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DETERMINATION OF ADENOSINE TRIPHOSPHATE ON MARINE 
PARTICULATES: SYNTHESIS OF METHODS FOR USE ON OTEC SAMPLES. 

ABSTRACT 

Adenosine t r iphosphate  (ATP) is  an  i n d i c a t o r  of l i v i n g  biomass i n  
marine pa;ticulates. This  report d e t a i l s  the  method used by Lawrence 
Berke ley  Laboratory t o  analyze p a r t i c u l a t e  ATP i n  samples taken from 
o l igo t roph ic ,  t r o p i c a l  ocean waters. I t  r ep resen t s  a syn thes i s  of pre- 
v i o u s l y  published methods. 

INTRODUCTION 

Adenosine t r iphosphate  (ATP) i s  a n  i n d i c a t o r  of l i v i n g  biomass in 
marine p a r t i c u l a t e s  (Levin et  al.,  1964) and a method f o r  ATP measure- 
ment was f i r s t  descr ibed by Holm-Hansen and Booth (1966). The method i s  
a luminescent a s say  using f i r e f l y  l u c i f e r a s e  enzyme t o  determine the 
concent ra t ion  of ATP. This  biochemical test provides a rapid means of 
d e t e c t i n g  l i v i n g  material. The results are less r e s t r i c t e d  than  o t h e r  
convent ional  biomass methods; i.e., c u l t u r i n g ,  p l a t i n g ,  o r  d i r e c t  count- 
ing. 

Although the  measurement of ATP does not  d i f f e r e n t i a t e  between 
classes or types of organisms, t he  r e s u l t s  can i n d i c a t e  t o t a l  l i v i n g  
carbon. The c e l l u l a r  concent ra t ion  of ATP v a r i e s  from 0.1 to  0.7 p e r  
c e n t  of  the  t o t a l  cellular organic  carbon content  and under extreme p h p  
s f o l o g i c a l  condi t ions  can reach as low as 0.03 percent  (Holm-Hansen 
1973). A convenient conversion of ATP t o  grams of carbon (250 x ATP) 
has been determined (Holm-Hansen and Booth 1966, Hamilton and Holm- 
Bansen 1967, Holm-tiansen 1970; Eppley e t  al., 1971), but  t h i s  un ive r sa l  
conversion f a c t o r  has been disputed by a number of i n v e s t i g a t i o n s  (Ban- 
c r o f t  s &., 1976, Berland - -  e t  al.,  1972, J a s sby  1975, Lee -- et  al . ,  
1971). A review of nucleo t ide  measurements and app l i ca t ion  has r e c e n t l y  
been completed by Karl (1980 ) . 
OUTLINE OF METHOD - 

ATP supp l i e s  the energy f o r  the  l i g h t  emitting r e a c t i o n  between 
l u c i f e r i n  ( t h e  s u b s t r a t e )   and l u c i f e r a s e  ( t h e  enzyme) which are c o r  
ta ined  in f i r e f l y  l a n t e r n  e x t r a c t .  I n  the  presence of magnesium and 
oxygen, the  r eac t ion  y i e l d s  one photon of l i g h t  f o r  each ATP molecule 
hydrolyzed (McElroy e t  &., 1969). The amount of l i g h t  produced i s  
d i r e c t l y  p r o p o r t i o n a 1 . o  the amount of ATP present .  From S e l i g e r  -- e t  81. 
(1961) the  following two s t e p  r e a c t i o n  i s  suggested: 

(1) LH2 +'ATP + E Mg*- E-LR2-AMP + PP 
7 

(2) E-LHz-AMP + 02 A Mg* E-L-AMP + hv 
T 
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where: 
LH2 
E =  
ATP = 
A M P -  
PP - 

0 L =  
hv = 

l u c i f e r i n  ( s u b s t r a t e )  
l u c i f e r a s e  (enzyme) 
adenosine tr iphos pha te 
adenosine aonophos pha te 
pyrophosphate 
dehydroluc i fe r in  
photon of  l i g h t  

Assumptions used i n  the a s say  include: f i r e f l y  l u c i f e r i n  being s p e c i f i c  
f o r  ATP; the  r e a c t i o n  rate of being d i r e c t l y  p ropor t iona l  t o  t he  concen- 
t r a t i o n  of ATP, a l l  o t h e r  r e a c t a n t s  being i n  excess; emission of one 
photon of l i g h t  per  molecule of ATP hydrolyzed; and, ATP i s  n o t  associ-  
ated with n o w l i v i n g  p a r t i c u l a t e  material. 

The d e t e c t i o n  of ATP has been made i n  a wide v a r i e t y  of  n a t u r a l  
h a b i t a t s  inc luding  seawater ( A m  and Hobson 1977, Hamilton e t  a1 - ,-* 
1968, Holm-Hausen 1969), f r e s h  water ( P a e r l ,  et  al . ,  19761, i n t e r t i d a l  
sands  (Karl  -- e t  al. , 1978), marine sediment (Bancroft  et e., 1976, 
Ernes t  1970, Karl and LaRock, 1975), and i n  m u l t i c e l l u l a r  marine organ- 
i s m s  (Ansel l  1977, Balch 1972, Sikora  - e t  --, a1 1977, Traganza and Graham 
1977). (For a more complete b ib l iography on adenosine t r iphosphate  i n  
the  marine environment see Jones, Hartwig and Hunt 1981). 

-- 

SENSITIVITY 

The lower l i m i t  o f  ATP d e t e c t a b l i t y  i s  about 0.1 u&-' using crude 
f i r e f l y  latern extract. Eowever, o p e r a t i o n a l l y  th i s  l i m i t  is inf luenced 
by the  amount of endogenous ATP i n  the  enzyme p repa ra t ion  and the  sensi- 
t i v i t y  of t he  photomul t ip l ie r  tube. By a d d i t i o n  of D-lucifer in ,  sensi-  
t i v i t y  can be extended 1000 t imes (Karl and Holm-Hansen, 1976). The 
e f f e c t  of endogenous ATP on s e n s i t i v i t y  can be minimized by d i l u t i o n  and 
aging time. 

ACCURACY AND PRECISION - 
Accuracy of the  a s say  method can  be  determined through the  use of 

i n t e r n a l  s tandards.  The accuracy v a r i e s  g r e a t l y  depending upon the  form 
of the  sample. Sediment samples have a 10-r recovery than f i l t e r e d  
suspended p a r t i c u l a t e s  (Karl and 'LaRock, 1975). Maximum s t a t i s t i c a l  
v a r i a t i o n  f o r  the  e x t r a c t i o n  and assay  of ATP from environmental  samples 
has  been reported as f 10% a t  the  95% confidence level i n t e r v a l  f o r  sam- 
p l e s  conta in ing  12 ng mL'l (ca. 24 uM) (S t r i ck land  and Parsons,  1972). 

L IMITATZON 

The emit ted l i g h t  is  inf luenced by the presence of i n t e r f e r i n g  
c a t i o n s  and anions ( t r a c e  metals and r e s i d u a l  salts). The magnitude of 
the  combined i n t e r f e r e n c e  can be determined and cor rec ted  through d i lu-  
t i o n s  and the use of i n t e r n a l  s tandards  and serial d i l u t i o n s .  
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SPECIAL APPARATUS - AND EQUIPMENT 

1) 5 mL marked g l a s s  test  tubes. 
2 )  0 . 2 ,  0.5, 1.0 mL automatic p ipe t t e s .  
3 )  Sample i n j e c t o r .  
4) ATP photometer. 
5 )  Becorder. 
6 )  Chloriometer v i a l s ,  20 x 40 mm. 
7 )  Sand o r  water ba th  f o r  e x t r a c t i o n  a t  100' C. 
8 )  T i m e r  o r  wetch. 
9)  Freezer o r  por tab le  f r e e z e r  u n i t  f o r  s to rage  of samples. 

The peak he igh t  emission of t he  f i r e f l y  luciferin-ATP reac t ion  is 
detec ted  using a photometer and recorder .  The peak he ight  measurement 
is prefer red  over  the  in t eg ra t ed  emission measurement due t o  the  ease 
and speed of opera t ion  and high r e p r o d u c i b i l i t y  (Karl  and Holm-Hansen, 
1978a). Comparisons between techniques by K a r l  and Bolm-Eansen (1978a) 
i n d i c a t e  that "peak d a t a  was equal  t o ,  o r  b e t t e r  than, the in t eg ra t ed  
d e  termination" . 

Severa l  ATP photometers with o r  ul thou t accompanying sample i n  jec- 
t o r s  are a v a i l a b l e  commercially. The ATP photometer c o n s i s t s  of a pho- 
tomul t ip l i e r  tube uhich receives the l i g h t  and produces a cu r ren t  pro- 
po r t iona l  t o  the l i g h t  i n t ens i ty .  The c u r r e n t  is converted t o  a d i g i t a l  
readout  or a s i g n a l  f o r  an  analog recorder .  The photomult ipl ier  tube 
must d e t e c t  t he  i n i t i a l  l i g h t  b u r s t  which i s  i n  the range of 560 t o  580 
nm. The recorder  must be able t o  record the  l i g h t  peak which occurs  
within seconds of r e a c t i o n  i n i t i a t i o n .  

REAGENT PREPARATION 

Reagents are prepared using acid-cleaned glassware. Care should be 
exercised i n  c leaning  and s to rage  of glassware and reagents  t o  in su re  
proper a n a l y t i c a l  r e s u l t s .  Descr ip t ions  of reagent prepara t ion  with 
suggested storage is presented in th is  section. 

1. T r l s  bu f fe r  

Dissolve 0 . 7 5  g Tris(hydroxymethy1)ainomethane (Sigma 7-9, Sigma 
Chemical Co., St .  Louis, Mo.) i n  300 mL d i s t i l l e d  wter t o  y i e ld  0.02 M 
concentrat ion.  Adjust  t h e  pH t o  7.7-7.8 with 20% hydrochlor ic  acid.  
Autoclave a t  15 p s i  f o r  15 minutes i n  500 mL g l a s s  reagent  b o t t l e s  
(S t r ick land  and Parsons,  1972).< S t o r e  s o l u t i o n s  frozen (-20') u n t i l  
needed. Use con ten t s  of each f l a s k  f o r  on ly  one batch of samples, then 
d iscard .  Phosphate bu f fe r  has  been used i n  recent  f i e l d  surveys (Karl  
and Craven 1980, Karl, Wirsen and Jannasch 1980). See Karl (1980) f o r  
more d e t a i l s  on var ious  e x t r a c t i o n  mediumi. 

2 .. Arsenate buf fe r  

Commercially prepared arsenate buf fe r  can be purchased with a con- 
c e n t r a t i o n  of 0.1 M and pH ad jus ted  t o  7 .4  (Sigma Chemical Co.). T h i s  
bu f fe r  can a l s o  be prepared from reagent  grade sodium a r sena te  by 
a d j u s t i n g  t h e  pH with 20% hydrochloric acid.  S t o r e  the s o l u t i o n  a t  room 
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temperature i n  g l a s s .  

3. Magnesium s u l f a t e  

Dissolve 4.81 g a n a l y t i c a l  grade anhydrous magnesium s u l f a t e ,  MgS04, 
i n  1000 mL d i s t i l l e d  water t o  y i e ld  0.04 M concentrat ion.  S t o r e  the  
s o l u t i o n  in, g l a s s  a t  r o o m  temperature. 

4 .  Enzyme Prepara t ion  

Frozen T r i s  bu f fe r  and f i r e f l y  l a n t e r n  e x t r a c t  (=E-50, Sigma Chem- 
ical  Co.) are thawed to  room temperature. Recons t i tu te  50 m g  f i r e f l y  
l a n t e r n  e x t r a c t  with 5.0 mL of T r i s  bu f fe r ,  and a l low s o l u t i o n  t o  s tand  
i n  the dark  f o r  3 hours before  adding 10 mL of a r sena te  bu f fe r  and 10 mL 
of magnesium s u l f a t e  bu f fe r  so lu t ions  to each 50 m g  v i a l .  I f  more than  
one v i a l  of enzyme extract Is requi red ,  combine the  so lu t ions .  A l l o w  
d i l u t e d  s o l u t i o n  t o  stand f o r  a n  a d d i t i o n a l  hour before  decant ing the  
superna tan t .  The superna tan t  i s  used as the  enzyme prepara t ion  f o r  
assaying  samples. 

P r i o r  t o  prepara t ion ,  FLE-50 i s  s to red  des icca ted  a t  -2OOC. D i l u -  
t i o n  of the  enzyme s o l u t i o n  permits g r e a t e r  number of assays, decreases  
the  concent ra t ion  of  i n h i b i t o r y  end-produc ts such as dehydroluc i fe r in ,  
and reduces the  level of  endogenous ATP thereby  decreasing background 
l i g h t  emission and increas ing  assay  s e n s i t i v i t y  (Karl  and H o b H a n s e n ,  
1976). 

FIELD PROCEDURE - 
There are four  aspects to  the  c o l l e c t i o n  of f i e l d  samples f o r  ATP 

determination: (1) c o l l e c t i o n  of water samples; (2 )  f i l t r a t i o n  of t he  
c o l l e c t e d  water samples; (3) e x t r a c t i o n  of the  ATP from the  microbia l  
cells; and (4) s to rage  of the  ex t r ac t ed  samples u n t i l  l abo ra to ry  assay. 

1. Collection 

Water samples taken with c l ean  b o t t l e s  o r  a pumping system are pre- 
f i l t e r e d  through a 150-202 mfcraneter mesh screen  to  remove macro- 
plankton, and t r ans fe r r ed  t o  acid-cleaned opaque con ta ine r s  and covered. 
Samples, once aboard the  ves se l ,  should be kept coo l  and t r e a t e d  as 
descr ibed below as soon as possible .  

2 .  F i l t r a t i o n  

A measured volume (500-1000 mL) is  f i l t e r e d  through a membrane 
f i l t e r  (Millipore HA, 0 . 4 5  micrometer pore s i z e ) .  Microf ine g l a s s  f i b e r  
f i l t e r s  (Reeve Angel, 984-B) are also s a t i s f a c t o r y .  A g e n t l e  suc t ion  
during f i l t r a t i o n  is recommended ( n o t  t o  exceed 1/3 atmosphere vacuum 
pressure) .  The f i l t e r s  should - not  be allowed t o  be vacuumed d r y  during 
f 11 t r a t i o n .  

3. Ex t r ac  t i o n  

Immediately (wi th in  seconds) following f i l t r a t i o n ,  the f i l t e r s  are 
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t r ans fe r r ed  i n t o  test tubes conta in ing  5 mL of bo i l ing  T r i s  bu f fe r  f o r  5 
minutes. The t i m e  b e t w e n  the end of  f i l t r a t i o n  and immersion i n t o  
bo i l ing  T r i s  bu f fe r  is c r i t i c a l  and should be minimized. The T r i s  
bu f fe r  should be maintained a t  100°C I n  a sand o r  water ba th  during 
e x t r a c t i o n .  The e x t r a c t i o n  process  lyses the  cel ls  and i n a c t i v a t e s  the  
c e l l u l a r  ATPase, a n  enzyme which degrades ATP. I n  o rde r  t o  minimize 
evaporat ton,  the T r i s  bu f fe r  should be allowed t o  s tand i n  the  sand o r  
water bath j u s t  long enough to  hea t  t he  T r i s  t o  100°C p r i o r  to  ex t rac t -  
ing  the  f i l t e r .  For s tandard add i t ions ,  an  a l i q u o t ,  0.1 a&, of a Imom 
concent ra t ion  is added t o  bo i l ing  T r i s  b u f f e r  i n  the f i e l d  and ex t r ac t ed  
similar to  samples. 

4. Storage  

A f t e r  ex t r ac t ion ,  the samples are cooled t o  room temperature and 
s t o r e d  f rozen  (a t  -2OC) u n t i l  the l a b o r a t o r y  a n a l y s i s  can be performed. 
Samples kept f rozen  are s t a b l e  f o r  many months (Kar l  and Holm-Hansen, 
1978b). [Note: f o r  analytical ease i t  is d e s i r a b l e  to  restore the  
volume of extract to 5 mL with T r i s  b u f f e r  p r i o r  t o  f reezing.]  

ASSAY PROCEDURE - 
An a l i q u o t  (0.2 mL) of  the  sample is i n j e c t e d  i n t o  1.0 niL of enzyme 

s o l u t i o n  with the  sample i n j e c t o r  and the  k i n e t i c s  are recorded as peake 
on the  s t r i p  c h a r t  recorder .  Dispense 1.0 mL a l i q u o t s  of the  prepared 
enzyme s o l u t i o n  i n t o  chlor iometer  v i a l s .  Disposable soda glass 
chlor iometer  v i a l s ,  20 mm x 40 mm, are used i n  the photometer chamber 
with a s p e c i a l l y  designed adapter  of l u c i t e  which c e n t e r s  the v i a l s  on 
the photomul t ip l ie r  tube. The v i a l s  chemiluminesce a f t e r  exposure t o  
f l u o r e s c e n t  l i g h t s ,  but  the  l i g h t  emission decays v e r y  r a p i d l y  and is 
s i g n i f i c a n t  f o r  less than 5 seconds a f t e r  being placed i n  the da rk  
chamber. P lace  v i a l  with enzyme i n  chamber. 

D r a w  0.2 mC of  the  sample f o r  each a s say  i n t o  the  automatic sample 
i n f e c t o r  and pos i t i on  the i n j e c t o r  above the photometer chamber. Open 
s h u t t e r  to init iate assay. Record the  background l i g h t  emission and 
then  In jec t  the sample i n t o  the enzyme so lu t ion .  The i n i t i a l  s p i k e  of 
t he  l i g h t  emission r eac t ion  is recorded on the  analog recorder .  

Samples including T r i s  Blank and F i l t e r  Blank are run i n  t r i p l i c a t e  
a t  ambient temperature. A standard curve is run before  and a f t e r  the  
samples due t o  decay of the  enzyme a c t i v i t y .  A t  low concent ra t ions ,  
ensure  that a l l  glassware is proper ly  cleaned as  mentioned previously.  

BLANK PREPARATION - 
1. T ' r i s :  Blank Prepara t ion  -- 

T r i s  buf fer  from the same batch  used t o  prepare the  enzyme s o l u t i o n  
and d i l u t e  the  working s tandards  is  used to c o r r e c t  s tandards  f o r  i n f lu -  
ences of the  T r i s  on the  enzyme so lu t ion .  
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2. F i l t e r  Blank Prepara t ion  

A f i l t e r  blank is prepared i n  the  f i e l d  w i t h  the same f i l t e r s  and 
T r i s  bu f fe r  used f o r  f i e l d  samples. F i l t e r  blanks are t r ea t ed  on s i t e  
similar to  samples except no mter i s  f i l t e r e d  before  ex t r ac t ion .  

3. F i e l d  Tris blank 

A T r i s  buf fer  blank is prepared i n  the  f i e l d  similar t o  f i l t e r  
This  blank is used as a check f o r  contamination of T r i s  bu f fe r ,  blank. 

and Is not  used in the  ATP c a l i b r a t i o n  equation. 

CALIBRATION 

The s t o c k  s tandard and s tandard addf t ion  s o l u t i o n  are prepared i n  
The tiorking s tandards are prepared on the! day of a n a l y s i s  from advance. 

t he  f rozen  s t o c k  standard.  

1. Stock  Standard 

Dissolve ca. 2 p(-1 .2  x 10-3g ) adenosine-S’-triphosphate disodium 
salt (vanadium f r e e  , Sigma Chemical Co.) i n  1000 d i s t i l l e d  water. 
S t o r e  f rozen u n t i l  needed i n  a l i q u o t 8  of 2-5 mL. 

2. Working Standards 

S e r i a l l y  d i l u t e  t he  frozen s t o c k  s tandard with T r i s  f f e r  t o  
o b t a i n  a set of working s tandards i n  the range of 10” t o  lO’M (100, 
50,  30, 10, 5 ,  3, 1, 0.5 ng mL“) ( K a r l  and Holm-Hansen, 1978a). The 

serial d i l u t i o n  is r o u t i n e l y  used: f ollowing 

A 
B 
C 
D 
E 
F 
G 
€I 
I 
J 

Di lu t ion  I 

Undiluted 
0.5 mL (A) into 4.5 a& T r i s .  
1.0 OIL (B) I n t o  1.0 mL T r l s .  
0.4 mL (B) i n t o  1.6 mL T r i s .  
0.5 mL (E) i n t o  4.5 mL T r i s .  
1.0 mL (E) into -1.0 mL T r i s .  
0.4 mL (E) i n t o  1.6 mt T r i s .  
0.5 mL (E) i n t o  4.5 mt T r i s .  
1.0 mL (a) i n t o  1.0 mL T r i s .  
4.0 mL T r i s .  

3. S tandard Add1 t ion  Solu t ion  

F i n a l  ATP Conc n t r a t i o n  
(ng mL-f) 

1000 
100 
50 
30 
10 

5 
3 
1 
0.5 
0 

a 

‘Recent evidence i n d i c a t e s  vanadium i n h i b i t s  ATPase a c t i v i t y  ( s e e  
Cant ley -- e t  a l . ,  1977). 

. .- . 
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S e r i a l l y  d i l u t e  t h e  s t o c k  s t  ndard with T r i s  bu f fe r  t o  obta in  a 
s tandard add i t ion  s o l u t i o n  of lo-' moles ATP/O.l mL (0.5 ng/0.1 a). 
S t o r e  frozen u n t i l  needed i n  a l i q u o t s  of 2-5 mL. 

DATA REDUCTION - 
A e a n d a r d  curve i s  p lo t ted  using peak he ight  measurements of 

prepared s andards with concentrat ions ranging from 0 ( T r i s  buf fer )  t o  
100 ng mL- . From the s tandard curve,  the  ATP concent ra t ion  can be 
ex t rapola ted  f o r  the  samples assayed. The peak he ight  of samples meas- 
ured from the base of enzyme background emission t o  the  top of the  ini- 
t ial  peak are used to  calculate concent ra t ion  i n  ex t rac ted  samples. 

Peak he igh t s  measured t o  t he  n e a r e s t  0.5 ntm are cor rec ted  f o r  the  
scale used on the  s t r i p  c h a r t  recorder .  Peak he igh t s  of s tandards  are 
p l o t t e d  versus  t h e i r  known concentrat ions.  Least square l i n e a r  r e g r e  - 
ver se  cor rec ted  peak height .  Mean peak he ight  va lues  f o r  Trim blank and 
f i l t e r  blank are used t o  co r rec t  f o r  in f luence  of f i l t e r  o r  d i f f e rences  
between T r i s  batches.  Sample concent ra t ion  (Si)  i s  determined using the 
fol lowlag equation: 

E 

s i o n  ana lys i s  der ives  a n  equation f o r  t he  r e l a t i o n s h i p  of ATP (ag mL -s ) 

Si = [(a + bxi) + b(TB - FB)] Ve/Vf * 1000 

there: 

S i  
a + bx = equat ion f o r  s tandard curve ueing cor rec ted  

peak he igh t s  . 
a = p i n t e r c e p t .  
b = re r e s s ion  coe f f i c i en t .  
xi 
TB 
FB 
'e 
v f  

= i'h sample concent ra t ion  i n  +-1. 

= it' correc ted  peak he igh t  measurement. 
= mean T r l s  blank cor rec ted  peak he igh t  measurement. 
= mean f i l t e r  blank cor rec ted  peak he igh t  measurement. 
= volume of sample e x t r a c t  (5  a). 
= volume of seawater f i l t e r e d  (500-1000 a&). 
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