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Abstract 

In |aboratory—grown cultures of a lake bacterium and 
three lake fungi, the concentration of cellular ATP was 
found to vary appreciably during the various stages of 
growth. 

Generally, the highest level of ATP was observed 
during" the lag and early log growth phases. Thereafter, the 
ATP concentration ra_pid_ly decreased and stabilized at a 
relatively constant level during the stationary phases of the 
growth cycle-

' 

"With respect to the use of the DuPont Biometer for ATP 
determinations, it was observed that after calibration and 
strict adherence to procejdure during analysis, relatively 
consistent results could be obtained ‘with both standard 
ATP solut_ions and test solutions. Of the various solvents 
examined for determining the stability of the standard 
ATP, boiling Tris—HC| buffer (0.02 M, pH 7.75) was 
found to be the bestzsolvent. This solvent also proved to be 
highly satisfactory for the extraction of ATP from bacterial 
and fungal cultures used in this investigation. 

The report also provides background information on 
the ATP biomass estimation tec_h_n_ique, general remarks 
on the technique, and an extensive bibliography of its use 
and application in diverse systems (Appendix A). 

Résumé 

On a observé que la concentration en ATP dans les 
cellules d’une bactérie et de trois champignons lacustres 
mis en culture en laboratoire variait de facon notable au 
cours des diverses étapes de la crois_san_ce. 

En général, les plus fortes concentrations ont été 
observées au cours de la phase de latence et au début de la 
phase de croissa_nce logarithmique. Elles ont par la suite 
rapidement diminué et se sont relativement stabiliséjes au 
cours des phases stationnaires du cycle de croissance. 

En ce qui concerne |'uti_|i,sation du biométre DuPont on 
a remarqué que, lors du dosage de l'ATP, |'analyse des 
solutions étalons d’ATP et des solutions a examiner 
donnait des résultats relativement cohérents, si |’on_ avait 
étalonhné I'app,arei| et si |’on appliquait strictement les 
méthodes recommandées. Parmi les divers solvants 
examines en viue de la détermination de la s”ta_bi|ité de la 
solution étaion, d’ATP, la solution tampon de Tris—HC| en 
ébullition (0.02 M, pH 7.75) s’est révéléje comme étant le 
meilleur. Ce dernier a aussi donné des résultats trés 
satisfaisants dans |'extraction de l'ATP des cultures de 
bactéries et de champignons utilisées dans la présente 
étude. 

Le rapport fourniten outre des renseignements de base 
sur la technique d'éva|uation de la teneur en ATP, des 
rema'rq'ues générales sur la technique, ai_nsi qu'un_e vaste 
bibliog raphie qui a trait a son uti_|isation et a son application 
dans divers systémes (annexe A).
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Introduction 

Adenosine triphosphate (ATP) assay for biomass 
estimation has been used extensively in various systems. 
As a result, a voluminous literatureis available on the ATP 
biomass technique (see Appendix A—Bib|iography). 
However, as pointed out by Cheer et a/. (1974), "there 
has been a paucity of comprehensive information 
published on the techniques required for routine ATP 
analysis," and a variety of problems have been encou_n— 
tered by several investigators. Although some im- 
provements and modifications have been made for routine 
ATP analysis, answers to some fundamental questions 
remain unresolved. For example, one area of confusion 
and controversy is that of ATP concentration during 
various stages of growth of an organism. There have been 
conflicting reports regarding the level of ATP pools in 
various microorganisms grown under variable cultural 
conditions and across their lag, log and stationary phases 
of growth when grown under similar conditions (Strange 
eta/. 1963;Co|eeta/. 1967; Forrest 1 965; Hamilton and 
Holm-Hansen 1967; D'Eustachio and Johnson 1968b; 
D'Eustachio and Levin 1967, 1968; Lee et al. 1971b; 
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Ausmus 1973; Chiu et a/. 1973; Kao et a/. 1973; 
Slayman 1973; Gadkari and Stolp 1975; and Johansson 
and Hagerby 1974). More critical studies of the method- 
ology involved are required before the ATP biomass 
estimation technique can be used on a routine basis both in 
natural and artificial (laboratory) environments. The 
present investigation was designed to provide answers to 
some of these basic questions. 

The main objectives of this study were: 

(i) To evaluate the stability and calibration of the 
DuPont Biometer, using standard solutions of ATP; 

(ii) To determine the stability of ATP standards in 

various extract_i_ng solvent systems; 
(iii)To examine the concentration of ATP during the 

various stages ofgrowth in bacteria and fungi; 
(iv)To furnish background information on the ATP 

biomass estimation technique; and 
(v) To prepare a comprehensive bibliography of the 

use and application of this technique.



Materials and Methods 

EQUIPMENT 

ATP analyses were made using the DuPont 760 
Luminescence Biometer (E.l. DuPont De Nemours & Co., 
lnc., Wilmington, Delaware 19898). The biometer 
po'sse'sse‘s a fixed wavelength, from 350 nm (near- 
u_lt_raviolet) to 600 nm (visible light), and is specifically 
designed for the measurement of light emitted during 
bioluminescent or chemiluminescent reactions. Using the 
ATP firefly reaction, the biometer can assay directly for 
ATP, or for a substance that can be coupled to a reaction 
involving ATP. The inst_rume_nt can detect 10'” g ATP/ 
0.01 ml (10'8 mg ATP/ml) of injected sample using 
specially purified reagents. The biometer also has a_n 

automatic five—decade linear response capability which 
allows most samples to be measured direc'tly without any 
predilutions. The instrument's readout includes a direct 
digital display of either ATP or cell concentrations (Anon. 
1970; Allen 1973; Daly 1974-; Wise 1974). Unlike 
certain other ATP analyzers (e.g. the JRB Photometer), the 
DuPont Biometer measures only the peak height of a 

luminescent reaction rather than the amount of light 

emitted over a sustained tirne period. To use the 
instrument for ATP measurements, the luciferin-|ucifer— 
ase react_ion mix-ture is dispensed into a cuvette, which is 
then placed i_nto the biometer and rotated 180° to bring it 
under a |ight—tight injection port in the dark facing the 
photomultiplier tube.'Usin,g a 50- or 100-,il Hamilton 
syringe (adapted to a Shandon reprojector), a 10- or 20- 
pl aliquot of ATP or cellular extract containing ATP is 

injected into the reaction mixture. Upon mixing of the ATP 
with the luciferi_n—luciferase reaction mixture, a flash of 
light is emitted. The peak intensity of the light produced is 
directly proportional to the amount of ATP injected. The 
biometer is calibrated, with a standard solution of ATP, for 
each reaction mixture so that the concentration of ATP is 
read outdirectly (Anon. 1970; Allen 1 973; Daly 1 974). 

GLASSWARE 
The glassware was washed first with a hot soap 

solution and then with 10% (2 N) HCI, and finally rinsed 3 
or 4 times in fresh dou_ble glass—distil|ed deionized water. 
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WATER 

All buffers, ATP stock solutions and reaction mixtures 
were prepared using fresh double g|ass—disti|led deionized 
water (DGDDW). This water was found to be of excellent 
quality (comparable to the Low Response Water recom- 
mended by DuPont) and reagents prepared in it showed 
no ATP activity (Oureshi and Spry, unpublished results). 

BUFFERS 

(ii) 0.02 M Tris-HCI (pH 7.75): prepared using Tris 
(hydroxymethyl) methylamine crystals (BDH 
Chemicals Ltd.). 

(ii) 0.1 M NaHCO3 (pH 8.0): prepared using sodium 
bicarbonate crystals (BDH Chemicals-Ltd.). 

(iii) 0.0.1 M MOPS (pH 7.4): prepared using morpho- 
linopropane sulphonic acid powder (E.|. DuPont De 
Nemours 81 Co., |nc.). 

EXTRACTION SOLVENTS 

Tris-HCI and sodium bicarbonate buffers alone and in 
combination with 5% ethanol (V /V) were used to check 
the stability and recovery of standard ATP solutions in 
these solvents. Forthe extraction of ATP from bacterial and 
fungal cultures, onlyTris—HCl buffer was used-. 

ATP STAN DAR DS 

A standard ATP solution was prepared by dissolving 
119.3 mg of crystalline adenosine 5’-triphosphate- 
disodium salt (ATP-Naz-.3H2O, Sigma Chemical Co., St. 
Louis, M0.) in 100 ml of 0.01 M MOPS buffer (pH 7.4). 
This primary stock solution was seria|_ly di|_uted (with 
0.01 M MOPS buffer) to furnish ATP concentrations of 
100, 10, 1 and 0.1 pg ATP/ml. Aliquots of 1 ml of ATP 
standard solutions were dispensed in screw—cap vials and 
stored at -20°C until required for ATP assay.



LUCIFERIN-LUCIFERASE REACTION MIXTURE 

The DuPont Biometer reagent kit was used to prepare 
the reaction mixture. The ki_t inclu_des 20 buffer—salt 
tablets in a vial and 20 vials of lyophilized, purified and 
stabilized luciferin—luciferase powder. Each buffer—salt 
tablet (which contains 0.01 M, pH 7.4 MOPS buffer and 
0.01 MMgSO4) was dissolved in 3 ml fresh DGDDW a_nd 
was mixed gently with the entire contents of one vial of 
enzyme-substrate powder. It is important that the 
luciferin-luciferase powder be added to the buffer 
solution. Aliquots of 0.1 ml of the reaction mixture were 
dispensed, with t_he help of the DuPont automatic pipettor, 
into each reaction cuvette. The mixture was maintained at 
room temperature for 30 min to allow dissipation of 
inherent light before placing t_he cuvette in the biometerfor 
calibration and assay of ATP. 

CALIBRATION AND ASSAY PROCEDURES 
The procedures employed for checking the stability of 

the biometer, its calibration and normal operation, for ATP 
measurements are given i_n the DuPont Instruction Manual 
(Anon. 1970). 

PREPARATION OF BACTERIAL AND FUNGAL 
CULTURES FOR GROVVTH MEASUREMENTS AND 

ATP EXTRACTION 

The bacterial isolate (#2788) used in this investi- 
gation was previously isolated from Lake Ontario waters. 
The stock c'ultur'es of this isolate were maintained on 
nutrient agar (Oxoid). For growth measurements and 
ATP extraction, the bacterial cultures were initiated by 
transferring a 1-ml aliquot from a 24-hr nutrient broth 
culture into 500-ml Erlenmeyer flasks containing 200 ml 
of a balanced synthetic‘ liquid medium. The medium, 
which was sterilized by autoc|_aving at 1 15C for 10 min, 
contained K,H,2P‘O4, 0.165 g; K2HPO4, 0.265 g; FeC|3, 
0.005 g; MgSO4-7H2O, 0.05 g; proteose peptone #3 
(Oxoid), 2.5 g; yeast extract (Oxoid), 0.5 g; glucose, 
3.0 g per litre of distilled water. The cultures were 
incubated at 20C on a shaker at a speed of 100 rpm and 
were harvested at intervals for growth and ATP measure- 
ments. Bacterial growth was determined either by 
measuring turbidity in Klett units using a Photoelectric 
Colorimeter (K|ett—Summerson Co., Inc, N.Y.) or by 
conventional plate count technique using the same 
balanced medium modified by the addition of 1.5 % agar 
(Oxoid). 

Three fungi viz. Aspergillus niger (6-8), Trichoderma 
viride (14-7) and Penici///‘um sp. (4-8), previously 

isolated from Lake Ontario waters, were used in the 
present investigation. The stock cultures of these fungi 
were maintained on potato dextrose agar (Oxoid). To 
determine the growth patterns of these fungi, they were 
cultivated on the following three media * : 

(i) Synthetic Liquid Medium (Balanced) -SLM -1 

NH4NO3 — 2.0g 
KHZPOA _ 0.5g 
MgSO4-' 7H_2O — 0.2g 
Glucose -18.0 g 

Distilled water to 1 000 ml 

(ii) Synthetic Liquid Medium (C-limiting)-SLM-2 

NH4N03 —2.0g 
KHZPO4 —0.5g 
MgSO4- 7H20 —0.2g 
Glucose —4.5g 
Distilled water to 1000 ml 

(iii) Synthetic Liquid Medi,u,r_t_t (N -limiting) —SLM — 3 

NH4NO3 — 0.5g 
KHZPOA — 0.59 
MgS04- 7H2O — 0.2g 
Glucose -18.09 
Distilled water to 1000 ml 

For preliminary growth studies, cultures of these fungi 
were initiated by transferring a small agar block (from 
stock cultures) onto freshly prepa_red malt extract agar- 
MEA (Oxoid) plates which were incubated at 20C for 5 
days. Agar discs (approximately 5 mm) were cut with a 
sterile cork borer from the margin of 5—day—o|d colonies 
and were transferred to dilution bottles containing 50 ml 
of one of the three sterilized media. These were incubated 
at 20"C on a shaker at a speed of 100 rpm and were 
harvested at 2-day intervals for 18 days for the determi- 
nation of fungal growth. 

Fungal growth was measured by determining mycelial 
dry weight. At the end of each designated incubation 
period, cultures of each isolate were filtered usi_ng pre- 
weighed 47-mm, 0.45—p. membrane filters (Millipore 
HAWP 04700, Lot. No. 29891 -1). Prior to the filtration 
of the mycelial suspension, 30 ml of APHA (American 
Public Health Association) Standard Methods Buffer was 
passed through each membrane, which was then dried at 
60C for 24 hr and weighed (in a trial experiment, it was 
* All media were sterilized by autoclaving at 1 1 SC for 10 min.



observed that membranes treated in such_ a fashion 
showed little variation in weight compared to untreated 
and undried membrane filters). After concentrating the 
mycelial suspension, it was washed with about 15-20 ml 
APHA Standard Methods Buffer. The membranes con- 
taining the mycelial mat were placed in 50—mm glass petri 
plates and dried at 60C to constant dry weight. 

Fungi were grown on SLM-1 for determination of 
growth and AT_P concentration as described below. The 
5 —day cultures (on MEA) of each isolate were flooded with 
5-7 ml SLM-1 and a fungal suspension was prepared by 
scrubbing the surface of the colony with a sterile 
i_nocu|_ati,ng needle. One—m| aliquots of appropriately 
diluted fungal suspensjon_ were then transferred to dilution 
bottles containing 50 ml of SLM-1, which were then 
incubated at 20°C for 5 days on a shaker at a speed of 
100 rpm. These 5-day cultures served as the source of 
inoculum (1 ml/dilution bottle contiaining 50 ml SLM-1) 
for starting cultures used for ATP extraction and growth 
measurements, which were carried out after 1, 2, 4, 6, 8, 
9 and 14 days of incubation under conditions identical 
with those descri be:d above. 

ATP EXTRACTION PROCEDURE 

The method of ATP extraction, in general, was similar 
to the procedure described by several workers (Holm- 
Hansen and Booth 1966; Browne 1971; Sorokin and 
Kadota 1972; Holm-Hansen 1973a, 1973b). A few 

modifications were made, however, and the methodology 
used in this study is described below. 

Bacterial or fungal suspensions were filtered through 
Mil_lipore membrane filters (47 mm, 0.45 )1.) previously 
washed with 10 ml of ice—cold 0.02 M Tris—HC|_ buffer 
(pH 7.75). As soon as no liquid remained above the 
membrane, the filter was washed with 20 ml of ice—cold 
Tris—HCl. The filter was immediately removed and 
transferred to a 100-ml beaker and boiling Tris—HC| 
buffer (0.02 M, pH 7.75) was pipetted (10.0 or 12.0 ml 
and 10.0 or 20.0 ml for bacterial and fungal cultures, 
respectively) onto the filter. The beaker, sealed with 
aluminum foil, was placed in a'boi|ing water bath and was 
held, with occasional shaking, at 100°C for 6 min. The 
beaker was then quickly placed in an ice bath (0—4°C), and 
the filter was transferred to the wall of the beaker. With a 
Pasteur pipette, the extracting solvent (Tris) was directed 
(5-6 times) onto the filter surface. "The filter was inverted 
and the reverse side was treated in similar fashion. The 
filter was then pressed with a clean spatula to drain as 
much liquid as possible. For fungal cultures only, the 
cellular extract was transferred to clean pre—chi_|led 
ce_ntri_fuge tubes and was centrifuged to settle cell debris at 
3000 rpm for 10 min. 

Two; to three—ml aliquots of the supernatant were 
gently tra_nsferred to clean test tubes, which were then 
frozen and stored at -20°C until required for ATP analyses. 
The frozen samples were thawed in an ice bath for about 
30 min before being analyzed.



Results and iscussion 

EVALUATION OF THE ELECTRONIC STABILITY 
OF THE BIOMETER 

The instruction manual for the DuPont 760 Lumines- 
cence Biometer recommends that for proper functioning of 
the i_nst_rume,nt, the electronic stability should be checked 
daily. It is also suggested that, "should the coarse 
sensitivity dial setting vary more than 0.50 over a period of 
24 hr, electronic defects may be indicated." In a 
preliminary experiment, the electronic stability of the 
biometer was monitored twice a day (in the morning and 
the afternoon) for five consecutive days. After recording 
the coarse sensitivity dial setting, the instrument was 
calibrated by injecting 10 pl of a standard ATP solution 
(0.1 pg ATP/ml 0.01 M MOPS, pH 7.4) into a cuvette 
containing 100 pl of the reaction mixture. The inst_rument 
was calibrated in terms of femtograms per millilitre 

(10“5g ATP/ml) and the calibration was rechecked 
using thesame standard ATP. 

The results of this experiment are shown in Table 1. 
The data indicate that within a period of a few hours on the 
same day, the coarse sensitivity dial setting showed a 
variation of greater than 0.50. Over a period of 24 hr, 
however, the variation was less than 0.50 units. ltwas also 
observed that if the analysis of ATP samples could be 
completed within 1 hr (after allowing a 1-hr war,m—up 
time), the instrument drift was minimal; otherwise 
reproducible results could not be obtained with standard 
ATP solutions because of considerable instrument drift. A 
considerable variation was occasionally observed in the 
electronic stability of the ins't'ru’ment, but after careful 
calibration fairly consistent results could be obtained with 
standard ATP solutions (see Table 1, Section III), espe- 
cially if the operator developed and followed a particular 
routine fo_r analysis. 

ANALYSIS OF STANDARD ATP 
In the next experiment, the range of values for a 

standard ATP solution (0.1 pg/ml) was determined in 
order to obtain some additional information about the 
stability and reproducibility of the biometer. Aliquots of 
10 pl of standard ATP were mixed with 100 pl of the 
reaction mixture and assayed (20 times) on two consecu- 
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tive days. The values obtained are recorded in Table 2. 
The values ranged from 0.94x103to1.02x108 fg/ml(i.e. 
0.094-0.102 pg ATP/ml). The mean value was 
0.98x103 fg/ml (0.098 pg ATP/ml) with a standard 
deviation of 0.02. 

In a separate experiment, a standard curve for ATP was 
prepared by individually mixing 10 pl of a series of known 
ATP concentrations (0.025—1 .00 pg/ml) with 100 pl of 
enzyme-substrate mixture and determining the biometer 
readout. The biometer readings for different concentra- 
tions of st_and_ard ATP solutions are given in Table 3, and 
the ATP standard curve is shown in Figure 1. 

It is apparent from t_hese results, as also discussed 
above, that after proper calibration and careful operation of 
the biometer relatively constant and comparable results 
can be obtained by using standard ATP solutions. 

STABILITY AND RECOVERY OF ATP IN 
EXTRACTING SOLVENTS 

In a series of experiments, the stability and recovery of 
a standard ATP solution were examined in Tris—HC|, Tris- 
HCI + 5% ethanol (V/V), N_aHCO3 and NaHCO3 + 5% 
ethanol (V/V). Aliquots of 50 pl of a standard ATP 
solution (0.1 mg/ml 0.01 MMOPS, pH 7.4) were added 
to 5 ml of the solvent either previously heated to boiling 
point or held at O—4°C. All mixtures were prepared in 
screw-capped 1 2-ml cen_trifuge tubes to avoid evapora- 
tion. The mixture prepared with boiling solvent was heated 
at 100”C for 6 min and then transferred to an ice bath 
where it was held for 15 min. The ATP solutions added to 
i_ce—cold solvents were held at 0-4°C for 21 mi_n. All ATP 
solutions were kept frozen at —20”C until the time of 
analysis. 

The results of these experiments are given in Table 4. 
In general, the nucleoside triphosphate did not appear to 
degrade appreciably, upon heating, in all solvent systems. 
Compared to the standard ATP values (Table 2), the 
etha_nolic Tris—HC| and sodium bicarbonate systems 
yielded lower values. It is probable that ethanol inhibits the 
|uciferin—|uciferase reaction. Holmsen et a,/. (1966) have 
made similar observations and found that ethanol and



Table 1. Evaluation of the-Electronicistability of the DuPont Biometer over a 5-day Period. 

Day 1 Day .2 Day 3 Day 4 Day 5 

M A M A M A M A M A 

1. Electronic -Stability* 
Coarse sensitivity 5.85 5-.08 5.62 5.04 5.41 5.42 5.59 5.05 5.56 5.70 

II. Calibration 
Mean light response 1.74x»1i0" 1.86x‘l0° 1-.86x10“ 1.42x 10” 1.31x10“ 1.30x10‘ 1.54x10“ 1.33x110“ l.27x1A0‘ 1.34x10“ 

Lamp intensity 1.73xl’=0” 1.87x10‘ l.86x10“ 1.42x‘10" 1.32x10" 1.30x10° l.54x10° 1.34x1‘0“ .l.27x10‘ l.37x10‘
K 

Lamp intensity dial 
turns 7.75 7 7 7.75 7.75 7.75 7.75 7.75 7.5 7.75‘ 

Conversion factor 
(femtograms : 0.02) 1.00x10° 1.00xl0‘ l.00xl0“ l.00x10‘ 1.00x-10" 1'.00x10‘ 1.00x*l"0” 1.00x1'0“ l.00x10‘ 1.00x10° 

Coarse sensitivity 
dial reading 3.50 3.40 3.42 3.66 3.76 3.74 3.58 3.74 3.78' 3.71 

III. Analysis of a Standard 
ATP Solutionj after 
C“hb”m°“ 0.97xl0° 0.96x10" l.03x10‘ 1.00x10“ 0.89x10" 0.93x‘1*0° 0.98x10“ 0.98x10‘ 1.04x10“ 1.00x10“ 

1.02xl0“ 0.98xl0° 0.99x10" 0.97xl0“ 0.98x10" 1.00x‘1‘0“ 1.01‘x10" l.01x10“ 1.'0lxl0“ 0,98xlO“ 
0.95xl03 0.93x10‘ 1.01xl0‘ 0.98x10‘ 0.98xl0‘ 0.95x‘l0’ 0.98x1‘O“ 0.97x10‘ 0.98x10" 0.95x10‘ 
0.97xl10° 0;97x10” l.03x10‘ 0.98x10‘ 1;00x10‘ 0.93xl‘0‘ 0.99xlw0‘ l.00x10° l.‘0lx10° 0.9.8xl0° 

M = Morning;A = Afternoon. 
*ElectronicAstability was checked with the DuPont standard Radioactive Light Source (RLS). 
‘r0.l pg /ml 0.01 M MOPS, pH 7.4 = 1.00x10‘ femtograms/ml;injection volume 1’0u1.



Table 2. Analysis of avSta‘ndard ATP Solution‘ Using the DuPont Biometer. 

Sample Biometer Readingf Calculated ATP Sample Biometer Reading-‘r Calculated ATP 
No. (femtograms/ml)x1'0-“ (pg/ml) No. (femtograms/ml)xl0 ‘‘ (ltg/ml) 

1 0.98 0.098 .21 0.99 0.099 

2 0.98’ 0.098 22 0.96 0.096 

3 0.97 0.097 23 0.98 0.098 

4 0.95 0.095 24 0.99 0.099 

5 1.01 0.101 25 0.99 0.099 

6 0.99 0.099 26 0.95 0.095 

7 1.00 0.100 27 0.97 0.097 

8 0.95 0.095 28 0.96 -0.096 

9 0.98 0.098 29 0.98 0.098 

10 0.94 0.094 30 0.98 0.098 

11 0.97 0.097 31 0.98 0.098 

12 0.98 0.098 32 0.94 0.094 

13 0.96 0.096 33 0.99 0.099 

14 0.99 0.099 34 0.97 0.097 

15 0.99 0.099 35 0.98 
_ 

0.098 

16 1.01 0.101 36 1.02 0.102 

17 1.00 0.100 37 0.97 0.097 

18 1.02 0.l*02 38 0.99 0.099 

19 0.95 0.095 39 0.96 0.096 

20 0.99 0.099 40 0.99 0.099 

*0.1 pg/ml 0.01 M MOPS, pH 7.4 = 1.00x10‘ femtograms/ml; injection volume 10 /.41. 
1'The first twenty readings wereiobtained on the-first day and the last twenty on the following d8)’-



Table 3. Analysis of" Standard ATP Solutions Using the 
Du_Pont Biometer. 

Standard ATP Biometer Reading* 
(lug/ml) (femtograms/ml) Meian 

Calculatejd ATP 
(us/ml) 

2.53X107 
0.025 2.5lx10" 

2—.49x10" 
0.25xl0‘ 0.025 

4.47X107 
0.05 4.4.9x.l07 

4.49x10" 
0.45x10° 0.045’ 

O.98xl0" 
0.-10 1.01x10‘ 

0.98x10' 
0.99x10‘ 0.099 

1.98x10‘ 
0.20 1;.-97x10‘ 

2.01x10“ 
1.99x10‘ 0.199 

0.25 8x 1 0’ 
0.25 0.290x1_0° 

0.256xl0° 
0.27xl0’ 0.27 

0.49lx10° 
0.50 0.568x10° 

0.496x10° 
0._52x10’ 0.52 

0.870xl0° 
0,80 0.792x10’ 

0.732Xl0’ 
0.80x10° 0.80 

0.99x10’ 
1.00 O.84xl0° 

0.96x10° 
0.93xl0’ 0.93 

*Valucs obtained from three replicates of each ATP concentration. 
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Figure 1. Standard curve for ATP. 

some heat-labile substance in plasma extract inhibited 
light production. Furthermore, slightly better stability and 
recovery of ATP were obt_ained with boiling Tris—HC| when 
compared to boiling NaHCO3,. Therefore, on the basis of 
these results, boiling "Tris—HC| was chosen for the 
extraction of ATP from bacterial and fungal cultures. 

ATP ANALYSIS IN A PURE‘ BACTERIAL CULTURE 

in a preliminary experiment, the efficiency of ATP 
extraction from a pure bacterial culture was examined 
using increasing volumes of cell suspension of the same 
density. A 36-hr culture of isolate # 2788, grown in the 
balanced medium at 20"C, was used in this experiment. 
Aliquots of 1/100 dilution of the cell suspension were 
filtered and extracted for ATP as described. The cell 

density was estimated by standard plate count technique. 
The results of this experiment are summarized in Table 5. 

It is evident fromthe results that samples of increa_si_ng 
volumes of the same density gave proportionately 
increasing values for ATP in the extracts (Fig. 2). In other 
words, the amount of ATP extracted was linearly related to 
the concentration of bacterial cells present in the 
suspension filtered. The range in the number of cells 
filtered was from 2 5.5x105 to 8. 5x1 07, and the amount of 
ATP varied from 2.‘16xf‘l0" to 9.95x10“‘ pg’ ATP/ml 
extracting solvent. 

The calculated values of fig ATP/cell in the samples 
correlated very well with volume variations. These values 
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Figure 2. ATP concentration in sample volumes of a 1/l00 
diluted culture of a lake bacterium (#2788) grown in a 
synthetic liquid medium.



Table 4. Evaluation of thetstability and Recovery of a Standard ATP Solution* in Various Solvents. 
Biometer Readingf Calculated ATP 

(ug/ml) 
Samplet Solvent Heat 1 

_ 
2 Mean 

A] Nance, + 9.54x10‘ 9.56x10° 
9.55Xl08 0.955 

A, Na.HCO, ‘*‘ 9.56xl0‘ 9.54xl03 

A3 NaHC03 — 9.73X10‘ 9.65X108 
9.47x10‘ 0.947 

A. Nal-{C0, — 9.l0x10‘ 9.387110“ 

3, Nance, + Ethanol + 8.57x10° 8.34x10° 
8.13xl08 0.813 

B, NaHC03 + Ethanol + 7.49x10‘ 8.l2xl0’ 

B3 NaHCO, + Ethanol - 9.08Xl0B 8.6lxl0‘ 
8.65x10° 0.865 

B. Nal-{C0, + Ethanol — 8.50x10” 8.42x10‘ 

c, Tris-HC1 + 0.98xl0’ 0.9621109 
9.80xl0° 0.980 

C, Tris-HCI + 0.96Xl0° l.02x10’ 

C3 Tris-HC1 — 0.86xl0° l.00Xl0’ 
9.60xl0‘ 0.960 

C‘ Tris-HC1 — 0.98x109 0.99X10’ 

D, Tris-HCl +Ethanol + 0.9lx10° 0.90x10’ 
9.0V0x_10’ 0.900 

D, Tris-HCI +Ethanol + ~ 0.89x10° 0.92xl0° 

D, Tris-HCl +Ethanol — 0.92 X109 0.90x_10’ 
9.00xlO‘ 0.900 

D,, Tris—HC1 +Ethan_ol - 
I 

0.89x10’ 0,.91x10° 

*1 ug/ml 0.01 M MOPS, pH 7.4 = I.00x10° feintograms/ml;injection volume 10 ul. 
TTwo replicates of each sample were analyzed foreach treatment. 
:|:Femtogram/ml; each replicate wa_s analyzed twice. 

Table 5. Effect of Different Sample Volumes of the Same Der_1si_tyon ATP Recovery from a 36-hr Pu_re Culture of a Lake Bacterium. 

Sample 
Volume ug ATP/ml Number of 
of 1/100 Biometer Extracting 

I 

Cells pg 
Sample* Dilution Reading? Solvents‘: Filtered § ATP/Cell II 

A, 
" 

3 ml 
’ 

2.56xl0‘ 2.s6x10“ 
S 

25’.5x1o° 1.20x1o‘ ‘ ° 

A, 3 m1 2.16x105 2.16x10“‘ 25.5xl0‘ 1.l8x10' ‘ ° 

B, 5 ml 4.84x105 4.34x10“ 42.5xlO° 1.36x10— ' ° 

3, 5 ml 5.15x_1O5 5.15x1o“ 42,5x1o° 1.45x1o‘ ' ° 

c, 3 ml 7.81x105 7.81x1o“ 68.0xlO° 1,:33x1o' ' ° 

c, 8 ml 7.7v3x1o5 7.73x1o" 68.0xl0‘ 1.3sx1o‘ ‘ ° 

D, 10 ml 9.95x10_‘ 9.95x10"‘ s5.ox1o° 1.40x1o‘ ‘ ° 

D, 10 ml 9.-_5_2xl0‘ 9._52x1o“ 85.0xl0‘ 1.35x10‘ ‘ ° 

*Two replicates of each sample were analyzed. 
1-Femtogram/ml; mean values obtained from two measurements of each replicate. 

— 
_ _ 

biomete ' d‘ 
:tCalculated from: = pg ATP/ml extracting solvent. 
§ Estimated from viable plate count of 8.—5xl0‘ cells/ml of original culture (i.e. 8.5x10‘ cells/ml of 1/100 diluted culture). 

"Calculated from: pg ATP/ml extracting solvent x volumevof extracting solvent 
' number of cells filtered 

2.56x1o“’ x 12 =1.2x10"° ug ATP/cell 
25.5xl0° 

For example, for sample A, :



ranged from 1.18 to 1.45 x10"° p.g ATP/cell and 
compared favourably with the values reported by several 
other workers (Levin et al. 1 968; Lee et al. 1971c; Owen 
eta/. 1972). 

The level of endogenous ATP across various phases of 
growth of a lake bacterium was examined in the next series 
of experiments. The isolate (#2788) was grown in the 
same balanced medium as previously described and 
aliquots of bacterial suspension were harvestejd after 4, 
12, 17, 24, 30, 36 and 54 hr incubation for growth 
measurements and_ ATP extraction. The growth was 
measured by determining turbidity in Klett units. The 
relative concentration of ATP during various phases of 
growth was estimated from the total extractable ATP per 
Klett unit. The results of these experiments are given in 
Table 6 and are illustrated in Figure 3. 

The data indicate that the concentration of cellular ATP 
varied considerably as the culture_ of this bacterium 
proceeded through the lag, exponential (log) and 
stationary phases of growth. The cellular ATP pool was 
highest during the late lag and early log phases of growth. 
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Figure 3. Growth curve and ATP concentration in a pure culture 
of a lake bacterium (#2788) in a synthetic liquid 
medium. 

Thereafter, cellular ATP levels gradually declined during 
the late exponential growth phase and began to stabilize as 
the cells entered the stationary phase. During the 
stationary phase the cells of this bacterium contained 
relatively con_stant amounts of ATP. 

Table 6. ATP Concentration in a Lake Bacterium across Various Phases of Growth in a Balanced Synthetic Liquid Medium. 

§7:T1Fr§e 
V 

Incubation Turbidity Ferntograms ___?_________Femt-ogmms 
ATP/Klan Unit 

Samp1e* (ml) Dil1.'1tionT (hr) (Klett Units): ATP Extracted§ Values Mean 

A, 1.0 
1 1x: 

_ A T 

4 1 2.—36x10’ 2.361110‘
' 

A, 1.0 1x 4 1 2.0411107 2.04x10" 
moxie, 

B, 10 1x 12 as 6.74xl0‘ 1.77x107 
UOXIO7 

B, 1.0 1x 12 38 6.11x10“ 1.5151107
‘ 

C, 5.0 1/100 17 71 1.0211109 1.4:4xl0" Mono, 
c, 5.0 1/100 17 71 0.96x10’ 1.35x10" 

D, 0.5 1x 24 137 1.l5x10’ 0.84xlO" 
037x107 

D, 0.5 1x 24 137 1.51xl0’ 1.l0xl0" 

13, 5.0 1/100 30 152 0.42x10’ 0._28x10’ 
OISMO7 

E, 5.0 1/100 30 152 1.47‘x10° 0.97x107 

1:, 5.0 1/100 36 155 1.32xl0’ 0.8511107 
0-WX107 

F, 5.0 1/100 36 155 1.67xl0’ 1.081410" 

G, 5.0 1/100 54 150 1.48x«10° 0.992410’ 
LOOXIO7 

G, 5.0 1/100 54 150 1.54xl0’ l.03x10" 

* Two r'eplicate's of each sample were analyzed. 
1' Bacterial suspe_nsions*were diluted only for ATP extraction. 
1“. Turbidity measurements were made on undiluted bacterial suspension. 
§Total ATP extracted per 1 ml bacterial suspension (corrected for dilution) in 10 ml solvent.
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, 
As explained by Lee et al. (1971c), the high ATP 

values obtained during early stages of growth were 
probably due to increased cell biomass and to an increase 
in the ATP pool. Moreover, they were of the opinion that, 
"From a practical standpoint the (their) data emphasize 
that although inthe early growth stages the ATP content of 
bacterial cells can reach levels greater than 10-fold higher 
than exist at less active growth stages, this high level is 

very short—lived and the ATP pool drops rapidly to 
equilibrate and be maintained well into the death phase 
within a relatively narrow range." 

As pointed out earlier, there appears to be some 
controversy regarding the shifting ATP pool during various 
phases of bacterial growth. Our results are in agreement 
with t_hose reported by several other investigators. For 
example, Forrest (1965) found that in a culture of 
Streptococcus faeca/is the ATP content per cell was 
constant during the lag phase. He observed a continuous 
decrease in ATP |_evel_s du_ri_ng the exponentxial growth 
phase, which only leveled out as the cells entered the 
stationary phase. Hamilton and Holm—Hansen (1967) 
reported that the ATP content per cell in marine. bacteria 
was highest during the log phase and rapidly dec|_ined to 
stabilize at a relatively constant level during the stationary 
phase. Our results also corroborate those of‘ Lee et al. 
(1 971 b), who found that cells of the stationary phase of 
Aerobacter aerogenes contained relatively constant levels 
of ATP. 

Our results are contradictory to those of D’Eustachio 
and Johnson (1 968 b) and D'Eustachio and Levin (1967, 
1968), who examined the level of ATP in 13 different 
species of bacteria and across all phases of growth. 
Although these workers also found a slightly higher level of 
ATP during lag and early logarithmic phase, they 
concluded that the cellular concentration of ATP does not 
change appreciably and appears to be relatively constant 
during the. various phases of growth. Further, they 
reported that ATP per viable cell variation between 
different species of bacteria examined was within one 
order of magnitude.- 

Several other workers have made some interesting 
observations concerning the ATP pools during different 
stages of growth of bacteria. Ausmus (1973) found that 
the ATP concentration was significantly higher during log 
phase than during _lag or exhaustion phase for several 
species of bacteria. In addition, he found no appreciable 
differences in the ATP content during lag and exhaustion 
phase of any species. Kao eta_/. (1973), who studied ATP 
pools in pure and mixed cultures of Escherichia coli and 
Pseudomonas aeruginosa, found that the level of ATP 
increased with the increasing rate of growth through the 

lag and exponential phases. After reaching a maximum 
level, the ATP content declined rapidly when glucose was 
almost completely‘ utilized by the organisms. The same 
authors noted an oscillatory variation of ATP concentration 
during the stationary phases of these bacteria. They‘ also 
noted that interactions in mixed cultures of bacteria can 
cause a significant decrease in the ATP pool. 

Chiu et al. (1973) observed changes and even a 
sudden drop in ATP levelsin continuous cultures from one 
steady state value to another. They attributed the variation 
to microbial population shifts. Furthermore, they observed 
that in continuous cultures the dilution rate ca_n also 
significantly affect the cellular ATP content. They 
concluded that, ‘-‘The microbial population in continuous 
systems operated at high dilution rates had a high 
metabolic activity and a low ATP pool, while those species 
predominating at low dilution rates had a low metabolic 
activity and high ATP content.” 

Lazdunski and Belaich (1972), Bachi and Ettlinger 
(1973) and Montague and Dawes (1974) reported that 
exhaustion of the energy source is accompanied by a 
decrease of the ATP pool. On the other hand, several 
in,vestigator'_s (Strange et al. 1963; Forrest 1965; Cole et 
al. 1967; Knowles and Smith 1970; l-_l,o|_ms et al. 1972) 
reported high ATP pools despite exhaustion of the energy 
source. 

Gadkari and Stolp (1975) found that the ATP 
concentration was constant (9 nmo|es/ 100 pg N) during 
the exponential growth phase of Bde//ovivbrio‘ bact_eriov- 
orus indicating an, equilibrium between the energy 
reactions. They observed that the ATP pool oscillates at 
regular intervals during endogenous respiration (stare 
vation). Overproduction of ATP started o_n_ly after the ATP 
concentration had declined to a minimum level of 
6 nmoles/100 pg N. According to them, the alternating 
over— and u'nde'r—production of ATP may serve as a special 
regulatory mechanism which allows the organism to make 
economic use of its cellular materials. They also noted, that 
during starvation, decrease of viabi_lity is accompanied by 
a decrease of the ATP pool. 

The influence of nutritional and environmental factors 
on the level of ATP was not examined in this'inve.stigation. 
However, it has been shown that the ATP pool in 
microorganisms varies with (or is influenced by) cultural 
conditions (Cole eta/. 1967')-, pH changes (Brezonik et al. 
1 975), oxygen tension, energy control mechanism within 
the cell and substrate concentration (Strange et a/. 1 963; 
Kao et al. 1973), dilution rates and level of metabolic 
activity i_n continuous cultures (Chiu et al. 1973) and 
mixed culture population dynamics (Kao etal. 1973).
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It is’ clear from the above discussion that the ATP 
responds rapidly to changes in a microorganism’s 
physiological state, which in turn may be influenced by 
alterations in nutritional and environmental factors. 

ATP ANALYSIS IN PURE CULTURES OF FUNGI 

In a preliminary experiment, the growth patterns of 
Aspérgi//us niger ('6 :8), Trichoderma viride (14-7) and 
Penici//ium sp. (4-8) were examined in three di_ffere_nt_ 

synthetic liquid media. The cultures of these fungi were 
prepared and incubated as outlined earlier. For the 
measurement of growth, the cultures were harvested at_ 
2-day intervals for 18 days when the experimen_t was 
termi'nateid..Th‘e results of this experiment, summarized in 
Table 7, are graphically presented in Figures 4, 5 and 6. 

In general, these fungi grew well on all three media. 
ForA. niger and T." vi'ri'de,. best growth was observed on the 
balanced medium (SLM—1), followed by that on ‘N’ 

_|i.mit.i.n9 (SLM.-3) and ‘C’ 
|.imi.t.i.n.9 (SLM-:2) media. 

Although the isolate of Pen/"c////‘um sp. grew best on 
SLM -2, no striking difference was noticed in the growth 
of this isolate on all three media. 

Like other filamentous fungi, these isolates followed a 
definite pattern oflag, log (linear) and decline (exhaustion) 
phases of growth. After a lag phase of approximately 
24 hr, the growth of all three fungi increased rapidly in 
linear'fa‘shion until the 8th day of incubation in the case of 
A. niger and Pen‘/'ci/lium sp. and until the 10- 1 2th day in 
T. viride. Thereafter, as the cultures entered the 
exhaustion phase, an oscillatory variation of growt_h of 
these organisms was observed in all three media. The 
oscillation patt'e'rr1 of growth during the decline phase of 
these fungi may be due to any one or a combination of the 
following factors: (a) ex'perimenta'I error resulting from the 
fact that dry weight_s were determined from only one 
replicate of each treatment, (b) different rate ofautolysis of 
these fungi, or (c) their differential ability to assimilate 
nutrients produced and accumulated in the medium as a 
result oftheir own metabolism. 

On the basis of results of this experiment, it was 
decided to grow‘ these fungi only on SLM— 1 and to harvest 
cultures after 1, 2, 4, 6, 8, 9 and 14 days incubation for 
simultaneous measurements of their growth and ATP 
contents across different phasesof growth cycle. 

These measurements were made in the next series of 
experiments following procedures outlined earlier. After 
designated periods of incubation, three replicates of each 
organism were harvested for growth measureme'n't‘s and 
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Table 7. Mycelial Dry Weight (mg/50 ml*) of Three Fungi Grown at 20°C in Three Different Synthetic Liquid Media over an 18-day Period. 

Aspergillus niger (6-8) Tricboderma viride (14.-7) Per_1_icil_li1_4m sp. (4-8) 

Incubation 
(Days) SLM-IT SLM-2 1 SLM-3 § SLM-1 SLM-2 SLM-3 SLM-l SLM-2 SLM-3 

2 4.1 2.6 2.9 9.8 7.8 10.6 8.8 14.2 9.7 

4 30.1 18.7 22_.3 39.2 23.7 29.6 23.6 31.5 25.8 

6 
' 

42.5 . 34.5 36.0 51.7 36.5 47.0 37.7 42.7 37.1 

8 73.0 57.5 61.0 98.9 67.5 88.0 72.3 76.2 68.8 

10 47.8 41.9 44.1 127.2 89.2 109.0 68.1 72.6 61.0 

12 65.0 49.5 56.0 139.7 79.2 107.4 91.0 75.0 68.0 

14 94.2 45.4 55.9 145.6 48.2 71.6 67.8 98.6 56.7 

16 86.1 42.3 47.6 146.6 66.2 86.5 75.3 86.7 71.6 

18 82.4 50.5 54.6 126.5 66.0 74.3 82.5 67.5 86.0 
* Values obtained from one replicate of each culture. 
1 SLM-1; balancjed medium. 
1: SLM-2: carbon limiting medium. 
§ SLM-3: nitrogen limiting medium. 

Table 8. Mycelial Dry Weight and ATP Concentration in at Pure Culture of Aspergillus niger (6-8) Grown in SLM-l over a 14-day Period. 

Mycelial Dry Weight Biometer Reading ug‘AT_1_’/mg 
(mg/S0 ml) (femtograms/ml) DI)’ Welghtili 

gg ATP/ml 
Incubation Extracting

‘ 

(Days) Replicate Values Mean Replicate Values* Solvent? Values Mean 

1 03 A 7.06xl0‘ 7.0.6x10' 3 0.4 
1 2 0.2 0.2 B 6.90x10‘ 6.90x.10‘ ’ 0.4 014 

3 0.2 

1 1.5 
2 2 5_6 33 A 4.64xl0” 0.46 1.4 1_5 

3 2.7 B 6.08x10‘ 0.61 1.8 

1 20.-3 A 3.77xl0° 3.77 3.6 
3 2 4 2 24.2 20.8 B 2.862110’ 2.86 2.8 ‘ 

3 17.5 

1 41.3 
6 2 39.2 39_2 A 2.92x10° 2.92 1.5 1_5 

3 373 13 2.78x10" 2.78 1_.4
’ 

1 42.5 
V , 

3 2 560 49_4 A 3.68xl0° 3.68 1.5 1_5 
3 395 13 3.49xl0’ 3.49 1.4 

1 66.5 
9 2 61.0 63.5 A 5.02xl0° 5.02 1.6 1.6 

3 63.0 

1 87.-3 

14 2 63.7 74_2 A 6.68_x10° 6.68 1.8 L7 
3 71.6 B 5.712110’ 5.71 1.5 

‘ Mean values of two meas’ur’e'r’nen’ts of each replicate). 

-1- Calculated from; -_- pg ATP/ml extracting solvent. 10’ 

icalcmated from: ug ATP/ml x volume extracting solvent 
mean dry weight = pg ATP/mg dry weight.



Table 9. Mycelial Dry Weight and ATP Concentration in a Pure Culture of Tricboderma vi-ride (14-7) Grown in SLM-1 over a 14-day Period. 

Mycelial Dry Weight Biorneter Reading pg ATP/mg 
(mg/5.0 ml) (femtograms/ml) Dry Weight: 

. 

pg ATP/ml ' ' 

Incubation 
V _ 

E_;_m-;;¢:_jng 

(Days) Replicate Values Mean Replicate Values* So1vent'l' Values Mean 
'18 

1.8 8 
1 _ L2 1.3 A 4.88x10 0.49 3.8 

3 0.9 B 5.32x10° 0.53 4.1 
4'0 

2 ; lo 1 A 4.922110’ 4.92 4.9 4,2 
3 73 

' B 3.52x10° 3.52 3.5
' 

1 405 ‘A 4 79x10’ 4 79 2 4 4 2 32.6 40.3 " 
9 

' 
. 

‘ 2.6 
3 48-0 B 5.57x10 5.57 

I 

2.8 

1 104.1 
6 2 4.8 . 

A 0.82X10'° 1.7 L6 
3 38.8 

99 2 B 7.381410’ 7.38 1.5 

8 g 1207 A 1.11x10‘° 11.10 1.8 17 
118:3 

" B 0.98);-*10‘ ° 9.80 1.6
' 

1 186.6 
9 2 183.5 184.2 A 1.78x10’ ‘’ 17.80 1.9 1.9 

3 182.5 

1 203.8 . 

14 2 _ _ 
A l.56x10” 15.60 1.7 1.9 

3 12;: 
185 7 B 1.95x10‘° 19.50 2.1 

* Mean values of two measurements of each replicate. 

T Calculated from: = pg ATP/ ml extracting solvent. 

uE;A.T.If/_rnl z<,y91.ume, .e;<_trac1irJg.§Qlye_nt 
iiie‘a”n dry weight :l: Calculated from: 

two were used for ATP analyses. For the extraction of ATP 
from 1- and 2-day—o|d cultures of t_hese fungi, 10-ml 
aliquots of boiling Tris—HC| were used». The ATP was 
extracted from the rest of the cultures using 20 m_l Tris- 
HCl to ensure or achieve maximum extraction. 

The growth was measured by determining mycelial 
dry weight (mg/50 ml SLM-1). The relative ATP 
concentration during various stages of growth was 

. estimated from the total extractable ATP per millilitre of 
the extracting solven_t;.- From the values obtained, the ATP 
content per milligram dry weight was calculated and used 
for comparative analysis. The results of these experimen_ts 
are described in Tables 8, 9 and 10 and are illustrated in 
Figures 7, 8 and 9. 

As observed in the previous experiment, after a lag 
phase lasting about 24 hr, the growth of all three fungi 
increased in linear fashion and began to stabilize after 
8-9 days incubation. The ATP level of these fungi varied 

14 

= pg ATP/mg dry weight. 

during the three phasesof growth and did not appear to be 
directly related to the amount of growth. The ATP pool of 
these fungi was highest during the lag and early log phase 
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Figure 7. Growth curve and ATP concentration in a pure culture. 
of A. niger (6-8) grown in SLM-1 over a 14-day period.



Table 10. Mycelial Dry Weight and ATP Concentration in a Pure Culture of Penicillium sp. (4-8) Grown in SLM-1 over a 14-day Period. 

Mycelial Dry Weight Biorneter Reading ATP, 1 
pg ATP/mg 

Incubation - 

(mg /50 ml) (femtograms/ml) 
tractigg 

Dry Weight: 

(Days) Replicate Values Mean Replicate Values* §o1vent’r Values Mean 

1 0-5 A 1.—54x10‘ 0.15 3.8 
1 2 0-4 0-4 B 8.30x10" 0.08 2.0 2-9 

3 0.3 
' 

1 2.5 

3 13 B O.87x10 0.87 4.1 

1 13.8 
4 2 ‘ 1 _ 

A 1.18xl0’ 1.18 2.0 1_7 
3 

1 2 0 B 0.86x10’ 0.86 1.4 

1 47.2 
6 2 A 4.10Xl09 4.10 2.0 

3 393 
‘ B 3.92x10’ 3.92 1.9

' 

1 91.7 

3 95.2 B 8.38xl0° 8.38 1.8 1-3 

1 124.3 
9 2 130.8 126.7 A 1.25x10“’ 12.50 2.0 2.0 

3 125.1 

1 156.5 
14 2 151.8 A 1.16X10lo 

3 14“ 1.49x10‘ ° 14.95 2.0 1-3 

*Mean values of two rneasurements of each repiicate. 
b‘ t d‘ 

‘(Calculated from: = pg ATP/ml extracting solvent. 

, _ 

_ 
pg ATP/inl X volume extracting solvent

_ :l:Ca1cu1ated from. mean dry weight 
= ng ATP/mg .d,1'Y Weight- 

of growth with the exception of A. niger where a slight late log and stationary phases of growth, the ATP levels of 
variation was noted. However, as the growth continued to all three fungi appeared to be relatively constant. 
increase during the log phase, the ATP concentration 

_ _ _ 

cont,in,uou_s|y decrea_sed.a,nd fin_a_||y stabilized at a relatively The m-a"'ma' ATP 'e"e'S ’e9'5te'°d '1” the present 
investigation for Penici///‘um sp., T. viride and A. niger constant level towardsthe end of thelog phase. During the 

. were, respectively, 4.4, 4.2 and 3.2 pg ATP/mg dry 
200 

7 
DRY WEIGHT i _ 16° 

FENICILLIUM SP 
TRICHODERMA VIRIDE M 61 DRY WE|GHT — 

5 ‘ — 120 

-120 
___ 5 - — 100 

5 ‘ I00 E E \ 3 
5 E E‘ 5 E 4 - so 5, 
'3 
g 
“ so 11-; E 9* " 

E g c: g " Z 5 .1. 5 5 
g 
0 3 u; S 3- - 60 m 
E" 3" -so > 3 3 0\ 

. E 0 E’ > 
2 3 ° \ E < & 2 2 _ ATP . 40 

2 - ATP _ 40 < - 

1 — _ 20 1 - - 20 

0 
. . . , , 

0 . . o 
0 2 4 6 B 10 12 14 

0 0 2 1'3 (:3 é 10 12 14 

|Ncu3,mgN 1-[ME mnys) INCUBATION TIME (DAYS) 

Figure 3_ G1-owth curve and AT]: concentration in 3 pn-Ie culture Figure 9. Growth curve and ATP concentration in a pure culture 
of T. viride (14-7) grown in SLM-1 over a 14-day period. °f P¢”“"-"'”'-um 5P- (4'3) S‘°Wfl in SLM4 0V6! 3 14-day 
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weight. Usually values of 1.5-2.0 p.g ATP/mg dry 
weightwereobtained. 

The finding that ATP concentration is not constant 
during the maximum growth phase agreed with the results 
of Slayman (1973) and Johansson and Héigerby (1974). 
Our results contrast with those of Ausmus (197-3), who 
found that the ATP concentration was significantly higher 
in the cultures of certain fungi during log phases than 
during lag or exhaustion phase. He concluded that the 
concentration of ATP was similar during the lag and 
exhaustion phases of growth of several fungi. In contrast, 
our results clearly indicate that the ATP levels were 
appreciably higher during lag and early log phases than 
during the exhaustion phase of growth except for A. niger 
where a slight variation was observed. 

Johansson and Hagerby (1974) reported that in a 
culture of Fommes annosus, the cellular ATP pool 
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increased with increasing growth, but declined later 
during the same exponential growth phase. In our studies, 
the isolate of A- niger followed this pattern of initial 

increase and later decreasing ATP concentration during 
the same log phase ofgrowth (Fig. 7). 

The high levels of ATP, as observed in our experi- 
ments, during the early stages of intensive sy'nthesis of 
cellular material may be due to a_n abundant supply of the 
factors and the enzymes necessary for respiration, 
resulting in a very low ADP:ATP ratio. However, as the 
intensive metabolic activity continues, and with the 
i_ncreas,i_n_g age of the culture, a rel_at_ively small nu_m ber of 
cells are in a maximal energy-yielding state. Besides, as 
stated by Johansson and Hagerby (1974), "The energy 
consuming incorporation of reduced storage material 
(carbohydrates and fats) results in a changed ratio 
between the adenylates in the older cells, which is 

indicated by a decreased ATP concentration."



CHAPTER 4 

¥ 

1. Problems with calibration and the readout repro- 

the ATP analysis is completed with_in 1 hr after 
a|_lowi_ng a 1 —hr warm—up period for the biometer. 
Use of the biometer over longer periods results in 
considerable instrumental drift. It is important that 
the analyst develop and strictly follow a particular 
routine for carrying out ATP analyses. The analyst 
should also become thoroughly familiar with the 
biometer and its possible shortcomings. 

. Of the four solvent systems examined for stability of 
the ATP of known-concentrations, boiling Tris-HCI 
buffer (0.02 M, pH 7.75) proved to be the best 
solventwith respect to the stability‘ and recovery of 
ATP. It was also found to be an efficient system for 
ATP extraction from both bacterial and fungal 
cultures. 

. A linear relationship was observed between the 
amounts of ATP extracted from i_ncrea_si_ng volumes 
of bacterial suspension of the same density. The 
concentration of ATP/viable cell in the lake 
bacterium examined appeared to be i_n agreement 
with bacterial ATP conten_ts reported by other 
investigators. The highest level of ATP/ viable cell 
of this isolate occurred during the lag and early log 
phases of growth. The amount of cellular ATP then 
declined and remained relatively constant during 
the stationary phase of the growth cycle. 

Conclusions 

4. The ATP levels in three fungi examined varied 
ducibi|_ity of the DuPont Biometer were encoun— considerably during their lag, log and stationary 
tered during ATP quantification. Consistent results phases of growth with the highest ATP concentra- 
can be obtained, however, if the final assay step of tion being observed during the early log phase. The 

values for Pen/"cf///"um sp., Trichoderma viride and 
Aspergillus niger were, respectively, 4.4, 4.2 and 
3.2 pg ATP/mg dry mycelial weight. In all three, 
the concentration of cellular ATP was reIat_ive|_y 

constant during their stationary phases of growth. 

. Despite the inherent disadvantage of recordi_ng 
only peak light i_nt_ensity, with careful operation the 
DuPont Biometer can be used successfully to 
determine ATP c'onc‘en'tra’tion. In our opinion, 
better instruments (e.g. JRB Photometer*), which 
can measure both the peak height and the 
exponential decay of the light, are now available 
and they are recommended for ATP analyses. 

. The ATP biomass estimation technique should be 
used with some reservations. Although the 
technique has been used extensively in diverse 
systems (see Appendix A—Bibliography), for 
meaningful results it is perhaps best to compare 
and correlate ATP data with those obtained using at 
least one other biomass estimating technique. 
There is no doubt that this technique is “very 
sensitive and specific, but the overall procedure is 
still fairly lengthy, and at times, tedious. Extreme 
caution and care are therefore required during each 
stepofthe analysis. 

* The JRB Photometeris now supplied by SAI Technology Company, 
San Diego, Cal_i_f., 921 23.
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CHAPTER 5 

Background Information on the ATP Biomass Estimation 
Technique 

Measurement of viable biomass and metabolic activity 
of various types of organisms is of considerable importance 
for many, if not all, ecological studies. Most of the 
conventional techniques, used routinely for biomass 
estimation, have proved to be expensive, slow, extremely 
laborious and often misleading due to inherent sources of 
error. Several workers (D’Eustachio and Johnson 1968b; 
Browne 1971; Strickland 1965, 1971; Holm—Hansen 
1971, 1973b; Owen eta/. 1972; Allen 1973; Ausmus 
1973; Daly 1974; and Brezonik et al. 1975') have 
discussed the disadvantages and inadequacies of classical 
methods for the determination of biomass. Some of the 
problems associated with th_ese techniques are cell 

clumping and aggregation, selective and restricti_ve 

growth conditions and the inability to distinguish viable 
and non,—vi,able cells. 

Of the many other methods that have been used to 
characterize biomass, adenosine triphosphate (ATP) 
seemsto be the most suitable parameter’. The rationale for 
using ATP as a criterion of biomass measurement is that it 
is characteristic of all living organisms‘(photosynthetic or 
heterotrophic) and the keystone of all cellular activities 
(Huennekens and Whitely 1960; Lehninger 1965; 
Atkinson 1971; Seitz and Neary 1974), and is degraded 
rapidly upon cell death (Holm—Hansen a_nd Booth 1 966). 
Adenosine’ triphosphate is present in relatively uniform 
concentration in all living cells, and does not exist in 
associat_ion with non-living, detrital material (Holm- 
Hansen and Booth 1966; Hamilton and Holm—Hansen 
1967; Holm—Hansen 1970; Patterson et al. 1970). The 
uniqueness and specificity of ATP as an excellent measure 
of biomass has been the subject of several recent reviews 
(Strickland 1971; Holm—Hansen and Paerl 1972; 
Sorokin and Kadota 1972; Allen 1973; Ausmus 1973; 
Holm—Hansen197’3a; 1973b; Sharpe 1 973; Cheer eta/. 
1974;Daly1974;Stan_|ey 1974). 

Determination of biomass through measurement of 
ATP has been used in such diverse systems as marine 
water (Holm—Hansen and Booth 1966; Holm—Hansen 
1969; Hobbie et al. 1972), fresh wate_r (Rudd and 
Hamilton 1973; Burnison 1974), process water (Owen et 
al. 1972), spacecraft water (Levin et al. 1968), foods 
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(Sharpe et al. 1970; Williams 1971), acidic basin peat 
(Greaves et al. 1973), sediments (Lee et al. 1971b, 
1971c; Christan et a/_. 1974,“ 1975; Bancroft 1974; 
Bancroft eta/. 1974; Karl and LaRock 1974, 1975), soils 
(Anderson and Davies 1973), and sewage sludge 
(Patterson et al. 1970; Brezonik a_nd Patterson 1971; 
Weddle and Jenkins 1971; Chiu 1972). it has been used 
in virus detection (Chappelle 1971), cancer detection 
(Chappelle and Levin 1971), determination of seed 
viability and vigour (Ching 1973), as well as in laboratory- 
grown cultures of algae (St. John 1970; Holm—Hansen 
1970; Browne 1971; Schmidt and Kamen 1971; 
Ausmus 1973; Cheer eta/. 1974; Brezonik eta/. 1975), 
bacteria (Strange et al. 1963; Forrest 1965; Cole et al. 
1967; Hamilton and Holm—Hansen 1967; D’Eu_stachio 
and Johnson 1968a, 1968b; D’Eustachio and Levin 
1967, 1968; Chappelle and Levin 1968; Harrison and 
Maitra 1968; Lee eta/. 1971a; Ausmus 1973; Dhople 
and Hanks 1973; Kao eta/. 1973) and fungi (Shropshire 
and Bergma_n 1968; Mac-‘:Gr'ego‘r 1970; Somlo 1970; 
Bailey and Parks 1972; Ausmus 1973; Cocucci et al. 
1973; Slayman 1973; Johanssonand Hagerb‘y‘1974). 

In add_ition, ATP analysis has been used and has a 
potential application in certain disciplines of other fields, 
such as clinical microbiology and chemistry, hematology, 
serology, urology, physiology, pharmacology, virology, 
limnology, biochemistry, immunology, in the fermenta- 
t_ion industry, monitoring biocides, monitoring contam_i- 
nation in the food and cosmetic industries, and measure.- 
ments of toxicity and nutrient bio‘ass'ay studies (Allen 
1973; Daly 1974; Brezonik et al. 1975; also see 
AppendixA—Bibliography). 

Of the several methods available for quantitatively 
assaying ATP, the most sensitive and practical method 
utilizes the bioluminescent reaction occurring in the native. 
firefly Phot/"nus pyralis (McElroy 1947). The amount of 
light produced in the b,io|u_minescent reaction is directly 
proportional to the amount of ATP present when all of the 
other reactants are in excess. Seliger and McElroy (1 960) 
and Chappelle and Levin (1968) have shown that one 
photon (quantum) of light is emitted for each molecule of 
ATP hydrolyzed.



The cletaiiled mechanism and the biochemistry of the 
firefly bioluminescent reaction have been described by 
several workers (Lyman and DeVincenzo 1967; Plant et 
al. 1968; Chappelle and Levin 1968; Strehler 1968; 
McElroy eta/. 1969; Browne 1971; Gorden 197,2; Allen 
1973; Sharpe 1973; Daly 1974). The overall sequence 
of the firefly reaction can be summarized as follows: 

LH2 + E + ATPMQH 
(Luciferin) (Lu'cifer'ase) 

<:, E.L.H2 .AMP + PP (1) 
(Luciferyl (Pyrophosphate) 

adenylate complex) 

E.LH2 .AMP + 02 —> E + Product + C0; 
+ AMP + hv (light) (2) 

In the ini_tia_l activation step (Equation 1) luciferin and ATP, 
catalyzed by luciferase, react to form a luciferase- 
luciferin-adenosine monophosphate complex (luciferyl 
adenylate complex) and inorganic pyrophosphate (PP). 
This complex reacts with molecular oxygen to produce 
light and a product molecule (oxyluciferin adenylate). 
According to McEl'roy eta/. (1 96 9), at a neutral or alkaline 
pH the quantu_m yield of light is near unity; however, at 
acidic pH (below 7) the quantum yield decreases and the 
yellow-green light shifts to a red emission (562 nm to 
614 nm). 

This reaction, although specific for ATP, is quite 
complicated, especially the mechanism of light reaction 
(Plant et al. 1968; McE|roy et al. 1969; White et al. 
1969, 1971). The luciferin fro_m the native firefly has 
been shown to be D(—)-2—(6'-hydroxy—2—2'-benzothia— 
zoyl)7A2—thiazo|ine-4-carboxylic acid. Only the D(—) 
isomer of firefly luciferin is biologically active in the 
production of light; no light is produced if the L( +) isomer 
of luciferin is used because the oxidation of the intermedi- 
ate E.LH2.AMP by molecular oxygen does not occur 
(McElroyeta/. 1969),. 

It is well established that firefly lantern enzyme 
luciferase has a specific requirement for ATP (M,cElroy 
1947; Strehler and McElroy 1957). Crude extracts of 
firefly contain transphosphorylase enzymes and may 
produce light in the presence of high energy phosphate 
molecules other than ATP. Holm—Hansen and Booth 
(1 966) examined 13 differentintracellular compounds to 
determine which of the high energy phosphate molecules 
might cause light emission when mixed with firefly 
extracts. They found that only adenosine diphosphate 

(ADP), cytidine—5’—triphosphate (CTP) and inosine-5’- 
triphosphate (ITP) influenced light emission. For example, 
the amount of light emitted upon the addition of ADP was 
less than 1 % of that from an equivalent amount of ATP. 
The fact that some of the light emission may be due to 
nucleoside triphos'pha't‘es other than ATP is probably not 
significant with regard to biomass estimation by biolumi- 
nescence because all ATP values in test samples are 
ultimately related to values obtained with a variety of 
microorganisms (Holm—Hansen and Booth 1966)and‘also 
because of the relative abundance of cellular ATP 
compared with other nucleoside triphosphates (Seitz and 
Neary 1974). 

When a sample containing ATP is mixed with the 
luciferin-luciferase reaction mixture, there is an immedi- 
ate emission of'a brilliant flash of light in the range of 560- 
580 nm. The initial burst of light exponentially declines to 
a uniform level, however, addition of arsenate buffer to the 
reaction mixture decreases the initial light flash and 
produces an intermediate level of light which decays 
exponentially (arsenate buffer is now routinely added to. 
many commercially available purified firefly extracts used 
for ATP assay). The measurement of either the peak height 
of the initial flash or the light which decays over a period of 
time gives a measure of ATP concentration in the original 
sample. 

The light emission may be measured in several ways 
(Strehler 1968) and various workers have designed and 
used different instruments for this purpose: e.g., a 
combination of a photomultiplier tube, an amplifier and a 
recorder (Forrest 1965; Holm «Hansen and Booth 1966; 
Chappelle and Levin 1968; Strickland and Parsons 1968; 
Holm—Hansen 1969, 1970; St. John 1970): liquid 
scintillation spectrophotometers (T al eta/. 1 964; Addanki 
et al. 1966: Stanley and Wi_l_liams 1969 Schram 1970; 
Hammerstedt 1973; Rudd and Hamilton 1973; Johans- 
.son and Héigerby 1974; Cheer et al. 1974; Wiener eta/. 
1974; and Brunker 1975); and a modified GeMS'AEC 
centrifugal photometric analyzer (Ausmus 1 973). 

Three commercial instruments are also available which 
measure the light produced during the firefly reaction: 
DuPont 760 Luminescence Biometer, American Instru- 
ment Company (AMINCO) Chem—G|ow Photometer and 
theJRB'* (also supplied by Lab—Line) ATP Photometer. 

The detailed specifications and operating instructions 
of the DuPont Biometer have been provided by 
Anon.(1970), Allen (1973) and Daly (1974) and it has 
been used for ATP analyses by several investigators 

* The JR_B Photometer is now supplied by SAI Technology Company, 
San Diego, Calif., 92123.
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(D’Eustachio and Johnson 1968a, 1968b; D'Eustachio 
and Levin 1968; Sharpe et al. 1970; Williams 1971; 
Owen eta/. 1972;‘Chiu eta/. 1975; Piccioloeta/. 1975). 
Therefore, only a brief review of the DuPont Biometer's 
specificity and operation is given in Chapter 2, Materials 
and Methods. 

The JRB Photometer is an ultrasensitive instrument 
especially designed to measure bioluminescent and 
chemjiluminescent reacti_ons. l_t is also designed and used 
for quantitative determination of ATP by measuring the 
amount of light emitted by its reaction with |uciferin— 
luciferase preparations. This photometer utilizes time 
integration to measure the expone_ntial decay of light 

produced during the firefly reaction. If desired, it can also 
measure the flash peak height of the firefly reaction. After 
a delay of 1 5 see from the time of starting theassay switch 
and the mixing of the reactants, the JRB Photometer 
measures and integrates the area under the light curve for 
the next 60 sec. The instrument displays counts per 
minute (CPM) for an unknown sample, which then can be 
compared to a standard calibration curve to estimate the 
actual amount of ATP in t_he original sample. This 
approach allows for mixing of reactants outside of the ligh_t 
chamber and the use of crude enzyme- With the JRB 
Photometer variable sample volumes ranging from 10 pl 
to 10 ml can be analyzed. This analyzer is highly sensitive 
and can detect quantities of ATP down to 10"° mg ATP 
(10"3 g ATP) with a range of 10’9 mg ATP/ml to 1 mg 
ATP/ml. Instructions for the operation of the JRB 
Photometer and its specifications are also available (Anon. 
1974). 

The AMINCO Chem-Glovv Photometer is also designed 
to measure both bioluminescent and chem_ilumines_cent 
reactions. It can be used manually or with automated 
systems. Two models are available for use with either 
6 X 50 mm or 12 X 35 mm reaction tubes; either model 
may be adapted to accept the other size of tube. For high 

20 

sensitivity the Chem—Glow Photometer requires the use of 
AMINCO's auxiliary components, including a repeating 
dispenser, a_n automated system adapter, a recorder, a 
standard light source and an integrator timer. The unit 
equipped with all accessories can determine peak height 
measurements simultaneously with integrated measure- 
ments. The i_nstrum_ent can measure quantities of ATP 
down to approximately 10"° molar and samples as large 
as 0.5 ml can be assayed. 

A detailed comparative account of the DuPont 
Biometer, JRB Photometer and AMINCO Chem—Glow 
Photometer has been provided by Wise (1 974). The basic 
difference is that the DuPont Biometer measures only the 
peak intensity of the light produced during the firefly 
reaction, whereas both theJRBand AMINCO Photometers 
measure and integrate the lon_g—t_e_rm decaying lumines- 
cence and also have the option to determine the peak 
height. In addition, the DuPont Biometer requires the use 
of extremely purified fi_ref_ly extract, while relatively crude 
preparations of firefly extract can be used wit_h the JRB 
Photometer. As a result, the cost per analysis differs from 
about five cents (JRB Photometer) to about forty cents 
(DuPont Biometer). Furt_hermore, the operation and 
handling of the JRB Photometer is much simpler than t_he 
rather complicated and cumbersome procedure required 
for the use of the DuPont Biometer and the AMINCO 
Chem—Glow Photometer, especially when the latter is 

equipped with all of its accessories. No matter which 
manufacturer's analyzer is used, however, ATP determi- 
nat_ion for biomass estimation requires an identical five- 
step procedure of reagent preparation, instrument 
calibration, ATP extraction, measurement of ATP and data 
processing. Picciolo et al. (1975) tested these three 
commercial analyzers for use with liquid luminescence 
systems for an analytical assay of picomole quantities" of 
ATP. They found that the. three photometers were 
comparable in reprodu,cibi|jt_y, sensitivity and linearity.



CHAPTER 6 

General Remarks on the ATP Biomass Estimation Technique 

Biomass es_timat_ion vi_a the determination of ATP has 
been used in various environments and in very diverse 
systems. There are, however, limitations to the technique. 
Some are similar to problems which arise in other 
estimators of biomass, including chlorophyll concent_ra- 
tion, particulate organic carbon and nitrogen, protein, 
DNA, turbidity, packed cell volume, dry weight, and direct 
microscopic count. The greatest advantages of the ATP 
method over those listed above are its ability to distinguish 
between living and dead materials, and the high 
sensitivity and specificity of the assay procedure. 
However, ATP measurements should be compared with 
other "standard” estimators of biomass until sufficient 
data has been accumulated to show that the biomass 
estimate based on ATP determination is the method of 
choice. 

Since ATP is present in all living cells, it is possible by 
size fractionation* to differentiate between zooplanktonic, 
phytoplanktonic and bacterial ATP (Burnison 1 974, Rudd 
and Hamilton 1973), however, microscopic observations 
should also be made of the various size fractions to 
substantiate the degree of separation. 

The methodology for ATP has been developed to the 
point where most of the problems arising during biomass 

* Using various screens and membrane filters. 

estimation are associated with the varying concentrations 
of intracellular ATP. As pointed out earlier, several 
investigators have noted the change in ATP content per 
viable cell during the different growth phases of labora- 
tory-grown cultures (Forrest 1965; Chapman et al. 

1971; Lee et al. 1971b; Chiu et al. 1973; Kao et al. 
1973). It must be kept in mind that ATP is a very dynamic 
cell constituent, The suggestion has been made that it is 
not only an indicator of biomass but also of metabolic 
activity (Brezonik et al. 1975). Chapman et al. (1971) 
pointed out that it is not the concentration of ATP but the 
ratio of its concentration to those of AMP and ADP that 
determine the rates of ATP--requiring reactions. 

In view of these results a ratio of ATP to the total 
adenylate pool (ATP +ADP +AMP) or, even better, the 
adenylate energy charge (ATP+'/2ADP/ATP+ADP 
+AMP) (Atkinson 1971; Atkinson and Walton 1967) 
should be used to measure the metabolic activity of a 
population. The biomass, however, seems to be best 
estimated by the concentration of ATP or the total 
adenylate pool. Both measurements of biomass are 
currently under investigation at the Canada Centre for 
Inland Waters, by B.K. Burnison of the Process Research 
Division.
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