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FCREWORD

The findings published in this report were obtained during the
course of applied research conducted under Contract No. AF 33(615)-39%6
and in support of Project No. 7164, "Biumedical Criteria for Aerospece
Flight,"” and Task No. 716410, “"Aerospsce Sanitetion and Persomnel Hygiene"
for the Aerospace Medicsl Research Leboratories, Wright-Petterson Air
Force Base, Ohio, 45L33, by Hazleton Leboratories, Incarporated, P. O.

Box 30, Falls Church, Virginia, 22046, The Air Force program monitor for
this ceontract wes Armold R. Slonim, PhD, Biotechnology Branch, Life
Support Division, Blomediesl Laborstory. The research reported herein
was conducted during the period from 1 May 1966 through 31 March 1967.

This technical report has been reviewed and is approved.
WAYNE H. McCANDLESS

Technical Director
Biomedical Laboratory

Aerospace Medicel Research Laboratories
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ABSTRACT

Research has been conducted and reported herein toward
development of & sensitive, nonspecific microbial assay technique suit-
able for determining the bilological quality of spacecraft water supplies,
The filrefly bicluminescent resction is uged to detect adenosinetriphos-
phate {ATP) extracted from microorganisms present in the test sample.

Since ATP is ubiguitous in 811 corganisms, this provides a nmeans for detec-
tion of microorganisms. An instrument usipg a photomultiplier to detect
the light output from the blcluminescent reaction has been designed,
conptructed, and tested. This instrument, & modificetion of one pre-
viously developed in this labaratory, was constructed primarily Tor the
purpose of conducting the biologlcsl research required for this program.
Bxtraction of ATP from cells was accomplished with dimethylsulfoxide

(DMSO). Tests were conductec to find the optimum concentration of DMSO

and the simplest extraction procedures. Cultures of a wide variety of
microorganisms were grown, including various metabolically different bac-
teris as well as representative algae, fungi, and protozca. The ATP content
of measured numbers of these cells was determined. These tests have shown
the ability to detect as few as several hundred cells of any of the test
species (in many cases, less than 100 cells) in less than 30 seconds, Detec-
tion of less than 10 cells per ml of sample is feasible for any of the
species tested with filtering or other concentration procedurez. Excellent
correlation between ATP gquantity and light response over more than five
orders of magnitude was demonstrated. Correlation between lignht response
and numbers of cells among the bacterial speciles demconstrated & surprisingly
congtant ATP content per cell regardless of species or physiological state
on the growth curve, Within an accuracy of approximately one order of mag-
nitude, the light response amplitude measures the gumbers of bacteria
present. The assay technique may have applicability to terrestrial water
supplies, particularly under hazardous or difficult conditions, as well as
to spacecraft waters,

iii




halidnadil oAl i il el

Rntanalile b Al

e

z
;
!
%
|
1

SECTION

IX
III

TABLE OF CONTENTS

PAGE
INTRODUCTION. s vemcracevsacassosanannse A &
SUMMARY .t tvurevecocroncansnsnscnes Leersesreriatrenveresranas e
BIGCHEMISTRY cevrenvanrcsvrvvrverannsacss N R
1. Microorganisms Used for Testing...... ..... R .
2. Preparation of Ausey Enzyne and Reagents...................9
a, Purificsticn of Enzyme Luciferase....... D«
b, Luciferin....c.cceeeens Cesssesensersanaran PP R4
¢. Preparation of Reagent PRI X ¢
d. Preparation of Reaction Mixture........... ceeraraserasll
e, Preparation of Stendard ATP Solution....veeieresanesns 11

3, Quantitation of Cell CountsS...eiisesuivsnrrestsosassosaressll
L, Factors Affecting ATP Extraction.ceeieencrrosescosvcassaessll

a, BEffect of pH on Extraction...... recessennan teseasanna .13

b, Effect of Length of Extraction Time....ciieeevaveseecaal3

¢. Elimination of Centrifuga+* .on........ ceerntreraacere.s18

5, Standard ProcedureS.....cce... teseeaaasans PP £
a. Cultivation and Preparation of Cells for Ass2¥........18

b, Bxtraction Procedures...... P .

¢. Assay Technique ....... Y~ .

6. Completed Studies on Twelve MIicroOrganisms,..cccescscass .2k
7. Comparison of Net and Cross Response as an Index for ATP..ALO
8. ATP Content in Various Growth Phases of Microorganisms....il
INSTRUMENTATION. o s veenansantscsassssnsssoerassassnssnnson vevesol
1. System Descriptlon..cieeierereserssrsrrarecssoravasssons .51
2. Bioluminescence DeteCLor...ivrvsossrcerssossssacnnves veeessdl
3. Power SuppPly.s.ececeecccrscaans tesescsnsarcenan tiessasnaens 55
b DIisplay..eeieeeeceeaceaconncans Cessteseerentirseraananas eesoS7
5. Connections.......ovcvnvnens seeressensans rrasereasansia eee ST
6. Operatlof......ocsieeceaceccanans Cesieenesacacss weerseaaassbO
a, Fixed Settings ................. PP ¢

b, AQJUSERENLS . vecverrenronerrencass Ceeereceanareana ve.dBL
DISCUSSION. cvvs verevesoas veeane cessareanes ceeeenaos FRR o3
APPENDICES. ¢ iucesevsansnsssasssnassssnane R X 1
I. Sample Data Sheet for ATP Assay of Microorganism........67
II. Materials end Supplies.........veeicercnneirncanann ceea kB
REFERENCES....... ceerasantsissen veoverensoanan cesissaaasaansasl3

iv

e i A ATARS 1 b S B LN




LIST OF ILLUSTRATIONS

FIGURE PAGE
1 Typical Response of Microbial ATP in Firefly

Bloluminescent ReaclioN.u.u.vieeeeceocesconeneonsscrconeoseoeslh

¥ 2 Ef’ect of pH on Extraction of ATP from Bacillus subtilis
» lobi 11 {3 x 108 Cells) with 90% DMSO in 0.05 M Tris
Buff {pH 6.0 to 8.5) ~r 5 Minutes at Room Temperature.....i5

3 Effect of Time on Extg&ctzon of ATP from E. coli (2 x 107
Cells) and BG (& x 10° Cells) with 90% DMSO in O. 05 M Tris
. Buffer (pH 7.4) 8t ROOM TemperatUlr€. . veeeerrsenrserornesessssld

4 Effect of Time on Extraction of ATP fram E. coli (7 x 10°
i Cells) and BG {3 x 103 Cells) with 9C% DMSO in 0.05 M Tris
& Buffer (pH 7.4) at Room Temperature. This response is for
: smaller numbers of organisms than shown in figure 3. ........19

: 5 Standard ATP Curve on Bicluminescent Detector.....eceeessss.e.25

6 Adjusted Response Versus ATP Standards of All Experiments.

Each point is a calculated mean value (see text). ...........54

7 Growth Curve of E. ceoli and ATP Determination at Various
Growth PhaBeB.u.c.cisrsasccecssaceseccnncnsncsnvasannnnasess b

. 8 Growth Curve of 5. cerevisiae and ATP Determination at

: Various Growth PhasesS....uiveeeeerscscnsscsascecsacosonnsonsesls?
g Bicluminescent Detector = Block Diagram.c.vvecssasscassensansd
10 Bioluminescent Detector...... ctteseterarasecerstraerarrvsasaed
11 Disassembled Bioluminescence Detector.....civveeveneenranaaa.5h
12 Phototube CirCuitry.ceiesirsrreosnorecocccrssesscnnssecsscasnsdbd
13 POWEr SUPPlY.ccesnceaccaiosntassnsconsncnscasanans T 1]
i4 Equipment Connections and Controls......ccesesersassssnsnsnasdd9




LIST OF TABLES

| TABLE PAGE
NO. Q.

| I Comparison of Spread and Pour Plate Techniques for
Estimating Cell Mumbers....coeiieernneroaccosecncnasssoneasss ih

: 1I Effect of Time on Amount of ATP Extracted (Values
? mMinivolt’s}Il'i.'...’..’."."‘.‘.’""..’!'...""..'... 1?
: 111 ATP Response Affected by Various Dilutions with Tris

Buffer on DMSO Extraction of E. coli (100 Cells as
Extrapolated from OD CUPVE) tvuvicisainscevesssasoassansneans 20

{
}
:
4
]
:
?
:
1
]
1
1
3
:

: v Cell Characteristics and Culture Systems for Test
Organisms...ceooeaeenna. T |
i
; v ATP Response from Staphylococcus epidermidis (0.5 -
Vi ATP Response from Pseudomonas fluorescens (0.3 - 0.5
X1 = 1B P tiierecvasasasossennarsesessassessesassnnssnnese &7
Vit ATP Response from Streptococcus salivarius (0.8 -
1.0 B)enceeiioiintarasssassensssnacasossstrnnsssarsassnacnss 26
E VIII ATP Response fram Escherichia coli (0.5 X 1 =2 ) .ueseers., 29
IX ATP Response from Thiobacillus novellus (0.4 - 0.8
x 0.6 -1.8pn)....... eiaanas O 18 |
X ATP Response from Bacillus subtilis (0.7 - 0.8 x 2.0
, w30 1) ceeearertsatacaeccosrtsassscsesascensansonancnccasss 31
XI ATP RESPONSE FROM Corynebacterium striatum {0.3 - 0.5
X 2.0 = 3.0 01) cecenvenacceancssscacsrsssosnscasssscasassascars 32
X11 ATP Response from Clostridium sporogenes (0.6 - 0.8 x
3-0‘7.0P).-.A ..... et sesmssene s asassas et sunsassasasesR 33
XIII ATP Response from Conidial Spores of Aspergillus niger
(2.5 = & J1) ceernruennernsnanasansanrnsnssnsasensnennsnennses 3b
XTIV ATP Response from Saccharomyces cerevisiae (8.0 - 10 x
5,0 = 7.0 J1) euenernnnenns e eeeraieieeeeieeienaes ... 35
XV ATP Response from Chlorella pyrencidosa (4.0 - 6.0 p)....... 36
vi
;L-
—

SR



-

TABLE

XVIX

XVI1I

LIST OF TABLES ~ Continued

PAGE
NQ.

ATP Response from Tetrahymena pyriformis (30 - 50 p)........ 37

Summarized Results of ATP Reaponse by Lowest Number of
Cells Tested and Average ATP (7)) Per Cell.. ... euvvvnn... .. 38

Comparison of Adjusted and Nonadjusted Net and Gross
Responses 88 ATP IndeX......corscennscrescnscconssencenssoss 42

ATP Content of E. ¢oli Grown at Various Growth Phases, . .,,, 48

ATP Content of Saccharcmyces cerevigiase Grown at Various
Growth PhaBes, . .. ....c.iivtivtecacecasnssnsnrvssessnasensnsnee 49

viil




T AT S I R T T T T Ty e AT

DM3O

3

mg
ml
mp
mv
NG

ob

pH

PH
rP

RC

LIST OF ABBREVIATIONS AND SYMBOLS

adenylic acid

American Type (Culture Collection
adenosinetriphosphate
Celsius

cathode ray tube
dimethylsulfoxide

enzyme, lucifersse

fluid thioglycollate broth
fluid thioglycollate agar
dehydroluciferin

luciferin

molar

milligram

milliliter

melting point

millivolt

nitrate gluccse broth
optical density

Palmer chamber

a measure of the relative acidity or alkalinity; the
logarithm to the base 10 of the hydrogen ion concentration

Petroff-Hauscer chamber
pyrophosphate

resistance capacltance

viii



LIST OF ABEREVIATIONS AND SYMBOLS - continued

Ry reagent mixture
s Sabouraud dextrose agar
SDB Sabouraud dextrose broth
STA Symthetic thiobacillys agar
8 Tetrabymens broth
TSB tryptic soy broth
uv ultraviolet
v/v volume per volume
[ o< ]ggo optical activity; D-dextro-rotation; 220 . oo degreeg
angular measure
r'g one microgrem (gamma)
E abscrption coefficient
A one microliter (lambda)
¥ one miceron
g one millimicron

[T

ix




:
?
[
!
:
£
i
{

SECTION 1

INTRODUCTION

This reseerch vas accomplished with the objective of developing
a simple, gensitive and rapid technique for detecting microorganisms in
spacecraft water supplies to enable astronsute to esssess the bilological
quality of thelr drinking water.

In the small, closed environment of a spacecraft, the crew
must be protected against microbial contaminstion of the envircument. As
flights lengthen in duration, the crew will be currespondingly more dis-
tant from medical treatment should disease occur. In addition, longer
flights increase the hazard in that flight logisties will require the
reclamation and reuse of wastes to supply drinking water. ¥ven in short-
term storage of drinking water, undesirsble bacterial contamination may
develop. To protect the crew and insure the performance of the mission,
the astronauts must know the microbiological quality of thelr drinking
water in order to take asppropriate action when contamination develops.

Currently used standard methods {ref. 1) for the examination
of drinking water are inadequate for use aboard the spacecraft for several
reasons. First, the elapsed times, 24 to 96 hours, for completion of the
tests are too long to permit corrective action to be teken pricr to con-
sumption of the water. Rither the water would be comsumed before the
results of the tests were availasble or, if the water were held until the
test results were read, its quality at the time of consumption would
again be unknown, Furthermore, the criterion used by the U, 5. Public
Hesalth Service for the determinstion of the bacteriological quelity of
drinking water (ref. 2) relates to the coliform group of organisms only.
These organisms, of fecal origin, are an index of sewage contamination of
water, While this index is satisfactory for municipal water supplies
where the principal source of contaminstion is sewage, restricting the
surveillance to coliform crganisms aboard spacecraft may sllow important
pathogens to go undetected., The sources of contemination abcard the
spacecreft may not always be directly of sewage origin and thus coaven-
iently tagged with coliform orgasnisms. Finslly, the standard methods
would require the continuous use of a 3S° C incubator aboard the space-
craft with its concamitant requirements for temperature cantrol of
*+ 0.5° C and the need for power.

Unlike the rambling distribution system of a municipal water
supply, a spacecraf” water supply can be s¢ carefully controlled that
sterility could be meinteined., This makes possible and desirable the
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use of the total bacteria count as s sanitery quelity index. The total
bacteris test offers much greater protection than testing for the colifarm
group of crganisms in that nonsewage associated pathogens will not escape
detection, Except for this sdvantage, however, the same objections cited
above for spacecraft use of the coliform detection method apply to the
standard method (ref. 1) for the determination of total bacteria,

Based on a method conceived and developed at Hazleton Labora~
tories, Inc., research has been conducted to develop & very rapid and
sensitive method for monitoring the presence of microorganisms in water
reclamation units in order toc enable anyone with a technical background,
such as an astronaut, to assesa the potability of drinking water. The
system is based upon the presence of adenosinetriphosphate (ATP) in all
living cells and upon the ability of the firefly biloluminescent reaciion
t0 detect minute quantities of ATP with great rapidity. It is 2 biolog-
ically nonspecific enzymatic method for detecting micronrganisms.

Insofar as is known, ATP is ubiquifous in all living cells

{ref. 3). Only under rare and contrived conditions can it be synthesized
abiogenically (ref, 4). ATP relecased by dying microorganisms is rapidly
scted upon by other organisms. Thus the extraction and detection of ATP
from a suspect sample of water is excellent evidence for the presence of
living orgenisms in the original sample, Through the use of physical or
chemicel means, ATP can be extracted from microorganisms., The extracted
AT? can then be gquartitatively assayed by means of the firefly biclumin-
escent reaction (ref. 5).

The firefly taill contains an enzyme, luciferamse; a specific

substrate, luciferin; and magnesium. When the firefly introduces ATF into
these reactants in the presence of oxygen, light is produced;

Mgt
E + ATP + LH, <&_____i. E - [Hp - AMP + PP

E-IH) -AMP + Op —> E - L - AMP + Light

where: LH, = luciferin, E = enzyme (luciferase),
PP = pyrophosphate, L = dehydrcluciferin,
and AMP = adeaylic acid.
The light output reaches its peak intensity in less than one second and,

by means of & calibration curve made with standard ATP, the peask amplitude
can be used as & quantitative assa, for ATP in the unknown sample.




to an oacilloscope.
such an ATP assay.

Readout is accomplished through the use of a photomultiplier tube coupled

Figure 1 i3 & typical oscilloscope readout during
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Figure | — Typical response of microbial
ATP in firefly bioluminescent
reaction.
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SUMMARY

The feasibllity of a unique method to guard against the space-
craft crew heaslth protlem of potable water contamination has been successfully
demonstrated. The new method detects total microbisml contamination of water
on & basis sufficiently broasd. rapid, and sensitive to meet the vequirements
set forth by the Air Force in its statement of the problem. The specifi-
cations called for a methed brosdly applicable to all microbial specles
with a capability of detecting as few as ten to cne hundred cells per =illi-
liter of water within sn elapsed assay time of 30 seconds. Results obtained
in the one-year research project reported herein strongly indicate that the
method developed can meet these most stringent conditions,

The method is based upon two factors:

1. The high sensitivity of the firefly bioluminescent reaction
for the quantitative assay of adenosinetriphosphate (A1P);

2, The fact that ATP occurs in all living cells, including
microorganisms,

Biochemical procedures were developed in a8 manner to make routine
spacecraft uase of the method by non-scientific personnel possible. The
reaction mifure required for the test may be prepared ir the lasboratary
and placed in frozen storage aboerd the spacecraft vhere portions can be
activated juut prior to use, The active ingredients extracted from the
firefly tall are the enzyme, luciferase; the substrate, luciferin; and mag-
nesium. When 2 solution of ATP 1s introduced into 8 solution of the reaction
mixture in the presence of dissolved axygen {normally present to excess in
both soluticns), lignt is emitted. The amplitude of light response is
directly proportvicnal to the quantity of ATP present. The assay of known
standard ATP solutions gives the slope of the calibration line, from which
the amount of ATP ir &- unknown sample can be determined.

The use of digethylsulfoxide (DMSO) was found to be highly
satisfactory as a solvent to extract cellular ATP, Thus, the manner in
which the system would operste aboard the spacecraft would be as follows:

An asmpoule of lyophilized reaction mixture would be removed
from frozen storage. The ampoule would be brcken and the
contents dissolved in stured Tris buffer. The water sample

to be tested would be treated with IMSC to release any intra-
cellular ATP present. A portion of the reaction mixture would
be placed in the cuvette of the photodetection instrument. An
aliquot of the treated sampie wouléd be removed by syringe and
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injected into the cuvette. The smplitude of the light
emitted would be iecorded. Based on results obtained in
the same manrer withi standard ATP solutions, the amount
of ATP in the sample would be determined.

In the course of this research project, studies were conducted
wich the following twelve different species of microorganisms: (az) bac-
teria Bechericale voll, Corynebacterium striatum, Bacillus subtilis,
Clogtridium sporogenes, Streptococcus salivarius, Thiobacillus ncvellus,
Btaphylococcus epidermidis, and Pseudomonss fluorescens: (b) fungi
Saccheromyces cerevisiee end Aspergilius niger; (c) aiga Chlorells pyre-

ol ; and (d) protozos Tetrahymena pyriformis, ATP was detected
sufficlently from =ach species to indicete feasibility for meeting the Air
Force requlrements. In addition, responses from the bacterial species
suggest the possibility of making the test gquantitetive for total numbers
of bacteria. Resultg with E. coll tested in various stages of growth
indicate that growth phase differences are not large enough to interfere
with quantitation of the method. The foregoing is tuesed on the belief
thet bacterlal gquantitation to an accurscy of one order of magnitude is
adequate for the desired test purposes. The ablility to obtain such
accuracy across the species tested was demonstrated with the exception of
one species, Corynebacterium stristum. However, a plausible explenation
for the variability with this orgenism iies in the difficulty in obtaining
accurate cell counts by standard methods. The potential for developing a
gquantitative total bacteris test was demonztrated.

The fessibility study was conducted with the use of an instrument
constructed especially for this purpose. Essentially, the instrument con-
sisted of a light-tight reaction chamber which could be rotated tc confront
or oppose a photomultiplier tube. A cuvette containing the reaction mixture
was loaded into the reaction chamber which was then rotated to confront
the photomultiplier tube, An aliquot of the sample to be tested was injected
into the cuvette by means of a syringe inserted through a light-tight rubber
stopper. The response from the reasction was monitored on sn oscilloscope
and manually recorded.

The results of the feasibility project strongly indicate {hat

membrane filtration of as 1little as ten milliliters of spacecraft water

and the extraction of ATP from the bacteris so removed can satisfy the maxi-
mum Alr Force requirement of getecting ms few as ten microorgenisms per
milliliter of spacecraft water. This is possible irrespective of whether
the microorganisms are bacteria, algae, fungl, or protozoa. Morecver, with
a suitable means for separating the bacterial species from the larger micro-
organisms, such as throush the use of differential filtration, it may be
possible to develop the method as u gquantitative assay for total bacteria,
Inasmuch as sample extraction cen be adequately accomplished in 15 seconds
and the reaction time is approximately 0.5 second, no problem is foreseen

in meeting the Air Force requirement for completing the assay in 30 seconds.

6
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Finally, the prospects esre most favarable for the development of suitable
instrumentation, either manusl or sutomatic, for spscecraft use. Further
research and development in blochemistry and engineering designed to nmeet
the Alr Force requirements is recommended con the bLasis of the promising
results obtained in this program,
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SECTION II1

BIOCHRMISTRY

1. MICROCROAVISMS USED FOR TESTING

The following microorgenisms were chosen for testing the ATP-

luciferase bicluminescence technique because they represent a wide range
of wetapolically diversified specles, many of which can be potential
apacecraft contaminants:

Bacterin

Algae

Fungi

Protczoa

Qrganisml Energy Source 02 Relationship
Escherichia coli Heterotroph Facultative
[ATCC §157)

Corynebacterium stristum Heterotroph Aerobic
[ATCC 6940}

Bacillus subtilis Heterotroph Aer, and Facul.
IATCC 5533 strains
Clostridium sporogenes Heterotroph Anmerobic
Streptococcus salivarius Heterotroph Facultative
[ATCC 9222)

Thicbacillus novellus Autotroph Facultative
{&TCC B093)

Staphylococcus epidermidis Heterctroph Facuitative
(ATCC 12228)

Pseudomonas fluorescens Heterotroph Aerobic
(ATCC 13525)

Chlorella pyrencidosa Autotroph Aerobic
{7-11-05)¢

Saccharomyces cerevisiae Heterotroph Facultative
{ATCC 4111)

Aspergiilus niger Heterotroph Aercbic
ATCC 6275

Tetrahymena pyriformis Heterotroph Facultative

ATCC 9357

lAll the ATCC type cultures were ordered directly fram American Type
Culture Collection, 12301 Parklawn Drive, Rockville, Marylend.

2Indiana type culture collection




In addition, the following organismg were selected for extended studies
(growtp phase studies; cf, II11.8):

a. Escherichia coli Heterotroph Pacultative

; b. Sacchuroamyces cerevisise Heterotroph Facultative

2. PREPARATION OF ASSAY ERZIME AND REAGENTS

¢ s g

Ageptic and chemically clean technigues werc applied in
puritying all the reagents, including enzyme solutions, to avoid cnn-
tamination from bacteris or chemlcals, including ATP,

[E———

: Fresh buffer was prepared and filiered through a membrane

i filter, 0.47 micron parosity. Disposable bottles were plugged with
cotton, covered with aluminum foil after being filled with the buffer
! solution, and then autoclaved at 1219 ¢ for 30 minutes,

The injection needles and glass syringes were cleaned by
sogking overnight in O.1N HCI snd rinsing with Tris buffer until no residusal
ATP response could be detected. All the nondisposable glassware and
cuvettes used on reactants and samples were also sutoclaved. The only other
containers used vwere of the sterile, disposable-type.

a, Purification of Enzyme Luciferase

Although dehydrated firefly tails {or lanterns) are listed in a
: number of catalogs, there bad initially been only one supplier who had any
: material available (Sigma Chemical Company), and this supplier had rationed
; severely the amount purchased by any laboratoary. Hazleton Laboratories
! conducted an extensive firefly collecting campaign among the children ia
the area near the laboratory and succeeded in obtaining a supply adeguate
‘ for this entire program. {(They were placed in tubes with Silica Gel
; after capture and almost immediately thereafter intc a deep freeze.) In
addition, Hazleton Iaboratories succeeded in obtaining another commercial
source of dehydrated firefly tails (Carclins Biological Supply). Tnis
source will sell reasonsble amounts of the enzyme source meterial to any
labaratory. PFurthermore, if they are informed of large requirements
bvefore the start of the collecting season {early July), they will arrenge
to collect and process any desired amount., The program may make use of
this source should woark continue beyond the present contract period,

i
}
i
i
!
¥
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¢
H
§
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The procedure used for processing fireflies starts with
lyophilization of the whole firefly followed by removal of the lanterns.
Acetone powders are prepared from this materisl by grinding the desic-
cated tails in a prechilled mortar with -20° acetone, filtering through
a Buchner funnel having Whatman no. 2 filter paper and then sir-drying
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the powder. After coapleting the drying process in a vacuum desiccator,
1 gram of the powder is sadded to 5 ml of Tris buffer at 0V € and stirred
for 10 minutes, An additional extrasction with S-ml buffer is made, A
total of 10 ml i{s obtained, Inscluble material 1z removed by centrifuga-
tion et 230 x g for 10 min at k% C. The potency of the material is
determined at this point by assaying with 1073 ¥ of ATP in the standard
instrument system., Partisl purification is effected by passing the materisl
through & column of Sephedex G-100 eluted by Tris buffer. BEach fraction is
agsayed for luciferase activity and the most potent ones from spproximately
four tubes, each contelning 7 to 1C ml fractious, are combined., Actlvity
of the pooled fraction {z-ughly 30 to LO ml) is assayed, The pooled active
fractions of enzyme svlution collected off the preparative column are
fiiltersd through & 0.%5 mieron membrane Tilter. Two-ml alliguots of this
material are then placed in lyophilizing bulbs and lyophilized for 2 hours.
Prolonged lyophilization may reduce the enzyme activity, When lyophiii-
zation is complete, the bulbs are placed in a deep freeze {-5% C) and
removed as required. The enzyme stared in this caondition for 6 months
8tiil has the coriginal sctivity. Pricr to use, & bulb is removed and
reconstituted with 2 ml of a solution contsining 0.05 M Tris buffer,
0.01 M MgS0y°*TH,0 and luciferin (0.6 mg/ml). The reconstituted enzyme is
again passed through & 0.45 micron membrane filter before use and kept in
i capped disposable tule in an ice bath. It stays active for gbout 2 to
hours,

b. ILuciferin

At the present time, it is not posgible to purnhase the substrate,
luciferin [2-(6-hydroxy-2-benzothiezolyl)-AC-thiazoline-4-carboxylic acldl,
and all of the material used so far has been synthesized at Hezleton
Laborataries,

The technique used for the synthesis of D-luciferin (only this
optical iscmer is active) 1s essentially the technique of White, et al
{ref. 6), with the major exception that elution from the alumine column
is effected with an equal {v/v) mixture of ether-petroleum ether. Cri-
teria accegtable D-luciferin are the following: mp = 18g° * 29;
fec} = -28° to -36° (ia 1,2-dimethyl-formemide); UV max at 330 mp,
€ = 18,000; < 1% dehydroluciferin. As mentiocned before, the luciferin
is prepared at the concentrstion of 0.6 mg per ml in sterile distilled water.

¢. Preparaticn of Reagents
The following resgents sre used in standard procedures:
{1} Tris buffer: 0.05 M Tris, adjusted to pH 7.4

with concentrated HCl, autoclaved st 15 psl for
50 min and stored in refrigeratar.

10
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MgS0,:  0.01 M Mg8Q, prepared in Tris buffer.

ATP: Stock solution contsins 1 mg/ml of Tris.
This 1s stored frozen snd dilutions (im Tris
buffer) are prepared as needed,

LuciPerin: 0.6 mg luciferin/wl of Tris buifer.

Ssiine: 0,85% NaCl in H,C.

Reaction {Ry) mixture: Iyophilized luciferase is
reconstituted by disscolving it in 2 ml of 0.05 M
Tris puffer. To this is added 2 ml of MgSOy solu-
tion and 2 ml of the luciferin (0.6 mg/ml) solution.

M30: 90% dimethylsulfoxide in 0.05 M Tris buffer,
pH readjusted to 7.h with HC.

d. Preparztion of Reaction Mixture

(1)

Reconstitute g vial of lyophilized envyme
(approximately 50 mg dry weight stcred in deep

freeze) with 2 1l 0.05 M Tris buffer.
Add 2 ml 0,01 M MgS0y,-THpO solution,
Add 2 ml luciferin solution {0.6 mg/ml).

Filter Ry through Swinny-13 sterile HA filter unit,
0.45 p,
Allow R, tc

in a capped, sie.ilec plastie tube for inherent light
tc decresse.

Dispense R, ir 190 A Lliguots into cuvettes before
assay.

Preparation of Standard ATP Solution

A stock solution of standard ATP containing 1 mg/ml is made up
and stored in l-ml portions in capped, sterile plastic tubes

in the freezer.

A tube s removed and tuawed cut each time.

Desired dilutions are made as follows:

11
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Standard ATP
Concentration Procedure

10t ¥/1c A 0.1 ml stock ATP solution + 9.9 ml 0.05 M Tris buffer
{100 x dilution)

10°3 ¥ /10 A 0.1 m1 101 ¥ /10 A solution + 9.9 ml 0.05 M Tris buffer
{100 x dilution)

10 ¥ /10" 0.5m 1073 ¥/10A + 4.5 ml 0.05 M Tris buffer
{10 x ailutia.)

105 ¥/10 A 0.5 mi 10°% ¥/10A + 4.5 m1 0.05 M Tris buffer
(10 x dilution)

1076 ¥ /10 A 0.5 ml 10> ¥ /10N + 4.5 mwl 0.05 M Tris buffer
(10 x dilution)

10°T ¥ /10 N 0.5 ml 107 ¥/10 A+ 4,5 ml 0.05 M Tris buffer
{10 x dilution)

The standard ATP response curve chbtained by assaying tbe sclutions
prepared in this= way is discussed further in Section 1I1.5.c., ASBAY
TECHNIQUE.

3. QUANTITATICOR CF CELL COUNTS

The problem of obtsining accurate cell counts has been of great
concern in the present assay program. Accurste counts ere necessary to
quantitate the ATIP response. Cell counts should be particularly reliable
in the most sensitive range of the ATP assay. Unfortunately, there is no
availahle method capable of precise enumerztion. For example the conven-
tional plate count aethod uses a medium which cannot suppor = owth of
numerous specles of orgenisms. Above all, there is no satisfactory cor-
rection factor for the so-called "clumping factor,” each clump being
counted as a single cell, The same organism may clump differently in
different cultures.

Another way to estimsie cell numbers is by chamber count. With
this method, total cell rumber can be counted. However, it is difficult
to get a sufficiently representative sample to assure accuracy. Moreover,
dead cells are also counted. This method gives a higher count than the
plete count method. Both methods were included in the present studies.
The Chlorella and Tetrahymena organisms were estimated solely by chamber
counts because of the inapplicablility of plate counts.

Plate counts were initlaslly made using pour plates and spread
plates, The latter are eusier to prepere and several experiments in which

12
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both pour plates and spread plates were used yielded very similar results
{see table I)}. Thereafter spread plates were routinely used.

L, FACTCRS AFFECTING ATP EXTRACTION
a., Effect of pH on BExtraction

Aliquots of Bacillus subtilis var globigii (BG) cells were
extracted with 90% DMSO im 0.05 M Tris buffer adjusted to pH values varied
from 6.0 to 8.5, APter 9 minutes of extraction at room temperature, each
system was centrifuged at 600 x g for 5 minutes at 0° C. The supernatant
was diluted 1:10 with 0,05 M Tris buffer, pH T.4. A volume of O.1 ml of
this diluted material was injected into 0.1 ml of a solution contalning
partially purified firefly luciferase, luciferin, and magnesium ion, As
can be seen in the results shown in figure 2, decreasing the pH to 6.5
improves extraction, but decreasing the pH even further, to pH 6.0, has
po additional effect, Furthermore, the difference in extractability
between pH values of 6.0 and 7.5 is insufficient to werrant alteration of
the procedure. In all the following experiments end in the standard
method, ATP extraction was made by 90% DMSO in Tris buffer, pH 7.k.

b. Effect of Length of Extraction Time

Freshly grown cultures (18 hours) of Escherichia coli ard BG
were washed twice with saline and then resuspended in 0.05 M Tris buffer,
pH 7.4. Nine-tenths ml of 90% DMSO - 10% 0.05 M Tris buffer, pH 7.4 -
was added to a 0.1 ml pgrtion of cell suspension (approximately 2 x 109
E. coli eells or 8 x 10° BG cells). After extraction for various periods
at room temperature (24° C), the individusl suspensions were centrifuged
at 0% ¢ and 600 x g for 5 minutes to remove cells., Two-tenths ml of the
supernatant was diluted with 1.8 ml cold 0.05 M Tris buffer, pH T7.L.
One-tenth ml was assayed with 0.1 ml enzyme solution. The results are
presented in figure 3. Although there is considerable increase in the
amount of ATP being extracted with longer extraction times, the major
point of interest in this figure is the relatively large amount of ATP
extracted in 15 seconds,

Because of the significance of rapid extraction in this program,
the same procedure was repeated for shorter extraction times. Cells,
after being washed with saline solution, were exposed to 90% DMSO for
15, 30, and 60 seconds and were immediately centrifuged at O° C 600 x g
for 5 minutes to remove cells., The superaatant was diluted 10 times
with Tris buffer. An aliquot of this diluted ATP extract was assayed
immediately. The other aliquot was assayed after being held for 30
minutes in an ice bath. As can be seen in table II, thils 3C-minute
holding procedure resulted neither in the loss of ATP nor in the increase
of ATP extracted. These responses were derived roughly from 2 x 10’ cells
for E. coli and 7 x 10” cells for BG.

13
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Table I. Comparison Of Spread And Pour Plate Techniques
For Estimating Cell Numbers.

Dilution
Qrganisms factor Spread plate Pour plate
Replicate Total no. cells Replicate Total no. cells
plates per ml plates per, ml
(colonies) (colonies)
E. coli 1070 46 5.5 x 108 63 5.5 x 10°
60 58
58 43
10'6 7 6 x 106 5 5 x 106
7 6
4 3
B. subtilis 10°5 73 7.8 x 10° 82 8.6 x 10°
76 87
85 88
10-6 5 6 x 105 6 6 x 106
7 7
- | 6
S. salivarius 1074 191 2.1 x 10° 171 1.9 x 106
209 163
230 220
1075 20 1.9 x 105 18 1.5 x 106

20
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Figure 2 — Effect of pH on extraction of ATP from
Bacillus subtilis var. globigii (3X10% cells)
with 90% DMSO in 0.05 M tris buffer
(pH 6.0 to 8.8) for 5 minutes ot room
temperature.
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Table TI. Effect Of Time On Amount Of ATP Extracted
(Values In Millivolts).

System Extraction time in seconds
1> -39 —00

E. coli (2 x 107 cells)
~ pITufed extract assayed

immediately Th, 000 87,000 105,000

Diluted extract assayed

after 30 minutes 70,000 82,000 97,000
BG (8 x 100 cells)

Diluted extract assayed

immediately 22,500 26,000 - 30,000

Diluted extract assayed
after 30 minutes 23,000 25,000 29,000

Calibration of enzyme preparation: 10°3 ¥ ATP = 9000 mv
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The next step in estsblishing s standard protocol wes to spply
the shorter extraction time procedure to relatively small numbers of cells.
Using the same procedures as in the last paragraph, but decreasing the
number of E. coll cells such that the injected extract represented 3.5
x 103, the results shown in figure 4 were obtained. The results shown
for BG were obtained with 1.5 x 103 cells. Both cell numbers wvere
obtained from approximete optical density messurements,

To be swre that the technigue is generally agplicable, ATP was
extracted from Tetrahvmena pyriformis. Using 1.5 x 10° cells, the response
obtaized after the 15-second extraction procedure was about 2000 milli-
volts, considerably above the lower limit of detectien.

c. Elimination of Centrifugation

Since the whole procedure from extraction to agsay must be
completed &s quickly as possible, an attempt was made to eliminate the
S-minute centrifugstion in the hope that the suspended cells would not
significantly interfere with the messurement of the light emitted during
assay.

E. coli (10% cells) in 0.1 ml was extracted with 0.9 ml 90%
IMSO in Tris buffer, pH 7.4. After & S-minute extraction at room tempera-
ture, aliquots were diluted from two- to seven-fold with Tris buffer.
Ten A of each diluted material were injected into a cuvette containing
100 N of luciferin-luciferase-magnesium. The results of ATP response
measurements are shown in table III.

The best result was obtained from S-minute extraction with 90%
DMSO followed by a sixfold ailution with Tris buffer. A similar procedure
wag repeated tc extract the same number of E. coli cells for a total of
15 seconds followed by sixfold dilution with Tris buffer. The ATP response
was 172.5 mv, a value very close to that from the S-minute extraction -
180 mv (see table III). Therefore, it was concluded that the ATP was
extracted almost immediately upon additicn of 90% DMSC to a cell suspension
and the cells 4id not prevent detection with the assay wnen DMSC diluted
to 132.5 {sixfold dilution) gave tne best response,

5. STANDARD PROCEDURES
a. Cultivation and Preparation of Cells for Assay
Table IV lists culture media and conditions for growing the
different types of tested organisms. All were grown either on broth or
on agar. With the exception aof Chlorells and Tetrahxgena, inocula for

broth cultures were grown under optimal conditions for 24 hours. One-tenth
ml was then transferred to fresh broth medium (25 ml) in a nephelo culture

18
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Table III. ATP Response Affected By Various Dilutions
With Tris Buffer On DMSO Extraction Of
E. coli (100 Cells As Extrapolated From

OD Curve).
Resulting
DMSO extractiogggeriod Dilution factor percent DMSO ATP ?::§onse
5 minutes 2 40,5 0
5 minutes | 3 27.0 66
5 minutes L 20.3 92
5 minutes 5 16.2 135
5 minutes 6 13.5 180
5 minutes T 11.6 115
15 seconds 6 13.5 172.5

Calibration of enzyme preparation: 102 Y ATP ='27,750 mv
Blank Tris buffer = 80 mv
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flagk and incubated for 5 hours to produce assay cells. The Thiobascillus
end Aspergillus cultures were grown on agar medis. The Thicbacillus cells
vere washed and the conidial spores of Aspergillus were collected from the
sgar plates for assay study, Since Chlorells and Teirahymena euitures were
slower growing oarganisms, they were grown in broth culture for 4B and 72
hours, respectively. .

PR

The cell suspension wes centrifuged at 600 x g for 10 minutes
at 0° C. After decanting and discarding the supernatant, the cells wvere -
wached with 5 mi of physiclogical saline, The saline wag removed after ’
another 5 minutes centrifugation and the pellet was reguspended i 10 ml
of seline, This materiasl, coatalining approximately 107 cells per ml, is
the working suspension for both the determinaticn of true cell count and
for the extraction of ATP,

For the accurate determinetion of cell count, serial dilutions
in saline were made of the working cell suspension. Appropriste dilution
of the cell suspension was estimated by either pour plate or spread plate
technique. A chamber count was also made by either Petroff-Hausser or
Palmer chambers. The chember count served as & guide for diluting the
working cell suspension to desired cell number for ATP extraction.

b. Extraction Procedures

One~tenth ml of the appropriate number of cells in suspension
was extracted with 0.9 ml 0% DMSC in Tris buffer at pH 7.4 by shaking
approximately ten times. Sixfold dilution was made with Tris buffer
inmediately after the extraction and 10 A of the extract wgs used for
gssaying ATP. If the originsl cell suspension contains 1 cells per ml,
the final 10 A of the extract will contain 170 cells.

¢, Assay Technique

One hundred A of the reaction mixture was placed in & tube cuvette
and allowed to sit for about half an hour, to be sure that the solution had
attained room temperature and inherent light had decreased. The inherent
light is assoclated with enzyme preparation. Even though the enzyme has
been partially purified, it still contains residusl light "generating”
compound, perhaps ATP. In every assay, the bicluminescent detector was
adjusted so that a zero level could be seen on the oscilloscope (or the
recorder) when no light source was in front of the phototube. The cuvette
containing enzyme, luciferin, and maghesium ion was then placed in front of
the phototube and the response noted - but the instrument was 232 read justed
to zero. The value c¢bteined st this point constituted the inherent liput
of the system. Ten A of the ATP solution either fran cell extract or
standard ATP was then injected into the cuvette and the maximum level oltained
on the oscillosccpe was recorded. The response was reporied as the total
incresse (gross response) from the initially adjusted zero level including
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inhereat light, The inherent light level and the net response were alsc
reported, As will be discussed later, there was evidence that net response
is the better ATP index than the gross response, The type ¢f data sheet
used for assaying the ATP standard and the various microorganisms is shown
in Appendix 1,

Standard ATP solutions (1077 or 107¢ ¥ to 16-3 ¥) of at least
three concentralions were assayed on each experimental day so that the
unknown guantity of ATP in tested cells could be extrapolated from the
curve. A typical standard cuarve in net response {mv) vs concentraticn of
ATP is shown in figure 5. The lireariiy and slope of the curve are repro-
ducible; however, due mainly to varistion in enzyme activity, inherent
light, ete., the curve shifts slightly from day to day. Therefore
instead of mv response, the results are reported in § of ATP extrapolated
from a standerd curve {mv vs A1P). Toth features, linearity snd paral-
lelism of the curves, permit the use of a single point (or one ATP standard),
if necesssry, to establish a standard curve; this may be highly practical
for space systems.

6. COMPLETED STUDIES ON TWELVE MICROCKGANISMS

Tables V through XVI represent ATF assays from 12 stipulated
microorganisms. At least four cultures at two levels of cells from each
organism have been tested, The c¢ell numbers by chamber count and corres-
ponding plate counts were included and arranged in decreasing order based
upen the chamber counts, The ATP net responses in millivolts represented
gross response less icherent light. These values were converted to ¥ of
ATP using the standard curve run on each experimental date, ATP content
in ¥ wes shown on the tables to indicate the net response values,

In determining the amount of ATP per cell the chamber counts
were higher than the plate counts, as predicted. This was particularly so
in the case cf the spore former, Clostridium sporogenes., The ratio between
plate and chamber count for this organism was 1 to 10 or 20, Generally,
the number of cells was related to tne amount of ATP. The lowest number
of cells listed in each table produced a significant response.

The ATP content, in ¥ per cell, has been calculated on the basis
of plate count as well as chamber count at =ach run. The order of magni-
tude for these velue~ (based on either plate or chamber count) was, with
but & few exceptions, consistent within each organ.sm. The individual
values (8 tn 10 runsj from each organism were averaged and standard devia-
tions were determioned within the samples for esch species. The average
values are summarized Iin table XVII, The list of the organisms has been
arranged in the order of increasing cell size - the smallest, Staphylo-
coccus epidermidis, being the first and tne largest, Tetrahymena pyriformis,
the last (table XVII).




10,000

Net response in mv

O.1
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Figure 5 - Standard ATP curve on Bioluminescent detector.

25'




usTusdJIo JO 3ZTS T13) «

~1-C1 X 271 01-0T X 0°2 . uot3etAd(]
pIspuBlg
o1-01 X 2°¢2 01-0T ¥ T a8eI3AY
01-0T X 2°n 01-01 X T°L g0t X L 0Lt cot (€)
o1-0T X L2 o1-0T ¥ £°6 )-0T x 0°¢2 otl ogt (%)
. . . '
02T * 60 o1-0T ¥ €°1 LT X T°T 000 ‘e olLL (2)
o7-0T X 672 o1-0T X €°% 1-0T X €74 00L‘T 000°‘T (€)
01-01 X L°2 o1-0T ¥ 8'1 1-0T X 6°6 005°‘E 0002 (1)
01-0T X 6°1 oToa x L€ 9-0T X 1°T 00€ ‘L 008°€ (1)
. . . € 4
01-9T ¥ o) 01-0T * £°1 g-0T X 0°1 000 ‘o2 00L‘L {a)
01-01 * L°2 o101 X L' g-0T * %°6 000 ‘€ 00002 (1)
AUNOD I3quByd Ag 3unoo a481d Ad w 1 N 3UN00 I3qWBY) 4unod 338Td
(T1e9/X ) av 4Ly P23833 ST132 'O\ Juamy 124Xy

A*i 9°0 - ¢°0) SIPIWJIAPIAS SnOd0207AudBlS WoI] Isuodsay gLy

‘A 91qQ8L

26




01-0T X €4 6-0T X §'0 U0T38TASQ

pPIBpUE3S
0101 X 6°6¢ 6-0T X 9°1 38eIaAy
01-0T X 01 g-01 X 0°2 g-0T X 676 001 05 (@)
o1-01 X 2°2 6-01 X #°1 g-0T X §°9 00€ iy (s)
o1-01 ¥ 1 €-01 X T°¢ 1-0T X 9°2 0L1 Ge (1)
01-0T X T°2 6-0T X %70 10T X #°1 099 0zt {n)
01-0T X 2°6 6-0T X 0°2 L-0T X £°€ 099 oLt (€)
o1-0T X 0°9 g-0T X 2°1 10T X 179 0001 005 ()
01-0T ¥ 8°8 6-0T X g1 . g-0T1 X 61 0oLl 0S8 (1) N
01-0T X 8°2 ¢-0T X g1 0T ¥ E°g 000€ 0in (<)
01-01 X T°2 6-0T X #°0 9-0T X "1 0099 0ozt {n)
01-01 X w°q g-0T X L'T g-01 X 0°€ 0099 00L1 (€)
quUnod Jaqueyo Ag umoo 23874 A . ) qUnNoo Jaquey) unoo a381d
{1192/ f) d1v . dLv pa1say] S1190 ‘ON FUSWT I9GXY

‘(Mg1-1%x¢0 - €°0) suadsSIIONTJ SeuowOpPnasg wody asuodssy IV " IA 31qs]




1-01 ¥ 271 £-01 X 2°0 UOT3BTAS(
plepuels

u.m-o X L mooa X 1°'1 3BvI9AY

) . asuodsax oy 0ge 0Ll {n)
a1-CT1 X €71 6-C1 X 1°1 40T X g2 00t 002 (9)
51-01 ¥ 972 €-01 X 61 =0T X 2°¢ 00L e]43 {€£)
o1-C1 X 6°¢ g-0T ¥ 21 10T X €% otlL 0L (1)
57-0T X 276 g-01 ¥ T°1 L-0T X €°6 000°1 005 (2)
01-0T X 176 6-01 X 0°1 g-0T X L1 00t ‘¢ 00.1 (1)
01-C1 X 8°¢ ¢-01 X 8°0 g-01 X 61 000 ‘% 0002 (¢)
2101 X 179 g-01 ¥ €1 0-01 X &' 000°¢L 005¢ {£) Y
01-C1 ¥ 8°6 6-0T X T°1 g-0T X 2°% 00E ‘L 00Lt (1)
01-01 ¥ &% §-01 X 6°0 g-0T X &' 000 ‘0T 000% (2)

4UNOD Jaqueyd Ag 3unoo 33BTd Ag (£) JUNOD I3qWBY) 2umMo2 3BId
(T1ed/ %) alv dLv P21833 STT32 ‘ON JUAWTI50XF

.?ﬁo.._” - Q'0) SNIIBATTEBS £NO20003daJ3S woxd asuodsay JIV °*IIA 2198L




A

oa-oH X g

o7-0T1 X 8°¢

01-0T X 9°6
01-01 X T°2
07-01 X %°€
01-91 X 8°8
01-01 X §°L
01-01 X ¢°2
07-01 X 6°¢

o1-01 ¥ L8

3UNOD J3quByd Ag

01-01
01-01
01-01

01-01

0°t

96

Ll'g
T2
n°
8°8
o°L

g*e

6°¢
l'g

unod aywid Ag

(11e2/) ) div

uoT38TA(Q]
pI8pUBYS

a8vaaAy

WcOH

waoH

X 92

X 41
X €6
X 1'e
X 01
X g1

xe's

(L)

dLy

ole
ooy
o1y
009
00L2
000"
001Y

0009

oot
0ot
o1n
009
000t
000%
00TH

0009

4UMOD Jaquey)

qUNOO 338TJ

pa3say s{1oo "ON

(€2 - 1 % ¢°0) T100 BIYoTIayosy woxy 9suodsay gLy IIIA S1qQE8l

(D)
()
(%)
(€)
(1
(e)
()
(€)

ECEEEL T

29




o1-01 X o'1

re

01-01 X 0° 1

01-0T X g°1
01-01 X g°%
o-o~ X 0°6
01-01 * L°6
voOA X T1°c
01-01 X 0°6
or-01 X 8"
01-0T X #°6

01-0T X §°T

1UNOo JIaquWeyod Ag

01-01

OH-OH

X ¢

X 1°6

X g'1
X el
X 41
xe'l
x 1°e
x €°1
X /1
x 11

X g1

4umoo 2387d Ag

(TT®2/4) awv

UoT4eTA3(Q
pIspuelg

aBeaaay

6-01 X 9
mroa X0y
miOH X 0°9
w|OH X0°g

mloa x L
10T X e2'%
1-0T X 8°¢
L-0T X 9°1
1-0T X 0°9

—

dLy

gret

0°€g
oct
ont
Get
otg
002t
ooft
0%et

1UMoo> Jaquey)

n°E
0t
L9
39
L3S
A
49
OEE
nee
ozt
0.9
OOtE

qUN0d 9981d

pa23833 STI9> °‘ON

‘(g1 -9°0X g0 ~ #4°0) SNTTIAOU SNT{}08q0TUL WL asuodssy JIV

"XI 93198l

(2)
(€)
{1)
(1)
(2)
(€)
(%)
(1)
(@
(€)
(n)
(1)

Jusw] 1adXg

30




6-0T
6-0T
6-0T
¢-01
£-0T
g-0T

6-01

X0'1

X %2

x 62
X 9'T
X 71
X 1°¢
x 6°¢
x 0°¢
X 61
X 41
X 42

X O.:

3UN0D Jaqueysd Afg

6-0T
6-01
¢-0T
6-01
6-01
6-0T
£-01

6-0T

T1

T°¢

52
2°€
7T
2
6°€
0°€
0°€
7'1
8%
0N

qunoo 3ajeld Ag

(1132/X) d1v

uoigetTAa(d
pl8puelg

aBwvaaay

40T X 9°L
0T X 2°6
oT X T'1
0T X g'1
g-0T X £
g-0T X 6°8
g-0T X 9°8
¢-0T X T'T
¢-0T X 0°2
¢-0T X f°q

(£)
aLv

00¢
0.S
OLL
otg
00T‘1
000‘€E
00L‘¢
00L L
oot ‘g

000°11

AUnoo Jaquey)

0ot
sge
oLL
STY
00T‘1
000°¢
csg‘e
00L¢L
0ST‘Y

00011

3unoo 378Td

paj3saq STTa° "Of

‘(d0°€ - 0°2 x g'0 - L°0) ST113ans sni{josd woij asuodsdy 4IV °X 91qE8l

(1)
(x)
(2
(€)
()
(D)
{(n)
(2)
(€)
(9

ECE I EE

31




6-CT X 974 6£-01 X 1°6
é-C1 X 6°n g-0T X L6
§-01 X 9°1 g-01 X 2°€
6-0T X 0°61 g-01 X 0°0¢
g-01 X 6°2 6-0T X L°S
6-01 X 8°1 6-01 ¥ 9°¢
6-01 X Ly 6-0T X 6°6
£-0T X 1 6-01 X 0°€
6-01 X L°6 g-OT X 0761
g-0T X 6°2 60T X L°S
6-01 X 6°¢ 6-0T X g°L

3JUN0D IaquByd Ag 2unod a3eid Ag

(T193/ L) d1v

uot1q8IA(Q
pIepusig

afvxaAy

asuodsaax opN
®|OH X 6°g
m|Oa xX0'1
1-01 X 0°¢
1-0T X 8°1
1-0T x 2°§
1-0T X 0°g
9-0T X €°9
9-01 X 0°2
g-01 X €y
(A

4Ly

ot g (€)
€9 L2 ,Amv
<9 139 (1)
oL 43 (2)
001 0S (€)
011 4 (1)
(0134 692 €9)
059 Gt (1)
ool (0143 (@)
00T1 05$ (n)
3UNOD_J3quey) 3UN6O 33 81d
paj3saj STI?D °ON qUaWT J2d XY

(€ 0°€ - 0°2 X §°0 - €°0) UM3BTI3S UMJ2308QaUAIO) WOIJ asuodsay dLy

*IX 3TQEy,

32




01-O1 X 8°0 6-01 X 11 woy3EyAS]

pIepUBlS
or-OT * 1°¢ 6-01 X 6°2 afBIaay
01-01 X #°1 g-0T X 9'¢ g-0T X 2% 01t 91 (1)
01-01 X 6°2 60T X n'2 10T X 1T°T ogt S (2)
01-0T X T'T 6-01 X T'T g-0T X 0°6 oSy Ly (v
01-0T X 2°€ €-0T X 0°% g-0T X 9°1 00$ on (€)
01-0T X §°1 6-01 % n°€ 10T X §°¢ 001°E 091 (v
01-01 X 9°2 g-01 X 22 | g-0T X 01 008‘€ ()]4 (2)
0T1-01 X 0°1 6-0T X 01 10T X &'y 006 ‘4 oLy (%)
o1-0T X 2°€ 6-01 X 0°% g-0T X 9°1 000 ‘S 00% (€)
01-0T X 91 6-07 X T°€ 9-0T X 0°¢ 000 ‘TE 0091 (1)
01-0T X §°2. 6-01 X 0°2 g-01 X 0°6 000 ‘gt 0054 ANV_
01-0T1 X 0°1 6-01 X 0T g-0T X 6°q 000 ‘St ooL% (%)
01-0T X 9°2 6-0T X €°€ ¢-0T X £°1 000 ‘0 0001 (€)
3UN0D Jaqueyo Ag 3UN0o 23814 44 () JUN0D  J3qWey) 3UN00 2381d
(tteo//f ) arv dLv pa3saj STTaD 'ON ECEEE: ST

.TA 0°L - 0°t X g°0 - 9°0) sauagoJods uMpIIIsoT) wWolg asuodssy JIV °IIX STQs8L

33




g-0t X 1°€ RIS i UoT3eTA

. pIBpUBlS
Q!Oﬂ x H.W NIO.M X )1 NMGHU><
g-01 ¥ 0°¢ 1-0T X €°0 g0l X 41
g-01 ¥ ne 1-0T X 7°0 g-01 X €2
g-01 X 9°6 L-01 x 2°¢ 10T X g°4
g-01 X 9°2 1-01 x £°0 101 X 7°1
g-01 * 01 101 x L°¢ 10T X 0°9
g-01 X 6°¢ 1-0T X %°0 1-01 X g°2
g-01 X 2°8 Lot x L2 g-01 X 1°%
g-01 X 0°¢t 1-0T X €0 g-01 X 9°1
g-01 X £°6 L-0T x 1°€ g-01 * 9°S
g-0T X 9°¢ 1-0T X #°Q 9-01 X %°2
g-0T X 2’8 101 x 9°2 ¢-0T X T°%
g-01 X 0°6 10T X 0°¢ ¢-0T X %°§

JUNOD Jaqueyo Ag qunod ajeyd hm nuy

(Tte/X) av aiv

.A1<: - ¢°2) J9dtu snyyiszadsy Jo saxodg 18IpIUC) wolg asuodsay gLy °IITX S1Q8L

€6°0 £6°0
i9°0 £9°0
S 1
£y £°s
9 8’1
L9 €9
o]4 v St
€S €S
09 81
L9 €9
005§ 1991

009 081

UN00 JoqWey) U005 93914

pP93833 BT[30 'ON

(2)
49
(n)
(2)
(€)
(1)
(%)
(2
(€)
(1)
(%)
(€)

JuswT Iodxd




g-0T X 16°0 L-0T X 61°0
g-0T X 8°2 J-OT X €°T
g-0T X T'n 10T X 1°1
g-CT ¥ €72 10T X €°1
wao._” X 6°1 hnoﬂ. xX1°'1
g-0T X 8°2 10T X §°1
g-0l X T'n 10T X 7°T
muo,n x T2 1-0T x 2°1
woo.n xX6°1 10T *T1

wioa x € 1-0T X 9°1

JUMODd IqWEYD Ag

oY 338Td Ag

(1337 Xy div

(f0°L - 0°6 X 0T - 0°Q) 29I8TAI9D 830 AwOIBYD0BS Woxd asuodsay 4LV

uoI3eTA(Q
pIspuelg

afwxaay

10T X 6°g
L0 *x29
LI
g-0T X T'T
g-0T X 1°6
0T X 9°¢
g-0T X 2°¢
¢-0T X 1T

(b

dLy

L2
L2
of
022

Ele

0o%

UN00 Jaqwsy)

$'9
8%
AR |
€L
59
In
gn
€L

JUN00 93874

pP338a3 81192 ‘ON

“AIX 3148l

(D)
(%)
(€)
(@)
(1)
(€)
(%)
(@)

Juaay Jadxg

35




g-01 X ¢2

0T X 0°§

g-0T X £°g
g-01 X 11
0T X 2°6
0T X 9'9
g-0T X §°¢
g-0T X 9°¢
g-0l X T'2
g-0T X 2°6
g-0T X 6°9
g-0T X 9°n
g-OT X €°€
g-0T X 6°1
g-01 X 6°¢
QIOA X 9°S
g-0T X T°¢

OT X %°T

1Unod Jaqueyo Ag

(t139/ 1) aiv

uorzeTAX]
pJIepusys

adeaaay

asuodsax oN

J-0T X §°0
g-0T X 66
10T X 6°1
,-0T X
,-0T X 0°¢
1-0T X 2°6
L-0T X 2%
g-01 X §°1
9-0T X &'
g-0T X 2°%
g-0T X 8°%
g-0T X g°¢
¢-0T X 9°T
¢-0T X St
¢-0T X §°%
¢-0T X 2°%
. I
aiLy

02
62
19
16
SHl
003
062
019
osHT

0002

2UN0d I3qURY)

paqs8a3 STTa0 'ON

‘(4 09 - 0'%) ®soproualid BITaIOTY) WOIJ asuodsay dLV

"AX 9TqEl

(<)
(1)
(1)
(9)
()
(V)
(2)
(€)
(s)
(%)
49
(2)
(€)
($)
()
(2)
(€3

JUSEL I5A X

36




_0T X §9°0

9-0T X g°¢

g-0T X ¢'e

g-0T X 0%
g-0T X €72
9-0T X #°€
g-0T X 6°2
g-0T ¥ 6°2
WlOH x ¢'2

mnOH X 6°1

3Unod Jaqusyo Ag
(T1e9/8) dlv

uo138TA3(Q
pIepueqg

a8BIaAy

¢-0T X 0°2

¢-0T X 2°2

9°0
L0
6°0
1
29
89
L'g

111

4UMOD J2qusy)

pajsay STIao 'Oy

.Ai 06 - 0t) STmIoJTIAd BUswAyeIja], WoXJ asuodsay gLy

“IAX 3198l

(n)
(@)
(€)
(D
(1)
(@)
(€)
(1)

JUSWT I2aXY




wsiueldIo Jad 83839 2l-g 30 S3UNOd TIe 0] Bexaay

9-0T X g°2 - g-ut %61 9°'0 . - 0§ - ot STWI0JT1Ad wuswAgqeiqal
g-o1 x 0§ - g-01 X 0°6 9'0 - 9 - % ¥S0DIOURIAd W[3I014D
g-01 X 1°9 10U X L1 g-0T X 1 €5°0 " €50 n-62 IFT snri9aadsy
g-01 X 8°2 10T X €1 10T X 176 2 L'y L-6x01-¢8g SE}8}ARI30 SI0AWOIWYDDES
o1-91 X 172 6-01 X e QlOﬁ xen o1t 91 L-¢€xg0-90 S2UaB0I0ds WnypPFIIS0LD
6-01 X 6°1 €-01 X L°6 g0t * (9] 139 12 £ -2%x6¢0-¢€0 WN38T438 ENJII309QITAI0
§-0T X n°2 6-01 X T'€ 101X 9°L 00€ 00€ €-2xg0-210 STTT3ans switiow
01-01 X 0°% o1-01 * 1°6 6-0T *0°9 G2t €t 8T -9'0Xg0-10 SNTT3A0U SNTTIOEIOTYL u%u
o1 ¥ 8°s o1-01 X 9°§ 10T X 92 oLz oot 2-1X%X50 710> ®IR37ISuSH
o1-0T X LS 0T X 11 10T xge 004 002 | 1-80 SNJIBAT{®S BNOD00030913S
o1-01 X 6°S maOA X 9'1 wno._” X 66 00T 0§ g1 -1XxX¢60~-¢0 8U2083J0NTJ SYUOWOPNIsd
O.nno.n xz'e o1-0T X Ty Qlo.m x 1l olLY 001 9°0 - 60 91pTRIapida SNDO020TAGdESS
U000 _JIeqEwy) UG5 _a3w1d (&) 3UN0D_Jaquey)  JUN00 93814 ()
L1290 3ad (R) LV SBelaAy LY 83UN00 1120 az18 1130 SWSTUSIO 38a]

P9383] SIS0 JO Jaqumu
unwraIe aaysundsay

‘119D I2d (& ) 41y s¥wiaay puy

PII8AL STT3D JO Iaqunyi 38amoT A aswodsay IV JO 93{nssy pazidewamg ‘IIAX @148l




£
b
T
5
-

« e oy

ATP content per cell generally correlated with the size of the
tested orgenism. Even more surprising and significant from the standpoint
of the cobjective of this project, however, is the relatively small varistioa
between bacterial species in the per cell content of ATP. The mean ATP
content per cell for bacteris varied between species only slightly more than
one order of magnitude. This was reflected ip the statisticsl snalysyis of
verlation in ATP per cell within each bacterisl specles, as well as among
bacterisl specles, The mean (%), standard deviation {§), and coefficient
of variation (S/i) based on plate count were found to be as follows:

X £ 8 {x 10-10) Coefficient of Var. (/%) %

S. epidermidis k.1 2.0 kg
E. coli 5.6 £ 3.0 54
T. novellus 9.1 £5.5 60
S. selivarius 11,0t 2,0 18
P. flucrescens 16.0 * 8.0 50
C. sporogenes 26.0t 11.0 L2
B. subtilis 31.0 ¥ 11.0 35
£. striatum 97.0 £ 91.0 94
All the sbove speciles 25.0 ¥ 93,0 370
All the above species

except C. striatum 14.7 t 18.8 128

The coefficlent of veriation for the individual organisms ranged
fram a low of 18% in §. saliverius to a high of 94% in C. striatum. The
plecmorphic cell structure of the latter organism was believed to be the
cause for such s high coefficient of variation.

The mean, standard deviation and coefficient of variation among
all the bacterial species tested were celculated and listed above with and
without C. striatum. The variation w2s reduced to one order of magnitude
(5 = 18.8). Because the C. striastum possesses such & unique cell structure,
quantitation of this organism as a basis for comparison of the ATP assay
with that of other organisms may be especially inaccurate by conventional
counting technigues.

Based on chamber count, the mean value of ATP (¥} per cell in
Staphylococcus epidermidis (0.5 - 0.6 micron) was 2.2 x 1010 y; the
Bacillus subtilis (0.7 - 0.8 x 2-3 micron), 2.4 x 1079; and the Tetrahymena
pyriformis (30 to 50 micron), 2.8 x 106, Clostridium sporogenes, however,
did not follow in line. Despite the cell being larger, the ATP per cell was
smaller than in Corynebacterium. The Clostridium is an snaerobe and the
fact that the fermentative pathway produces less ATP per molecule of
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carbohydrate consumed may account for the difference. Also, the cell
population included a considerable number of spores which may contain less
ATP than the vegetstive cells,

Desplte the fact that autotrophic Thiobacillus novellus was grown
in a striet sutotrophic medium, the ATP content in this organism was in
line with the other heterotrophs in regard to the relationship between cell
size and relative ATP content.

Because of difficulty in quantitating mycelium for the fungi
Aspergillus, the conidial spores instead of mycelium have been selected
for ATP determination. More ATF is expected to be found in the mycelium
than in the spores. Nevertheless, the conidia did centain considerable
amount of ATP (6.1 x 10~° Y per spore by chamber count), the value being
camparable to vegetative cells of Saccharomyces cerevisiae, This
organism is also a fungi, but 1t can be quantified.

The Chlorella, on the other hand, was smaller in size than the
Saccharomyces, yet it contained more ATP per cell than the latter. This
is poscible because the Chlorella is a photosynthetic organism. ‘The ATP
generating mechanism is different from that of yeast snd other heterotrophic
organisms (ref. 7).

The net ATP response from the minimum numbers of cells tested
for each organism is included in table XVII., These values are not the
smallest number of cells detectable, but merely the smallest numbers tested.
In most cases, the responses were still considerably higher than the small-
est levels detectable at the highest sensitivity setting of the instrument.
Thug, there is little dcubt that the minimal detectable cell number for
most of the organisms tested is 100 or less.

7. COMPARISON OF NET AND GROSS RESPONSE AS AN INDEX FOR ATP

As described in "ASSAY TECHNIQUE " (p. 23), the ATP resporse can be
expressed in two maegnitudes, i.e,, gross and net responses, The difference
between these two vesponses is the inherent light. Inherent light is a
background light observed when a cuvette is loaded with the reaction mix-
ture and placed in front of the vhotomultiplier without adding ATP. The
gross response then represents the total light response from the initially
adjusted zero reading of the instrument caused by the inherent light and
the ATP reaction. The net response is the gross response less inherent
light. No evidence to the effect that the two types of light were truly
additive had been obtained heretofore. Thus, the guestion as to which
response is a better ATP index had to be studied. Since the inherent
light, and consequently the gross response, showed a high:r variability
than the net response, the latter was thought to be a better measure of ATP
content, Furthermore, the net response was always found to be log linear,
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l,e., a straight line when plotted on log log paper, while the gross
response was curvilinear on log log paper. This characteristic of net
responsge simplified calibration.

As mentioned earlier, a standard dose-response curve constructed
from three to four points with ATP concentrations ranging from 107 to
1072 ¥ was made at each experimental date. Even though the absolute values
¢f the responses for the standard curves were different from day to day,
their shape and slope were preserved. The preservation cof shape and slope
wag found to exist throughout all 21 experiments. As un exercise to demon-
strate the gualities of shape and slope, the net and gross responses Were
adjus ed, compared, and then averaged., The resulting mean values were then
tabulated in table XVIII and plotted in figure 6, This procedure has been
used only to show the consistency of the gualitative characteristics from
day to day during the research and is not part cf the routine assay
procedure. Table XVIII represents summarized dats of 21 standard curves
mede at different dates, The origina]l dats are shown in the "N" (non-
ad justed) columns. The values at 1077 ¥ ATP for net response rangeé from
1.8 mv (Experiment No. 4) to 27 mv (No. 11), and for gross response, from
10 mv (No. 2) to 63 mv {No. 7). Normalization of the data can be accom-
plished by using the mean values of all 21 experiments. Because of
convenience, however, the values in experiment No. 20 were selected for
this exercise since they did not alter the characteristics of the analysis.
The factors which were used to adjust net and gross response to 11 eand
18 mv, respectively, at 10-6 ¥ ATP dosage were used to adjust the net and
gross responses at 1077, 10-5, lO'h, and 1073 ¥ ATP concentration. The
correction factors for each response on each experiment are slso included
in the table. [he adjusted values are listed under the columns labeled
"A." IFigure 6 shows the dose response curve of these adjusted values vs
ATP concentration, The shape of the adjusted net and gross response
curves as seen in figure 6 is similar to that seen on & day-to-day basis.
Therefore, this exercise (normelization of the data) validates the choice
of the net response as the index of ATP content,

§. ATP CCNTENT IN VARIOUS GROWTH PHASES OF MICROCRGANISMS

Estimation of the amount of ATP in cells of 12 studied organisms
has been done only in cells of the log growth phase, Although literature
{ref. 8) has indicated taat ATP levels in microbial cells are rather stable,
some studies to verify this observation were conducted, E. coli and
S. cerevisiase cultures were selected for the test. One-tenth ml of the

16-hour cultures of E. coli in TSB and the 2h-hour cultures of S. cerevisiae

in SDB were inoculated into 25 ml of the appropriate growth media in
nephelo culture flasks. The former was incubated at 37° C and the latter,
at 30° C on the shaker bath. After the desired tiwe interval, the cell
density (optical density) was determined on the Klett photometer. The OD
vs time curves were constructed for both organisms snd are shown in
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Figure 6 — Adjusted response versus ATP standards of all
experiments. Each point is a calculated mean
value (see taxt).
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figures 7 and 8. The ATP determinatione were made at the pcints of growth
phase indicated on the figures and the results are shown in tsble XIX for
E. coll and in table XX for 3. cerevieiae,

The ATP in ¥ per cell, besed on chambey counts for E. coll 8t
various phages (table XIX) ranged from 5.4 x 167+ in tne sta+1cnary phase
to 6.6 x 10°'0 {n the acceleration phase. Since the cells in the staticnary
phage are composed of old and dead cells, they were lowest in ATP content,.
There was approximately a factor of 10 difference in ATP content per cell
between the two phases.

%4 similar observation was alsc made in 5. cerevisiae cultures
when the ¥ of ATP per cell in the stationary phase was 7 x 10'8, vhile in
the log phase the value was 2.5 x 10‘7, over three times higher than the
former value {table XX).

In addition to growth phase studies, a piiot study was undertaken
to compare the ATP content of viable and dead cells (formalderyde-treated).
Preliminary results indicate that no appreciable amount of ATP was detected
in the dead cells of E. coll and 8. cerevisise. Further work is necessary,
however, to confirm this observation.

k5

PR

S ag Ll A £y




¥ ATP/csli

sosoyd Yimoid sn01sDA |D UOIDUIWIBISP J LV PUD 110D°F JO BAIND YyM0i9 - 2 unbiy

IR0y U1 sw}

92 | £ r44 0e 81 9 vl el Ol S 4 r4 o)
¢)
o I oo
on-0l%e bz
/ \. 1
y
m i
-0ty ZN... LO'
X
don
-01%9 \\\ fos
P s B @4 ‘T‘ll‘ﬂ“\l dlv )
u g e———— 3 -u
Lol )

Kisuep 1031100

L6




¥ ATP/cell

sasoyd  yymo0iB snowpa
10 UOlDUIWINGD LV PUD BDISIARISD 'S JO 9AIND YIMOJD — g 9andi 4

sinoy w1 swy)

9 b 15, 9¢ 2t 82 v 02 9 2l ] »
0
.oO_ L3P 3 *. 1 (o]
A e, \ XEER oo
s : Aoy zo
...... X
.......... x A
..... o - - llfo.oto om oy ttw
., ., ‘I. o an®®
IIOO H !.Cin
+-01% 2 = cnf.lﬂaao--. %otl.?' = w »0
= g
8o s
PR : —190 =
. Q
[
a
: <
20129 % 80

\ wesesenneess LV Jf._

—— ~—9D|81A819) 'S

LH\
Kiovon0iS

AN

b7




Table XIX. ATP Content Of E. coli Grown At Varlous Growth Phases.
Cell no, in Net
Growth 10 - A sample response ATP ATP ( ¥ per cell)
phase Plate Chamber  ( mv) (N Plate count Chamber count
3 3 -
Lag (I) 2 x 10 3.2 x 10 8 7.9 x 10°7 4.0 x 10710 2.5 x 10710
2 x 10° 3.2 x 10° 1 1.0x 1077 5.0x 10719 3,1 x 10710
2 x 100 3.2 x 101 0 N . .
AccelerZ ) 1.4 x 0% 1.5 x 10t 75 7.3x10% 5.2 x 1010 4.9x 1010
ation (II ~
1.4 x 100 1.5 x 10° 7 6.9 x 1077 4.9 x 10710 4.6 x 10-10
1.h x 102 1.5 x 10°0 1 1.0 x 1007 7.1 x 10-10 6.6 x 10730
Log (III) 6.3 x 103 6.3x10° 18.8 1.9x 106 3.0x1010 3.0x 1010
6.3x 100 6.3x10° 2.0 2.0x 107 3.2x10° 3.2 x 1010
6.3 % 10~ 6.3x10° 0 - - -
b 7 )
Station- 1.36 x 10 1.28 x 10> 8 6.9x 107 51x10 5.4 x1012
ary (IV) .
1.36 x 103 1.28 x 10° 1 1.0x 10°7 7.2x 10! 7.8 x10°H
2
1.36 x 10° 1.28 x 10 0 - - -

* See Microbiology, M. J. Pelczar and R. D. Reld, p. 69.
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Table XX. ATP Content Of Samccharomyces cerevisiee Grown At Various Growth Phases,

Growth Cell no. in Net
phase® . 10 A sample response ATP ATP (of/cell)
Plate Chamber (mv) (7) Plate count  Chamber count
Lag (I) 107 134 124 1.9 x 1072 1.8 x 1077 1.4 x 10-7
10.7 13.4 11 1.9 x 1076 1.8 x 10-T 1.4 x 10-7
1.1 1.3 1.25 1.9 x 1077 1.8 x 10-T 1.4 x 10°7
Lag (IT) 380 350 200 3.3x 100  8.7x108 9.5 x 108
38 35 21 3.4 x 1076 9.0 x 10-8 9.8 x 108
5.8 3.5 2.0 3.2 x 10°7 8.4 x 1078 9.2 x 10-8
Lag (III) K75 530 345 5.6 x 10~5 1.2 x 1077 1.1 x 10-7
7.5 53 31 5.0 x 10-6 1.1 x 1077 9.4 x 10-8
4. 75 5.3 3.5 5.6 x 1077 1.2 x 1077 1.1 x 10°7
Lag (IV) b1.7 50 47 7.6x100  1.8x107T 1.5 x 10-7
k.2 5.0 k.5 7.2 x 10-T 1.7 x 1077 1.k x 10°7

0.42 0.5 0.5 7.7 x 10°8 1.8 x 10°7 1.5 x 10-7




Table XX. Contlnued

Growth _ Cell no. in Net
phase* 20 A eample response ATP ATP (4f/ce1l)
Plate  Chamber (mv) (%) Plate count Chamber count
Acceler- c 7
ation (V) 460 480 305 = L4,9 x 1077 1.1 x 10~ 1.0 x 1077
16 18 30 b.ox10® 1.1x107  1.0x107
4.6 L.8 3.0 4,9 x 1077 1.1 x 107 1.0 x 1077
Log (VI) 808 800 1240 2 x 1074 2.5 x 10-T 2.5 x 1077
80.8 80 123 2 x 10-5 2.5 x 1007 2.5 x 1077
8.08 8.0 12.5 1.95x 106 2.4 x 10T 2.4 x 1077
0.8 0.8 13 2 x 10~7 2.5 x 1007 2.5 x 10°7
End of 1700 1900 3150 3 x 10-4 1.8 x 1007 1.6 x 1077
log (VII)
170 190 275 2.7 x 105 1.6 x 1077 1.4 x 10-T
17 19 28 2.7 x 10-6 1.6 x 1007 1.4 x 10°7
1.7 1.9 2.7 2.7 x 10-T 1.6 x 1007 1.4 x 1077
Station- 4000 4170 6100 3.0 x 10-4 7.5 x 108 7.2 x 108
ary (VIII) 8
400 b17 6C0 2.9 x 10-5 7.3 x 10 7.0 x 10-8
40 41.7 64 3.1 x 10-6 78x108 7.4 x108
L k.2 6.3 3.2x107 8.0x10°8 7.6x 1098

* See Microblology, M. J. Pelczar and R. D. Reid, p. 69. McGraw-Hill, 1958.
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SECTION IV

INSTRUMENTATION

1. SYSTEM DESCRIPTION

FPigure 9 is a block dlagram of the instrument system, The

ioluminegcence detector is an assembly consisting of & sensitive photo-
multiplier tube, the voltage divider network which feeds the appropriste
supply volteges to the photomultipiier dynodes, signal processing cir-
cuitry, a rotating mount for standard 6 mm x 50 mmn test tubes which serve
as reaction chambers, and a 1ight-tight housing. High voitege for the
dividing network has been normelly supplied by & power supply, John Fluk=z
model 4128,

A Tektronix model 5C3 oscillos-ope has been used to display the
instrument output. A simple device has been constructed for balancing

ocut the photomultiplier dark current and thus sllowing the oscilloscope
trace to be indexed at any desired vertical positicn.

2. BIOLUMINESCENCE DETECTOR

An exploded isometric view of the bioluminescence detector is
shown in figure 10. Photographs of the components are shown in figure 11,

The assembled detector is & rectangular light-tight housing for

the photomul (plier., The glass envelope of the PM tube is contained within

the PM tube ‘.amber (Part No. 2). The socket of the PM tube extends into
the base chamber (Part No. l),and it 1s here that the components of the
voltege divider and signal processing electronics are mounted. Holes to
dissipate heat generated by resistance losses are provided in the base
chamber. The end plate (Part No. 6) blenks off the end of the base cham-
ber and provides a mount for & UG-931 MHV chassis connector snd a UG-88
chassis connector to make the high voltage and signal output connections
respectively. The sample chamber is connected to the PM tube chamber in
frent of the photocathode and has a light-tight revolving drum in whnich
is seated the cuvette or test tube reaction chamber,

The sample drum (Part No. 4) is designed so that two cuvettes
can be mounted in opposing recessed chambers and can be rotated into the
gample chamber, one at a time, without exposing the photocathode to the
ambient light in the laboratory. A replaceable, light-tight. rubber plug
is mounted in the top of the sample chamber directly over each cuvette to
allow the introduction of reagents by syringe needls after the cuvette or
test tube has been rotated into the sample chamter.
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OB8CILLOSCOPE
TEXTRONIX
NO. 503

e 7

| Bioluminescent detecfor |

R. C. INTRBGRATING
POWER SUPPLY
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Figure 9 — Bioluminescent detector - block diagram
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Figure |1 - Disassembled bioluminescence detector
A - Components separated

8 - Components aligned (but not fully assembled)
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A ring assembly cunsisting of two insulating plaatic, thresded
and meted rings festens around the flanged metsl collar on the photo-
pultiplier tube. This ring insulates the collar, which ghapes the focusing
field for the photocathode, from tne Instrument cssing and supports the
photomultiplier in 1ts chamber. The resistors snd capacitors of the divider
network and signal processing electronics are mounted directly on the tube
socket in the P base chamber. A sheet metal cover protects the face of
thie gample chamber when the ifnstrumeat is aot in use,

The photomultiplier used in this instrument is an RCA 7265,
This tube has 14 dynodes, 8 Potusing eiseirode, an accelersting electrode,
an anode, and a photocathode, The manufacturer's specificastions for this
tube are given in reference 9.

The voltage divider design and the supply voltage have been
chosen far "continucus luminous excitastion and d-c anode current” {see
reference 9). The circult diagram is shown in figure 12. A simple RC net-
vork hass been included in the cutput circuit to inhibit the response to
nigh signal frequencies. This further sdapits the photomultiplier for
detection of continucus luminous excitetion since {t has the effect of
filtering high frequency variastions in signal output due to pulsstioens in
the 1ight being detected and slsoc due to nolse,

When the oscilloscope is operated in its most sensitive ranges
(mv/em), the photomultiplier dark current is sometimes so large that the
verticael deflection index control on the oscilloscope will not bring the
trace to the center of the cathode ray tube, When this oceccurs, an addi-
tional bias can be introduced into the vertical deflection circuitry from
an external source, If the oscilloscope is designed for dual inputs, the
external bias can be introduced on the second input connector by setting
the input mode switch to detect the difference btetvween the two inputs. A
simple voltage divider potentiometer across a dry cell can be used as a
bias voltage source, The details of & simple dark current, balance cir-
cuit are shown in figure 12 along with the photomultiplier circuitry.
This control was constructed and mounted in the accessory box delivered
with the instrument.

3. POWER SUPPLY

The power supply, John Fluke model L412B, was chosen to provide
the high voltage (-1B60 v d-c} for the photamultiplier voltage divider
becsuse of the low ripple content, and excellent voltage regulation.
Stability of the power supply is extremely important since the percent
variation in input voltage will be reflected in the cutput signel as that
percentage times the anuwber of dynodes. In this instrument, for example,
a fluctuation of 0.1% in the supply voltage will csuse a change of 1.4%
in the output (voitage or current if the load is resistive) that is not
due to & chane in the light being measured.
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» The controls for the power supply consist of five rotary switches
used to select the output voltage, a polarity reversing switch, a power
cswitch and indicator light, and a high voltage switch and indicator lamps
(see figure 13). There is also a kilovoltmeter in the panel to provide &
gross check of output voltage.

The first rotary switch selects increments of 500 volts from O
to 1500 (see figure 13). The second selects increments of 100 volts to be
added to the first., The third switch selects additional incrcments of
10 volts, the fourth increments of 1 volt, and the fifth increments of
1/10 volt. Thus, to select -1860 volts, the first switch would be set at
1500, the second at 300, the third at 60, and the fourth and fifth at zero.
Output is delivered through a coaxial connector. If the polarity switch
is set on "+," the center conductor is positive with respect to the out-
side conductor. If the polarity switch is set on "-," the center conductor
is negative with respect to the outside conductor. When the power supply
is connected to the bioluminescence detector with the coaxial cable
provided, the polarity switch must be set on "-." ‘

The power switch applies 115 volt 60 cps energy to the instrument
and is distributed to vacuum tube filaments and indicator light to allow
the instrument to warm up and be on standby for use. After a suitable
warm-up time (approximstely 1 minute), the "standby" indicator light caomes
on and the high voltage switch can be set to "on" to apply power to the
photomultiplier.

L, DISPIAY

There is a considerable latitude in the choice of a display for
the ocutput of the bioluminescence detector. The choice of a display will
depend to a great extent on the output range (in millivolts) in which the
instrument is expected to be used, as well as the convenience, desired
format, and need for permanent records. The instrument has been used suc-
cessfully with oscilloscopes and oscillographs and could be adapted for
use with an electrometer or many types of analog read-out or recording
ingtruments. The display used most frequently in the biochemical work has
been a Tektronix type 503 oscilloscope. Since an oscllloscope provides a
readily available and versatile display, the operating description which
Tollows describes operation with the Tektronix 503,

5. CONNECTIONS

In order to operate the instrument, the bioluw.nescence detector,
power supply, oscilloscope, and dark current balance must be connected as
shown in figure 14, Interconnecting cables provided with the equipment are
conxiol, using mil-std. conncctors as labeled in figure 14, Twe UG-273/U
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Powor nsepply, John Fluke, Model 412 B, SER 903

1500 300 ¢ O 00 =~+
C_] O O O O Q Q-=trolariyy
HY output set ot 1880y

2 0 09 '8“ @ Connectors

UG-93iu chassis
VG- 932w, piug

Coox, RG-39/v
Connectors

UG-931 u, chossis
U6-932y, plug

Sloluminssoence
detecter

sv
60¢
AC
Battery
oV DC
Size 4 f 1 O
F ocell
—’!—--mmm
Dark Power
current O O
bajonce

i < ©
Sensitivi
Connestors / Adepters \ k4

Ve-237v
UL B8t 1.1

veé - 88 Ve - 88N _pluge
Ossitiosesps, Tekirenix
Cesx type 303
9
Amphono! 21-837

Figuro 14 - Equipment connections and controls.
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adapters are used to allow the conpection of the signal line frcm the
bioluminescence detectar (Amphenol 21-537 ceble with UG-88/U plugs) and
the cutpui line from the dark current balance (also Amphenocl 21-537 with
U6-88/U plugs) to the oscilloscope. Tne high voltage output of the power
supply is distributed to the bloluminescence detector through s length of
RG-59/U coaxlal cable with UG-932/U MHV plug comnectars. Asy 6-volt

battery car be used to supply the dark current balance but the larger
¢ells will have a longer operating life.

6. COPERATION

After the equipment has been set up and interconnected, it is
operated as described below, There are certain fixed settings for con-

trols on each unit that should be checked each time the instrument system
ie used. These will be described First.

a. Fixed Settings

(1) osecilloscope (if Tektronix 503 is used)

i (a) The "SLOPE" switch should be set at “+."
{b) The "COUPLING"” switch should be set at "AC."
(¢) The "SOURCE" switch should be set at "INT."

(@) The "LEVEL" con>rol should be set full counter-
clockwise to "AUTO.,"

(e) The VSWFEP TIME/CM" control should be set at
0,2 m SEC."

(f) The "HORIZONTAL DISPIAY" control should be set
at "SWEEP NORMAL (X1)."

(2) Power Supply

(a) The "HIGH VOLTAGE" selectors should be set to
deliver an output of 1860.0 volts. This can be
effected by setting the first switch at "1500,"

the second at “300," the third at "60," and the
last two at "0."

(b) The "POLARITY" selector must b: set at "-" (minus).
(3) Dark Current Balance - The battery should be connected

Just prior to using the instrument. Since the potentio-
meter, used to divide the battery vultage, puts a
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continuous drain on the battery while it is being used,
the battery should be disconnected st the end of each
extended operating period to conserve 1ts life,

Adjustments

(1)

(2)

(3)

(¥)

(5)

After having checked the fixed setiings described above,
switch on the "POWER AND SCALE ILILUM" control on the
oscilloscope. Allow the oscilloscope to warm up for at
least 5 minutes.

After s S-minute warm-up period, adjust the "INTENSITY"
and "FOCUS" controls on the oscilloscope for the desired
brightness and resolution.

Move “POWER" switch to "ON" on the power supply and
allow a warm-up period.

When the power supply has stabilized at the operating
temperature, the "STANDBY" pilot light will come on.
when this happens, move the "HIGH VOLTAGE" switch from
"STARDB $: tc "ON. 1]

After the oscilloscope and power supply have been
energized, index or "balance” the vertical channel of
the oscilloscope as follows:

{(a) Set the "INPUT" switches to "GND" position.

(b) Set the "SENSITIVITY VARIABLE" control full
clockwise to the "CALIBRATED" position.

{(c} Set the "SENSITIVITY" control to the ".2 VOLTS/CM"
position,

(@) Move the sweep to the center of the cathode ray
tube with the "POSITION" control.

(e) Set the "SENSITIVITY" control to the "1 MV/CM"
position. With the "DC BAL" control, move the
sweep back to the center of the cathode ray tube
(CRT) and continue to adjust until there is no
sweep movement as the "SENSITIVITY" switch is
moved from the ".2 VOLTS/CM" to "1 MV/CM" positiaons,
The "SENSITIVITY" switch should be positioned to a
scale that allows accurate readings in the range of
the_response expected. For low values (10‘6 -

108 ¥ ) of ATP this would be "L MV/CM* or
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(6)

(7)

(8)

(9)
(10)

(11)

(12)

".2 VOLTS/CM' but for higher amounte of ATP a
higher scale setting may be required.

{f) Return the "INPUT" switches to "DC" pomritica.
Note: The vertical position of the gweep can be
controlled by the "VERTICAL POSITION" control on
the oscilloscope or with the dark current balance
potentiometer. For most test situations, the
"VERTICAL POSITION® control should be sufficient
t0 keep the sweep centered. Where high inherent
1light levels are encountered in certailn reagent
mixtures, it mey be necessary to use both
controls to center the sweep.

Test the instrument cutput by means of a standard liﬁﬁt
source such as a cuvette loaded with a campound of C
suspended in a liquid scintillator. Carbon ik is pre-
ferred, since it has a very long half life, thereby
providing a convenlent repeatable light output.

Load & test tube, previously filled with all assay
reagents except ATP (100 A ), into the cuvette hoider
on the drum and rotate the test tube into the readout
position.

Insert a Hamilton glass syringe loaded with 10 A
standard ATP seolution through the rwnbber stopper in

the injection port on top of the drum and inject. The
injection speed should be fast and consistent to obtain
reproducible results. If an abncrmsi light response is
observed, three things should be checked: (1) & bent
needle tip; (2) improper positioning of the syringe may
cauge the injected ATP solution to run down the side of
the cuvetie and repositioning of the syringe wmay be
necessary; (3) dry atmospheric conditions may allow
development of static an the drum and csuse abnormal
response,

Record the maximum deflection in millivolts reached by
the oscilloscope sweep as the reaction progresses.

Repeat the operation on the standards to obtain at least
three points from 107 to 10°3 Y ATP,

Repeat steps (3) and (9) on all extracted test samples,
substituting therm for the standards.

Recheck instrument with standard lignt source.
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(13) Upon completion of the operation of the instrument, turn
the power supply "HIGH VOLTAGE" switch to "STANDBY" and
"POWER" switch to "OFF."” Turn the oscilloscope "POWER
AND SCALE ILLIM"” switch to "PWR OFF,” Disconnect the
6-volt battery from the dark current balence control,
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SECTIOR V

DISCUBBIOR

The present investigation has produced pramising results toward
development of s simple, sensitive and repid technigue for detecting micro-
organisms, The sysiem has demonstrated its ability to detect many varieties
of micreoarganismg inclvding heterotrophic, autotrophic, merobie, anserobic,
and spore-forming bacteria, yeast, and fungi, as well as algae and protozoa,
in less than the stipulated 30-second time limit,

With all speei:s tes“ed, several hundred or fewer cells were
readily detected., With the filtratlon system as originally proposed, no

problem exists in meeting the specified sensitivity limit of 10 to 100
cells per ml of water.

For all the tested bacterial species, whether sutotrophs or
heteroisophs, the amount of ATP per cell consistently fell between 10-9
to 107" ¥ per cell. The variastion was less when ¥ ATP per cell was
based on chamber count than on plate count., The fungi, slgse and protozoa
were larger in cell size and their ¥ ATP per cell was higher than for
bacteria. Therefore, a "differential filtration" system should be
emphasized in the future to isolate bacterisl cells for the ATP assays,
Until such 8 system is developed, however, it may be necessary to con-
sider expressing the smount of ATP for all microorgeanisms in terms of
bicmass rather than cell number.

As far as the reproducidbility of resulis of the standard ATP
assay 1s concerned, a consistency in producing & linear dose-response
curve has been shown as represented by net response in mv vs ATP ai
various concentrations ranging from 10~7T ¥ to 10-3 ¥. There have been
a fev exceptional cases where a lower cell pumber of a given species gave
a higher ATP response than a sample of higher cell number. This was
presumably due to inadequacy in quantitation of microbial cells &s was
mentioned before. This occurred only in comparing the ATP content at
lover cell numbers. _Generally the accuracy of ATP determination was good
for cells in the 10™° oar higher concentrations, but less in levels below
10‘6, due in part to errars in dilution.

The feasibility of the enzymatic assay technique has been amply
Jzaonstrated, and the next stage in its development toward actusl use is
t¢o decide how to implement it. This reduces roughly to two choices -~ an
autamated instrument and = manual assay, although there is some question
about the degree of automation desirable, Although no specific degign
studies were conducted, research to date has shown no reason why complete
automation would not be possible, A fully autamated water supply assay
instrument might be gquite camplex, but Jjustifiable because of the resulting
accuracy, repeatability, and operationsl simplicity.
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The approach requiring the simplest equipment would be the msausl
assay. In such a system, the only instrumentation required waild de one
of the new, miniature, ruggedized photamultiplier tubes in a light-tignt
houging; some provision for introducing test apecimens into the light-
tight chambexr without exposing the photocathode; an integrated, minlaturized,
d-c, medium high voltage pover supply; and a minlaturized displsy suck as an
oscilloscope with 8 3-inch cathode ray tube or a d-¢ millivoltmeter. This
equipment could be mounted on & single chassis with 8 very small voluae
and weight (perhaps ss small as 12" x 8" x 5" and less than 10 lbs weight).
Reagents would be prepackaged in sealed, steril: containers with rubber
stoppers to facilitate extraction, alliow fluid containment in & weight-
less enviroament, and prevent contaminetion. For exampie, the enzyme,
substrate, and MgS0, would be stored lyophilized and frozen (by the smbient
temperature in space)} in cuvettes sealed with rubber stoppers, Tris
buffer could be prepackaged in fluid form in bottles or possibly in crys-
talline form mixed with the enzyme, substrate, and )g50; in the reaction
cuvette, If this latter storage method could be used, it would only be
necegsary to add distilled water to the cuvette to reconstitute the
reagent mixture. Otandard solutions of ATP for calibretion could be
premixed and frozen. Since the dose-net respouse curze has consistently
been linear, thus only one point of ATP standard {10-% ¥ ATP per 10A )
is required to establish the standard curve.

An operaticnal sequence for such a system might then be
conducted as follows:

1. Remove 2 preloaded reaction cuvettes and at least one
standard ATP visl from frozen storage.

2. Remove the capped bottle of distilled water and the bottle
of IMSU from heated storage.

3. Draw the correct volume of distilled water to recoanstitute
the reagent mixture intc s syringe.

4. Intect the distilled water into the two reaction cuvettes
and gllow them to stand until they come to capsule
temperature,

5. Draw a test sample fram the water supply into an automatic
pipetting device such as an Adams Autopet syringe attached
to & Swinny filter. The volume of water passed through the
DM30-resistant membrane filter can then be measured by
the Autopet and the organisms collected on the membrane
filter.

6. Remove the filter from the water system.
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7., Draw the correct voiume of DMSG foar ATP extraction iato
a syringe.

8, Place thke Swinny filter with the test sample on the DM30
syringe with the needle mounted on the filter ocutlet,

9. Force the MBSO through the filter into an empty, stoppered
bottle,

10, Draw the correct volume of disuilled water for diluticn of
IM30 into & syringe.

11, InJect the distilled water into the bottle with the M5O
extracted sample in 1.

12. Draw 10 A of standurd ATP sclution into a syringe.

13. Place one reaction cuvette into the instrument.

14. Read ard record the inherent light level.

15. Inject the standard ATP solution into the reaction cuvette.

16. Read and record the response. (ne point will be encugh to
establish & calibration curve whose slope is known, At
most, two polots will be sufficient to establish the
instrument system calibration.

17. Draw the test sample into a syringe.

18. Flace the second cuvette into the instrument,

19, Read the inherent light.

20, Inject the test ssmple into the reaction cuvette,

2. Read and recard the response.

One problem is readlly apparent fram this hypothetical assay
sequence, This 1s the relatively large number of syringes that would be
required, particularly for a flight of long duration. This suggests that,
if a manual assay is chosen, some development should be undertaken to
produce a reagent packaging concept that would allow sterile fluid
transfers under weightless conditions. Roughly, this means to store the
reagents in the syringes or containers with suitable valving and couplings
from which, and into which, the flulds can be forced. 1In either case,
vhether aulomated or manusl, the instrument system requires further

engineering development before an operational system for spacecraft use
results,
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APPENDIX 1

Sample Data Shect for ATP Assay of Microorgmnism

Hame of Microorgacism

Method of Propagution

Cell Determination by 0.D. Method
0.0, Approximate Cell Ko, {Pigure on p, Hotebook 3

%.

Pilution Factor No. Average Fo. per ml, Fialds Average

Cell Determination by Plate sand Chamber Count
a, Plate Count (Pour Plate or Spread Plate) b. Chamber Count ( bl

Clumping
Other

3.

Preparation of Cell Extraction #nd Assey

Enzyae

7.

Light Response

Setting Reading  Inherent Light Response (mv)
(mv/cm) {m) () (6ross) {Av.) (Met) {Av,)

Systems

Light Source 1

b,

Light Source II

Co

0,05 M Tris Buffer

1d. 14% DMS0 in Buffer

1x10° ATP

(-39
¢S 1lx 107 arp
§‘§ 1x 10" ATP
¥ Lz 10°° are
< 1x1077 am_
f. Cell No. ( ) S
g. Cell No, { ) —_—

€

oS, 4

bl $ 3 by e b el Bl R e 2t




AFPENDIX Ii

MATERIALS AND SUPPLIES

5

ia

|

s L
-t
.

Tryptic Soy Broth {TSB) - 30.0 grams of dehydrated Difco Becto
Tryptic Soy Broth dissolved in ome liter distilled water,

Lk
S
»

; ; Tryptic Soy Agar {TSA) - 40.0 grams of dehydrsied Difco Bacto
- : Tryptic Soy Ager dissolved in one 1liter distilled water,

3. Ssbourasud Dextrose Broth (SDB) - 30.0 grams of dehydrated Difco
Bacto Sabouraud Dextrose Broth dissclved in one liter distilled
water,

i 4, Sabouraud Dextrose Agar (SDA) - 65.0 grams of dehydrated Difco
Bacto Sabouraud Dextrose Agar dissolved in cne liter distilled
, ' water,

5. Fluid Thicglycollate Broth (F’I‘G) - 29.8 grans of dehydrated
Difco Bacto Fluid Thioglycollate Medium dissolved in one liter
distilied water.

o
.

» Fluid Thioglycoliate Agar {FTGA) - 20.0 grams of Difco Bacto
F~ Agar added to one liter Fluid Thioglycollate Broth.

7. Tetrahymena Broth (TB) - 27.0 grams of dehydrated Difco Bacto
Tetrahymena Broth dissclved in one liter distilled water.

8. HNutrient Agar {NA) - 23.0 grams of dehydrated Difco Bacto Kutrient
Agar dissolved in cne liter distilled water.

9. Synthetic Thicbacillus Agar (STA)

» Ka 23203 <5850 8  grams

KH,PO), L grams

% Kel{PO& L  grams

? NHI‘C 1 0.5 gram
£8

B




HgS%-?REG 0.8 gram

Metal mixture® 10 ml
Agar 20 grams
Distilled water 1 liter ;
#Metal mixture:
EDTA 5 grams
Mg50y, * THR O 2 grems
CaCls 0.554 grem
MnCLav"H?O 0,506 grsnm
Fe30; * THy0 0.499 gram
(Hnjéxow&-wzo 0.110 gram
CuS0, - SH,0 0.157 granm
CoClz6HL0 0,161 gram
Distilled water 100 ml

Note: The thiocsulfate and the phosphates are autoclaved separately and
then added to the other components.

69




e e

L o Vo

A

oy

g 10. HNitrate Glucose Rruth (NG)
MgS0y - TH,0 1.0 grams
KN03 3.4 grams
KBZPOI& 0.25 gram

Mina Elements Chelate solution® 1.0 ml

Iron Sequestive solution™™ 1.0 ml
Glucose 5.0 grams
Distilled water 1 liter

All media mentioned above are sterilized by autoclaving for 15 minutes
at 15 1b. pressure {121° C).

ey

*Minor Elements Chelate solution (10x strength)

EDTA Mn 189 mg %
EDTA Cu 56 mg %
EDTA Co 60 mg %
EDTA Zn 54 mg %

Dilute this solution 1:1C with distilled water prior to
use and take 1 ml to prepare 1 liter of Nitrate Glucose Broth.

¥#]ron Sequestive solution

EDTA *Na +*Fe L0 mg per ml distilled water

70




B,

Chemicals and Reagents

Items Description
Sephadex G 100 100 g bottle
MgSQy, ~THoO 1 1b
MSC 1 gt
Acetone {(ACS) 1 gt
Tham (Tris) 500 g bottle
ATP 1 g bottle
Luciferin

Firefly iuciferase

Mediu

Glassware and Disposable Supplles

Items Degcription
Sephadex column 2.5 x 45 cm
Cooling jacket (for the 2.5 x 45 em

column)
50 p1 syringe with needle
Dispos. test tube with cap 17 x 100 mm

Dispos. steel pipette 1 ml (1/100th)

Petri dish 100 x 15 mm
Yale disposable needle 226, 1-1/2"
B-D Tuberculin syringe 1 cc
B~D dispos. syringe 5 ecc

Cuvette {culture tube) 6 x 50 mm ExAx
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Ttems Description

Polycarbonate conical 15 m1

graduated test tube
Dispo. pipette 5 ml
Tear drying bulb S ml
Pasteur pipette 145 mm
Nalgene Filter unit, disposable
Swinny Filter unit (Swinnex 13) HA 0.45 p

Millipore filter

Micro slides

Nephelo culture flask
Petroff-Hausser chamber

Palmer chamber

HA 0.45 p (13 mm)
25 x 75 mm

14 x 130 mm
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