 



Those taken in May, July and August had lower but about 

equal water content. This tends to rule out water as 

playing an important role in the observed changes. A re

gression analysis of biomass versus percent water on these 

dates indicated that the water content accounted for only 

lfi of the observed variation. 

Major changes in biomass occurred in the upper 

portion of the profile. Thus, biomass changes by a factor 

of 5 at 83 cm, by a factor of 3 at 45 cm and by a factor 

of 2000 at the 5 cm depth in the profile. Since most of 

the microbial biomass occurs in the upper 30 cm and the 

largest changes occur in this region, this is the most 

important region to study. 

Changes in the microbial biomass at four depths, 

0, 20, 50 and 91 cm over a 17 month period of time are 

shown in Figure 3. More dramatic changes in microbial 

biomass occur in the upper part of the profile than at 

lower depths. It also appears that the amount of change in 

microbial biomass decreases as depth increases. At all 

depths microbial biomass reached a low in October, 1970, 

and again in September, 1971. Microbial biomass decreases 

before October 8 and then generally increases. In August 

a decrease again occurs until the low on September 24th 

when the biomass again increases. Thus, the microbial bio

mass changes cyclically in soil and the lows in this cycle 

occur in September and October. 
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The cyclic changes of microbial biomass raises a 

question as to their cause. In a desert climate, water is 

thought to be the limiting factor. However, regression 

analysis of water versus biomass gave a regression co

efficient of less than 0.1. Thus, water alone cannot 

account for the observed changes. Regression coefficients 

of less than 0.1 were also found for ppm NO^, PO^, total 

salts, Kjeldahl nitrogen and soil surface temperature 

versus biomass. Therefore these factors alone are not 

decisive in controlling microbial biomass. 

Complex combinations of the above factors might 

explain the observed changes in microbial biomass. Thus, 

changes in percent water, ppm NO^, soil surface temperature 

and microbial biomass with time are shown in Figures 4, 5 

and 6, for 0, 20 and 91 cm depths in the soil profile. 

These figures show no correlation between these factors 

(see Appendices A and E for the complete data on these 

profiles). 
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In order to determine whether the changes in the 

Sonoita sandy loam profile were of a local or more wide • 

spread nature, changes in the microbial biomass of barren 

Rillito loam were followed for three months. This period 

was chosen to include the seasonal period when a low in 

microbial biomass was expected. Changes in the microbial 

biomass are shown in Figure 7. The biomass decreased 

dramatically between August 16th and 30th. The biomass 

increased between 30 and 34 cm in the August 30th sampling, 

the reasons for which are unknown. The largest concentration 

and changes of microbial biomass occurred in the upper 20 

cm of the profile. This is similar to the Sonoita sandy 

loam profiles discussed previously. 

Changes in microbial biomass in the surface, 10 and 

30 cm depths of the profile over three months are shown 

in Figure 8. Minima occur at all three depths during 

September. These minima correspond to the observations 

made in the Sonoita sandy loam profiles approximately 

100 kilometers away. 
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Changes in surface temperature, ppm NO^, percent 

water, and biomass in the barren Rillito loam soil are 

shown for the 0,10 and 30 cm depths in Figures 9> 10 and 11. 

There is no apparent relationship between these factors 

and biomass. Higher soil water percentages and greater 

water holding capacity do not influence greatly the 

types of changes or the observed minima in microbial 

biomass (see Appendix B for the complete data on these 

profiles)• 

Further similarities between these two profiles 

are shown in the statistical analysis. Regression co

efficient of microbial biomass versus water content, ppm 

NO^, and soil surface temperature was less than 0.1. 

A test of the reliability of these techniques 

was accomplished in two ways. In the barren Sonoita 

sandy loam profiles, triplicate samples were taken at 

each depth on several sampling dates. A t-test showed 

that there was no significant difference, at the 95$ 

level, between any two sets of data. Samples of Rillito 

loam were taken from two holes and a t-test applied. 

Comparison of the two holes sampled on the same date 

showed no significant difference between samples at the 

95$ level. Based on these analyses, this technique of 

biomass determination appears reliable. 
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Grass-covered soil 

Soil biomass changes in a grass-covered Sonoita 

sandy loam profile were followed over a six month period. 

In this profile, increased ATP due to plant roots must 

be taken into consideration. Adenosine triphosphate 

extracted from a soil sample can be corrected for the 

ATP from roots. The roots present can be determined by 

sieving and their contribution to the measured ATP sub-

stracted. This correction could be lessened by sieving 

out roots before extracting ATP. 

Another approach, and the one adopted for this 

study, was to leave the roots in place and look at total 

changes in soil biomass, i.e., roots and microorganisms. 

This approach avoids the problem of having to remove all 

roots from soil. 

Changes in the biomass of the soil profile are 

shown in Figure 12. Biomass declined from July to 

September and increased slightly in December. Except for 

the large biomass change at 100 cm in July, the largest 

changes is biomass occurred in the upper 45 cm of the 

soil profile. The biomass changes occurred deeper in the 

grass-covered than the barren soil. 
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Root systems appear to have a significant effect on 

soil biomass. This probably occurs both because of ATP 

extracted from roots and because of organic matter and 

growth substances exuded by roots. 

Changes in biomass with time in the grass-covered 

Sonoita sandy loam are shown in Figure 13• This figure 

shows that except for the 20 cm depth all depths have 

minimum biomass during September. This coincides with 

the minimum noted in the soil profile without grass-cover. 

The anomaly at the 20 cm depth is probably due to the 

occurence of high root concentrations at this depth. 

Changes in soil surface temperature, ppm NO"^, 

percent water and biomass at the surface, 30, and 76 cm 

depths in the grass-covered Sonoita sandy loam are shown 

in Figures 14, 15 and 16. These figures give a somewhat 

different picture than the same plots for the barren soils 

Soil water content, ppm NO^j and soil surface temperature 

have little influence on soil biomass, although soil 

biomass appears to follow changes in water content. 

Regression analyses of biomass versus water content, ppm 

NO^ and soil surface temperature showed that these 

parameters accounted for less than 50fo of the observed 

variation (see Appendices C and E for the complete data 

on these profiles). 
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•The Rhizosphere Effect 

The growth of plants adds to the total ATP in 

soil, i.e., ATP from roots plus that from the rhizosphere. 

Plate counts indicate that the number and activity of soil 

microorganisms increase within the vicinity of plant 

roots. Because of the questions involved with plate 

counts, this observation is uncertain (Macura, 1963). 

Microbial numbers increase on going from bulk 

soil to root surfaces as can be seen from the increase 

in biomass shown in Table 10. The activity of micro

organisms increases from bulk soil to root surface, as 

can be seen from energy charge measurements shown in 

Table 11• Energy charge values calculated for the root 

surfaces are inaccurate since there is no way to separate 

ADP and AMP contributions of microorganisms from those of 

roots. However, from the bulk soil and rhizoplane energy 

charge values, a definite trend is indicated. This gives 

strong support to observations made by the plate count 

technique that microbial biomass and energy charge 

increases from bulk soil to root surface. 



Table 10, Increase in microbial biomass from bulk soil to root surfaces. 

ng Biomass /g of dry soil 
Bulk soil Rhisoplane Root surface 

Plant 
Sonoita 
sandy loam sand 

Sonoita 
sandy loam sand 

Sonoita 
sandy loam sand 

Corn 970 730 1000 930 4000 3000 

Barley- 650 520 909 370 2000 1900 

Rye grass 774 630 1200 1190 4100 3900 

Soybean 1050 937 2230 2020 5500 5300 

Lima bean 150 130 700 540 1900 1300 

Radish 506 470 ^54 648 2400 2300 

ON 



Table 11. Increase in energy charge from bulk soil to root surfaces# 

Energy Charge 
Bulk soil Rhizoplane Root surface 

Plant 
Sonoita 

sandy loam sand 
Sonoita 

sandy loam sand 
Sonoita 

sandy loam sand 

Corn 0.45 0.39 0.60 0.53 0.95 0.39 

Barley 0.30 0.25 0.45 0.44 0.30 0.36 

Rye grass 0.40 0.39 0.50 0.47 0.92 0.91 

Soybean 0.50 0.40 0.70 0.55 0.99 0.95 

Lima bean 0.25 0.20 0.40 0.39 0.87 0.36 

Radish 0.39 0.30 0.56 0.50 0.93 0.80 

->3 



SUMMARY AND CONCLUSIONS 

Adenosine triphosphate to biomass ratios of pure 

microbial cultures vary between about 0.2 and 2.0 jig ATP/mg 

of dry biomass. In soil extracts, however the ATP/biomass 

ratio was much narrower, 0.15 and 0.90 |ig ATP/mg of dry 

microbial biomass. Adenosine triphosphate to biomass ratios 

range from 0.7 to 3*6 jig ATP/mg of dry weight in actively 

growing roots and from 0.003 to 0.01 jig ATP/mg dry weight 

roots collected from typical desert plants. The low ATP/bio-

mass ratios in roots collected from desert plants may be 

due to the roots being dead, inactive or mainly conductive 

in nature. The half-life of ATP in soil is less than one 

hour. 

A modified n-butanol procedure was the best method 

for extracting ATP from soil. The technique extracted ATP 

quantitatively from microorganisms and gave the highest 

recovery of ATP from the soils tested. In addition, the 

technique minimized the extraction of salts which interfere 

with the emission of light from the luciferin-luciferase 

reaction. 

Adenosine triphosphate from soil is related to the 

microbial biomass or total biomass of that soil. This 

technique allows microbial content to be determined with 
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greater precision and in a shorter time than do other 

techniques. This technique is rapid, measures only live 

biomass and is accurate. 

Using this technique microbial biomass appears to 

change cyclically in desert soils. The three soil profiles 

had corresponding minima in microbial biomass during 

September and October. These minima occur simultaneously 

in three distinct profiles over a year's period of time 

and indicated that this phenomenon is neither transitory 

in nature nor limited in its extent of occurrence. 

The rhizosphere effect, i.e., increase in biomass 

and microbial activity from bulk soil to root surface, v/as 

shown to be a valid occurrence. Measurements of changes 

in the energy charge of soil have also confirmed the ex

istence of the rhizosphere effect. 



APPENDIX A 

ADENOSINE TRIPHOSPHATE, 

BIOMASS, PERCENT WATER, pH, AND 

NITRATE CONCENTRATIONS IN BARREN SONOITA 

SANDY LOAM PROFILES 
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Table 12. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 36 C. July 7, 1970. 

Replication number 1 
Depth ATP,pg/g Biomass,jig/g Water content Nitrate 
(cm) soil dry wt soil dry wt dry wt basis ($) gH (ppm) 

0 5.12 15•5 nda nd nd 
5 5.12 15.5 
10 5.12 15.5 
20 4.99 15.1 
25 4.09 12.4 
30 3.44 10.4 
40 1.14 3.43 
50 0.343 2.54 
60 0.130 0.545 
71 0.030 0.090 
31 0.233 0.721 
91 0.157 0.475 
110 0.032 0.096 

a nd - Samples taken on this date v/ere not analyzed for these quantities. 



Table 13* Adenosine triphosphate, biomass, percent water, pK and nitrate in barren 
Sonoita sandy loam, surface temperature 39°C. October 10, 1970. 

Replication number 1 
Depth 
(cm) 

ATP,)ig/g 
soil dry wt 

Biomass, jig/g 
soil dry wt 

Water content 
dry wt basis ($) PH 

Nitrate 
(ppm) 

0 0.262 0.793 0.32 6.4 63.3 
5 0.203 0.615 1.64 6.3 71.2 
10 0.061 0.134 3.30 6.2 30.0 
20 0.029 0.087 3.30 nda 90.0 
30 0.03& 0.115 3.30 6.0 120.0 
40 0.034 0.254 2.30 6.0 96.2 
50 0.027 0.031 2.40 6.1 63.3 
60 0.003 0.009 2.30 6.3 76.2 
71 0.069 0.209 1.30 nd nd 
76 0.032 0.096 2.60 3.2 nd 
81 0.013 0.054 2.60 3.4 6.3 
36 0.006 0.013 1.90 3.6 3.0 
91 0.003 0.009 2.00 3.3 3.2 
96 0.003 0.009 2.50 3.0 91.0 
110 0.019 0.057 2.60 3.5 96.1 

a nd - hot determined 

09. 



Table 14* Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 20°C. February 26, 1971. 

Replication number 1 
Depth 
(cm) 

ATP,)ig/g 
soil dry vrt 

Biomass,pg/g Water content 
soil drv vrt dry vrt basis (#) pH 

Nitrate 
(ppm) 

0 5.29 16.0 3.13 nda 16.5 
2 2.83 8.59 5.56 nd 53.0 
5 2*84 8.61 5.91 nd 29.5 

10 2.35 7.12 4.23 nd nd 
20 1.08 3.30 3.09 nd 60.0 
25 1.09 3.32 3.88 nd 40.0 
35 0.323 0.978 3.01 nd nd 
45 • 0.467 1.41 2.34 nd nd 
50 0.815 2.46 1.90 nd 21.0 
66 0.526 1.59 2.32 nd 56.0 
76 0.043 0.130 1.96 nd 34.0 
86 0.025 0.075 2.04 nd 26.0 
91 0.245 0.742 2.27 nd 32.0 
96 0.191 0.578 1.78 nd 44.0 

110 0.168 0.509 1.96 nd 75.0 

a nd - not determined 

00-
v*> 



Table 15- Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 25°C. March 19, 1971. 

Replication number 1 
Depth ATP^g/g Biomass, jig/g Water content Nitrate 
(cm) soil dry wt soil dry wt dry wt basis ($) pH (ppm) 

0 1.44 4.39 0.68 7'1 nd 
46.2 

5 1.80 5.46 3.2 8 
7'1 nd nd 

10 1.47 4.26 4.60 nd nd 
15 1.92 5.82 5.81 nd nd 
20 1.93 5.87 6.71 nd 10.0 
25 2.00 6.06 7.04 7.7 3.7 
30 1.58 4.80 5.15 7.0 41.2 
40 0.531 1.60 3.31 nd nd 
50 0.388 1.17 2.96 7.4 52.5 
60 0.385 1.16 2.33 nd nd 
71 0.122 0.369 2.03 nd nd 
76 0.305 0.924 2.57 8.0 47.5 
91 1.14 3.47 1.51 nd 49.0 
96 0.034 0.103 1.67 nd nd 
106 0.034 0.103 1.19 7.4 53.7 
116 0.184 0.557 1.28 8.2 37.5 
137 0.589 1.78 1.10 nd nd 
167 0.025 0.075 1.01 nd nd 

a nd - not determined 

05-
-F-



Table 16. Adenosine triphosphate, biomass, percent water, pH, and nitrate in barren 
Sonoita sandy loam, surface temperature 30°C. May 29, 1971. 

Replication number 1 
Depth 
(cm) 

ATP,jlg/g 
soil dry wt 

Biomass, }IG/G 
soil dry wt 

Water content 
dry vjt basis (%) PH 

Nxtrate 
(ppm) 

0 2.14 6.50 1.35 nda 73.1 
5 0.121 0.366 0.11 nd nd 

10 1.27 3.35 1.29 nd 63.7 
15 2.04 6.19 2.19 nd nd 
20 2.23 6.92 2.62 nd 31.2 
25 2.32 7.04 2.93 • nd nd 
35 0.913 2.76 3.16 nd nd 
45 1.34 4.03 2.55 nd nd 
50 0.995 3.01 2.45 nd 31.2 
66 0.644 1.95 2.56 nd nd 
76 0.467 1.41 2.21 nd nd 
31 0.790 2.39 2.45 nd nd 
36 0.3̂ 0 1.15 2.37 nd 34.3 
91 0.403 1.25 2.22 nd 30.0 
96 0.319 0.966 1.52 nd 23.1 
100 0.195 0.590 1.39 nd nd 
106 0.407 1.23 1.94 nd 56.2 

a nd - not determined 

05-
VJ7 



Table 17. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 23°C. July 19, 1971. 

Replication number 1 
Depth ATP,pg/g 3iomass,}ig/g Water content Nitrate 
(cm) soil dry wt soil dry wt dry wt basis ($) PH (dtoi) 

0 2.09 6.36 2.94 7.2 60.0 
10 2.30 6.97 0.54 7.1 62.5 
20 2.07 6.23 1.71 7.1 41.2 
30 1.55 4.72 1.39 7.1 33.7 
40 1.00 3.05 2.23 7.2 36.2 
50 0.433 1.32 2.35 7.1 23.5 
60 0.664 2.01 3.05 7.5 33.7 
71 0.494 1.49 2.23 7.2 43.7 
36 1.11 3.33 2.09 7.9 37.5 
91 0.931 2.32 2.13 7.7 43.7 

Replication number 2 

0 2.06 4.74 1.64 nda 66.2 
10 2.13 4.21 1.22 nd 60.0 
20 1.33 2.66 1.22 nd nd 
30 0.735 2.27 2.33 nd nd 
50 0.733 1.56 1.45 nd nd 
60 0.617 1.43 1.77 nd nd 
90 0.615 1.29 1.43 nd nd 

a>. 
ON 



Table 17. (continued) 

Replication number 3 
Depth 
(cm) 

ATP,yig/g 
soil dry wt 

Biomass,jig/g 
soil dry wt 

Water content 
dry wt basis (fo) dH 

Nitrate 
(ppm) 

0 1.56 4.S3 2.56 nd 60.0 
10 2.33 6.05 1.98 nd nd 
30 1.39 3.27 1.89 nd 41.2 
40 1.04 2.93 2.23 nd 36.2 
50 0.657 1.73 2.04 nd nd 
60 0.65^ 1.79 2.13 nd 38.7 
71 0.367 0.99S 2.13 nd nd 
86 0.763 0.759 2.32 nd 37.5 
91 0.263 0.732 2.42 nd nd 

a nd - not determined 



Table 13. Adenosine triphosphate, biomass, percent water, pH, and nitrate in barren 
Sonoita sandy loam, surface temperature 27°C. August 9» 197-1. 

Replication number 1 
Depth 
(cm) 

ATP,jig/g 
soil dry wt 

Biomass,)ig/g 
soil dry wt 

Water content 
dry wt basis ($) PH 

Nitrate 
(ppm) 

0 2.10 6.33 • 3.10 7.5 73.7 
10 2.34 7.09 2.24 7.3 33.7 
20 1.39 4.21 2.63 7.7 30.0 
30 0.793 2.40 2.43 7.7 76.2 
40 o.soo 2.42 3.25 3.1 62.5 
50 0.441 1.33 2.20 3.7 105.0 
60 0.34& 1.05 1.67 3.3 100.0 
71 0.027 0.031 1.50 3.6 33.7 
Si 0.433 1.47 1.73 9.3 33.7 
91 0.144 0.436 1.19 3.9 105.0 

Replication number 2 

0 0.473 1.69 3.12 7.5 105.0 
10 0.471 1.53 2.33 7.3 33.7 
20 0.471 1.53 2.76 7.7 33.7 
30 0.314 1.03 2.79 7.7 100.0 
40 0.374 1.34 3.13 3.1 105.0 
50 0.132 0.394 2.44 3.7 62.5 
60 0.417 1.17 2.24 3.3 76.2 
71 0.016 0.045 2.29 3.6 30.0 
31 0.013 0.037 1.42 9.3 33.7 
91 0.036 0.149 0.59 3.9 73.7 

03-
03. 



Table 18. (continued) 

Replication number 3 
Depth ATP ,)ig/ g Biomass,jig/g Water content Kitrate 
(cm) soil dry vjt soil dry wt dry wt basis ($) PH (opm) 

20 1.56 4.37 2.21 8.0 62.5 
30 0.518 1.14 1.55 7.8 80,0 
40 0.992 3.13 2.63 7.9 68.7 
50 0.296 0.875 2.40 7.5 105.0 
60 0.196 0.557 2.27 8.6 88.7 
71 0.118 0.283 1.83 8.8 96.2 
31 0.443 1.09 1.83 9.0 110.0 
91 0.291 0.544 1.15 8.4 110.0 

ca 
vO 



Table 19• Adenosine triphosphate, biomass, percent water, pH, and nitrate in barren 
Sonoita sandy loam, surface temperature 31°C. August 23, 1971. 

Replication number 1 
Depth ATP, jig/ g Biomass, Jig/g Water content Nitrate 
(cm) soil dry wt soil dry wt dry vrt basis (tfo) t>H (ppm) 

0 1.66 5.03 3.45 7.6 45.0 
5 1.86 5.65 3.51 8.0 3o.2 

10 1.84 5.57 3.08 7.6 35.0 
20 1.36 5.66 3.64 7.8 30.0 
30 1.36 5.51 2.31 8.6 32.5 
40 1.82 5.51 2.81 8.6 32.5 
50 0.733 2.21 2.35 3.2 17.5 
60 0.374 2.64 2.74 8.3 23.7 
71 0.612 1.88 3.02 8.2 27.0 
81 0.436 1.32 2.56 3.7 38.7 
91 0.309 0.936 2.35 8.2 27.0 
96 0.218 0.660 2.14 3.6 28.7 

vO 
o 



Table 20. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 34 C. September 10,. 1971. 

Replication number 1 
Depth ATP,)ig/g Biomass, }ig/g Water content Nitrate 
(cm) soil dry wt soil dry wt dry wt basis ($) PH (ppm) 

0 1.20 3.65 0.11 7.7 53.1 
15 1.39 4.22 nda 3.1 50.0 
20 1.16 3.53 1.30 7.3 46.3 
25 1.13 3.43 nd 7.9 43.7 
30 1.25 3.SO nd 7.0 43.7 
35 0.171 0.513 nd 3.4 56.2 
45 0.430 1.30 nd 3.5 5o.2 
50 0.299 0.906 2.10 3.9 75.0 
66 0.065 0.196 nd 3.3 37.5 
76 0.169 0.512 nd 3.9 190.6 
3l 0.024 0.254 nd 3.9 59.3 
36 0.112 0.339 nd 3.9 73.1 
91 0.043 0.130 1.53 3.9 43.7 
96 0.329 0.996 11.40 9.5 50.0 

a nd - not determined 

vO 
h1 



Table 21. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy*loam, surface temperature 23°C. September 24,. 1971. 

Replication number 1 
Depth 
(cm) 

ATP, )ig/g 
soil dry wt 

Biomass, jig/g 
soil dry wt 

Water content 
dry wt basis ($>) pH 

Nitrate 
(ppm) 

0 0.500 1.30 1.05 7.4 59.3 
5 0.419 1.26 1.24 7.1 34.3 

10 0.751 2.27 1.53 7.1 63.7 
15 0.360 1.09 2.53 7.1 50.0 
20 0.154 0.466 3.72 7.5 65.6 
25 0.346 1.04 3.61 7.2 63.7 
35 0.306 0.927 3.27 7.4 53.1 
45 0.346 1.04 2.39 7.4 56.2 
50 0.025 0.075 2.71 7.2 50.0 
60 0.133 0.554 2.33 3.3 46.3 
76 0.013 0.054 2.76 3.5 46.3 
31 0.108 0.327 2.55 7.3 46.3 
36 0.012 0.036 2.97 nda 43.7 
91 0.026 0.073 2.41 3.2 31.2 
96 0.041 0.124 2.63 3.2 62.5 

a nd - not determined 



Table 22. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 19°C. October 3, 1971. 

Replication number 1 
Depth 
(cm) 

ATP,jig/g 
soil dry wt 

Biomass, pg/g 
soil dry wt 

'water content 
dry wt basis ($) PH 

Nitrate 
(ppm) 

0 1.36 4.13 4.62 7.6 12.5 
5 1.13 3.59 4.21 7.3 12.5 

10 0.932 2.97 4.49 7.3 120.0 
15 1.36 4.13 5.05 7.4 16.3 
20 0.133 0.413 4.01 7.6 3.7 
25 0.631 2.06 2.77 7.4 7.5 
35 0.125 0.373 2.77 9.0 16.2 
45 0.577 1.74 2.63 7.6 3.7 
50 0.230 0.343 2.39 3.3 3.7 
60 0.257 0.773 2.32 3.2 3.7 
76 1.01 3.06 2.36 7.3 10.0 
31 0.361 1.09 2.95 3.5 10.0 
36 0.123 0.337 2.31 3.4 13.7 
91 0.034 0.254 7.65 3.0 i 15.0 
96 0.091 0.275 1.31 3.3 ; 20.0 

vO 



Table 23. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Sonoita sandy loam, surface temperature 9°C. November 1$, 1971• 

Replication number 1 
Depth 
(cm) 

ATP,)ig/g 
soil dry wt 

Biomass,pg/g 
soil dry wt 

Water content 
dry wt basis ($) pH 

Nitrate 
(PPRI) 

0 1.34 4.07 8.01 7.9 120.0 
10 1.50 4.55 nda 8.6 52.5 
20 1.29 3.95 3.50 8.6 42.5 
30 0.684 2.07 nd 8.3 68.7 
40 0.256 0.775 2.85 3.3 66.2 
50 0.105 0.318 2.53 8.3 60.0 
60 1.02 3.09 nd 8.3 45.0 
71 0.043 0.130 3.88 7.9 47.5 
Si 0.061 0.184 nd 7.8 50.0 
91 0.030 0.110 3.00 8.3 46.2 

a nd - not determined 
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Table 24# Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Rillito loam, surface temperature 36 C. July 16, 1971. 

Hole number 1 
Depth 
(cm) 

ATP,}ig/g 
soil dry wt 

Biomass ,jig/g 
soil dry wt 

Water content 
dry v/t basis ($) pH 

Nitrate 
(ppm) 

0 2,12 6.44 4.11 9.0 42.5 
5 2.92 3.37 13.53 3.5 23.7 

10 2.33 7.23 10.39 3.3 60.0 
15 1.30 3.94 6.91 3.9 31.2 
20 0.206 0.624 7.07 9.1 30.0 
25 0.202 0.612 5.03 9.2 26.2 
30 0.135 0.560 7.94 9.1 35.0 
35 0.130 0.545 4.31 9.2 20.0 
40 0.216 0.651 5.92 9.2 nd 
45 0.305 0.924 5.33 9.1 23.7 
50 0.250 0.757 3.22 nda nd 

Hole number 2 

0 2.11 6.40 3.54 9.0 53.7 
5 2.42 7.36 12.43 3.6 50.0 

10 2.36 7.25 9.20 9.0 120.0 
15 0.052 0.157 4.12 9.1 33.7 
20 0.527 1.59 3.27 9.1 32.5 
25 0.417 0.263 3.17 nd 26.2 

a nd - not determined 

vO 



Table 25* Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Rillito loam, surface temperature 31°C. July 30, 1971. 

Hole number 1 
Depth 
(cm) 

ATP, jig/g 
soil dry wt 

Biomass, )ig/g 
soil dry wt 

Water content 
dry wt basis (#) PH 

Nitrate 
(ppm) 

0 0.409 1.23 4.46 a.6 34.3 
5 0.033 0.100 a.3a a.3 34.3 

10 0.364 1.16 12.43 a.i 50.0 
15 0.254 0.769 11.59 a.7 50.0 
20 0.175 0.530 11.14 a.a 46.a 
25 0.02a 0.084 9.6a a.5 46.a 
27 0.037 0.04^ a.9a a.5 37.5 
30 0.016 0.265 9.46 a.9 37.5 
33 0.516 1.56 7.29 9.3 37.5 
35 0.047 0.142 6.94 a.9 37.5 

Hole number 2 

0 0.562 1.70 a.76 a.o 53.1 
10 0.356 1.07 12.05 a.30 46.a 
25 0.169 0.512 a.69 a.a 75.0 
30 0.127 0.334 a.21 a . 5  43.7 
35 0.119 0.360 5.90 a.a 7a.1 
40 0.023 0.069 5.39 a.35 75.0 

vO 
-0 



Table 26. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Rillito loam, surface temperature 30°C. September 17, 1971. " 

Hole number 1 
Depth 
(cm) 

ATP,jig/g 
soil dry wt 

Biomass,jig/g 
soil dry wt 

V/ater content 
dry wt basis {%) PH 

Nitrate 
(npm) 

0 0.072 0.218 1.16 8.6 50.0 
10 0.141 0.427 4.74 8.8 103.1 
15 0.182 0.551 1.10 8.8 106.2 
20 0.076 0.230 4.65 8.7 125.0 
25 0.053 0.160 4.29 8.5 28.1 
30 0.040 0.121 4.55 8.7 100.0 
35 0.033 0.100 3.34 8.6 71.8 
40 0.017 0.051 3.43 8.7 112.5 
45 0.072 0.218 3.57 8.7 81.2 
50 0.017 0.051 4.26 8.7 50.0 
55 0.012 0.036 4.53 8.4 112.5 
60 0.052 0.157 3.75 8.1 221.8 
66 0.012 0.036 4.37 8.7 87.5 

vO 
CD. 



Table 27. Adenosine triphosphate, biomass, percent water, pH and nitrate in barren 
Rillito loam, surface temperature 11°C. October 20, 1971# 

Hole number 1 
Depth 
(cm) 

•ATP,jig/g 
soil dry wt 

Biomass,)ig/g 
soil dry wt 

V.'ater content 
dry wt basis ($£) PH 

Nitrate 
(ppai) 

0 0.633 1.93 7.66 7.4 134.3 
5 0.56a 1.72 7.59 7.7 118.7 

10 0.275 0.333 14.51 7.2 184.3 
15 0.236 0.715 15.04 7.3 143.7 
20 0.217 0.657 10.86 7.4 165.6 
25 0.166 0.503 9.59 7.4 212.5 
30 0.101 0.306 3.42 nda 170.0 

Hole number 2 

0 0.571 1.73 10.78 7.;. 240.6 
5 0.551 1.79 9.29 7.4 221. S 

10 0.604 1.83 6.91 7.4 178.1 
15 O.615 1.86 7.53 7.6 171.8 
20 0.451 1.36 15.62 7.9 125.0 
25 0.533 1.61 13.36 7.9 192.5 
30 0.423 1.28 10.83 nd 106.2 

and - not determined 

\o 
vO 



APPENDIX C 

ADENOSINE TRIPHOSPHATE, 

BIOMASS, PERCENT WATER, pH, AND 

NITRATE CONCENTRATIONS IN GRASS-COVERED 

SONOITA SANDY LOAM PROFILES 

100 



Table 28. Adenosine triphosphate, biomass, percent v;ater, pH and nitrate in grass-
covered Sonoita sandy loam, surface temperature 39°C. July 3» 1970. 

Depth 
(cm) 

ATP,pg/g 
soil dry wt 

Biomass,)ig/g 
soil dry wt 

V/ater content 
dry wt basis ($) PH 

Nitrate 
(ppm) 

0 2.91 8.8 3 nda 8.2 93.7 
5 2.87 8.72 nd nd nd 

10 2.90 8.80 nd nd nd 
15 2.91 8.83 nd nd nd 
20 2.90 8.80 nd 8.0 46.8 
25 2.67 8.10 nd nd nd 
30 2.63 7.99 nd nd 50.0 
40 2.31 7.00 nd 7.6 59.3 
45 1.43 4.33 nd nd nd 
55 0.474 1.43 nd nd nd 
66 1.41 4.29 nd nd nd 
76 1.11 3.38 nd nd 40.0 
86 0.690 2.09 nd nd nd 
96 1.19 3.61 nd 8.9 37.5 
106 2.91 8.83 nd 8.3 nd 

a nd - not determined 



Table 29# Adenosine triphosphate, biomass, percent v/ater, pH and nitrate in grass-
covered Sonoita sandy loam, surface temperature 39 C. August 14, 1970# 

Depth 
(cm) 

ATP,)ig/g 
soil dry vrt 

Biomass ,}ig/g 
soil dry vrt 

Water content 
dry wt basis (#) PH 

Nitrate 
(ppm) 

0 0.543 1.66 0.57 7.7 134.3 
5 0.937 2.99 nda 7-9 171.3 
20 1.40 4.25 3.60 3.0 231.2 
30 1.11 3.33 4.00 3.5 221.3 
50 0.904 2.74 4*34 nd nd 
60 0.354 2.53 nd 3.5 nd 
76 0.357 1.03 4.30 3.7 173.2 
101 0.269 0.315 4.70 9.1 231.2 

a nd - not determined 



Table 30. Adenosine triphosphate, biomass, percent water, pH and nitrate in grass-
covered Sonoita sandy loam, surface temperature 30°C. September 3, 1970. 

Depth 
(cm) 

ATP, jig/g 
soil dry wt 

Biomass,ng/g 
soil dry wt 

Water content 
dry wt basis {$>) pH 

Nitrate 
(ppm) 

0 0.054 0.164 0.53 7.3 134.3 
10 0.074 0.226 nda nd nd 
20 1.24 3.77 2.15 nd 93.5 
30 0.226 0.637 2.50 nd 60.0 
40 1.09 3.32 nd nd nd 
45 0.623 1.90 2.36 nd nd 
55 0.503 1.52 nd nd nd 
65 0.237 0.376 nd nd nd 
76 0.072 0.213 3.50 nd 7.50 
91 0.449 1.36 hd nd nd 
101 0.056 0.176 4.94 nd nd 
106 0.017 0.052 nd nd nd 
111 0.076 0.231 nd nd 60.0 
116 0.054 0.164 nd nd nd 
121 0.032 0.251 nd nd 54.5 
127 0.237 0.720 nd nd nd 

a nd - not determined 

o 
VuJ 



Table 31* Adenosine triphosphate, biomass, percent water, pH and nitrate in grass-
covered Sonoita sandy loam, surface temperature 17 C. December 12, 1970. 

Depth 
(cm) 

ATP,pg/g 
soil dry wt 

Biomass,pg/g 
soil dry wt 

V/ater content 
dry vrt basis ($) dH 

Kitrate 
(pom) 

0 0.374 1.13 0.71 6.5 62.5 
5 0.072 0.21S 1.33 6.20 50.0 

10 0.639 1.93 1.77 6.3 62.5 
15 2.19 6.65 2.53 nda nd 
20 0.412 1.24 3.00 6.3 40.0 
30 0.209 0.633 3.42 6.9 97.5 
40 0.280 0.3^3 3.25 7.7 45.0 
50 0.102 0.309 2.24 7.3 47.5 
66 0.653 1.97 3.94 7.31 56.2 
76 0.209 0.633 3.45 7.4 33.0 
Si 0.266 0.906 3.53 nd nd 
36 0.065 0.196 3.53 7.0 56.2 
91 0.065 0.196 4.00 nd nd 
96 0.029 0.037 4.00 nd nd 
101 0.065 0.196 4.00 nd nd 

a nd - not determined 

H 
O 
•£-



APPENDIX D 

PROFILE DESCRIPTION 

SONOITA SANDY LOAM AND RILLITO LOAM 
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Sonoita Sandy Loam 

A1 0-12cm. - Brown (7-5YR 5/4) sandy loam, brown (7.5YR 4/4) 

moist; weak thick platy to weak fine subangular 

blocky structure; hard when dry, very friable when 

moist, non-sticky and nonplastic when wet; common 

fine and medium roots, many fine interstitial pores; 

neutral (pH 6,ov), abrupt v/avy boundary. 

Bit 12-45cm.- Reddish brown (5YR 4/4) sandy loam; weak 

medium and fine subangular blocky structure; slightly 

hard when dry, friable when moist, slightly.sticky 

when wet; common fine and medium roots; many fine 

interstitial and fev; tubular pores; few thin clay 

films on sand grains and in tubular pores; few fine 

pebbles; neutral (pH 6.£), clear wavy boundary. 

B22t 45-71cm«- Reddish brown (7.5YR 4/4) heavy sandy loam; 

dark reddish brown (7.5YR 3/4) moist; weak medium 

and fine subangular blocky structure; slightly hard 

when dry, friable when moist, sticky and plastic 

when wet; common fine and medium roots, few tubular 

and common fine and medium interstitial pores; 

common thin clay films on ped faces and in tubular 

pores; few fine pebbles; mildly alkaline (pH 7»5)* 

clear wavy boundary. 
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B3tca 71-HOcm. - Light brown (7.5YR 6/4) light sandy clay 

loam; weak fine subangular blocky structure; slightly 

hard when dry, friable when moist, slightly sticky 

and plastic when wet; few medium and fine roots; 

common fine interstitial pores; very few clay films 

on ped faces; few fine pebbles; strongly efferves

cent, common fine soft lime segregations; mildly 

alkaline (pH 7.3)* 
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Rillito Loam 

A1 0-lcm. - Light yellowish brov/n (10YR 6/4), gravelly, 

sandy loam, brown (10YR 4/3), moist; weak medium 

platy structure; slightly hard, very friable; very 

few roots, strongly effervescent; moderately alkaline 

(pH 6.0), abrupt smooth boundary. ( 1 to 5 cm. thick) 

CI 1-15 cm. - Light brown (7.5YR 6/4), gravelly sandy loam, 

brown (7.5YR 4/4) moist; weak fine and medium 

angular structure; slightly hard. Friable, very 

few roots; strongly effervescent, moderately alka

line (pH 3.2), abrupt smooth boundary. (7 to 20 cm. 

thick)• 

C2ca 15-35 cm. - Pink (7.5YR 6/4), gravelly loam, light 

brown (7.5YR 6/4), moist; massive; hard; friable; 

slightly sticky, slightly plastic. Few roots; 

violently effervescent; many fine and medium wide 

(10YR 6/2) nodules of lime; moderately alkaline 

(pH 6.4), clear smooth boundary. (12 to 35 cm»thick). 

C3ca 35-60 cm. - White (10YR 6/2), weakly lime cemented 

gravelly sandy loam, very pale brown (10YR 7/3), 

moist, massive; very hard, very firm, slightly 

sticky, slightly plastic; violently effervescent, 

moderatly alkaline (pH 6.4), gradual wavy boundary. 

(25 to 60 cm. thick). 
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C4 60-113 cm. - Pinkish gray (7.5YR 7/2) loamy, sandy brown 

(10YR 5/3) > moist; massive, slightly hard, friable, 

20 percent pebbles; strongly effervescent, moderately 

alkaline (pH 3.4) • 



APPENDIX E 

ORGANIC CARBON, pH, 

SOLUBLE SALTS, NITRATE, PHOSPHATE, AND 

KJELDAHL NITROGEN OF GRASS-COVERED 

BARREN SONOITA SANDY LOAM 
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Table 32. Soil analyses of barren Sonoita sandy loam vdth 
depth for organic carbon, pH, soluble salts, 
ppm N0^» ppm POand kjeldahl N. 

Depth 
(cm) 

Organic 
carbon 
(*) 

PH Soluble 
salts 
(ppm) 

1^03 
ppm 

PO5 
ppm w 

0 1.41 7.5 230 9.0 10.9 0.020 
5 0.42 7.4 204 14.0 12.2 0.016 

10 0.65 7.4 329 7.0 10.9 0.013 
15 0.51 7.3 245 17.0 10.9 0.013 
20 0.33 7.3 263 21.0 9.6 0.016 
25 0.53 7.2 163 27.0 3.0 0.014 
30 0.59 7.2 230 55.0 3.5 0.016 
35 0.50 7.4 319 43.0 5.0 0.019 
40 0.63 7.7 237 71.0 1.9 0.019 
50 1.04 7.3 249 93.0 0.3 0.034 
61 0.33 7.9 277 3.0 3.7 0.019 
71 0.33 7.9 294 7.0 2.5 0.020 
31 0.70 7.9 294 3.5 1.5 0.021 
91 0.74 7.9 273 4.5 0.9 0.019 
100 0.71 3.0 266 5.0 3.6 0.013 
110 1.14 3.0 266 4.0 1.6 0.015 
120 1.35 3.1 213 6.5 1.1 0.015 
130 0.50 3.1 221 6.0 2.5 0,014 
140 0.21 3.1 210 5.0 1.4 0.010 
150 0.67 3.0 245 9.0 2.5 0.013 
160 0.63 3.1 293 5.0 4.9 0.009 
170 0.35 3.1 320 11.5 5.3 0.001 
ISO 0.68 3.1 315 22.5 5.5 0.010 
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Table 33. Soil analyses of grass-covered Sonoita sandy loam 
vath depth for organic carbon, pH, soluble salts, 
ppm NO^j, ppm PO]T, and kjeldahl N. 

Depth 
(cm) 

Organic 
carbon 
(#) 

pH Soluble 
salts 
(ppm) 

NO3 
ppm 

PO4 
ppm 

N 
' w 

0 0.40 7.3 266 7.0 10.9 0.013 
10 0.44 3.1 329 9.0 4.7 0.023 
20 0.67 7.3 303 6.5 5.0 0.024 
30 0.30 7.3 303 7.0 5.3 0.021 
40 0.42 7.9 350 6.5 2.9 0.023 
50 0.34 3.0 329 7.0 3.3 0.019 
61 0.52 3.1 259 9.0 6.3 0.015 
71 0.45 3.0 329 6,0 7.3 0.014 
31 0.43 3.1 301 3.0 3.0 0.014 
91 0.57 3.1 329 3.5 10.2 0.012 
100 0.30 3.0 443 14.0 9.9 0.006 
110 0.40 3.1 433 14.5 6.9 0.004 
120 0.37 3.1 525 22.5 13.3 0.009 
130 0.44 3.1 543 30.5 29.2 0.006 
140 0.43 3.2 665 43.0 26.3 0.012 
150 0.43 3.1 330 61.0 31.0 0.004 
160 0.43 7.9 2100 122.0 15.0 0.009 
170 0.35 3.1 1260 150.0 32.9 0.006 
ISO 0.47 3.1 1505 150.0 40.6 0.006 
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