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ABSTRACT

The rate of nucleic acid synthesis was used as a

measure of growth and production in planktonic marine

microbial assembleages. Synthesis rates were measured by a

new procedure which utilizes tri tiated adenine as a

precursor to both ribonucleic and deoxyribonucleic acid.

This methodology provides a measure of the growth and

production of the entire microbial community, including

both the autotrophic and heterotrophic components, and

represents an important advance in the study of aquatic

microbiology.

The 3H-adenine technique was extensively evaluated.in

the laboratory. Mathematical modeling was used to examine

the relationship between the direct precursor to adenine

incorporation and the nucleic acid endproduct. The

technique was also calibrated with a variety .of

representative marine microbes grown under controlled

conditions. These studies demonstrated that accurate rates

of nucleic acid synthesis can be derived provided a few

simple precautions are observed.

The procedure was applied to the study of microbial

growth and production in both the euphotic and the

mesopelagic zones of the oligotrophic oceans around Hawaii.

In the euphotic zone, microbial growth rates ranged from
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0.5 to 0.8 day-I, and microbial production integrated over

the 0 to 150 m depth interval was 400 mg C m- 2 day-i.

Microbial growth rates in the mesopelagic depth interval

were greater than in the overlying waters, and production

integrated over the 150 to 900 m depth interval was

approximately twice as great as in the euphotic zone. It

is hypothesized that organic matter is rapidly and

efficiently recycled in the mesopelagic, or that an

additional source of energy, beyond that derived from

autotrophic production in the euphotic zone, exists in this

environment. Direct comparisons were also made of

microbial production, extrapolated from DNA synthesis

measurements, and 14C0 2 primary production on a transect of

the equatorial Pacific. In contrast to other direct

comparisons of these parameters, microbial production

greatly exceeded primary production. It is hypothesized

that the 14 C0 2 primary production technique may have

underestimated autotrophic carbon production on this

transect. Finally, diel nucleic acid synthesis rates were

examined. It is concluded that, whereas some diel

variation may exist, nucleic acid synthesis rates remain

relatively constant in nature over 24 h periods.
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GENERAL INTRODUCTION

Unicellular microscopic organisms are essential

components of the marine ecosystem. These microorganisms

comprise a major portion of total living biomass and

dominate metabolism in the sea. Furthermore, they are

responsible for the production and decomposition of the

maj or i ty of organic carbon, and consequently control

oceanic nutrient cycles. Marine microorganisms can be

conveniently subdivided into autotrophs, which mainly

consi st of phytoplankton, and heterotr ophs, including

bacteria and protozoa. In the classic view,

microautotrophs are conceived as the exclusive producers of

the particulate organic carbon (POC) which serves as the

base of the oceanic food chain, and the microheterotrophs

are viewed as the exclusive comsumers of detrital organic

carbon. However, as knowledge of marine microbial

populations has expanded, the distinction between these

microbial groups has become less well-defined. It is now

thought that many marine microautrotrophs can function, at

least partially as heterotrophs, and that microheterotrophs

may be important producers of POC utilized by higher

trophic levels.
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Microautotrophs

Phytoplankton are composed of a myriad of microbial

groups, including both eucaryotic and procaryotic forms.

Until relatively recently, it was believed that large

phytoplankton (>5 urn) dominated metabolic activity within

this microbial group. Recent investigations, utilizing

more sophisticated filtration techniques, has identified

increasingly small autotrophic organisms as being the most

significant in terms of production (Li ~ ~ 1983). Other

recent studies have identified a large number of these very

small autotrophs as procaryotic cyanobacteria (Waterbury ~

~~ 1979), many of which are approximately 1 urn in

diameter.

In addition to the production of POC, it is now

believed that phytoplankton release dissolved organic

carbon (DOC) during photosynthesis. This release and other

modes of DOC production, have important implications to our

current concept of oceanic food webs. The amount of DOC

released by phytoplankton as a percentage of the

photoassimilated carbon is uncertain, but several reports

have estimated this loss to be in the range of 5 to 35%

and have concluded that the percentage released increases

in oligotrophic environments (Fogg 1965; Anderson and

Zeutschel 1970; Thomas 1971). Regardless of the magnitude

of this process the majority of the material released

appears to be small molecular weight components that are

2



readily assimilated by microheterotrophs. DOC is also

leached from fecal pellets, and some is released directly

by multicell~lar plants and animals (Webb and Johannes

1967). Another source of DOC is from release during the

grazing of phytoplankton by larger predators ("sloppy

feeding") • This mechanism has been shown to be of

considerable significance (Johannes and Satomi 1967;

Lampert 1978), and Strickland (1970) estimates this

mechanism to be quantitatively the most important means of

DOC production in the sea.

At present there is uncertainty in our estimates of

phytoplankton growth and production. Two points of view

currently exist regarding the growth rates of phytoplankton

in the sea. One view, based upon l4 C0 2 incorporation and

estimates of phytoplankton biomass (Sharp ~ a~ 1980)

indicates that growth rates are low. Another view, based

upon phytoplankton elemental ratios, indicate that

phytoplankton growth rates are near maximal (Goldman ~ ~

1979). A related problem involves the rates of primary

production. Although the l4 C02 technique (Steeman-Nielson

1952) has been used for over 20 years as a measure of

production in the sea and has been used as the basis for

extensive geographic mapping of primary production

(Koblentz-Minshke ~~ ~~ 1970), recent research has

indicated that these ac~}pted rates of production are

substantially ~nderestimated (Eppley 1982; Kerr 1983). The

3
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question of the accuracy of estimates of phytoplankton

growth rates and primary production in the sea is

significant, since these parameters set an upper limit on

mankind's sustainable yield of food products from the sea.

Microheterotrophs

Eubacteria are probably the most important

microheterotrophs in seawater. In general, bacteria range

in number from 10 7 to 109 1-1 in the surface and in the

deep ocean, al though they may be present in si gni f icantly

greater numbers in certain microenvironments (Sieburth

1971). Marine bacteria are small, often less than 1 urn in

dfamecer , and have "extremely rapid potential growth rates,

with doubling times in the range of 45 to 60 min. In spite

of their extremely small size, bacteria can comprise a

significant proportion of total planktonic biomass.

Estimates of bacterial biomass range from approximately 10

to 30% of the total plankton (Ferguson and Rublee 1976;

Azam and Hodson 1977 ao; Burney fi .aL. 1978) • Bacter ia also

are significant in the metabolism of planktonic ecosystems.

She1 don ~.t .Sl.l.... (1 9 7 2 ) ha ve s how nthat, a s a fir s t

approximation, roughly equal quanti ties of organic material

exist in all size fractions of organic material present in

the sea. These data, when combined with the well-known

inverse relationship between size and metabolic rate

(Fenchel 1974), also suggest that bacteria are significant
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processors of material and energy in the sea. This general

picture has been substantiated by the results of

respiration studies (Pomeroy and Johannes 1966~ Joiris

1977). Not surprisingly, many investigations have

furthermore shown that bacteria are major consumers of DOC

in marine pelagic communities (Wright and Hobbie 1966~

Williams 1970~ Azam and Holm-Hansen 1973~ Berman 1975~

Pearl 1974~ Azam and Hodson 1977b). However, as was

mentioned earlier, similar work has also shown that, at

least in some cases, phytoplankton may be capable of

assimilating significant amounts consume a major portion of

certain DOC compounds (Carpenter ~ ~ 1972~ McCarthy

1972~ Remsen ~.al... 1972~ lV-heeler ~.a.L. 1977). In

addition to being important consumers of DOC, bacteria are

highly efficient at converting DOC into POCo They appear

to have much higher assimilation efficiencies than most

other marine organisms, with a variety of organic compounds

being assimilated with efficiencies of approximately 60%

(Payne 1970~ Williams 1981). This o b s e r v a tLo n , in

combination with the fact that bacteria are important

components in marine planktonic communi ties in terms of

both biomass and activity, has lead to our current belief

that bacteria are important components of the pelagic food

web (Pomeroy 1974,1979~ Sieburth 1976). Pomeroy (1974) has

summarized much of the data to support the view that 30%,

or more, of the energy flowing into higher trophic levels

5



could be mediated by bacteriop1ankton. This paradigm

differs dramatically from the more conventional view of

bacteria as terminal components of the marine ecosystem.

As mentioned above, in this conventional view bacteria

convert organic detritus into CO2 and inorganic nutrients,

but do not contribute particulate organic matter to higher

trophic levels (Strickland 1965).

The poe produced by bacteria is believed to be

utilized by higher trophic levels through food web

relationships which involve the other microheterotrophic

component of the marine environment. It is known that

large populations of protozoa exist in seawater (Beers and

Stewart 1969). Protozoa have, in fact, been shown to

constitute a sign~ficant portion of planktonic biomass

(Beers and Stewart 1969,1971). Pomeroy and Deibel (1980)

have shown that the feces of pelagic tunicates rapidly

develop large bacterial populations, and that this biomass

is utilized by protozoa. In addition to protozoa, pelagic

mucus net feeders are capable of harvesting particles as

small as free-living bacteria (Pomeroy and Deibel 1980).

Fenchel (1980), however, argues that the densi ty of free

living bacteria in oligotrophic seawaters is too low to

support the growth of suspension feeders utilizing only

these organisms as a food source. The belief that

bacterial activity in situ.is concentrated on particles

would reconcile the apparent conflict between Fenchel's

6



calculations and the observation that large numbers of

protozoa exist in the oligotrophic oceans.

A simple food chain by which bacterial POC production

could be channeled to higher trophic level s has been

presented (King .e.t ..al... 1980). In this food chain, the

protozoa consume bacteria and are in turn eaten by larger

animals. Although the authors believe that the largest

flow of energy is through this pathway, they point out that

the pelagic food chain could include as few as three

trophic levels if the mucus net feeders also utilize

bacterial production. The idea that detrital particles and

their associated bacterial and protozoan populations are

consumed by 1arge suspension feeders (Pearl 1978) could

also account for the efficient transfer of bacterial

productivity to higher trophic levels.

The uncertaini ty regarding the existence of this

alternate pathway of energy flow in marine food webs exists

primarily because appropriate methodology .for the

measurement of microheterotrophic growth and production are

lacking. Jannasch (1969) estimated the doubling times of

three marine bacteria to range from 50 to 150 h when grown

in simulated in~ conditions. Williams and Carlucci

(1976) grew a marine bacterial isolate in unsupp1emented

deep seawater and estimated its doubling time at 260 h. In

a more detailed study, with incubations in unsupp1emented

seawater under in .e..i...t.Y conditions, this organism was

7



capable of growth at doubling times from 14 to 210 h

(Carlucci and Williams 1978). Even if these organisms were

known to be representative of the population as a whole, it

is impossible to extrapolate these growth rate measurements

to the entire bacterial population, since natural seawater

contains a diverse assemblage of competing organisms, and

since it is possible that many bacter ia are dormant under

in R.i.t.u conditions (stevenson 1978).

Marine Microbial Growth .aruJ Production

Knowledge of the rate of growth and metabolism of

unicellular autotrophs and heterotrophs is crucial to a

comprehensive understanding of biological processes in the

ocean. This knowledge is needed both to determine the

overall rate of production in the marine environment and to

discern the pathways by which pr imary production is

transmitted to higher trophic levels. Unfortunately, the

small size and the functional, metabolic, and structural

diversity of microorganisms makes it difficult to study

microbial assemblages under in §ity conditions.

In the recent past, few reliable methods were

available for the study of aquatic microbial communi ties.

This fact has led to the development and application of a

variety of new approaches to the study of microbial

populations in nature. A few of the more important of

these methodological developments are the following: 1)

8



improved methods for direct microscopic examination of

microorganisms using epifluoresent microscopy, and a

variety of related techniques (Daley 1979), 2) the use of

various radio1abeled organic tracer molecules to determine

the potential for heterotrophic activi ty (Wr igh t and

Burnison 1979), 3) the use of adenosine 51-triphosphate and

assorted other chemical indices to assess microbial biomass

(White.e.t.aL 1979; Karl 1980), and 4) the use of the rate

of nucleic acid synthesis as a measure of microbial growth

and metabolism (Karl 1979; Furhman and Azam 1982; Karl and

Winn 1984). Of these methods, the measurement of nucleic

acid synthesis rates is the only technique which can

pr ov i de a measur e of gr ow th and metabol i sm. The

measurement of nucleic acid synthesis rates in aquatic

ecosystems promises to expand significantly our knowledge

of the ecology of marine microbial assemblages in nature,

since the rate of growth is central to the study of

microbial populations.

The use of the rate of nucleic acid synthesis as a

means of measuring growth and metabolism in marine

microbial populations has three advantages. First, the

metabolic pathways involved in the production of nucleic

acids have been throughly studied and are well understood.

Second, these metabolic pathways and the precursor

molecules utilized in the synthesis of nucleic acids are

common among otherwise diverse microbial groups. Third, it

9



is clearly established that the rate of microbial growth

and the rate of nucleic acid synthesis are closely related

and are highly correlated.

A variety of methods have been employed in attempts to

measure the rate of nucleic acid synthesis. These methods

include the use of the radioisotopes, [2- 3H] adenine,

[methyl-3H] thymidine, and [S_3 H] uridine (see Karl 1982)

and the use of the rate of accumulation of nucleic acid

during incubations of natural marine microbial populations

(Falkowski and Owens 1982). The measurement of nucleic

acid accumulation in timed incubations would appear to lack

sufficient sensi tivi ty for most' oceanographic applications.

Of the tracer techniques, the use of 3H-adenine appears to

be the superior method, because only this approach allows

the specific radioactivity of the direct precursor to the

incorporation of label into nucleic acids to be measured

(Karl 1979).

Quantification of the rates of nucleic acid synthesis

under natural conditions have been made only recently,

beginning with the wor k of Karl (1979). Al though the

incorporation of labeled precursor molecules into nucleic

acids had been used in environmental applications prior to

that time, these studies used the incorporation of nucleic

acid precursors as only a relative measure of growth and

metabolism. Interest in this approach has rapidly expanded

in the past few years and will, in all probability,

10
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continue to increase. The results of the research work

presented herein should, therefore, be of interest to

Biological Oceanographers in general and, in particular, to

those interested in the study of microbial growth and

metabolism in seawater. My dissertation research is

divided into the following 5 sections: Chapter 1) an

evaluation of the metabolic pathways involved in the

measurement of nucleic acid synthesis rates with 3 H

adenine, Chapter 2) the calibration of the 3 H- adenine

technique with representative mar ine mi croorgani sms,

Chapters 3 and 4) the application of this approach to the

study of marine microbial assemblages in nature, and

Chapter 5) an examination of the diel rates of nucleic acid

synthesis rates in seawater.

11
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CHAPTER 1... MODELING ~ METABOLISM

INTRODUCTION

The rate of nucleic acid synthesis in naturally

occuring microbial assemblages has been frequently measured

in recent years. This approach yields information on the

rates of growth and metabolism of natural microbial

populations since microbial growth is directly related to

the rate of synthesis of nucleic acids (Maaloe and

Kiedlgaard 1966). A variety of methodologies have been

utilized in these investigations and, in general, two

different radiolabeled precursor molecules, [2- 3H] adenine

and [methyl-3H] thymidine, have been used as tracers

(Moriarty and Pollard 1982~ Fuhrman and Azam 1982~ Karl and

Winn 1984). Al though the details of these .techniques are

often qui te different, the techniques are similar in that

the rate of incorporation into nucleic acids and the

specific activity of the precursor is estimated. These

parameters are then used to calculate the rate of nucleic

acid synthesis.

One promising approach, developed for general

ecological applications, utilizes 3B-adenine as a precursor

to polynucleotide synthesis. This approach has a number of
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advantages including the following: (1) aaenine appears to

be assimilated by most, if not all, microorganisms present

in natural seawater samples, and therefore the nucleic acid

synthesis rate of the entire microbial assemblage is

measured, (2) adenine is a precursor to the synthesis of'

both RNA and DNA, so that the synthesis rates of both

macromolecules can be measured simul taneously, and (3) a

sensi tive assay is available to measure the specific

activi ty of the direct precursor to adenine incorporation

into nucleic acids (Karl 1979).

Although, the metabolism of nucleic acid bases is

quite complex, a simplified graphical representation of

adenine metabolism as it relates to nucleic acid synthesis

can be presented (Fig. 1-1). It is apparent from Fig. 1-1

that the specific activity of the ATP precursor is diluted

by the recycling of unlabeled precursor from the turnover

of mRNA. The precursor is, of course, also diluted to an

unknown extent by the presence of exogenous adenine-like

compounds and by the .<k D.QYQ. synthesis of AMP. Karl ~ ..al.a.

(1981) have also shown that the ATP precursor pool is

compartmentalized, at least in some microorganisms. This

phenomenon has been referred to as "kinetic

compartmentalization", and it is bel ieved to be due to a

reduced rate of diffusion of label through internal

triphosphate pools (Summerton and Norling 1974).

In order to measure the rate of nucleic acid synthesis
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with 3H- adenine, or any other tracer, the relationship

between the precursor and the polynucleotide endproduct

must be completely understood. For experiments with 3H

adenine, this understanding would include a comprehensive

understanding of the affects of the recycling of mRNA and

the compartmentalization of the ATP precursor pool on the

relationship between the specific activity of ATP and the

rate of labeling of the stable RNA and DNA endproducts. A

simple mathematical modeling technique was therefore used

to examine the affects of mRNA turnover and ATP pool

compartmentalization on the presursor-product relationship

in exper iments wi th 3H-adenine. The resul ts of these

modeling exercises are presented here. These simulations

are specifically designed to investigate the precursor

product relationship in experiments with 3H- adenine.

However, the results are probably applicable to experiments

involving other tracer molecules.

~lATERIALS AND METHODS

Laboratory culture experiments

Laboratory culture experiments with represent~tive

marine microorganisms are summarized, for the most part, in

chapter 2, and the results of only a single experiment are
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shown here. In this experiment Pavlova lutheri was grown

in phosphate-limited chemostat culture as described in

chapter 2. 3H-adenine incorporation in ATP, RNA and DNA

was measured as previously described (Karl 1979; Karl.e.t

.a.L. 1981; Karl 1982) and the rates of nucleic acid

synthesis were calculated by dividing the radiolabel

concentration in either RNA or DNA by the integral of the

specific activity of the ATP precursor pool.

Nathematical models

A number of box models were constructed in order to

examine the effects of mRNA turnover and ATP pool

compartmentalization on the measurement of nucleic acid

synthesis with 3 H-adenine. The Hewlett-PackardR model 2000

interactive system (Universi ty of Hawaii Computing Center)

was used for these simulations. The model is completely

linear and relies on a series of iterative computations

which mimic a flow, in this case of radioactivity, through

a series of interconnected compartments. The basic

structure of the model, given in the form of a simplified

example, is shown in Fig. 1-2. As is shown, the total

label in any box and the specific activi ty of that box is

calculated after each iteration. If a small enough time

interval is chosen the flow of label appears continuous, a

condition which would be observed in living systems.

The model requires that a set of initial conditions be
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set before each run. These condi tions are the number and

size of the various compartments, the pattern of

interconnections between these compartments, the turnover

rate of the entire system and the relative rate of stable

RNA (sRNA) and messenger RNA (mRNA) synthesis. Steady

state conditions were also assumed for all of the modeling

exercises. The magnitude of the flow rates between

compartments is determined once these initial conditions

are defined and can be readily calculated.

This modeling procedure could have been used to

simulate exponential as well as steady-state growth.

However, since natural microbial assemblages are believed

to be best represented by steady-state, as opposed to

exponential growth, models which mimic exponential growth

were not constructed.

A model which simulates the flow of label as often

observed in marine microorganisms grown in liboratory

culture is shown in Fig. 1-3. Although the model looks

rather complex at first glance, it is relatively simple and

will be outlined below. Before discussing the details, a

few comments on the utili ty of au ch a model are in order.

Obviously, the model presented in Fig. 1-3 represents a

tremendous oversimplification of the incorporation of

adenine into nucleic aci ds. However, the model does

reproduce, at least qualitatively, the patterns of adenine

assimilation observed in laboratory experiments. In spite
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of this fact, the model is not intended to be taken as an

absolute representation of adenine nucleic acid metabolism.

Instead, it should be accepted only as an approximation of

the patterns of adenine metabolism by microorganisms, and

is useful mainly for studing these complex metabolic

patterns.

The critical part of the model is the division of the

ATP precursor pool into two compartments, one of which is

relatively small and one of which is relatively large. A

variable flow, designated M7 (Fig. 1-3), connects these

compartments. This part of the model is designed to mimic

the diffusion (.i.&a., kinetic compartmentalization) of 3H

adenine through the internal ATP pool. The rest of the

model is straightforward. Compartment H (sRNA) represents

stable RNA, which on a cellular level would comprise

ribosomal and transfer RNA. Compartment C represents the

pool of extracellular purine precursors. Flow rates Al

and AO depict the flow of adenine into the cell from

salvage and ~ llQYQ synthesis, respectively. Rates Bl

through BS depict the rates of breakdown of cellular

components. The rates of breakdown must be equal to the

rates of synthesis in order to maintain steady-state. The

label released to the extracellular environment from this

breakdown can be recycled to the extracellular purine pool,

3to H20, or both.
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RESULTS

The results of an 3H-adenine incorporation time course

with ~ lutheri in chemostat culture are shown in Fig. 1-4.

It is apparent that 3H-adenine is readily assimilated by

this organism, and that it rapidly passes through the ATP

pool and is deposited in both RNA and DNA (Fig. 1-4). It

is also apparent that a simple and direct relationship is

not always present between the ATP precursor and the stable

RNA and DNA endproducts. This fact can be seen at the

early time points where the ATP specific activity rises

rapidly without a concomitant increase in the rate of

incorporation into nucleic acids. The result is a rapidly

declining calculated rate of synthesis at early time points

(Fig. l-4b). Similar time course events are also produced

in 3H-adenine experiments with other marine algal species

grown under a variety of conditions (Chapter 2) and with

marine bacteria (Karl ~ .ala. 1981).

The model depicted in Fig. 1-3 was used to mimic the

results of the ~ ~Y~h~~~ experiment. The initial

conditions were chosen to simulate the growth of ~ lutheri

in chemostat culture. A doubling time, near maximal for

this species, of 1 doubling day-l was used. A cell density

equal to that in the chemostat culture experiment (4.2SXlO S

cells ml- l) was chosen, and the concentrations of DNA and
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cell C, on a ml- l basis, were calculated using the

conversion factors given by Holm-Hansen (1969) .i&..., 0.1 pg

DNA and 10 pg C cell-I. The ATP concentration was

calculated assuming a C:DNA ratio of 250 to 1 (Karl 1980).

An RNA:DNA cell concentration ratio of 10, approximately

the appropriate value for L lutheri in chemostat culture

(Fig. 1-4; see also chapter 2), was chosen. The ratio of

mRNA to sRNA synthesis was taken to be 1.0 and mRNA was

assumed to equal approximatley 10% of the total RNA cell

quota. Although this ratio can vary widely, 10% is

approximately correct for rapidly growing microbial cells

(Mandelstam and McQuillen 1976). The ratio of salvage (AI)

to ~ .nml.Q synthesis (AO) was chosen to be 0.5. This value

was also derived from the ~ lutheri chemostat experiment,

where it was observed that approximately one-half of the

adenine required for nucleic acid synthesis was supplied

from the external pool. The size of the external purine

pool (C) was set equal to the concentration of adenine that

was added as a result of the 3H- adenine spike.

The r e sul ts of the simulation are shown in Fig. 1-5.

The model appears to reproduce the major features of the

time course experiment conducted with L lutheri. There

is, however, a considerably longer lag in the

incorporation of lable into RNA and DNA in the simulation

than in the actual laboratory experiment. This fact is

reflected by a less dramatic decrease in the calculated
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rate of synthesis of both RNA and DNA at the early time

points in the simulation (Fig. 1-5) as opposed to the real

experiment (Fig. 1-4). It will be noted that the rates of

both RNA and DNA synthesi s in the sim ul a ti on ar e

overestimated throughout the experiment.

DISCUSSION

In order to model kinetic compartmentalization, the

ATP precursor was divided into two pools as shown in Fig.

1-3. Clearly, this feature is somewhat artifical, and the

values chosen for the relative size of these pools and the

rate of mLx I nq between the pools are arbi trary. In order

for kinetic compartmentalization to be adaquately modeled

one would assume that the pool fed directly from salvage

(~, pool D) would be a small proportion of the total

intracell~lar ATP pool. The effects of varing the relative

size of these two pools on the time course of DNA synthesis

with the present model is shown in Fig. 1-6. A decrease in

the relative size of pool D produces an increase in the

rate of decline in the measured rate of DNA synthesis.

This result is consistent with the kinetic

compartmentalization of the ATP precursor pool (~ label

flows directly into nucleic acids during the early portions
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of the time course through a relatively small portion of

the ATP pool with a relatively high specific activity).

The result is an overestimate of the rate of synthesis,

since the rate of incorporation is divided by the specific

activity of the total intracellular ATP pool. The rates of

nucleic acid synthesis in the ~ lutheri experiment also

decrease rapidly at the early time points. One might

conclude, therefore, that the compartmentalized pool in ~

lutheri is a very small portion of the total pool. The

effect of the rate of mixing between pools D and J on the

time course rate of DNA synthesis can also be examined with

the model. Decreasing the rate of mixing between these

pools increases the error in the rate of synthesis at the

early time points (Fig. 1-7). When M7 equals 1.0 Ci.•..e..., M7

equals Al and A3, A4 and AS are therefore 0) the model is

no longer compartmentalized, and the calculated rate

parallels the true rate (Fig_ 1-7). The above

characteristics, taken together, indicate that the kinetic

compartmentalization of the ATP pool can be adaquately

represented by varing the relative size of and the rate of

mixing between pools D and J. Again, this result is not

meant to imply that the intracellular ATP pool in marine

microorganisms is arranged in the fashion shown in Fig. 1

3, but o~ly that kinetic compartmentalization can account

for the time course kinetics in experiments with

representative marine microorganisms.
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The model can also be used to examine the relative

rate of messenger and stable RNA labeling. A simulation of

the relative rate of labeling of these compounds is shown

in Fig. 1-8. Under the conditions of this simulation

(.i.-e.a., mRNA = 10% the total RNA cell quota, and the ratio

of mRNA and sRNA synthesis = 1.0) the label contained in

unstable RNA is a significant proportion of the label in

the total RNA pool, especially at early time points. This

result is due to the rapid labeling of mRNA during the

early stages of the time course. The time course changes

in the specific activities of ATP and mRNA are also shown

(Fig. 1-9). The specific activi ty of mRNA lags somewhat

behind the specific activity of the ATP pool as would be

expected from Fig. 1-1. The specific activity of this

unstable RNA fraction will, of course, be substantially

greater than the specific activi ty of the stable RNA

fraction. Since mRNA is precipitated with sRNA in the

separation procedures used in these experiments, it is

possible that the presence of this high specific activity

fraction will interfere with the precise measurement of RNA

synthesis. However, the label in mRNA, as a proportion the

label in the total RNA, would decrease as the label

contained in the sRNA fraction increases. One would

therefore expect this interference to decrease with

increasing length of incubation.
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Using the simulation shown in Fig. 1-3, the calculated

rate of both RNA and DNA synthesis, although declining

rapidly at early time points, consistently overestimates

the true rate of synthesis (Figs. 1-5 to 1-7). This result

is due to the division of the ATP pool into two individual

pools. Given this configuration, it is possible to

calculate precisely the rate of nucleic acid synthesis only

if the specific activities of the individual precursor

pools and the relative rate at which these compartments

label RNA and DNA is known. The rate of synthesis

calculated in the simulation however, utilizes the specific

activity of the total cellular ATP pool. This condition

would also exist in a real experiment, since it is

impossible to separately measure the specific activities of

individual intracellular precursor pools, if they exist, in

microorganisms. Accurate rates of nucleic acid synthesis

can be derived, however, if kinetic compartmentalization is

viewed in one of two ways. First, if kinetic

compartmentalization is viewed as a temporary phenomenon

with equilibrium between intracellular ATP pools eventually

being reached, then it should be possible to precisely

quantify the rate of at least DNA synthesis with

concomitant measurements of ATP precursor specific activity

and the rate of DNA labeling. The rate of RNA synthesis

could also be quantified with minimal interference due to

the presence of mRNA. A second way in which to view this
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process is to postulate that the error due to the presence

of a very small intracellular ATP pool with a high specific

activity would steadly decline as the specific activity of

the total pools increases. The fact that accurate rates of

nucleic acid synthesis are derived, (see chapter 2)

indicates that one of both of these processes may be

occuring in living cells.

In conclusion, it appears that both the recycling of

mRNA and the compartmentalization of the ATP precursor pool

complicate the otherwise straight-forward relationship

between the ATP precursor and the stable RNA and DNA

endproducts. The turnover of mRNA affects only the

measured rate of RNA synthesis, whereas ATP pool

compartmentalization affects the measured rates of both RNA

and DNA synthesls. The turnover of mRNA would appear,

under most condi tions, to produce Ii ttle error in the

calculated rates of RNA synthesis. This error would

decrease with increasing length of incubation. The ATP

pool compartmentalization, on the other hand, can produce

significant errors in calCUlated rates of both RNA and DNA

synthesis. These modeling excercises indicate that the

compartmentalization of the ATP pool can account for the

spurious result at early points in time course experiments

and show that this source of error should also decrease

with increasing time of incubation. It should therefore be

possible to avoid this source of error simply by incubating
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over a sufficient proportion of the cell cycle. As pointed

out earlier, the conclusions derived here are probably

applicable to experiments utilizing any tracer which flows

through nucleotide triphospha te pools and into nucleic

acids (~, 3H-thyrnidine, 3H-uracil, 32 po4, or 14C02) .
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Figure l=L. Schematic diagram of 3H-adenine incorporation

into nucleic acids.
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Figure J..=.2... Simplified example of mathematical model

construction.
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Simplified Example

~ CONSTRUCTION

pool A pool B pool C

)
500
pmol

Add label to pool A at t=O.

Specific activity of pool A at t=O is nCi added/100.

Specific activity of pools Band C at taO is O.

If

A = nCi/ml pool A

B = nCi/ml pool B

C = nCi/ml pool C

*A = nCi/pmol pool A

*B = nCi/pmol pool B

*C nCi/pmol pool C

then pick a time interval, say .0001 minutes, and the
distribution of label with time is as follows.

A = A-(*A.K.T)

B = B+(*A.K.T)-(*B.K.T)

C = C+(*B.K-T)-(*C.K.T)

A/lOO

B/500

C/200

Repeat
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Figure~ Schematic diagram of the mathematical model

used to study 3H-adenine incorporation into nucleic acids.

steady state conditions were assumed for all modeling

exercises. H20 represents adenine breakdown products.

Pool sizes are represented by A, C and G through J. Flow

rates between pools are represented by M7, AO through A9

and Bl through BS.
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Figure ~ Frame A shows the time course of ATP specific

activity, and RNA and DNA labeling in ~ lutheri chemostat

experiment. Frames Band C show the calculated rates of

RNA and DNA synthesis, respectively.

dilution rate was 0.5 day-I.
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Figure l:.S.a. Output from mathematical model. Frame A shows

the simulated patterns of incorporation. Frames Band C

show the calculated rates of synthesis. Dashed lines in

frames Band C represent the true rates of synthesis in the

simulation. Inset shows sizes of various compartments used

in the simulation.
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Figure ~ Rates of DNA synthesis with different size

ratios for pools D and J. All parameters, including the

sum of pools D and J were as in Fig. 1-5.
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li..9.J1n~ Rates of DNA synthesis with different values

for M7. M7 is given as a proportion of Al. When M7 is

1.0, M7 = Al and A3, A4 and AS are O. All other parameters

were as in Fig. 1-5.
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Figure 1=BA Relative labeling of mRNA and sRNA.

model conditions are as shown in Fig. 1-5.
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.f:ig'y.I.~ l=~ Time course of ATP and mRNA specific

activities. Initial conditions are as in Fig. 1-5.
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CHAPTER ~ LABORATORY CALIBRATIONS

INTRODUCTION

In microorganisms, nucleic acids are vital cellular

constituents with well known metabolic functions (Ingraham

~.t a!... 19 83) • Con seq ue n t 1 y , mea sur emen t s 0 f tot a 1

microbial ribonucleic acid (RNA) and deoxyribonucleic acid

(DNA) production should provide useful information

regarding microbial growth and metabolism in nature. In

general, attempts to measure nucleic acid synthesis in

aquatic environments have employed labeled nucleic acid

precursors. To estimate absolute rates, radiotracer

experiments require two independent measurements: (1) the

rate of accumulation of radioactivity in either RNA or DNA,

or both (.i.&a.., nCi ml- l h- l), and (2) the specific activity

(.i..&.., nCi pmol- l) of the direct precursor. Only with this

information can the actual rate of nucleic acid synthesis

(..i.a.L, nCi ml- l h- l /nCi pmol- l = pmol ml- l h- l)" be

derived.

In recent years, a number of studies of nucleic acid

synthesis in aquatic environments have been conducted•. For

the most part, two separate isotopes have been used in
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these investigations. The incorporation of [methyl-3 H]

thymidine has been used in a·number of investigations as a

measure of bacterial growth (Brock 1967; Tobin and Anthony

1978; Fuhrman and Azam 1980, 1982; Moriarty and Pollard

1981, 1982). In some synecological work, (Fuhrman and Azam

1980) it was assumed that only bacteria incorporate 3U

thymidine, that the radiolabel is incorporated exclusively

into DNA and that the specific activity of the thymidine

incorporated into DNA is equal to that of the added

precursor. More recent studies however, have demonstrated

the non-specificity of macromolecular labeling using 3H

thymidine (Karl 1982; Riemann ~ .a.L. 1982). In other

investigations, (Moriarty and Pollard 1981; 1982) isotope

dilution has been used to estimate the specific activity of

the immediate presursor to 3H- thymidine incorporation into

DNA. This approach has shown that dilution of the added

3H-thymidine occurs in certain environments due to the

presence of exogenous and endogenous pools of thymidine

like molecules and .de. .nmm. synthesis. These observations

obviously cast doubt upon the validi ty of the assumption

that the specific activity of the direct precursor to

thymidine incorporation into DNA is equal to the specific

activi ty of the added 3H-thymidine. Unfortunately,

isotope dilution theory (Forsdyke 1968; Dietz.e.t.ala. 1977)

is not valid under natural conditions (Wright and Burnison

1979; Law s 1983). However, isotope dilution estimates of
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the reduction in the specific activi ty of added 3H

thymidine by unlabeled thymidine derivatives can be

interpreted as a maximum (.i...e...., yields a minimum specific

activity estimate) and are the best estimates currently

available. Fuhrman and Azam (1982) have recently re-

examine.d the assumption that the specific activi ty of

thymidine incorporated into DNA by bacterioplankton is

equal to the specific activity of the added thymidine.

They conclude that the specific activity of the thymidine

51-triphosphate (TTP) incorporated into DNA is less than

that of the added precursor and suggest that the rate of

DNA synthesis measured with thymidine in some previous

experiments be increased by a factor of approximately 3 to

7. The above results have clearly complicated the

interpretation of experiments utilizing 3H- thymidine in

aquatic environments. More recently however, Kirchman ~

5!L. (1983) have employed a novel approach to the use of 3H

thymidine incorporation as a measure of bacter ial growth

and production which avoids the problem of the specific

activi ty of the direct precursor and appear s to have

considerable promise.

The second radiotracer frequently used to quantify

nucleic acid synthesis rates in aquatic environments is [2

3H] adenine (Karl 1979, 1981; Karl ~ ~ 1981a,b; Karl and

Winn 1983; Winn and Karl 1984). This approach differs

significantly from those utilizing [methyl-3 H] thymidine.
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First of all, adenine is a precursor to both RNA and DNA,

so that rates of synthesis of both macromolecules can be

measured simultaneously. Second, adenine is assimilated by

both bacteria and eucaryotic microalgae, so that

experiments with natural microbial populations yield

nucleic acid synthesis rates for the entire microbial

communi ty (Karl .e.t .a.L. 1981a~ Mor iarty and Pollard 1982 ~

Karl and Winn 1983). This aspect of the technique can be

used to advantage in certain environmental applications.

Third, and most importantly, methods exist for the

isolation and measurement of the immediate intracellular

precursor to adenine incorporation -Lnco nucleic acids, so

that its specific activity can be measured directly (Karl

1979) •

A number of assumptions are inherent in experiments

using 3a-adenine to measure rates of nucleic acid

synthesis. These include the following: (1) all

microorganisms are capable of assimil~ting adenine, (2) the

ATP and deoxyadenosine 51-triphosphate (dATP) pools are in

isotopic equilibrium, and (3) the ATP precursor pool is not

compartmentalized. Previous investigations (Karl 1981~

Karl ~ ~ 1981a~ Karl and Winn 1983) have shown that,

whereas the first two assumptions are not violated, the ATP

precursor pool is compartmentalized during the initial

period of labeling (see discussion in Chapter 1).

Several researchers have attempted' to correlate
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bacterial growth rates measured by 3H- thymidine or 3H

adenine incorporation into natural microbial assemblages

with estimates derived from other techniques (Christian ~

,g.l.... 1982: Kirchman.e.t.a.l.... 1982). However, attempts have

not been made to calibrate the rates of microbial nucleic

acid synthesis measured using either of these radiotracer

techniques with marine microorganisms maintained at known

growth rates. This communication presents the results of a

series of laboratory experiments designed to evaluate the

accuracy of nucleic acid rate measurements made with 3H

adenine. Special attention has been paid to the potential

analytical problems of intracellular compartmentalization

so that they can be avoided during environmental

applications of this technique.

THEORETICAL CONSIDERATIONS

The complex series of biochemical reactions involved

in nucleic acid metabolism are similar in all

microorganisms thus far investigated and are represented in

a relatively simplistic schematic diagram (Fig. 2-1).

Adenine is assimilated in microorganisms via a group

transport process and is simultaneously converted into

adenosine-5'-monophosphate (AMP). Intracellular AMP is

then rapidly interconverted into several adenine
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derivatives, including: ADP, ATP, dADP and dATP. The

intracellular turnover of these compounds is extremely

rapid (Chapman and Atkinson 1977; Karl 1981) so that it can

be assumed that their specific activites remain equal

(further evidence for this will be presented below). The

immediate precursors to adenine incorporation into RNA and

DNA are ATP and dATP, respectively. ATP is reduced at

ei ther the triphosphate or the diphosphate level (Fig. 2

2) •

DNA is a stable molecule and is not recycled within

the cell. RNA is made up of three components: mRNA, tRNA

and rRNA. Whereas tRNA and rRNA, henceforth referred to

collectively as stable RNA (sRNA), are stable molecules and

generally do not turn over at a si,gnificant rate, mRNA is

unstable and is rapidly recycled within the cell. DNA and

all three forms of RNA are precipitated in cold acid, so

that the radiolabel found in RNA includes 3 H- adenine

contained in both the stable and unstable forms. The

relative concentrations and synthesis rates of mRNA and

sRNA can vary widely depending upon the organism and its

growth conditions. The concentration of mRNA is generally

small relative to sRNA, but its gross synthesis rate can

often be a significant proportion of total RNA synthesis.

In bacteria, for example, mRNA typically accounts for 2-10%

of the total RNA and 50% of the instantanaous synthesis

rate (Mandelstam and McQuillen 1976).
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The 3H-adenine assimilation model (Fig. 2-1) assumes

that adenine flows through a single well-mixed precursor

pool and then into nucleic acids. If this representation

is accurate, the relationship between nucleic acid labeling

and the specific activity of its direct precursor can be

defined precisely as:

(1)

where *NC and NC are the radiolabel and chemical

concentration of nucleic acid respectively, Ks is the rate

of synthesis of nucleic acid, Kb is the rate of breakdown

of nucleic acid due to cell death and *A and A are the

radiochemical and chemical concentrations of the direct

precur s or , During short term label ing exper iments Ci....e....,

less than the doubling time of the population), the

specific activity of the end products CL.e..., *NC/NC) will

be much less than the specific activity of the precursor

(i.&..., *A/A), so that the second term in the equation can

be ignored. Equation I can then be simplifed to:

and can be rearranged to solve for Ks:

* tf *Ks = NC/ 0 (A/A).
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Ignoring for the moment the turnover of mRNA, equation 3

can be used to calculate the rates of either RNA or DNA

synthesis.

Compartmentalization of ATP precursor pools has been

identified in both eucaryotic and procaryotic

microorganisms (Mueller and Bremer 1968; Summerton and

Norling 1974; Wieger s .e..t .aL. 1976; Khym II .aL. 1978). The

use of the term compartmentalization is unfortunate in that

it is somewhat of a misnomer. As used here, the term

implies only that two or more intracellular pools of

precursor (ATP or dATP), with unequal specific activities,

are used to synthesize nucleic acids. The term is not

intended to imply that intracellular compartments,

separated by membrane systems, must exist. One might

imagine that ATP pool compartmentalization cannot exist in

procaryotes since these organisms do not possess internal

campartments. However, ATP compartmentalization has been

clearly demonstrated in these organisms (Mueller and Bremer

1968; Summerton and Norling 1974). Although we cannot rule

out the existence of separate internal ATP pools in the

eucaryotic organisms used in this study, . we view

compartmentalization as being due to diffusive or kinetic

processes in both eucaryotes and procaryotes.
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MATERIALS AND METHODS

Culture conditions.

A marine bacterium, S~LL~~i~ m~LinQ~YbL~, and

representatives from three separate classes of marine algae

were used in this study. ~ marinorubra was grown in shake

cur ture at 24 ± 10 C in medium containing 1.0 g glucose and

1.5 g bacto-peptone 1-1 in 80% seawater supplemented with

500 uM NH4Cl and 5 uM NaH2P04• Payloya lutheri, Chlorella

cordata, and Cylindrotheca sp. were used as the eucaryotic

test organisms. Algal chemostat cultures were maintained

at 22 0 C on continuous light in modified FCRG medium

(Eppley .e.t .ala. 1967). The medi urn contained ei ther 40 uM

NH 4 and 2 uM P04 or 50 uM N03 and 5 uM P04, producing N:P

ratios of either 20:1 and 10:1, respectively. Algal batch

cultures we~e grown on standard FCRG medium (500 uM N03: 50

uM P04) under continuous light at 24 ±lo C. All batch

culture experiments were conducted at mid-log phase so that

growth rates were well defined.

Nucleic~~ measurements.

Rates of nucleic acid synthesis were measured with [2

3H] adenine (15 - 20 Ci mmol-l) by the techniques outlined

previously (Karl 1979: Karl fi .aL. 1981a; Karl 1982).

Nucleic acid synthesis rates were calculated from 3 H

adenine incorporation data by dividing the label in nucleic
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acids by the integral ATP precursor specific activity

(~, equation 3). The known rates of nucleic acid

synthesis were determined from the doubling time and the

concentration of particulate RNA and DNA in the culture.

RNA and DNA concentrations were measured in ~ marinorubra

by incorporation of 32 p0 4 into RNA and DNA after labeling

to isotopic equilibrium (at least 6 generations) in medium

containing 32P04 of a known and constant specific activity.

The RNA and DNA fractions were isolated for radiochemical

counting as described previously (Karl ~ ~ 1981 a). RNA

and DNA concentrations in algal cultures were also

determined by the methods described above, and with orcinol

(Lin and Schj eide 1969) for RNA and diphenylamine (Burton

1956) for DNA.

Dilution experiments.

Dilution experiments were conducted with .a...

m~Lin~~Y~~~ and ~ ~Y~b~L~ in order to examine the

relationship between microbial biomass and the time course

kinetics of 3H-adenine incorporation. In these

experiments, the organisms were grown to mid-log phase and

then serially diluted with fresh medium. Care was taken to

insure that the cells were in exponential growth when the

dilutions were made so that t~e growth rate and therefore

the rates of RNA and DNA synthesis were not altered by the

addition of fresh medium.
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Field experi~

A surface sample was collected at 17 0 46'N; 108 0 57'

W, approximately 350 km off the west coast of Mexico. The

sample was incubated on deck under .in ~.Y light and

temperature conditions.

RESULTS AND DISCUSSION

Bacterial dilution experiment.

The results of the time course of 3H-adenine

incorporation into a dilution series of exponentially

grow ing s.... mllinoru12.u cells are shown in Fig. 2-2. The

ATP concentration in the most dilute culture was

approximately equal to that typically found in mesotrophic

aquatic environments (Karl 1980). Since the known rates of

synthesis were calculated from the concentrations of RNA

and DNA and the doubling time of the culture, it is

assumed that the rate of accumulation of nucleic acid is

equal to the rate of synthesis. This assumption is

reasonable, since the cells are in exponential growth and

the rate of DNA and stable RNA turnover due to cell death

and lysis is therefore small relative to the rate of

synthesis of nascent nucleic acid.
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Estimates of DNA synthesis from 3H-adenine

incorporation data are reasonably accurate at all cell

densities. The rate of RNA synthesis, however, is accurate

only in the most dilute cultures. The radiochemical

DNA:RNA ratio also accurately reflects RNA and DNA cell

quotas only in the diluted cultures. The error in the RNA

synthesis rate, and the DNA:RNA rate ratio at extremely

high cell densities, is interpreted as being due to the

turnover of mRNA in combination with the rapid exhaustion

of 3H-adenine from the medium. When exogenous 3H-adenine

is depleted from the medium, the specific activity of the

total ATP precursor pool rises and then falls rapidly, and

the specific activity of mRNA does not remain equal to the

specific activity of the ATP precursor pool. The

under esti rnate in the rate of RNA synthesis in the

concentrated culture can also be viewed as a result of the

disequilibrium between the specific activities of mRNA and

ATP. The reason for this disequilbrium can be made clear by

expressing the precursor-product relationship involved in

RNA synthesis in precise terms. The rate of radiolabel

accumulation in the two RNA pools can be expressed as:

d*~RNA/dt = K2 (*ATP/ATP) and (4)

* * *d mRNA/dt = K3 ( ATP/ATP) - K4 ( mRNA/mRNA) (5)

where K2, K3 and K4 are as in Fig. 2-1, and where * denotes
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a radiochemical concentration. The rate of radiolabel

accumulation in the total RNA pool can then be expressed

as:

d*RNA/dt = d*mRNA/dt + d*SRNA/dt (6)

*where RNA represents the radiolabel in the total RNA pool.

By substitution:

d*RNA/dt = K2 (*ATP/ATP) + K3 (*ATP/ATP)

*- K4 ( mRNA/mRNA)

or the equivalent expression:

*RNA = K2 Ot:{(*ATP/ATP) + K3 Ot{(*ATP/ATP)

- K4 o:{(*mRNA/mRNA)

(7)

(8)

is derived. It is apparent from equation 8 that, without a

simplifying assumption, the rate of stable RNA synthesis

(K2) cannot be quantified precisely without knowledge of

the integral specific activities of both ATP and mRNA.

However, given that Kt equals the total rate of RNA

synthesis:

(9)
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and if it is assumed that the specific activities of ATP

and mRNA are equal over the length of the experiment, then

equation 8 can be rearranged to yield:

(10)

which is equivalent to equation 3.

Under most environmental conditions, the assumption of

equal specific activities of mRNA and ATP is valid (see

below). Inaccuracies in the measured rate of RNA synthesis

may result however, if the specific activities of mRNA and

ATP diverge significantly. This will occur only when 3H

adenine is exhausted from the medium, and the ,absolute

value of the ATP precursor specific activity initially

increases and then decreases r apI'dLy, The condi tions

appropriate for calculation of RNA synthesis rates are when

the DNA:RNA rate ratio remains constant with time and, most

importantly, when the ATP specific activity initially

increases and then remains constant (Fig. 2-2c). These

prerequisites are met when microbial biomass is low, (~,

<10 ug ATP 1-1) as is most often the case in natural

microbial assemblages (Karl .e..t sL. 1981b). In si tua tions

where microbial biomass is high, it should be possible to

use sufficient amounts of 3H-adenine, or to add sufficient

amounts of cold adenine, to insure that exogenous 3H

adenine remains free in the medium over the length of the

incubation period.

68



Equation 3 can be invoked without simplifying

assumptions when calculating the rate of DNA synthesis,

since DNA does not have a rapidly recycling fraction.

However, a potential complicating factor in the calculation

of DNA synthesis is that dATP, not ATP, is the direct

precursor to dAMP incorporation into DNA (Fig. 2-1). Karl

(1981) has pointed out that the specific activities of dATP

and ATP are expected to be equal at all time intervals due

to the extremely rapid intracellular turnover of common

precursors. The results of the present experiment clearly

show that this is the case, since accurate rates of DNA

synthesis are derived from ATP specific activities at all

cell densi ties tested. It should be emphasized that even

the most dilute cultures are more concentrated than most

marine environments. Consequently the conditions under

which these measurements are made in the oceanic

environment are consistent with those yielding the most

accurate estimates of RNA and DNA synthesis.

Algal dilution experiment.

A dilution experiment similar to that conducted with

~ marinorubra was conducted with ~ lutheri. The results

are presented in Fig. 2-3 and are consistent with those of

the bacterial dilution experiment. When the label is

rapidly exhausted from the medium, the DNA:RNA rate ratio

rises wi th incubation time, again presumably due to
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radiochemical disequilibrium between mRNA and ATP. The

rate ratio remains constant in the dilute culture where the

ATP specific activity indicates that 3 H- adenine was not

exhausted from the medium.

The algal cultures used in this study were not axenic

(.i.a.e..., they con tai ne d sm all q uani ti e s of ba cte ria) •

However, direct microscopic observations showed that

bacterial biomass was always low «2-3% of total biomass).

One might hypothesize that our measurements of 3H-adenine

uptake in these cultures reflect only the activi ty of the

bacterial cells. However, two lines of evidence show

conclusively that this hypothesis is false. First,

accurate rates of nucleic acid synthesis are derived in the

algal cultures (see below). If only the contaminating

bacteria assimilated adenine, accurate rates of synthesis

would not be obtained, since the algae are, for all

practical purposes, the sole contributors to chemical RNA

and DNA in the culture. Second, the ATP precursor specific

activities measured in the algal cultures are as high, and

usually higher, than in the bacterial cultures alone

(compare Figs. 2-3 to 2-7 with Fig. 2-2). If only the

bacteria assimilated adenine the ATP specific activities in

the algal cultures would be much lower than in the

bacterial cUltures, since the bacterial ATP represents a

small proportion of the total ATP present in the cuLture.

In fact, a simple calculation will show that it is
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theoretically impossible for bacteria alone to have

assimilated adenine, since this condition would require

that the specific activity of the bacterial ATP be greater

than the specific activity of the added 3H-adenine.

Algal ~mostat calibration.

The results from the L lutheri chemostat experiment

with the medium containing an N:P.ratio of 10 are shown in

Fig. 2-4. It is apparent from these data, that the ATP

precursor pool is compar tmental izedi par ticular ly dur ing

the initial period of labeling, when the ATP pool specific

activity rises rapidly, while the rate of incorporation of

3H-adenine into both RNA and DNA remains constant (Fig. 2

4a). The compartmentalization of the ATP precursor pool

resul ts in an overestimate of both RNA and DNA synthesis

during the early time period. However, accurate rates of

synthesis are derived after approximately 30 min for DNA

synthesis and 2 h for RNA synthesis. This time interval is

equivalent to approximately 2 and 10% of the doubling time,

respectively. The fact that the measured rate of RNA

synthesis is overestimated by a larger factor and declines

more slowly than DNA synthesis is presumably due to the

turnover of mRNA. The results of the chemostat experiment

using the medium containing an N:P ratio of 20 were

essentially identical to those in Fig. 2-4, with true rates

of DNA and RNA synthesi s being establi shed after

approximately 30 min and 2 h, respectively.
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It has been reported that internal compartments

containing different ATP precursor specific activities are

responsible for ATP compartmentalization in some eucaryotes

(Khym .et .al... 1978). Since accurate rates of synthesis are

obtained in these experiments it is apparent that, despite

the presence of membrane bound internal compartments, the

ATP precursor specific activity reaches isotopic

equilibrium in these organisms over short time intervals.

~ompartmentalizationcan therefore be viewed as a result of

restricted diffusion within the cell, rather than arising

from intracellular barriers. In this view, the presence of

internal compartments, along with the larger size of the

cell, may be important in producing more pronounced

compartmentalization in eucaryotes than in procaryotes.

However, our data indicate that this fact does not preclude

the measurement of accurate rates of nucleic acid synthesis

in algal cul, tures or in environmental samples containing

both eucaryotes and procaryotes. It may be difficult to

imagine that diffusion alone can account for

compartmentalization, however it should be pointed out that

the viscosity of the intracellular environment in

microorganisms can be approximately 600 times the viscosity

of water (Mueller and Bremer 196 8).
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Algal batch culture calibrations.

Calibrations of the rates of nucleic acid synthesis

using 3H-adenine were also conducted with representatives

of the Chrysophyceae, Chlorophyceae and the

Bacillariophceae. The results of these experiments are

shown in Figs. 2-5, 2-6 and 2-7. It is apparent from these

data that the uptake and metabolism of 3H- adenine is

similar in all three groups and that accurate rates of both

RNA and DNA synthesis can be measured with 3H-adenine. In

the L l.1.l.t~ti experiment 3H-adenine is assimilated for a

brief period « I h) before being exhausted from the

medium. The exhaustion of 3 H- adenine from the mdium

resul ted in a significant disequilibr ium between the

specific radioactivi ties of mRNA and ATP, as evidenced by

the changing DNA:RNA rate ratio, and an underestimate of

the rate of RNA synthesis. The rate of DNA synthesis is

overestimated during the early portion of the time course

because of the compa r t men tieLd aa t Lon of the ATP precursor

pool, but an accurate estimate is obtained if the precursor

specific activi ty is integrated over the entire time

course.

The resul ts for the green alga, .c... cordata, are shown

in Fig. 2-6. Accurate rates of both RNA and DNA synthesis

are also derived with this species. It appears that 3H

adenine is assimilated more slowly by this organism than by

either of the other two algal species. The result is a
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specific activity that is low relative to the other

laboratory cultures. The slower rate of assimilation also

resul ts in 3ij-adenine being incorporated over the entire

length of the time course and an ATP specific activity

which reaches isotopic equlibrium (~, the precursor

secific activity initially increases and then remains

constant; Fig. 2-6a). True rates of RNA and DNA synthesis

are achieved after approximately 10 and 15% of the doubling

time, respectively.

The results for the diatom, Cylindrotheca sp. (Fig. 2

7) again show that accurate rates of synthesis are aChieved

after approximately 5 and 10% of the doubling time for DNA

and RNA, respectively. In this experiment the fact that

the DNA:RNA rate ratio rises only slightly during the time

course indicates that the specific activities of mRNA and

ATP are nearly equal.

Kinetics ~ 3H-adenine uptake .in .the pelagic environment.

Our research interests center on microbial processes in

the open ocean, and it is in this environment that the 3H

adenine technique has generally been applied. Due to

logistic constraints at sea, time series analyses have not

always been feasible. Under these constraints, the rate of

nucleic acid synthesis has been determined by dividing the

label incorporated at the end-point by the product of the

specific activity of the precursor at the end-point and the

74



length of the experiment (.i.....e...., nCi 1-l/nCi pmol- l time).

If the incorporation of label into nucleic acid is constant

over the length of the experiment, then the above

expression is precisely equal to the true rate of synthesis

only when the specific activity of the precursor is

constant. In reality, this situation never exists since

the precursor specific activity always starts at zero.

However, a time course where the precursor specific

activity is constant with time is often closely

approximated in the ocean, where microbial biomass is low

(Fig. 2-8). As is typical in these experiments, the

DNA:RNA rate ratio remains constant over the length of the

experiment, and the ATP specific activity rises rapidly

and then remains relatively constant with time. It is

clear that the synthesis rate measured as an end-point

after 6 or 8 h would closely approximate the rate measured

as an integral (~, equation 3). In environmental

applications we routinely conf irm that 3H-adenine is not

exhausted during the incubation period. The above is not

meant to imply that time series analyses are not important

in environmental applications. On the contrary, exactly

the opposi te is true. Wi thout some knowledge of the time

series of events in these experiments little confidence can

be placed in the accuracy of the measured rates of nucleic

acid synthesis.
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When experiments are conducted in nature, the total

rate of nucleic acid synthesis is the sum of the rates of

synthesis of many different organisms. As a result an

additional concern arises when the 3H-adenine technique is

applied in mixed populations. The nature of this potential

problem can be made clear with a simple example. The rate

of accumulation of label into DNA in a mixture of two

species of microorganisms is expressed precisely as:

d*DNA/dt (11)

where Ka and Kb represent the rates of DN~ synthesis by

* *organisms A and B, respectively, and A/Aa and A/A b

represent the specific activities of the ATP precursor

pools in these organisms. From equation 11 it is apparent

that the total rate of DNA synthesis (.L.e...., Ka + Kb) cannot

be precisely determined unless the precursor specific

activities of both populations are equal (.L.e...., *A/Aa =
*A/Ab)' The error that could result, under the worst case

conditions, can be evaluated in the following manner. If

it is assumed that the microbial assemblage in nature is

represented by only two species, A and B as in the above

example, and that their ATP precursor specific activities

are different by a factor of 10, then the communi ty nucleic

acid synthesis rate may be in error by slightly more than a

factor of 5. The degree of error will depend upon the
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relative nucleic acid synthesis rates and the relative

biomass of the two individual populations as shown in Fig.

2-9. As one might expect, the maximum error is produced

when the population which synthesizes the major proportion

of the nucleic acid is a minor component of the total

microbial assemblage. In the example given in Fig. 2-9, an

error of approximately 5 is derived when 5% of the total

microbial community is responsible for 95% of the nucleic

acid synthesis. Whether the true community synthesis rate.

is overestimated or underestimated depends upon which

population is assigned the minimum specific activity. If

the population which synthesizes the major proportion of

the nucleic acids is assigned the minumum specific actvity,

the communtiy synthesis rate is overestimated (Fig. 2-11).

The degree of error shown in Fig. 2-11 must be

considered to be a maximum, and it can be argued that it is

unrealistically high for two reasons. First, laboratory

experiments have repeatedly demonstrated that the specific

activities measured in a variety of microorganisms do not

vary dramatically and are generally comparable (Karl ~ ~

1981a~ Karl and Winn 1983 ~ this report). Second, and most

importantly, in nature microbial communities are not

composed of only two, or of just a few microbial species,

but are composed of a myr iad of different organisms. The

specific activities in nature therefore are unlikely to

fall into two distinct catagories, as in the above example,
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but are likely to be represented by a continuous spectrum

of specific activities. It would seem that this fact would

reduce the error due to the application of this method in

mixed populations. It should also be pointed out that this

source of error is not unique to experiments employing 3H

adenine but is present when a variety of tracer methods are

applied under natural conditions.

CONCLUSIONS

It is evident from these da n a that the rates of

nucleic acid synthesis in marine microorganisms can be

accurately estimated using 3H-adenine. This conclusion has

been shown to be true for representative eucaryotic and

procaryotic marine microorganisms grown in either steady

state chemostat or in exponential batch culture, and is

true for marine algae grown under a variety of nutrient

regimes. Furthermore, it is clear that the assumption of

equal ATP and dATP specific activities is valid. This

equality must exist, since accurate rates of both RNA and

DNA synthesis can be derived using the specific activity of

ATP. It is also evident that some precautions must be

observed in order to insure that accurate rates of nucleic

acid synthesis are measured. These precautions are
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necessary, since correct rates of nucleic acid synthesis

are not derived under all conditions, or at all points

during a time course. We would like to stress that without

some knowledge of the time course of 3H-adenine metabolism,

or at least a post-incubation radiochemical inventory,

little confidence can be placed in the accuracy of the

resul ts.

In nature, the time course kinetics of nucleic acid

and precursor pool labeling will depend upon many factors

including temperature, microbial biomass, turnover of the

exogenous adenine pool and microbial growth rate. In order

to insure that accurate rates of synthesis are derived in

natural samples, the ATP precursor specific activity should

rise and remain relatively constant, or at least not drop

precipitiously. In order for this condition to be

satisified exogenous 3H-adenine must remain in the medium

for the duration of the incubation period. The time course

should also be long enough to avoid the effects of ATP pool

compartmentalization. The true rates of synthesis of both

RNA and DNA are then derived when the rate becomes constant

with time. Our results show that the time required for this

condition to occur is a maximum of approximately 10% of the

generation time.
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Figure~ Schematic diagram of adenine incorporation

into nucleic acids.
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Figure 2::2... Serratia marinorubra dilution experiment.

Panels I, II and III show the results of the uptake and

incorporation of 3H-adenine into cul tures containing

ini tial concentrations of 120, 6 and 0.6 ng ATP ml-l,

respectively. The dashed lines in frame B indicate the

mean DNA:RNA rate ratio as determined by independent

chemical measurements, and the stipled areas in frames C

and D indicate the known rates of RNA and DNA synthesis (±l

standard deviation unit). Culture doubling time was 1 h.

82



I IT . ill
200r AOO.. .2 80 AOO 2 8

A A
'0

.,. .,.
.,. Ii Ii·l' E E E E E E E.. .. ..

~. 100 ~200 1° ~ 40 1° 'i4c e
'l 'l .... 'l' ... 0( ....
Z Z .... z :t z :ia "" 'l 0 0

• • .. • .. • ..
o·

90 0 0 0
60

"[
3D 30, B

:"~
B.. ..

'l 'l'
Z Z

"" 15 "" 15
'l 'l
Z
~ jF.o ~ 6 s t~:----~---~0

30 60 90
0

0 30 60 90 00 30 60 90 120

AOO 20 2, C 'c C .,., c
00 E E E
w i ~ 10

Etoo 0

~
~E.. ..

'l 'l" eiz z z
"" 0

0 "" 0
0 "" 00--30 ---00

30 60 90 30 60 90 90 120

AO A .2
"'c 0 'c 0 ,

c
~ E e

L. L. "L.
E E E

1
20 Ii 2 Ii

K : E..
4." 'l"

.~
'ls Z
~0

0
0 30 60 40 00 30 60 90

0
0
-- -

30 60 90 120
INCUBATION TIME. mIn INCUBATION TIME.mIn INCUBATION TIME. m,n



Figure ~ PaYQlya lutheri dilution experiment. Panels I

and II show the results of 3H-adenine uptake into cultures

containing initial concentrations of 8 and 0.3 ng ATP ml-l,

respectively. Culture doubling time was 18 h.
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Figure 2:~ Pav!oya !utheri chemos tat experiment. The

stip!ed area in frames Band C indicate the rates (+1

standard deviation unit) of RNA and DNA synthesis as

determined by chemical measurements. Dashed line in inset

of frame B indicates the mean DNA:RNA rate ratio as

determined by chemical measurements. Initial ATP

concentration was 6.3 ng ATP m1-1• The culture dilution

rate was 0.54 d-1•
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.fi.,g.l.l.r.~ 2.=~ L l.l.l.th.e.x.i. bat c h c uI t u r e exper i men t.

CuI ture doubling time was

Experimental details as in

concentration was 8.3 ng ml- l•

18 h.
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Figure 2.::n... ChlorellA c.Qrdata batch culture experiment.

Experimental details as in Fig. 2-4. Initial ATP

concentration was 9.8 ng ml- l• Culture doubling time of

the culture was 20.5 h.
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Figure~ Cylindroth~ sp. ba~ch culture experiment.

Experimental details as in Fig. 2-4. Initial ATP

concentration was 4.3 09 ml- I• CuI ture doubling time was

17 h.
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Fisur~ 2.=..B.a. Time cour se of RNA, DNA and ATP label ing in

seawater sample. Frame A shows 3H-adenine incorporation

into RNA, DNA and ATP. Frame B shows the DNA:RNA as a

function of time during the incubation. 3a-adenine added

at an initial radiochemical concentration of 0.1 uCi ml-l•
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Figure 2=i. Example calculation of the potential error in

the measured rate of nucleic acid synthesis in a mixture of

2 microbial populations. Populations A and B are assumed

to have constant precursor specific activities of 0.1 and

1.0, respectively. The X-axis depicts. the ratio of biomass

of populations A and B, in terms of ATP. The Y-axis

depicts the relative rates of nucleic acid synthesis by

populations A and B. The quani ties within the parentheses

show the ratio of the true rate of synthesis (i.&.a" Ka +

Kb) and the rate of synthesis as it would be calculated in

a typical field experiment (.ia.e..., the rate of accumulation

of label into nucleic acids in the mixture of both

populations divided by the mean precursor specific

activity). The contour lines depict regions where the

measured rate of synthesis is, 0.25, 0.5, 2 and 4 times the

true rate.
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CHAPTER ~ MICROBIAL GROWTH AND PRODUCTION

lB HAWAIIAN WATERS

INTRODUCTION

Substantial progress has been made in the study of

microbiological oceanography in the past 20 years,

especially with regard to the standing stocks of

microorganisms and the rates of primary production in the

sea. In general, numerous modifications of the 14 C02

technique, originally proposed by Steeman Nielsen (1952)

have been used for the measurement of primary production

(see Peterson 1980 for a detailed discussion of the use of

the l4 CO2 method) • The worldwide application of this

technique has provided us with what is believed to be a

fairly accurate picture of global marine productivi ty

(Kob1entz-l-lishke il .al.... 1970). These studies have shown,

for example, that the majority of primary production occurs

in the oceanic realm in spite of the fact that production

rates (per unit volume) may be much greater in neritic

waters (Ryther 1969). It should be pointed out however,

that the 14C0 2 technique is not universally accepted as an

accurate measure of total microbial communi ty carbon

production, since the repackaging of soluble organic carbon

by microheterotrophs, which may not be accounted for by
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this technique, can represent an important pathway for

carbon and energy flow in certain environments (Pomeroy

19741 Sieburth 1976). Furthermore, a number of studies

have indicated that the 14C02 technique may substantially

underestimate the actual rate of pr imary production,

especially in oligotrophic oceanic habitats (Sheldon ~ ~

19731 Sieburth ~ ~ 19771 Sheldon and Sutcliffe 19781

Tijssen 19791 Postma and Rommets 19791 Johnson ~ ~ 19811

Shulenberger and Reid 19811 Jenkins 1982).

At present two opposing hypotheses, based on data

resulting from different experimental approaches, exist

regarding the in ~i~~ growth rates of oligotro~hic

phytoplankton communities. l4 C0 2 incorporation and

estimates of phytoplankton standing stock (Eppley ~ ~

19731 Sharp.e.t.ala. 1980), indicate that growth rates appear

to be low in the open ocean, presumably due to nutrient

limitation. Alternatively, if one relies on measurements

of phytoplankton elemental ratios (Goldman.e.t .al.. 1979),

growth rates appear to be near maximal due to the rapid and

efficient recycling of scarce nutrients in these

environments.

Dur ing the past few year s investigations in our

laboratory have focused on the development and evaluation

of a new experimental approach to the study of growth and

metabolism of oceanic microbial communi ties (Karl 1979 i

Karl II ~ 1981 a and b; Karl 19811 Karl 1982). This
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approach involves the measurement of the rates of synthesis

of both ribonucleic acid (RNA) and deoxyribonucleic acid

(DNA). Since nucleic acids are essential components of all

organisms and since the rate of nucleic acid synthesis

ultimately controls the growth rate of microorganisms, this

technique promises to yield independent estimates of the

rates of production and growth of microbial assemblages in

nature.

In this report we will use the term "microbial

production" to describe estimates of organic carbon

production extrapolated from nucleic acid synthesis rate

measurements. This measurement includes not only the

production from inorganic carbon via autotrophic growth but

also production from recycled organic carbon via

heterotrophic growth. The term "carbon production" will be

reserved for measurements of 14C02 primary production and

refers specifically to the rate at which organic carbon is

produced from inorganic carbon.
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MATERIALS AND METHODS

station location gng ~pling

The research reported here was conducted on a cruise

aboard the R/V ~.MAS ~.M.f&lli in February 1980. The

station was located approximately 100 km southwest of the

island of Hawaii (Fig. 3-1). Temperature, salinity and

density (~t) profiles for this station are shown in Fig. 3

2. Water samples were collected in acid washed 30 and 12

1 NiskinR bottles. All samples were gravity prefiltered

through 90 urn NitexR mesh prior to analysis. Particulate

materials for determination of adenosine-s'-triphosphate

(ATP) were concentrated onto whatmanR GF/F glass fiber

fil ters,· which were immediately immersed in boiling 60 mM

P0 4 buffer (pH 7.4). ATP was measured using the firefly

bioluminescence assay procedure (Karl and Holm-Hansen

1978). Samples for particulate organic carbon (POC) and

particuiate organic ni trogen (PON) were collected on

combusted GF/F filters and analyzed according to the method

of Sharp (1974).

Incubations

Incubations were performed, using 3H-adenine, both on

deck and in ~i~y in acid washed 2 1 and 500 ml

polycarbonate bottles. The in ~ incubations were
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deployed using a free floating incubation array, for depths

to 150 meters, or on the ship's hydrowire for deeper

inc u bat ion s ( 15 a- 9 0 0 m) , In .ai.t..u inc u bat ion s were

conducted for 5 h (0-150 m) and 6.5 h (250-900 m) , For

shipboard incubations, (0-150 m depths only) the bottles

were maintained in clear plexiglas tanks through which

surface seawater (approximately 26 0 C) was continuously

circulated. l.n ~ light level was simulated using

neutral density filters. For the purposes of this paper

the 0-150 m depth interval will be. referred to as the

"photic zone" since the 0.1 to 1.0 % light level is

approached at approximately 150 m in these waters (Bienfang

and Gundersen 1977). The 150-900 m depth interval will be

referred to as the "intermediate depth".

Isotopes

[2- 3H] adenine 'obtained from New England Nuclear,

(specific activity 20 Ci mmol- l) was used for all

experiments. The isotope was diluted to a working stock of

100 uCi ml-l with sterile distilled water and stored

frozen (-20 0 C) prior to use. Isotopes were added to

incubation bottles at concentrations of 100 uCi 1-1,

which was equivalent to the addi tion of 5 nM adenine.

107



Rates ~ nucleic~ synthesis

Nucleic acid rate measurements were made according to

the methods outlined previously (Karl II .al... 1981 a r Karl

1981). The rates of synthesis of both RNA and DNA were

calculated, except where otherwise noted, by the methods of

Karl ~ ~ (1981 a). Briefly, this technique measures the

rates of both RNA and DNA synthesis via the incorporation

of 3H-adenine, a purine precursor to both RNA and DNA. The

rate of synthesis is determined by dividing the

incorporation of 3H-adenine (nCi 1-1) into RNA and DNA by

the measured specific radioactivity (nCi pmol- l) of ATP,

the intracellular precursor to adenine incorporation into

nucleic acids. Rates are expressed as pmol of adenine

incorporated into nucleic acid 1-1 h-l• Radioactivity was

measured using a Searle (model 6890) liquid scintillation

counter with Aquasol II (New England Nuclear) as the fluor.

Channels ratio was used to measure and correct for quench.

RESULTS

~ ana~ concentrations

Measurements of POC and PON for this station are shown

in Table 3-1 along with the corresponding ATP data from the

same hydrocast. Living carbon estimated from ATP (biomass-
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e = ATP X 250; Holm-Hansen and Booth 1966) was shown to be

less than 30% of the total poe in this depth interval. A

separate hydrocast, performed later in the cruise, produced

the same result (data not shown).

The vertical distribution of ATP is given in Fig. 3-3.

The ATP values measured in the photic zone at this station

(18-60 ng ATP 1-1) are typical of previous measurements

made in this depth interval around the Hawaiian Islands

(Bienfang and Szyper 1981; Karl II .al... 1981 b) and are

consistent with concentrations for oligotrophic oceans in

general (reviewed by Karl 1980). The concentration of ATP

from 750-3000 m was relatively uniform with depth at about

1-2 ng ATP 1-1.

A study was conducted to monitor total ATP

concentration in the photic zone over a 24 h period. No

consistent change in ATP concentration with time of day was

observed (Fig. 3-4). In contrast to the relatively

constant concentrations of ATP measured over a 24 h period

in the water column, the ATP concentrations in incubation

bottles displayed systematic variations during incubation.

Table 3-2 summarizes the changes in ATP concentrations, as

a percentage of the initial concentration, during the in

ll..t.lJ. incubations from 10 to 150 m, Analysis of variance

showed that there was only a 6% probability that the ATP

concentrations measured before and after incubation were

the same. We also observed that the percentage change
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decreased from a maximum of 116 % at 10 m and became

negative for samples below 100 m (Table 3-2). There was a

significant inverse linear relationship (p<O.Ol) between

the percentage change in ATP and depth (r= -0.92).

Rates ~ nucleic~ synthesis ~~ course ~ labeling

The results of an 3 H- adenine time course experiment

for an on-deck incubation are shown in Fig. 3-5. The time

course of RNA and DNA synthesis showed the effects of

compartmentalization of the ATp'precursor pool as discussed

in Karl.e.t .aL. (1981 a).

A separate calculation of the rate of RNA and DNA

synthesis using the total label accumulated in RNA and DNA

and the integral of the ATP specific activity over the

length of the time course experiment (Emerson and Humphreys

1971; Yamazaki and Leung 1981) was also performed. This

calculation yields a total rate of synthesis of 3.6 pmol

DNA 1-1 h-l and 60 pmol RNA 1-1 h-l• These rates are

similar to the rates calculated at discrete points during

the time course (Fig. 3-5b). We therefore have confidence

that our DNA synthesis rates measured from end point data

after 5 and 6.5 h in llll incubations yield accurate

nucleic acid synthesis rates.
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.In ll.t..u .r.a.t.e .Qf llliA .an,g .DNA synthesis

The results obtained from two separate in ~i~~

incubations (0-150 m and 250-900 m) are summarized in Fig.

3-6. The total rates of both RNA and DNA synthesis

decreased with increasing depth, as might be expected due

to the corresponding decline in living biomass (see ATP

prof ile, Fig. 3-3). In contrast, the biomass-specific

rates (~, rates per unit ATP) of RNA and DNA synthesis

increased with increasing depth, a result which implies

faster biomass-specific growth rates for the intermediate

depth microbial populations.

Using rates of DNA synthesis (Fig. 3-6), an

extrapolation was made to total water column production.

Assuming that dAMP represents 25 mole percent of DNA, that

DNA represents 2% of cellular carbon by weight (Holm-Hansen

1969) and that the rate of DNA synthesis does not vary

diurnally, the total organic carbon production integrated

from 0-150 m and from 150-900 m was approximately 400 and

790 mg m-2 day-I, respectively.

The growth rates of the microbial populations were

also estimated from the data derived from the in~

incubations. The results are summarized in Table 3-3. The

growth rates of the microbial populations in the photic

zone ranged from 0.5 to 0.8 doublings day-II whereas the

growth rates estimated b~low 150 m ranged from 1.3 to 2.6

doublings day-I.
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DISCUSSION

The POC and PON concentrations and C:N ratios for the

photic zone at this station conform to values reported by

Sharp .itt.al. (1980) for stations in the central North

Pacific Ocean, but the concentrations are higher than those

measured at station Gollum in Hawaiian waters (Gordon

1971). Gordon used Selas Flotronic filters, which have a

greater porosity than the glass fiber filters used in this

study and by Sharp .e.t al... (1980). Our estimates of living

carbon suggest that between 10 and 30% of the POC in the

photic zone .is living carbon. Sharp.e.t.a.L. (1980)

estimated that phytoplankton carbon (from measurements of

phytoplankton cell volume and number) averaged 36% of the

total POC in the mixed layer at their central North Pacific

stations. Since phytoplankton might be expected to

represent a major fraction of the total living carbon in

the photic zone, these results appear to be in reasonable

agreement. Eppley ~ ~~ (1977) have noted that in t~e

photic zone of the neritic waters off southern California

living carbon extrapolated from ATP measurements

represented, on the average, slightly more than 100% of

POC. These results may imply that the proportion of total

POC represented by living carbon declines from neritic to

pelagic environments.
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Within the limits of precision of our measurements, we

observed no significant change in the standing stock of

living biomass (as measured by ATP) in the photic zone over

a complete diel light cycle, assuming that there are no

significant diel changes in the C:ATP ratio in natural

populations of microorganisms. Postma and Rommets (1979)

have demonstrated substantial diel changes in POC and in

the surface waters of the equatorial Atlantic Ocean, an

observation which suggests that carbon production and

consumption are temporally uncoupled in this environment.

Our results indicate that the concentration of living

microbial biomass in the photic zone in Hawaiian waters is

in approximate steady-state (.1.&..., dC/dt = 0) at least on

scales of hours to days, and that there are no diel

fluctuations in standing stock.

Several independent investigators have noted increases in

biomass parameters during bottle incubations of oceanic

microbial populations (Sutcliffe .e..t. .a.L. 1970; Sheldon .e..t.

~ 1973; Sheldon and Sutcliffe 1978; Fuhrman and Azam

1980; Falkowski and Owens 1982). Sheldon and Sutcliffe

(1978) reported increases in ATP concentrations in

incubation bottles in the. Sargasso Sea which they

interpreted as microbial production. On occasion, their

data extrapolated to doubling times of 3 h for the total

microbial community in these oligotrophic waters. In

contrast to the relatively constant concentrations of
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particulate ATP in the water column in our experiments,

significant changes in ATP concentrations (+116% to -41%)

did occur during 5 h .in ili.Y incubations of surface water.

These results indicate that prescreening and/or containment

of water samples in incubation bottles disrupts the

predator-prey relationships which presumably maintain

constant living biomass in the water column. The

percentage change in ATP concentration during bottle

incubations decreased from a maximum of +116% at 10 m to

negative values (.L...e..., loss of total ATP during the

incubation period) with depths below 100 m, These data are

not easily interpreted, since the effects of prescreening

and containment of water samples in incubation bottles is

largely unknown.

Our DNA synthesis rate measurements suggest a growth

rate for ~he entire microbial population in the photic zone

of approximately 0.5 to 0.8 doublings day-I. These growth

rates are within the range of previously published

estimates of growth rates of pelagic phytoplankton (Goldman

~ ~ 1979) and agree with estimates of phytoplankton

growth rates in coastal Hawaiian waters (Redalje and Laws

1981). These growth rate estimates are greater than the

0.2 doublings day-1 reported for the phytoplankton of the

North Pacific Ocean using l4 C0 2 and 32 p 0 4

incorporation data (Eppley .e.t.~ 1973 ~ Sharp.e.t. .aL.1980;

Perry and Eppley 1981), although the factor of 2 might
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easily be accounted for by differences in the method used

to estimate microbial standing stocks. It is important to

emphasize, however, that our measurements include the

metabolism of both autotrophic and heterotrophic microbial

populations and consequently are not directly comparable to

previous growth rate estimates.

In~ incubations indicate that the biomass specific

growth rates of the populations below 150 m (1.3 to 2.6

doublings day-I) are greater than those in the photic

zone. We presently interpret these resul ts as being due

to a shift in the makeup of the microbial community with

depth. In the photic zone the measured rates of nucleic

acid synthesis are the result of the metabolism of botn

bacteria and phytoplankton, whereas below the photic zone

nucleic acid metabolism is predominantly due to

heterotrophic bacteria. Since bacteria have an inhe~ently

faster growth rate than phytoplankton, the increased

specific rate of synthesis in waters dominated by bacteria

is not totally unexpected. Our growth rate estimates are

considerably greater than the 0.4 doublings day-l

previously reported for bacteria isolated f.rom these depth

intervals in the central North Pacific Ocean (Carlucci and

Williams 1978). However, their study involved only a

single bacterial isolate from this depth interval and is

not directly comparable to the measurements reported here.

Considering the current pauci ty of information regarding
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the .in R..i.t.l.l metabolic status of bacteria in the ocean, we

feel that these data provide novel information regarding

the growth of microbial assemblages in the ocean. The

rapid biomass specific growth rates observed in the

intermediate depth waters may also indicate the presence of

a zone of intense decomposition of sinking organic material

from the overlying surface waters. Similar zones of rapid

bacterial acitivty, presumably due to the remineralization

of sinking organic material, have also been identified in

the Caribbean Sea (Karl 1979) and in neritic waters off

central California (Karl and Knauer 1983).

Rates of primary production in Hawaiian waters using

l4C0 2 incubations generally measure less than 100 mg C m- 2

day-l (Koblentz-Mishke 1970~ Bienfang and Gundersen 1977~

Bienfang and Szyper 1981). In this study rates of total

microbial production estimated from DNA synthesis

measurements and integrated form 0 to 150 m are on the

order of 400 mg C m- 2 day-I. Again, we interpret this

figure as the rate of carbon produced by both autotrophic

and heterotrophic processes (..i..&...., the sum of microbial

carbon produced from inorganic and from recycled organic

carbon). These data suggest that the l4 C0 2 productivity

technique may underestimate total microbial communi ty

production in these waters, although until the two

techniques are compared simultaneously a discussion of

these apparent dispari ties may not be fUlly justified. A
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techniques, have also suggested that l4 CO2 primary

production incubations underestimate organic carbon

production in oligotrophic oceans (Sutcliffe ~ .a.L.1970;

Sorokin 1971; Sheldon ~ ~~ 1973; Gieskes ~ .a.L. 1979;

Goldman ~ .a.L. 1979; Shulenberger and Reid 1981; Jenkins

1982). The reason(s) for these discrepancies is still open

to debate (Eppley 1980; Goldman 1980; Peterson 1980; Eppley

1982; Kerr 1983) and experimentation.

Total rates of microbial production estimated from DNA

synthesis measurements and integrated over the 150-900 m

depth interval suggest a rate of microbial production of

790 mg C m- 2 day-I. This rate is nearly twice the rate of

microbial production estimated for the photic zone. High

rates of microbial production below the photic zone have

been reported previously for the equatorial Pacific Ocean

(Sorokin 1971) but have generally been discounted due to

uncertainties in the methodology employed (Steeman Nielsen

1972; Skopintsev 1973; Banse 1974). However, Jenkins

(1982), using an entirely separate approach presents

additional evidence for high rates of heterotrophic

activity below the photic zone. It is noteworthy that this

apparent carbon and energy enigma is not unqiue to our

Hawaiian stations but has been documented in the VERTEX

program as well, both at a eutrophic and a mesotrophic

station (G. Knauer and D. Karl, in pr e p.) ,
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The high rates of total carbon production estimated at

intermediate depths could, in theory, be an artifact of the

methods used. If a major proportion of the microorganisms

below 150 m are incapable of assimilating 3H-adenine, an

artificially low community ATP pool specific radioactivity,

and therefore an overestimate of the rate of nucleic acid

synthesis, could result. In such a case, one might expect

the specific activity of the ATP precursor to be

substantially lower below 150 m than in the overlying

waters. A plot of the specific activity versus depth (Fig.

3-7) shows that the more rapid specific rates of nucleic

acid synthesis measured below the mixed layer are actually

the result of an increase in the rate of 3H-adenine

assimilation per unit biomass, rather than any systematic

depth-dependent decrease in the precursor specific

activity.

One might imagine that a phytoplankton bloom,

producing large amounts of sinking detri tal material

(Packard ~t ~~ 1977) could result in high rates of

microbial production at intermediate depth relative to the

photic zone. However, we have discounted this possibility,

since the tropical oligotrophic oceans are known for their

temporal stability. We currently hypothesize that this

observation is due to a highly efficient recycling of

organic material by the resident microbial populations.

The assimilation efficiencies of marine heterotrophs may be
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as high as 60% (Payne 1970) or even higher (Williams 1981).

These high assimilation efficiencies coupled with the

recycling of organic material can under steady-state

conditions, could yield microbial production estimates

consistent with our field observations. It is also

possible that an addi tional source of reducing power,

beyond that supplied by the sinking of organic matter from

the euphotic zone, may exist in this environment.

Obviously further work is required before any firm

conclusions can be reached.

In conclusion, our resul ts indicate the follow ing

about the oligotrophic waters near the Hawaiian Islands:

1) Living carbon represents less than 30% of the total

particulate organic carbon in the photic zone. 2) The

microbial biomass present in the photic zone is in

approximate steady-state, at least on the order of days,

and there are no large diel biomass fluctuations. However,

changes in microbial biomass do occur during incubations of

prescreened seawater, presumably due, in part, to the

disruption of predator-prey relationships that maintain

constant biomass in the water column. 3) Extrapolations

from DNA synthesis rate measurements in the photic zone

indicate a growth rate for the microbial population as a

whole of 0.5 to 0.8 doublings day-l and a total rate of

microbial production of 400 mg C m- 2 day-I. This rate of

microbial production is considerably greater than is
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typically measured in these waters using l4 C02 primary

production techniques. 4) Extrapolations from DNA

synthesis rate measurements in intermediate depth waters

(150 to 900 m) indicate that the specific growth rate of

the microorganisms inhabiting this region is higher than

the growth rate of the populations inhabiting the overlying

waters. Growth rate estimates at intermediate depths

ranged from 1.3 to 2.6 doublings day-I. The total depth

integrated microbial production for this depth interval is

790 mg C m-2 day-I, almost twice the total microbial

production for the 0 to 150 m depth interval. We interpret

the increased growth rate to be due to a shift in the make

up of the microbial populations, from one dominated by

phytoplankton in the photic zone to one dominated by

heterotrophic bacteria in deeper waters, and hypothesize

that the high rate of production is due to the rapid and

efficient recycling of organic matter derived from the

photic zone, or that an additional source of reducing power

exists in this environment.
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Table 3-1

Biomass parameters in the photic zone

Depth POC PON C:N

Biomass-C

ATpa Biomass-Cb as % of

(m) (ug ell) (ug C/1) (wt. :wt.) (ng/1) (ug C/1) Total POC

5 39.9 9.5 4.2 18.6 4.7 11.8

50 30.8 4.4 7.1 37.5 9.4 30.5

75 75.4 7.0 11.1 26.8 6.7 8.9

100 35.7 5.8 6.3 33.0 8.3 23.2

110 32.4 5.7 5.6 29.9 7.5 23.1

120 32.0 4.8 6.7 30.1 7.5 23.4

150 21.8 3.2 6.7 12.4 3.1 14.2

a Mean of duplicate samples.

b Biomass-C estimated as ATP X 250.
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Table 3-2

Change in ATP concentration in incubation bottlesa

Depth

(M)

Initial

(ng ATP/l)

Fina1b

(ng ATP/l)

%

Change

10 21.2 45.8 116

25 30.1 44.2 47

50 33.0 53.5 62

75 33.7 49.4 47

100 41.7 39.4 -6

125 20.0 11.9 -41

150 23.4 17.3 -26

a All values are the mean of duplicate determinations.

b -Final- values are those measured in the incubation bottles at

the end of aSh in~ incubation.
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Table 3-3

Microbial community growth rates

DNA Microbial-Cb GrowthC

Depth ATP Biomass-Ca Synthesis Production Rate

(m) (ng/1) (ng/l) (pmol/l h) (ng/l h) (doublings/day)

10 24.1 6030 1.8 110 0.60

25 30.1 7530 2.3 140 0.62

'50 33.6 8400 2.1 130 0.52

75 33.7 8420 2.8 170 0.67

125 20.1 5020 1.7 100 0.66

150 20.2 5050 2.1 130 0.84

250 7.20 1800 1.3 80 1.3

500 2.05 513 0.8 50 2.6

600 2.40 600 0.9 55 2.5

700 1.95 423 0.5 31 2.1

800 1.50 375 0.3 19 1.5

900 1.35 338 0.4 25 2.1

a Biomass-C estimated as ATP X 250.

b Carbon production estimated from DNA synthesis assuming DNA repre-

sents 2% POC by weigth.

c Doublings day-l calculated assuming exponential growth.
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Figure 3..=1.. Station location (18043.8' N, 156°50.4' W)

about 100 km southwest of the island of Hawaii.
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Figure ~ Temperature, salinity and density (Ot) profile

at station location. Data coutesy of C.J. Lorenzen.
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Figure ~ ATP concentration as a function of depth.

Data shown represent the mean of triplicate measurements, ±

one standard deviation unit.
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FiguZ;g J..=J..a. ATP concentrations measured in the water

column during a 24 h period at four depths in the photic

zone and integrated from 0-120 m. Data shown represent the

mean of triplicate measurements, ± one standard deviation

unit. Units on X-axis represent local time of day.
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Figure ~ Frame A shows the time course of nucleic acid

labeling. Frame B shows the total rates of RNA and DNA

synthesis and DNA:RNA ratio at various times during

incubation. The DNA:RNA rate ratio is expressed as 3H

incoporated into DNA as a percent of 3H incorporated into

RNA. The water sample was collected at 10 m and incubated

on deck. Zero hour was 1100 local time.
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Figure l=.L Total and biomass-specific rates of RNA and

DNA synthesis for in situ incubations from 100 to 900 m.

Rates were calculated from end-point measurements. Squares

represent total rates of synthesis and circles represent

specific rates.
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Figure l:1.a. Rate of 3a-adenine assimilation into RNA and

DNA normalized to biomass (as measured by ATP) and ATP

specific activity for in situ incubations from 10 to 900 m.
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CHAPTER ~ COMPARISON BETWEEN MICROBIAL PRODUCTION

AND PRIMARY PRODUCTION IN ~ EQUATORIAL PACIFIC

INTRODUCTION

A basic parameter in the study of biological

oceanography is the rate of organic carbon production.

Until recently the only procedure that was sufficiently

sensitive to measure the low rates of carbon production in

the oceanic realm was the l4C0 2 primary production

technique (Steeman-Nielson 1952). The use of this

technique has demonstrated that, whereas most of the

productivity in the World Ocean occurs in the oceanic

realm, the rates of primary production in this environment

are extemely low (approximately 50 g C m2 yr-l; Ryther

1969). Futhermore, the current estimates of the rate of

global oc~anic primary production are largely based upon

the l4 C0 2 technique (Koblentz-Mishke ~ ~ 1970) and

evidence has been accumulating which suggests that the

l4C02 primary techique may significantly underestimate the

true rate of primary production, partiCUlarly in the

oceanic realm (Eppley 1982; Kerr 1983). This development

is clearly a matter of importance, since the rate of

organic carbon production in the World Ocean places an

upper limit on mankind's sustainable yield of food products

from the sea.
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A number of independent lines of evidence have

indicated that the 14 C0 2 technique may underestimate

organic carbon production. Bacteriological studies have

indicated that the flux of organic carbon required to

sustain the growth of bacterioplankton exceeds the rate of

primary production as measured by 14C02 (Sieburth 1976;

Sorokin 1978). The rate of increase of biomass parameters

in seawater samples have also indicated rates of production

which exceed standard primary production estimates.

Sheldon and Sutcliffe (1978), for example, reported changes

in adenosine triphosphate (ATP) concentrations in

incubation bottles which they interpreted as evidence for

the microbial populations doubling times on the order of

hours in the Sargasso Sea. Tradi tional 14 C0 2 studies

performed in this region indicate doubling times on the

order of days. Postma and Rommets (1979) reported.diel

changes in the particulate organic carbon (POC)

con~entrations in the water column at an oligotrophic

station in the equatorial Atlantic which imply a rate of

organic carbon production substantially greater than that

measured by 14 c0 2• Diel changes in 02 concentrations at

oligotrophic stations have also indicated unexpectedly high

rates of organic carbon production (Tyssen 1979; Johnson ~

~ 1981). Johnson ~ ~ (1981) for example, have reported

diel 02 and CO2 changes in the water column at a station in

147



the Caribbean Sea which indicate a rate of organic carbon

production 1 to 2 orders of magnitude greater than expected

based upon historical 14C02 measurements. Finally, studies

of the rate of O2 consumption or production over relatively

long time scales have indicated unexpectedly high rates of

organic carbon production. Shu1enburger and Reid (1981), in

a study of the seasonal change in 02 in the euphotic zone

of the North Pacific Ocean, and Jenkins (1982), in a study

of the rate of 02 consumption in the waters underlying the

euphotic zone in the North Atlantic Ocean, have both

concluded that the traditional 14C0 2 primary production

technique consistant1y underestimates the rate of organic

carbon over large geographic regions.

Some studies in the oligotrophic oceans, on the other

hand, have shown good agreement between estimates of

primary production using 14 C0 2 and a variety of other

techniques. Sharp ~ .al. (1980) have shown that primary

production rates measured wi th 14 C0 2 in the oligotrophic

Pacific Ocean are in resonab1e agreement with rates

estimated from 15N incorporation data, and Perry and Eppley

(1980) have reached similar conclusions using 32p04 at the

same North Pacific stations. Recently, the PRPOOS program

(Eppley 1982) has measured the rates of primary production

in the oligotrophic North Pacific Ocean. This set of

experiments also showed good agreement between rates of

primary production measured by l4 C0 2 and a variety other
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methods (Laws .e.t. ,gl.... 1984). Some of the most convincing

data are presented by Williams .e.t ,gl.... (1984) in which the

14 C0 2 technique is compared to an extremely precise

measurement of O2 production. It is interesting however,

that the PRPOOS program as a whole de·monstrated pr imary

production rates which were approximately a factor of 5

higher than historical data would suggest.

Recently a new experimental approach to the study of

microbial growth and metabolism has been developed. This

approach utilizes the rate of nucleic acid synthesis in

natural microbial communities to estimate the total rate of

microbial growth and production (Karl 1979; Karl .e.t ,gl....

1981a,b; Karl 1981; Karl 1982; Winn and Karl 1983a). The

rate of microbial growth and production is intimately

related to the rate of nucleic acid synthesis, since the

nucleic a c fd s are essential components in all

microorganisms and since deoxyribonucleic acid (DNA) occurs

in a relatively constant propor td.on to microbial biomass.

The use of this technique, incl uding its assumptions and

limitations, has recently been reviewed (Karl and Winn

1984).

Nucleic acid synthesis rates measured at a variety of

locations in the North Pacific Ocean have indicated that

total microbial production extrapolated from rates of DNA

synthesis exceeds the rate of primary production measured

with 14 C02 (Karl and Knauer 1984; winn and Karl 1983; Laws
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~.t .aL. 1 9 8 4) • These observations are particularly

interesting in light of the recent questions regarding the

validity of the l4 C0 2 primary production estimates. A

cruise across the Equtorial Pacific Ocean provided the

opportunity for a direct comparison of the rates of primary

production measured with the tradi tional l4 C0 2 technique

and production rates extrapolated from rates of DNA

synthesis over a wide geographic area. The results of this

study are summarized herein.

A clarification of some of the terminology used is

important in the subsequent discussion. Organic carbon

production extrapolated from rates of DNA synthesis

includes not only production from inorganic carbon via

autotrophic growth, but also production from recycled

organic carbon via heterotrophic growth. The sum of these

two rates of production has been termed "microbial carbon

production" in order to distinquish it from from primary

production measured with l4 C0 2 (Winn and Karl 1983a).

l4 C02 primary production estimates, in contrast to the

measurement of microbial production from rates of DNA

synthesis, measure only the production of organic carbon

from inorganic carbon. In this report the term "primary

production" will be reserved for this parameter.
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MATERIALS AND METHODS

The data reported here were collected on a cruise

in January 1982 aboard the R/V KANA E~. The cruise

track and sampling locations are shown in Fig. 4-1. A

variety of parameters were monitored over depth profiles at

each station, and those reported here include the

following: ATP, DNA and ChI ~, the rate of primary

production and microbial carbon production. All

measurements reported here were taken at the 30 and 80 m

depth intervals. The entire data set, including various

physical and chemical parameters, is summarized by Showers

(1982). Sediment trap experiments performed on the cruise

are reported by Betzer .e..t .a.L. (1983).

Samples were collected in 12 and 30 1 NiskinR

bottles. The bottles were acid cleaned and thoroughly

rinsed before use. Hydrocasts were conducted immediately

before dawn, and all water samples were prefiltered through

a 90 urn NitexR mesh before subsequent analysis.

Particulate materials were collected on WhatmanR GF/F glass

fiber filters with a median size (as defined by Sheldon

1972) of approximately 0.4 um, ATP was extracted by

immersing the filters in boiling P0 4 buffer (60 mM, pH 7.4)

immediately follow ing f il tration (Karl and Craven 1982).

The samples were then frozen (-20 °C) for subsequent shore

based laboratory analysis. ATP concentrations were
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determined with the luciferin-luciferase enzyme system

(Holm-Hansen and Booth 1966). An S.A.I. R model 2000 ATP

photometer was used to monitor peak height light emission.

Chl ~ was extracted in methanol and measured using a

TurnerR model 110 fluorometer as previously described

(Holm-Hansen and Rieman 1978). DNA concentrations were

determined according to the methods of Paul and Meyers

(1982) using a Gilson R fluorometer. The dye 4',6

diamidino-2-phenylindole (DAPI) was used as a fluoresence

enhancer.

Primary production experiments were performed both on

deck and in~. The precautions of Fitzwater ~ ~

(1982) were observed whereve~ possible in an attempt to

avoid the deleterious effects of metal contamination.

Stock 14C0 2 was prepared and stored as suggested in the

above reference and was filter-sterilized (0.22 urn) each

day immediately before use. Incubations were conducted in

acid cleaned 500 ml polycarbonate bottles. Kevlar line was

not available however, and brass messengers were used

during Niskin blottle collections. Since a major portion

of metal contamination appears to occur during sample

collection, underestimates of the rate of primary

production due to metal contamination is a possibility.

Fitzwater ~ ~ (1982) have shown that, at least under

some circumstances, metal contamination can depress the

rate of primary production measured with l4 C02 by as much
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as a factor of 4. A time zero blank was prepared with each

set of replicates, and the blank dpm's were substracted

from the radioactivity in the light bottles. Following

filtration, the filters were immersed in 1 ml of IN HCL to

remove inorganic carbon before radiochemical counting as

described below.

At present, we have no information on the effects of

metal contamination on nucleic acid synthesis rates. It

might be argued however, that any deleterious effects will

be equally reflected in measurements of microbial

production and primary production. Consequently, even if a

significant amount of metal contamination was experienced

in these incubations this contamination may not have

influenced the relative values observed using these two

independent techniques.

Nucleic acid synthesis measurements were made using

[2-3H] adenine (20 Ci mmol-l) and were also preformed both

on-deck and in~. Time course experiments, 6 to 8 h on

deck and 12 h ~n ~~~M, were conducted in all cases.

Samples were processed as previously described (Karl ~ ~

1981a~ Karl 1982). Synthesis rates were calculated by

dividing the label accumulated in DNA by the integral ATP

precursor specific radioactivity (Winn and Karl 1983b).

Extrapolations from time zero to the first data point were

not included in the calculations in order to avoid

potential errors due to the linear extrapolation to zero.
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On-deck incubations were maintained at constant

temperature with circulating surface seawater. Surface

seawater temperatures remained relatively uniform (24 to

28 0C) over the entire cruise track. .In ll.tJ.1 light quali ty

and quanity at the depth of sample collection was simulated

wi th various combinations of blue plexiglas (Rhom and Haas

#2069) and neutral density filters.

Radiochemical concentrations were determined wi th a

PackardR model 4640 liquid scintillation counter. Aquasol

II (New England Nuclear) was used as the fluor and, the

external standards method was used to account for quench.

RESULTS

Table 4-1 presents a summary of the data obtained on

the equator transect. The concentrations of ATP, chI ~,

the rate of primary production and assimilation numbers,

although variable, are within the range of values

previously reported for these parameters in central

oligotrophic oceans (Koblentz-Mishke .e.t .ala. 1970; Sharp ~

.aJ.... 1980; Karl 1980; Bienfang and Syper 1981). The rates

of DNA synthesis are also quite variable, ranging from 3

nmol rn-3 h-1 at 180 N to over 100 nmol m- 3 h- l at 6 0 N.

Specific rates of DNA synthesis (~, DNA synthesis

normalized to biomass as measured by ATP) are shown in
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order to facilitate comparison between locations. Microbial

production was calculated by multiplying the rate of DNA

synthesis by a C:DNA ratio of 40 (see Dicussion).

Significant correlations were obtained between ATP and chI

..a. (r=.58; p<.05), ATP and microbial production (r=.59;

p<.Ol) and ATP and primary production (r=.49; p<.05). The

rates of both primary production and microbial production

are expressed on a per hour basis, so that direct

comparisons between these measurements can be made. Since

nucleic acid rate measurements were not conducted over a

complete 24 h period it is uncertain whether. nucleic acid

synthesis continues at a relatively constant rate over the

entire light-dark cycle or whether significant diel

variations occur. The available data clearly indicate

however, that nucleic acid synthesis does occur at night at

the other oceanographic stations thus far investigated (see

Chapter 5).

The rates of total microbial production shown in Table

4-1 were all derived from on-deck incubations. Typical

time courses for these incubations are shown in Fig. 4-2b

and 4-3b. In order to insure that the high rates of

microbial production were not an artifact of the on-deck

incubation procedure, a direct comparison of rates measured

on-deck and in~ were made. The results of these

experiments are shown in Fig. 4-2 and 4-3. The resultant

time courses are not identical and the measured rates of
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synthesis are different in both cases. However, at the

equator the on-deck incubation yielded a higher rate (115

pmol -1 h- 1 vs 59 pmol 1-1 h- l), whereas at 6 0N the

opposi te resul t was obtained (76 pmol 1-1 h- l vs 124 pmol

1-1 h-1). The primary production estimates shown in Table

4-1 were also derived from on-deck incubations. A

comparison of the rates of primary production measured on

deck and .in~ is shown in Table 4-2. These estimates

agreed fairly well indicating that the measurements of

primary production were not adve r seLy affected by the on

deck incubation procedure. Simultaneous 12 h in ~

primary production incubations were also performed, and the

rates measured by the longer incubations were approximately

equal to the 6 h rates (Table 4-2).

DISCUSSION

The measurement of nucleic acid synthesis using 3 H

adenine is a relatively new methodology, and extensive

research has been conducted in recent years in order to

insure that reliable results are obtained (Karl ~ ~

1981a,b; Karl 1982; Karl and Winn 1984). Recently the

technique has been evaluated with marine bacteria and algae

grown in the laboratory under controlled condi tions (see

Chapter 2). This study demonstated that the technique
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yields rates of nucleic acid synthesis, particularly for

DNA, which are in excellent agreement with the known rates

of nucleic acid synthesis determined by direct chemical

measurements. One potential source of error is that the

measured rates of synthesis are biased due to the presence

of differing specific acti vi ties wi thin the separate

populations of microorganisms present in a single

environmental sample. This source of error however, if

present at all, would appear to be small for two reasons.

First, the ATP precur sor specific activi ties measured in

laboratory experiments are approximately equal in both

bacterial and algal cultures. Second, the ATP precursor

specific activities in a variety of organisms in nature are

likely to be represented by a spectrum rather than by

dramatically different specific activities. This

characteristic may also decrease error due to the presence

of different specific activities in natural samples.

DNA synthesis rates using 3H-adenine have now been

measured at a variety of locations in the Pacific Ocean.

The rates of DNA synthesis along with the concentrations of

ATP at some representative locations are summarized in

Table 4-3. The specific rates of synthesis measured during

the present cruise are quite variable (0.12 to 2.8 pmol DNA

ng ATP- I h- l) depending upon location. These rates

appear, particularly between 60N and 60S, to be greater

than the specific rates measured at other locations in the
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Pacific (Table 4-3). Not unexpectedly, the rates measured

at these other locations are also qui te variable. The

specific synthesis rates measured during PRPOOS I, for

example, vary by a factor of 4, even though the sampling

stations were in close geographic proximity. Futhermore,

the lowest specific rates were measured during the Thompson

cruise only a few hundred kilometers to the south.

In order that microbial carbon production can be

extrapolated from the rate of DNA synthesis a C:DNA ratio

must be assumed. The available laboratory data indicate

that the appropriate C:DNA ratio is approximately 50 by

weight for phytop1ankon (Holm-Hansen 1969a) and

approximately 25 to 35 by weight in bacteria (Mande1stam

and McQuillen 1976). However, additional data, especially

for marine bacteria, is needed. Studies of particulate DNA

(P-DNA) have shown that P-DNA is found in much higher

concentrations in natural seawaters than can be accounted

for by the presence of living biomass and, in general, it.

has been concluded that substantial quanties of detrital P

DNA exist (Holm-Hansen il .ak 1968; Holm-Hansen 1969b;

Sutcliffe II ilL. 1970). This conclusion is also reached

from the P-DNA and ATP measurements made during this

transect if one assumes that living carbon = ATPx250 (Karl

1980) and that the C:DNA ratio is approximately 40 by

weight (Table 4-4). Here the measured P-DNA concentrations

exceed the living DNA concentration by a factor of
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approximately 3 to 10. Contrary to these conclusions,

Fuhrman and Azam (1982) believe that the low ratios of

carbon to DNA (2 to 10 by weight) in the less than 0.6 urn

fractions are due to extrodinarily low C:DNA ratios in

these very small organisms. This conclusion, however,

appears to be based upon a questionable assumption

regarding the relative magnitude of the specific activities

of intracellular and extracellular P0 4 pools. Further

evidence for the acceptance of a C:DNA ratio of 40 is given

by determinations of POC: P-DNA ratios in natural sea

waters. The fact that these ratios appear to be in the

range of 20 to 60 (Holm-Hansen fi .a.L.. 19681 Sutcliffe fi

.Sl.L. 19701 Laws ~ .Sl.L. 1983), indicates that· the source

material for this POC:P-DNA ratio (~ microbial cells)

has a C:DNA ratio within this range. This, conclusion

rests on the assumption that DNA and POC have approximately

equal turnover rates. These data, in combination with

laboratory measur·ements of C:DNA ratios, have lead to the

acceptance of a C:DNA ratio of 40.

The growth rates e s t.Lm a t.e d by combining the rate of

microbial production with estimates of microbial biomass-C

(ATP x 250) average approximately 3 day-l (Table 4-1).

These growth rates are generally greater than the growth

rates estimated by the same techniques at the other Pacific

stations (Table 4-3).
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The rate of microbial growth estimated from DNA

synthesis cannot be compared di~ectly to estimates of

phytoplankton growth rates in oceanic environments. The

growth rates measured in the present cruise are as great or

greater than the maximum growth rates for phytoplankton

populations grown at equivalent temperatures (25-30 0 C) in

the laboratory (Eppley 1972) and are much greater than

generally measured using l4C02 incorporation and estimates

of phytoplankton biomass in the oligotrophic oceans (Eppley

1972; Sharp .e.t a.L.. 1980). This result is probably due in

part to the fact that heterotrophic growth is included in

the measurement of DNA synthesis but may also imply that

the rate of phytoplankton growth is qui te rapid since

phytoplankton would be expected to account for

approximately 30 to 50% of the total microbial biomass in

these environments (Laws .eJ; .sU.... 1984). The growth rates

presented in Table 4-1 appear to be comparable to the

growth rates estimated from rates of increase in

particulate materials (Sheldon ~ ~ 1973), from rates of

ATP increase (Sheldon and Sutcliffe 1978) and from the

rates of increase in biomass parameters in diffusion

chambers (Sieburth ~ ~ 1977). The rates of growth

measured by Sheldon ~ .ala. (1973), Sheldon and Sutcliffe

(1978) and by Sieburth .e.t Ala. (1977) also reflect the

growth rate of the entire microbial assemblage.
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Probably the most intriging feature of the data set

summarized in Table 4-1 is the rapid rate of microbial

production relative to the rate of primary production. At

several locations the rate of microbial production exceeds

the rate of primary production by approximately an order of

magnitude. In one sense this result is not completely

unexpected, since microbial production is a measure of the

rate of production of the total microbial assemblage,

whereas primary production measures only the rate of

autotrophic production. It would therefore seem reasonable

that the rate of microbial production exceed the rate of

pr imary production. From an energetic point of view,

however, one has more difficulty accounting for the large

disparity between these measurements. The maximum

potential difference between primary production and total

microbial production can be estimated if an assumption is

made regarding both the percentage of POC that is released

as DOC and the assimilation efficiency with which this DOC

is re-utilized to produce POCo Total microbial production,

as a function of primary production, can then be expressed

as:

QoO

MP = PP +[PP *n=l~(E * AE)n]

where MP, PP, E and AE represent total microbial

production, primary production, fraction of poe released as

DOC and assimilation efficiency, respectively. Maximum
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potential values for E and AE would appear to be

approximately 0.5 and 0.6 respectively (Williams 1981). If

these values are accepted, it follows from the above

relation that total microbial production should be less

than a factor of 1.5 greater than pr imary production.

Clearly then, the rates of microbial production measured at

a majority of the locations occupied during the present

cruise cannot be accounted for using the concomitantly

measured rates of primary production and the currently

accepted values for the release of poe as DOC and

assimilation efficiency.

Microbial production and pr imary . p.roduction are

directly compared at only two depths at each sampling

location. It is therefore possible that the depth

intervals sampled simply represent zones of especially high

microbial production and especially low primary production.

Two lines of evidence argue against this interpretation.

First, the productivity indices and the rates of primary

production do not appear low relative to historical values

and second, whereas it migh t be possible to invoke the

above interpretation at a single station, it is difficul t

to imagine such a consistant vertical segregation at so

many locations.

Two other explanations for this apparent discrepancy

exist; 1) an additional source of reducing power, beyond

that provided by photosynthetic production, exi st s or 2)
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either the rate of microbial production or the rate of

primary production is in error. Sorokin (1971) has

postulated that reduced organic matter advected from

regions of high production fuels rapid heterotrophic growth

in the mesoplagic regions of the Tropical Pacific.

However, thi s scenar io has been convincingly rej ected

(Steeman-Nielson 1972; Skopinstev 1973; Banse 1974). Since

all of the locations occupied during the present cruise

were in the euphotic zone and were thousands of miles from

the polar regions and/or continental influence, the

advection of reduced organic matter in sufficient quanities

to account for this observation would appear unlikely.

Detrital organic carbon is present in concentrations 1 to 2

orders of magnitude greater than living carbon in surface

seawaters, but the majority of this material is believed to

be recalcitrant, non-utilizable organic material (Williams

1975). It therefore appears that the advection of reduced

organic carbon into the tropical oceanic realm cannot be

invoked in order to account for the discrepancies noted in

Table 4-1. If an additional source of reducing power does

exist it must arise via an as yet unidentifed mechanism.

The second explanation is that either the rate of

microbial production or primary production is in error.

Without an absolute standard it is impossible to

distinquish unequivocally between these alternatives, and

either or both explanations can be invoked. However, these
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data again call into question the accuracy of 14C02 primary

production estimates in the central oceans.

It is possible to place an absolute limit on

autotrophic production by ch l, .a containing phytoplankton.

Assimilation numbers derived from laboratory phytoplankton

cultures can be as high as 20 (Glover 1980) with a

theoretical limit of 24 (Falkowski 1981). It is therefore

theoretically possible, given the quanity of chI .a present

at these sampling locations, that the true rate of primary

production could be greater than the measured rate by at

least a factor of 5. In most cases an increase in the rate

of autotrophic production by a factor of 5 would be

sufficient to eliminate the discrepancy between the

estimates of microbial production and primary production,

given the variation inherent in these measurements. It may

also be important to note that cyanobacteria are present in

seawater in significant numbers. Since the predominate

light harvesting pigment in these organisms is not chI .a

the above calculation of the theoretical maximum rate of

primary production may be an underestimate.

The rate of microbial production extrapolated from 3H

adenine DNA synthesis measurements has recently been

compared to other measures of production at an oligotrophic

station near the Hawaiian Islands (Laws fi .a.L. 1984). In

these experiments microbial production was approx~mately a

factor of 1.2 greater than primary production measured with

164



14 C0 2• The rate of 14 C0 2 primary production was greater

than that traditionally measured in these waters however,

with productivity indices as high as 15. As noted above,

if productivity indies in the range of 10 to 15 haD been

observed on the present cruise the discrepancy between the

rates of microbial production and primary production would

be largely eliminated. Comcomitant measurements of the

rates of microbial production and 14C02 primary production

have also recently been made at a variety of other Pacific

Ocean stations (Karl and Knauer unpublished data). Good

agreement was again observed between rates of microbial

production and primary production. Interestingly the

productivity indices observed on these.expeditions were

also considerably higher than those traditionally observed

in the oceanic realm. In both of the above experimental

programs the "clean metals" procedures of Fitzwater ~ ~

(1982) were strictly applied. It is therefore hypothesized

that metal contamination, or some related effect has,

produced artifically low rates of 14C02 primary production

on the present cruise and in some previous l4 C02 primary

production experiments. Further work is clearly needed in

order to resolve these discrepancies.
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TABLE 4-1

Selected Parameters from Equator Cruise

ATP* *
Specific DNA DNA

**Depth Chlorophylla Synthesis Synthesis Doubli~gs
Location (ml (ug/m3, (mg/m I (pmol/ng ATP /hl (pmol/l/hl (day- I

lOoN 30 25.8 + 8.8 - 0.12 3 0.75
80 23.2 ± 4.4 0.008 ± 0.05

140N 30 35.7 ± 6.0 - 0.39 14 2.2
80 39.7 ± 4.9 0.215 0.58 23 2.9

lOoN 30 38.8 ± 8.4 0.068 ± 0.007 0.64 25 3.4
80 62.9 ±11.9 0.232 ± 0.004 0.73 46 3.6

I-'
0\ 60 N 30 52.6 ± 8.3 0.214 ± 0.041 1.7 88 6.3
0\ 80 72.1 ±11. 0.186 0.97 70 4.4

20 N 30 59.0 ±20.0 0.226 ± 0.051 0.44 26 2.5
80 68.7 ± 4.6 0.178 ± 0.020 1.2 84 5.1

20S 30 47.5 ±l9.3 0.194 ± 0.012 0.86 41 4.0
80 47.4 ± 9.8 0.205 ± 0.002 0.70 33 3.4

60S 30 68.5 ± 5.5 0.285 ± 0.010 1.2 80 5.1
80 78.6 ± 9.4 0.223 ± 0.006 0.9 71 4.2

0° 30 61.1 ±10.0 0.282 ± 0.092 0.97 59 4.4
80 50.6 ±19.0 0.264 ± 0.002 0.83 42 4.0

60 N 30 44.9 ± 9.3 0.133 ± 0.002 2.4 108 8.1
80 49.5 ± 5.0 0.236 ± 0.020 0.99 49 4.5

*1 Mean ± one standard deviation unit.

**1 Doublings day-l calculated assuming exponential growth.



TABLE 4-1 (continued)

Selected Parameters from Equator Cruise

Microbia1 Primary
MP:PP*

Productivity
Depth produc§ion produc§ion index

Location (m) (mgC/m /h) (mgC/m /h) (mg/mgChlA/h)

lSoN 30 0.15 0.20 0.75
SO - 0.13 - 1.5

l40N 30 0.69
80 1.1 0.20 5.5 0.93

lOoN 30 1.3 0.09 14.4 1.3
80 2.3 0.16 14 .4 0.69

60N 30 4.4 0.23 19.1 1.1
80 3.5 0.52 6.7 2.8

I-'
0\

20N-.J 30 1.3 0.40 3.3 1.8
80 4.1 0.36 11.8 2.1

20S 30 2.0 0.54 3.7 2.8
80 1.6 0.40 3.5 1.7

60S 30 4.0 0.41 9.S 1.4
80 3.5 0.25 14 .0 1.1

0° 30 2.9 0.45 • 6.4 1.6
SO 2.1 0.15 14.0 0.57

60N 30 5.7 0.27 21.0 2.0
SO 2.4 O.lS 13.0 0.76

*) Ratio of microbial production to primary production.



Table 4-2

14 C02 Primary Production Incubations

Latitude Depth, m

10

30

55

80

110

Integrated
0-110

10

30

55

80

110

Integrated
0-110

6 h a
on-deck

1.3

0.46
0.44

0.58
0.65

0.11
0.19

0.16

58

0.33
0.37

0.29
0.26

0.34
0.38

0.17
0.19

0.14
0.15

29

6 h
in situ

1.3

0.38
0.37

0.50
0.43

0.47
0.22

0.14
0.35

74

0.45
0.45

0.53
0.45

0.50

0.18
0.22

0.10
0.10

40

12 h
in situ

1.1

0.55

0.55

0.36

0.09

59

0.84

0.54

0.28

0.34

0.08

46

a) All values expressed as mg e/m3 h. The results of
duplicate incubations are shown where available.
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Table 4-3

DIIA Synthesis at Selected Pacific Ocean Stations

DNA Specific DNA Microbial Microbial
Depth AT~ synthe,is Synthesis product~9n Siomas! DOUbl!ygs

Location (m) (ug/m ) (nmol/m h) (pmol/ng ATP h) (mg e/m day) (mgC/m ) (day )

mixed layer 69.5 30.0 0.43 44.0 17 .4 1.8
PRPOOSa mixed layer 45.3 4.2 0.093 6.2 11.3 0.63

mixed layer 50.0 8.4 0.17 12.0 12.5 0.97

1 247 45 0.18 67 61.8 1.4
5 184 43 0.23 64 46.0 1.7

10 218 44 0.20 65 54.5 1.5
15 274 44 0.16 65 68.5 1.2

VERTEX I b 20 210 70 0.33 104 52.5 2.3
30 280 74 0.26 110 70.0 1.9
40 274 52 0.19 77 68.5 1.4
50 228 64 0.28 95 57.0 2.0

5 57 13 0.22 19 14 1.7
I-' 10 59 15 0.25 22 15 1.8
0'\ 15 68 30 0.44 44 17 2.9\D 20 60 24 0.40 36 15 2.7

VERTEX IIc 25 69 53 0.76 79 17 4.4
35 84 49 0.58 73 21 3.6
45 71 14 0.19 21 18 1.5
55 71 24 0.34 36 18 2.3
65 63 14 0.22 21 16 1.6

10 24.1 1.8 0.075 2.7 6.0 0.6
25 30.1 2.3 0.076 3.4 7.5 0.62

Thompsond
50 33.6 2.1 0.063 3.1 8.4 0.52
75 33.7 2.8 0.083 4.1 8.4 0.67

125 20.1 1.7 0.085 2.5 5.0 0.66
150 20.2 2.1 0.103 3.1 5.1 0.84

al Data from Laws ~ 4l& 1984.

bl Data from Karl and Winn 1984.

c) Karl and Knauer unpublished data.

d) Data from Winn and Karl 1984.



Table 4-4

Living and Non-Living DNA

Depth

Location (m)

Living DNAa

(mg/m3)

Ratio
P-DNA

Living DNA

18° N 30 1.20 0.16 7.5
80 1.50 0.14 10.7

14° N 30 1.32 0.22 6.0
80 0.75 0.25 3.0

100 N 30 1.17 0.24 5.0
80 1.32 0.25 3.4

60 N 30 1.81 0.33 5.5
80 2.03 0.45 4.5

20 N 30 1.48 0.37 4.0
80 1.45 0.43 3.4

20 S 30 1.74 0.30 5.8
80 1.48 0.30 5.0

60 S 30 2.38 0.43 5.5
80 2.06 0.49 4.2

00 30 1.87 0.38 4.9
80 1.40 0.32 4.4

60 N 30 1.65 0.28 5.9
80 1.25 0.31 4.0

a) Living DNA estimated from ATP (Table 4-1) as described
in text.
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Figure~ Cruise track and sampling stations occupied

during the equator transect. The cruise track followed

longitude 153 0 Wover the equator from 20 0 N to 60 S. The

data reported here were collected at every other station on

the trip south and at 00 and 60 N on the return leg.
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Figure~ Comparison of the time course of 3u-adenine.

incorporation into nucleic acids and the ATP precursor pool

during an in~ and on-deck incubation. Frame a shows.

the results of the in.ii.i..tJ1 incubation and frame b shows the

results of the on-deck incubation. Sample was collected at

30m at 60 N. Inset presents the rates of DNA synthesis

calculated for each time course as described in text.
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Figure~ Details as in Fig. 4-2 except the sample taken

at equator.
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•
CHAPTER iL~ NUCLEIC~ SYNTHESIS RATES

INTRODUCTION

Measurements of the steady-state concentration of DNA

in seawater have been made frequently in oceanographic

investigations. Holm-Hansen n .al... (1968) utilized a

sensitive technique to measure the small quanities of

particulate DNA (P-DNA) in the ocean in hopes of using P

DNA concentrations as a measure of microbial biomass.

However, the concentration of P-DNA in seawater was much

greater than expected, based upon independent measures of

microbial biomass. As a resul t of these discrepancies, it

was hypothesized that large quani ties of "detrital" P-DNA

Ll&..., DNA associated with. non-living particualte material)

were present in environmental samples. Similar conclusions

were reached in subsequent investigations (Holm-Hansen

1969a; Sutcliffe .e.t .al.... 1970). Recent investigations, on

the other hand, have concluded that little "detrital" P-DNA

exists in seawater (Falkowski and Owens 1982; Dortch .e.t .al....

1983) •

The rate of synthesis of nucleic acids in aquatic

environments has also received considerable attention,

particularly in recent years (Karl ~ ~ 1981a,bi Furhman
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and Azam 1982~ Kirchman .e.t.al.... 1982~ Moriarty and Pollard

19 82~ and references ci ted therein). Measurement of

nucleic acid synthesis rates promises to provide additional

insight into the rates of growth and metabolism in natural

microbial assemblages. One of the more promising

techniques used to measure the rate of nucleic acid

synthesis in natural aquatic microbial communities has

utilized 3 H- adenine. The primary advantage of this

approach is that the specific activity of the direct

precursor to adenine incorporation into nucleic acids can

be measured directly. Another advantage is that adenine is

a precursor to the synthesis of both RNA and DNA, so that

the rates of synthesis of both macromolecules can be

ascertained. Furthermore, this procedure measures the rate

of synthesis by the entire microbial assemblage and, by

assuming a mean DNA:C ratio, can be used to estimate the

rate of total microbial production in terms of carbon. The

use of this technique, and its inherent limitations and

assumptions, has recently been reviewed (Karl and Winn

1984) •

Another approach to measuring the rate of nucleic acid

synthesis in marine microbial assemblages has recently been

employed (Falkowski and Owens 1982). This procedure

utilizes the rate of increase in P-DNA concentrations in

illuminated seawater samples. The rate of increase has

been interpreted as a measure of phytoplankton division
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rate. One intriging feature of the data presented by

Falkowski and Owens is that P-DNA concentrations increase

only in the light, and one of the underlying assumptions of

this approach is that the synthesis of DNA by phytoplankton

is insignificant in the dark. 3H-adenine studies have

shown, however, that nucleic acid synthesis occurs at

approximately equal rates in both light and dark

incubations (Karl II .aL. 1981b). An important question,

then, is whether nucleic acids, particularly DNA, are

synthesized at night by phytoplankton under natural

conditions. The answer to this question has relevance both

to the calculation of phytoplankton division rate as

proposed by Falkowski and Owens and to the estimation of

the rate of total microbial production as proposed by Karl

and Winn (1984). For surface waters, Karl and Winn (1984)

have implied that mean hourly rates of nucleic acid

synthesis, generally measured over incubation periods of 6

to 12 h,. should be multiplied by 24 to yield daily rates of

synthesis. This calculation assumes that nucleic acid

synthesis occurs in nature at a relatively constant rate

over 24 h periods. A series of experiments were recently

conducted to test this assumption. The results of these

experiments are summarized here.
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MATERIALS AND METHODS

The marine chrysophyte Payloya lutheri was grown in

chemostat culture on a 12:12 light-dark cycle. The

culture was maintained at 22 0 C and illuminated with cool

white fluoresent lights. Modified FCRG medium (Eppley II

.a.L. 1967) containing 50 uM N03 and 5 uM P04 was used, and

the culture was allowed to reach steady-state, as monitored

by cell number, befo~e experiments were begun. Cell counts

were made on a CelloscopeR particle counter. The chemostat

reservior was labeled with 32 po 4 of a known specific

radioactivity, and the steady-state RNA and DNA

concentrations were determined from the 32po4 activity in

the purified RNA and DNA fractions. Rates of nucleic acid

synthesis in the light and in the dark portions of the

12:12 h light:dark cycle were assayed with 3H-adenine as

described below.

Nucleic A&id Synthesis~ Measurements.

The rates of nucleic acid synthesis were measured with

3H- adenine (15-20 Ci mMol- l) by techniques descr ibed

opreviously (Karl 1979; Karl ~ ~ 1981a~ Karl 1982).

Time course experiments were conducted in all cases, and

synthesis rates were calculated by dividing the label

incorporated into the end products by the integral specific

activity of the ATP precursor pool. WhatmanR GF/F glass
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fiber filters with a median pore size (as defined by

Sheldon 1972) of 0.4 urn were used for the collection of all

particulate materials.

~ ~ DNA Determinations.

Samples for particulate ATP determinations were

extracted in 60 mM P04 buffer (100 0 C, pH 7.4) as described

in Karl and Craven (1982). ATP concentrations were assayed

from peak height light emission with the 1uciferin

luciferase enzyme system (Holm-Hansen and Booth 1966) using

an S.A.r. R model 2000 ATP photometer. DNA concentrations

were determined wi th 41,6-diami<Uno-2-phenylindole (DAPI)

as previously described (PaUl and Meyers 1982). RNA was

measured using the orcinol assay (Lin and Schjeide 1969).

Phosphorus lncorporation ~ Radiochemical Analysis.

The incorporation of phosphorus into nucleic acids in

seawater samples was assayed with 32po4• 32p04 labeled RNA

and DNA were purified by the above methods before liquid

scintillation counting. The radiochemical concentrations

of both 3H and 32 p were determined on a PackardR model 1040

liquid scintillation counter. Aquasol II (New England

Nuclear) was used as the fluor, the external standard

channels ratio was used to correct for quench.
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Incubations.

Incubations of natural seawater samples were performed

in an on-deck incubator. In~ light quality and quanity

were simulated using various combinations of shade cloth

and Rohm and Haas #2069 blue Plexiglas. The polycarbonate

incubation bottles were maintained at the in ~i~Y

temperature with circulating surface seawater.

RESULTS

.ch.emostat Experiment.

The results of the L ~.l.1~h.eL.i chemostat culture

experiment are shown in Figs. 5-1 to 5-3. Cell number

increased in the dark and subsequently decreased in the

light. The steady-state concentrations of ATP and RNA

showed little variation, whereas the concentration of DNA

peaked in the dark (Fig. 5-1)". The patterns of

incorporation of 3H-adeni ne were quite similar in both the

light and the dark, although the ATP precur,sor specific

activity was lower in the dark (Fig. 5-2). The rates of

RNA and DNA synthesis showed the effects of the

compartmentalization of the ATP precur sor pool (Winn and

Karl 1984) at the early time points during the time course.

The rate of RNA synthesis was nearly identical during the

light and dark portions of the 24 h cycle, whereas the rate
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of DNA synthesis was approximately slightly greater in the

dark than in the light (Fig. 5-3).

~ Nucleic~ synthesis rates in ~water.

The rates of RNA and DNA synthesis measured at midday

and midnight at an eastern tropical North Pacific Ocean

station are shown in Table 5-1. The rates of synthesis

measured at night were somewhat lower than those measured

during the day, but the resul ts clearly show that nucleic

acids were synthesized both in the light and in the dark.

Representative time courses from this experiment are shown

in Fig. 5-4 a and b. Also shown (Fig. 5-4c) are the

results of a simultaneously conducted 24 h time course. The

rate of adenine incorporation into nucleic acid in the 24 h

experiment appears to have slowed somewhat with time of

incubation, but it is evident that nucleic acids were

constructed over the entire 24 h period. It is not clear

whether the reduction in the rate of nucleic acid synthesis

was a result of a change in the- synthesis rate, or whether

this rate is an artifact of the long incubation.

32~4 incorporation experiments.

The rates of 32 P0 4 incorporation into nuct eLc acids

at another central North Pacific Ocean station are shown in

Fig. 5-5. The rate of incorporation was not constpnt over

24 h, and the lowest rates of incorporation occured

immediately following sunrise (Fig. 5-5). It is important
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to point out however, that it may not be appropriate to

interpret incorporation rates as being indicative of

relative rates of nucleic acid synthesis (see Discussion).

At midday, replicate samples incubated in the light and in

the dark showed indentical incorporation rates (Fig. 5-4).

DISCUSSION

As stated previously, the relative rate of nucleic

acid synthesis (particularly of DNA synthesis) in the light

and the dark portions of the day in nature has importance

in two respects. First, in order to extrapolate daily

rates of microbial production from hourly rates of nucleic

acid synthesis (Karl and Winn 1984), the hourly rate must

be multiplied by some factor, presumably some number

between 12 or 24. Second, the absence of DNA synthesis in

dark incubations is an important assumption in a new

approach to the measurement of phytoplankton division rates

recently applied by Falkowski and Owens (1982). The data

presented here show that at least one representative marine

phytoplankter synthesizes nucleic acids over a 24 h period

when grown in culture on a 12:12 light-dark cycle.

Futhermore, these data demonstrate that nucleic acid

synthesis occurs both in the day and at night under in~
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conditions in the oligotrophic Pacific Ocean.

In chemostat cul.cur e , ~ lutheri divided more

rapidly in the dark than in the light portions of the 12:12

h light-dark cycle. Similar division patterns for L

lutheri have been observed in previous studies (Nelson and

Brand 1979). These researchers found that cyclic

oscillations in division rate was a common phenomenon in

many marine planktonic algae (22 out of 26 species) grown

in light-dark cycles. However, of the species show ing

cyclic patterns in division rate, approximately one-half

showed more rapid division at night, whereas the remaining

species divided more rapidly in the light. These results

coupled with the nucleic acid synthesis patte'rns observed

for L lutheri in this report would lead one to suspect

that nucleic acids are synthesized over the complete 24 h

periods by phytoplankton populations 'in nature. This

hypothesis, of cour se, difficul t to test in nature, since

it it is virtually impossible to completely parti tion

autotrophic and heterotrophic popuations either by physical

separation or with selective inhibitors.

Falkowski and Owens (1982) have shown that DNA

accumulates in bottle incubations in the light but not in

the dark. Their data therefore imply that DNA is

synthesized by both autotrophic and heterotrophic

populations only in the light. An al ternati ve hypothesi s

might be that heterotrophs synthesize DNA both in the light
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and in the dark, but that their contribution to the overall

synthesis rate is negligible. The data presented here, on

the other hand, show that nucleic acids are synthesized

continuously over 24 h periods. Our results might

therefore be interpreted as a direct contradiction to the

observations made by Falkowski and Owens. However, the two

data sets are not directly comparable, since Falkowski and

Owens have measured only the accumulation of DNA, whereas

we have measured the rate of nucleic acid synthesis. It is

theref.ore possible that nucleic acid synthesis continues

both in the light and in the dark but for some, as yet

unexplained reason, accumulates only in the light.

~le have not attempted to measure the accumulation of

DNA in timed incubations because of the large volumes of

water required for the accurate determination of DNA in

oligotrophic seawaters and because of the large quanities

of "detrital" DNA. We have measured DNA and ATP

concentrations in the mixed layer of Pacific Ocean and have

found that the concentrations of DNA in these waters are

approximately equal to those at the locations investigated

by Falkowski and Owens (1982). These data also show that

the concentrations of ATP and DNA remain relatively

constant in the water column over the complete die1 cycle

(Fig. 5-6 and 5-7). This observation might be used to

argue that DNA is synthesized at a constant rate over 24 h,

since daily changes in concentration do not occur. It is
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evident, however, that such large concentrations of

"detrital", or at least non-phytoplankton DNA exists, that

any increase in DNA concentration due to phytoplankton

growth would be unobservable. If we assume that all the

living carbon at our station is phytoplankton, then we can

estimate the maximum total living phytoplankton DNA in

these waters. At 25m, for example, the ATP concentration

is approximately 50 ng 1-1 (Fig. 5-6), or approximately

12.5 ug living C 1-1, assuming a C:ATP ratio of 250 (Karl

1980). Since DNA represents approximately 2% by weight of

total phytoplankton C (Holm-Hansen 196 9b), phytoplankton

DNA would equal approximately 0.25 ug 1-1 at this depth

interval. This figure, as mentioned above, is an upper

limit on on phytoplankton DNA, and is approximately an

order of magnitude less than the total measured DNA (Fig.

5-6). Similar calculations, wi th similar resul ts, can be

made at each depth interval. Clearly, it would take an

impossibly high rate of phytoplankton production in these

waters in order to produce an observable increase (~, 5

10%) in total DNA concentration within a reasonable

incubation perio~

Our resul ts show var ia tion in the rate of 32 p0 4

incorporation into nucleic acids over 24 h. Although this

variation may reflect an equal oscillation in the rate of

nucleic acid synthesis, this interpretation is debateable.

In order to calculate the rate of nucleic acid synthesis
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from 32 P04 incorporation data a measure of the specific

activity of the direct precursors to 32po4 incorporation is

required. It is possible, for example, that the relative

utilization of external and internal pools of P04, or that

the contribution from dissolved organic P, vary over a 24 h

period. If this situation were to occur, then the rate of

incorporation of externally added 32 p0 4 would vary in a

manner different from true rate of nucleic acid synthesis.

Viewed in this way, the incorporation of externally added

32 p04 indicates the synthesis of nucleic acids, whereas the

lack of incorporation is equivocal evidence for the absence

of synthesis. We have therefore interpreted the 32 p0 4

incorporation data as indicating only that nucleic acid

synthesis occurs both in the light and in the dark portions

of the diel cycle.

CONCLUSIONS

We have concluded the following as a result of the

experimental work presented here: 1) Nucleic acids appear

to be synthesized both in the light and in the dark

portions of the diel cycle in the euphotic zone of the

Pacific Ocean. 2) Although it is difficult to ascertain in

nature, the weight of evidence suggests that both
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autotrophic and heterotrophic populations synthesize

nucleic acids in both the light and the dark portions of

the day. 3) DNA is present in the euphotic zone of the
...."

Pacific Ocean in much greater qQanities than can be

accounted for from estimates of living biomass based upon

ATP. Futhermore, it is our conclusion that the presence of

such large quani ties of "detr i tal" DNA would preclude the

measurement of microbial growth from DNA accumulation data,

at least in the waters we have investigated. 4) We also

conclude that daily rates of nucleic acid synthesis are

best estimated from hourly rates by mul tiplying by 24 as

opposed to 12. It would clearly be preferable though to

estimate daily rat'es of nucleic acid synthesis from a

number of time points taken over an entire 24 h period

since our data show variation in the synthesis rates

measured over 24 h periods.
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Table 5-1

Midday and Midnight Nucleic Acid Synthesis Rates

(pmol/l/h) (pmol/l ngATP/h)

Depth

( m)

Time ATP

(ng/l)

RNA

(pmol/l/h)

DNA DNA

midday 126 591 108 0.85
5

midnight 137 629 80 0.59

I-'
\0
00

midday 152 333 117 0.77
50

midnight 236 265 39 0.18

midday 32 73 17 0.53
100

midnight 37 70 8 0.22

Nucleic acid synthesis rates were determined from 8 h incubations
conducted at midday and a~ midnight.



Figure 5-1. Cell density and the concentration of ATP, RNA

and DN A in i.a. lJ.l.th.e..I..i c he rn 0 s tat cut t u r e • CuI t u r e

conditions as described in text. Dilution rate 0.5 day-I.
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Figure 5-2. The time course of labeling of the RNA and DNA

and the specific activity of the ATP precursor pool in .fa.

lutheri chemostat culture. Time courses were conducted in

the middle of the light (upper frame) and the dark (lower

frame) periods.
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Figure 5-3. Rates of RNA (~pper frame) and DNA (lower

frame) synthesis calculated from 3B-adenine incorporation

data in RA lutheri chemostat cUlture during the light (open

circles) and the dark (closed circles) portions of the diel

light-dark cycle.
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Figure 5-4. Time course of RNA and DNA labeling and ATP

specific activities at an eastern tropical Pacific Ocean

s t e eLon (15 0 43' N 107 0 20' W). Frames A and B show

representative time courses during the day and the night,

respectively. Frame C shows a concurrently conducted 24 h

time coursee
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Figure 5-5. Time course of 32 p0 4 incorporation into

nucleic acids over a complete diel cycle at a station in

the North Pacific Ocean (28 0 N 1550 W). Inset shows the ATP

concentrations in each water sample. Error bars represent

± 1 standard deviation unit from the mean determined from

three replicate incubation bottles. Dashed line at 1200 h

presents the incorporation rate on a replicate bottle

incubated in the dark.
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Figure 5-6. ATP concentrations in the water column at an

eastern tropical Pacific Ocean station (15 0 43' N 1070 20'

W). Samples were collected by NiskinR casts at 6 h

intervals.
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Figure 5-7. DNA concentrations in the water column at an

eastern tropical Pacific Ocean station. Details as in Fig.

5-6.
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