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ABSTRACT

Laboratory experiments were conducted to determine

the relationship between DNA and ATP content of marine

bacteria and microalgae. This relationship was used to

estimate in situ living microbial DNA concentrations in

the open ocean. These estimates, combined with

measurements of microbial DNA synthesis rates, allowed

calculation of microbial specific growth rates. In

addition, the relationship between microbial DNA and

carbon was used to estimate total microbial production.

Laboratory-derived DNA:ATP ratios ranged from 8.5 to

33 (wt:wt) for cultures of marine microalgae, and from 13

to 50 for exponentially growing cultures of marine

bacteria, with an overall geometric mean ratio of 17.

Laboratory-derived C:DNA ratios ranged from 33-176 (wt:wt)

for the marine algae stUdied, and from 17 to 51 for the

marine bacteria studied, with an overall geometric mean of

49. There were no statistically significant diel

differences in DNA:ATP ratios for the marine algae

studied. Significantly different DNA:ATP ratios were

observed between high and low growth rates for N-limited

cultures of Amphidinium carteri and Cyclotella cryptica,

and between N- and P-limited cultures of ~ cryptica at
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high growth rates. No other significant differences due

to growth rate effects or nutrient limitation effects

could be demonstrated. Laboratory calibration experiments

with cultures of marine algae confirmed that the observed

DNA:ATP relationships could be used in conjunction with

DNA synthesis rate measurements to estimate specific

growth rates.

The laboratory-derived relationships were applied

under field conditions during two cruises to 26oN, 1550W

in the spring and fall of 1986. Total microbial specific

growth rates ranged from 0.2-1.5 d-1 in the spring and

from 0.1-1.3 d-1 in the fall, with subsurface maxima

during both cruises near the bottom of the mixed layer.

Overall integrated average growth rates were 0.76 d-1 in

the spring, and 0.66 d-1 in the fall. Total microbial

production between 0 and 150 meters was estimated at 718

mgc.m-2.d-1 in the spring and 490 mgc.m-2.d-1 in the fall.

These production estimates were 1.7 and 1.1 times

estimated net primary production during the spring and

fall cruises respectively. Total microbial production

integrated to the depth of the mixed layer was 1.3 and 1.2

times net primal'y production during the spring and fall,

respectiveiy. These estimates are considered conservative

estimates.
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It is concluded that microbial growth rates can be

accurately estimated by the techniques used. Field

results suggest that microbial communities in the study

area were growing rapidly, at approximately one doubling

per day. Accuracy of total microbial production estimates

would be considerably improved by information concerning

the partitioning of particulate ATP among members of the

microbial community, and by knowledge of the turnover time

of grazed microbial DNA.
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CHAPTER I

INTRODUCTION

Of the measurements used to describe biological

communities, rates of growth of the community and of

individual organisms within that community are among the

most basic. In the marine environment, many techniques

exist for measuring individual and population growth

rates. However, the continuing search for improved

methods suggests that existing methods are not entirely

satisfactory. The research presented here is directed

towards applying nucleic acid synthesis rate measurements

to total marine microbial growth rates. Laboratory

studies provide the basis for field applications in the

oligotrophic North Central Pacific Ocean, with

extrapolations to microbial production estimates and

microbial food web dynamics and for comparisons with

similar historic and contemporary studies.

Historically, a large proportion of oceanographic

research has concentrated on the eutrophic waters in

coastal and upwelling situations. This concentration of

effort is understandable, because such areas are of

considerable importance as economic or national security

1
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zones. Coastal areas are also more readily accessible to

exploration, exploitation, and defense. However, about

90% of the world's oceans are neither coastal nor

upwelling areas (Ryther, 1969). And although historically

the open oceans have been considered areas of very low

productivity or even described as 'deserts' (Kerr, 1983),

they are still responsible for the majority of the primary

production occurring in the ocean, since they comprise

such a large proportion of the world's ocean. Recently,

even the perception of oligotrophic oceans as areas of low

productivity is changing (Jenkins, 1982; Smith, 1982;

Kerr, 1983; Gieskes and Gijsbert, 1984; Laws et al., 1984;

Chavez and Barber, 1987; Martin et al., 1987). Current

research concerning the basic ecology of the open ocean is

exploring the probability that both the level of

biological activity and the food web complexity have been

underestimated in the past.

As Karl (1980) stated, estimates of growth rates and

biomass are among the most fundamental research objectives

of microbial ecology. New methods for estimating

microbial growth rates are constantly being developed, and

existing methods are periodically re-evaluated (see

reviews by Goldman et al., 1979; Eppley, 1981; Karl,

1986; Moriarty, 1986). Methods exist for estimating
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autotrophic (Eppley, 1981), heterotrophic (Brock, 1967;

Hagstrom et al., 1979; Fuhrman and Azam, 1980; Moriarty

and Pollard, 1981; Fuhrman and Azam, 1982; Kirchman et

al., 1982; Pollard and Moriarty, 1984; Jeffrey and Paul,

1986; Moriarty, 1986), or combined (autotrophic and

heterotrophic) growth rates (Karl, 1982; Hanson and Lowry,

1983; Karl, 1986; Karl et al., 1987). Sheldon and

Sutcliffe (1978) estimated phytoplankton growth rates by

following particulate adenosine triphosphate (pATP)

increases in incubation bottles after removing predators.

Bienfang and Takahashi (1983) measured specific growth

rates of marine ultraplankton (less than 3~m cell

diameter) by measuring the rate of increase of chlorophyll

in the absence of predators. Vargo (1984) measured growth

rates in marine diatoms by following increases in cell

numbers and chlorophyll content. Ratios of cellular

components and of nutrient uptake rates have also been

used for estimating phytoplankton specific and relative

growth rates (Goldman, 1977; Sharp et al., 1980; DiTUllio,

1987). Kirchman et al. (1982) estimated bacterial growth

rates by following increases in bacterial cell numbers

with time. They also measured rates of nucleic acid

synthesis by following the incorporation of 3H-thymidine

into bacterial cells and calCUlating suitable conversion

factors for converting rates of thymidine incorporation to

3



specific growth rates of marine bacteria. Cuhel et ale

(1983) estimated bacterial growth rates by following

nutrient uptake rates. Laws et ale (1984) compared 5

methods for estimating phytoplankton growth rates, and 2

methods for estimating total microbial assemblage growth

rates.

Actual estimates of microbial growth rates in the

oceans cover a wide range (see reviews by Goldman et al.,

1979; Eppley, 1981; Cuhel et al., 1983; Moriarty, 1986).

Estimates for phytoplankton doubling times range from

several days (Sharp et al., 1980; Weiler, 1980; Dortch et

al., 1983; Platt et al., 1983) to much less than one day

(Sakshaug, 1977; Sheldon and Sutcliffe, 1978; Bienfang and

Takahashi, 1983; Laws et al., 1984). Growth rate

estimates for bacteria range over several orders of

magnitude (Moriarty, 1986), with doubling times usually

from 10-100 hours (Brock, 1967; Hagstrom et al., 1979).

And while recent studies designed specifically to' resolve

this growth rate controversy tend to support high growth

rate estimates (Goldman et al., 1979; Laws et al., 1984),

there are still some cases where growth rates appear to be

far below the maximum potential growth rate (Vargo, 1984).

Eppley (1981) pointed out that most disagreement concerns

growth rate estimates for oligotrophic waters, and

4



recommended that if current methods proved unsatisfactory,

then attention should be directed toward using cell

compositional ratios, cell cycle analysis, or biosynthesis

rates as growth rate estimators.

There is also a certain amount of variation in

estimates of primary productivity, particularly in

oligotrophic waters. Primary production, resulting from

photosynthesis, is the rate of production of new organic

material from inorganic constituents. Photosynthesis in

the ocean can only occur in the euphotic zone of the water

column, which can range from less than a meter in

extremely eutrophic areas to 150-200 meters in extremely

oligotrophic situations (Smith and Baker, 1978). Rates of

primary production depend upon both the standing stock of

photosynthetic organisms and the supplies of inorganic

nutrients and light energy. Recent studies suggest that

primary production in oligotrophic oceans is higher than

previously believed (Shulenberger and Reid, 1981; Jenkins,

1982; Kerr, 1983; Laws et al., 1984). For example,

dissolved oxygen concentrat~ons in water below the

euphotic zone are determined largely by the balance of

diffusion, advection and losses resulting from the

respiration of organic carbon which sinks out of the

euphotic zone. Jenkins (1982) studied dissolved oxygen

5



dynamics in the eastern sUbtropical Atlantic Ocean.

Isotopic ratios of 3He and 3H were used to establish when

water samples were last in equilibrium with the

atmosphere. Given the assumption of a steady state

dissolved oxygen concentration below the euphotic zone,

his measured oxygen utilization rate (OUR) indicated an

influx of organic carbon from the surface water equivalent

to 55 gc om-2 oy-1, an estimate supported by independent

nitrate flux calculations. H~ suggested that either the

historical 14C primary production estimates were far too

low, or that carbon recycling in surface waters was less

than previously reported. More recent estimates of

average open ocean production, for example 130 gc om-2.y-l

as reported by Martin et ale (1987), support the former

contention. Shulenberger and Reid (1981) used summer

subsurface dissolved oxygen supersaturation as an

estimator of minimum primary production in Pacific mid

latitudes (28 oN). Their average production estimates of

97 gc.m-2.y-1 exceeded historical 14c estimates for the

same area, but again were more in keeping with more recent

estimates. Sheldon and Sutcliffe (1978) estimated

phytoplankton growth and production rates in the Sargasso

Sea by following changes in pATP concentrations. Surface

water was placed in incubation bottles after prescreening

or dilution with filtered seawater to remove predators.

6



Changes in pATP were attributed to increases in

phytoplankton biomass. They found generation times as

short as three hours and their primary production

estimates of 9.9 ~gC'I-1'd-1 in February and 50.5

~gC'I-1'd-1 in JUly were ten times 14c estimates. Bottle

incubation effects resulting in 14 C underestimates of

production were named as possible causes for the

discrepancy, but the possibility of increases in bacterial

ATP or changes in the ATP content of individual cells

cannot be discounted. Weiler and Karl (1979) reported

increases in cellular ATP content of ceratium furca during

light periods in cUlture, followed by decreases in the

dark, although C:ATP ratios showed no significant diel

changes.

Laws et ale (1984), in a study designed to resolve

discrepancies in oceanic growth and production estimates,

concluded that historical 14C production estimates could

be up to 40% low. Laws et ale (1987) presented new

estimates of primary production in the oligotrophic

Pacific Ocean which averaged double the estimates from

1968-1980, and suggested that the difference was due

primarily to clean sampling techniques and larger

incubation bottles, although the possibility of a real

increase in production during that period cannot be

7



ignored. Marra and Heineman (1984) compared conventional

and "non-contaminating" (Fitzwater et al., 1982) 14C

incubation procedures using water collected with non

contaminating techniques and found no significant

differences in measured primary production. Chavez and

Barber (1987) found that phytoplankton growth was severely

inhibited in water samples collected using Niskin bottles,

and that such inhibition was absent in samples collected

using Go-Flo bottles. Martin et ale (1987) also indicated

that earlier 14C production estimates are suspect, but

that the method is still satisfactory if metal

contamination is avoided. They presented revised average

primary production estimates of 130 gc.m-2.y-1 for the

open ocean.

Production is a function of both standing stock and

specific growth rate. On the basis of organism size

alone, high growth rates might be predicted for

oligotrophic microorganisms. Fenchel (1974) reviewed and

quantified the inverse relationship between body size and

specific growth rates for a wide range of organisms.

Banse (1976) specifically reviewed the relationship

between cell size, expressed as carbon content per cell,

and specific growth rates of unicellular algae. He

compared results from several studies, involving 33

8
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species of algae ranging in size from 0.4 to 1.02 X 105

pgc.cell-1 and found that under similar growth conditions,

highest rates of growth, respiration and photosynthesis

were associated with the smallest algal cells, independent

of taxonomic group. Most studies of microbial communities

in oligotrophic oceans confirm that the majority of

activity is associated with the smallest organisms

(Pomeroy, 1974; Koblentz-Mishke and Vedernikov, 1976; Azam

and Hodson, 1977; Burney et al., 1979; Johnson and

sieburth, 1979; Williams, 1981a; Bienfang and Takahashi,

1983; Li et al., 1983; Platt et al., 1983; Laws et al.,

1984; Laws et al., 1987). The probable close physical and

functional association between autotrophic and

heterotrophic microorganisms in the oligotrophic ocean has

focused attention on marine microbial communities, their

rates of growth, production, and the pathways and

proc~sses responsible for their maintenance (Venrick,

1982; Azam et al., 1983; Bienfang and Takahashi, 1983;

Cubel et al., 1983; Ducklow, 1983; Williams et al., 1983;

Azam and Ammerman, 1984a,b; Elbrachter, 1984; Fenchel,

1984; Gray et al., 1984; Ulanowicz, 1984; Williams, 1984;

Winn and Karl, 1984b; Chavez and Barber, 1987).

The interactions between the autotrophic and

heterotrophic components of the microbial assemblage are

9



particularly important in the oligotrophic oceans, where

the majority of production is regenerated production

dependent upon the in situ recycling of essential

nutrients (Dugdale and Goering, 1967; Eppley and Peterson,

1979; Joint and Morris, 1982; Venrick, 1982; Harrison,

1983; Gray et al., 1984; Williams, 1984; Martin et al.,

1987). Coastal and shallow waters can sustain high rates

of production because of exogenous sources of nutrients;

from terrestrial, effluvial and benthic sources. Open

ocean surface waters, however, with the exception of

upwelling"areas, have only limited exogenous or non

recycled sources of nutrients; primarily vertical

advection and diffusion from deeper waters, and

secondarily from nitrogen fixation and atmospheric sources

(Eppley and Peterson, 1979). In situations where the

biomass in the euphotic zone remains fairly constant, the

amount of new production should be balanced by losses from

the euphotic zone. In the oligotrophic ocean, loss of

organic material is believed to occur primarily in the

form of sinking particles which leave the mixed layer,

although harvesting of larger organisms by man and marine

birds also removes organic materials (Eppley and Peterson,

1979). Sediment traps can be used to measure the flux of

such particles and thereby estimate rates of new

production in overlying waters. Williams (1981b)

10
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estimated that from 1-10% of the primary production was

lost from the euphotic zone in pelagic waters. Martin et

ale (1987) measured particulate organic carbon (POC)

fluxes and estimated that 85% of primary production used

recycled material in the central North Pacific gyre. Laws

et ale (1989) estimated that 80% of the primary production

is recycled in the central North Pacific. Joint and

Morris (1982) report that 90% of in situ production is

recycled in the upper 400 meters.

Dugdale and Goering (1967) trace~ 'new' and total

primary production by following nitrate and

nitrate+ammonium uptake, respectively. They also reported

that nitrogen fixation could be an important source of new

nitrogen. They concluded that areas of low measured 14c

productivity in the tropics also had low proportions of

new production. Eppley and Peterson (1979) introduced the

concept of the f-ratio, the ratio of 'new' production

(from nitrogen fixation and exogenous nitrogen sources) to

total production (from all sources of nitrogen), as

defined by Dugdale and Goering (1967). Eppley and

Peterson (1979) considered deep water to be the primary

source of nitrogen for new production. They considered

nitrogen fixation to be negligible, in contrast to Dugdale

and Goering (1967), and calculated f-ratios of 0.05 for
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the central North Pacific. In other words, they estimated

that 95% of the primary production in oligotrophic areas

used nutrients which were regenerated in situ. They also

found that f-ratios were positively correlated with total

primary production, and thus areas of high total

productivity showed a higher proportion of new production.

Platt and Harrison (1985) pointed out the importance of

considering this direct relationship between total primary

production and f-ratios. They suggested that since

primary production rates varied with time and depth, that

f-ratios would also vary, and any estimate of new and

total production would have to consider this variability.

They calculated an effective f-ratio of 0.31 for the

Sargasso Sea. Martin et al. (1987) and Laws et al. (1989)

calculated f-ratios of approximately 0.14 to 0.19 for the

North Central Pacific, based on particulate nitrogen

accumulation in sediment traps.

The result of this re-evaluation of oligotrophic

production and the indications of extensive nutrient

recycling in the euphotic zone of the open ocean is a

closer scrutiny of the marine microbial ecosystems which

now seem to account for up to 80% of the global oceanic

primary production (Martin et al., 1987). Williams

(1981a) reviewed historical views of marine microbial food
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webs, and pointed out the importance of including

bacterial microheterotrophs. He stated that 50% of total

primary production might pass through microheterotrophs,

and suggested that secondary production by

microheterotrophs could equal or exceed that of

herbivorous zooplankton. He also suggested that dissolved

organic matter (DOM) for use by microheterotrophs could be

supplied from primary producers through grazing losses and

excretion by both phytoplankton and zooplankton.

Sieburth et al. (1977) studied DOM in the North

Atlantic Ocean. They estimated that of the total carbon

fixed during photosynthesis, 25% was released into the DOM

pool from leakage of photosynthate, 25% was released into

the DOM pool during consumption by predators, 25% was

digested by phagotrophs, and 25% entered the suspended

matter through defecation. Their measurements indicated

that DOM was converted into bacterial biomass with 50%

efficiency in this system, and hence that bacterial

production equaled primary production. Hagstrom et ale

.(1979) found similar patterns in the Baltic Sea, where

bacterial production over a six-month period was estimated

at 7.5 gC om-2• At an assumed efficiency of 60%, they

concluded that bacteria would take up 13 gc om-2, which was

about 25% of the estimated 51 gc om-2 primary production

13



over the same time period. Fuhrman and Azam (1982)

measured bacterial production at 5-25% of primary

production. At an estimated 50% efficiency, bacterial

metabolism would account for 10-50% of the carbon fixed by

the primary producers. Moriarty (1986) found bacterial

production ranging from 5-45% of primary production, which

again, with an assumed efficiency of 50%, would account

for 10-90% of the primary production. He also found that

~a~terial production was correlated with phytoplankton

biomass and primary production. Diel variations in

bacterial production were correlated with phytoplankton

excretion and zooplankton grazing.

Azam and Ammerman (1984b) suggested that there was a

close coupling between marine bacteria and phytoplankton,

and that bacteria cluster in microzones surrounding living

and non-living particulate sources of DOM. Actual

attachment to particles may be uncommon, since 90% of

microbial heterotrophic activity is from free living

organisms (Azam and Hodson, 1977). Joint and Morris

(1982) suggested that the supply of dissolved organic

carbon (DOC) from phytoplankton may actually be quite

small, and that direct coupling of bacterial and

phytoplanktonic activity has yet to be shown. They also

state that although marine bacteria can take up DOM with
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little energy cost, most OOM in the marine environment is

unusable to the bacteria and that OOM produced during

grazing by herbivores is at least as important as that

produced by phytoplankton excretion. Jensen (1984) found

that phytoplankton excretion of OOM varied between

species, but was generally low in exponentially growing

populations, although stress caused by changes in light,

temperature, nutrient supply, and salinity could induce

increased excretion.

Joint and Morris (1982) suggested that marine

bacteria may be in direct competition with phytoplankton

for essential micronutrients. They presented evidence

demonstrating that marine bacteria are very efficient at

converting OOM to bacterial biomass, and suggested that

their high growth yields could make them poor

remineralizers. However, Hollibaugh (1978) reported

nitrogen regeneration rates averaging 74% for marine

bacteria using amino acids as organic substrate. These

rates were much higher than his reported carbon

respiration ratios, which averaged 30%. This suggested

that nitrogen regeneration rates were affected by the C:N

content of the substrate, and that utilization of amino

acids by heterotrophs could be a major source of

regenerated nitrogen (Hollibaugh, 1978; Hollibaugh et al.,

15
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1980). Sieburth et ale (1977) measured marine bacterial

efficiency at 50% in the North Atlantic Ocean at the depth

of the chlorophyll ~ maximum. Hagstrom et ale (1979)

estimated efficiencies of 60% in the Baltic Sea. Williams

(1970) found growth yields approaching 80% when amino

acids were supplied as substrate, and Ducklow (1983)

suggested that high metabolic efficiencies resulted in no

remineralization from marine bacteria; instead grazers

were named as the primary remineralizers.

Because of their extremely small size, marine

bacteria are probably too small to be directly grazed by

most marine copepods (Joint and Morris, 1982). Azam et

al. (1983) suggested that marine bacterial numbers are

controlled by nanoplanktonic heterotrophic flagellates,

which in turn feed microzooplankton, which are in the same

size class as the phytoplankton. Sorokin (1978) indicated

that bacteria and protozoa could easily supply calanoid

food requirements in Peruvian upwelling systems. Ducklow

(1983) suggested that bacteria feed zooflagellates which

in turn feed ciliates, and that it is this grazing which

produces remineralization and not the bacteria themselves.

The implication of grazers as remineralizers is

supported by studies which include size fractionated
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nutrient regeneration rates. Harrison (1983) found in the

tropical Pacific that although more than 50% of the

primary production and phosphorus uptake occurred in the

<l~m size fraction, most phosphorus regeneration was

associated with the >l~m size fraction. Ducklow (1983)

found similar results, with more than 50% of nutrient

remineralization occurring in the 1-35 ~m size fraction.

Whether DOM is supplied to marine bacteria directly

through phytoplankton excretion or through a combination

of phytoplankton and zooplankton excretion, grazing

losses, fecal pellet decomposition and water column

advection, there is obviously an important link between

primary producers and marine heterotrophic bacteria.

Similarly, remineralization of inorganic nutrients

probably occurs both directly as a result of heterotrophic

metabolism and indirectly through a grazing food web which

depends significantly upon microheteroptophs. This

results in a close functional and physical link between

marine autotrophic and heterotrophic microbes.

It becomes apparent, therefore, that both autotrophs

and heterotrophs are vital to the maintenance of the

microbiology of oligotrophic waters. Photoautotrophs are

directly responsible for primary production. The
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microbial loop provides a second pathway for primary

production to enter the food web, while directly or

indirectly contributing to the remineralization of

essential inorganic materials. It is therefore of some

interest to observe the activity of the marine microbial

community in its entirety.

Microbial growth and metabolic activity involves

flows of energy and organic material and can be estimated

by such indicators as ATP turnover rates, enzyme activity,

respiration of oxygen, radiotracer uptake kinetics,

frequency of dividing cells, calorimetry, or the

biosynthesis of organic compounds such as proteins o~

nucleic acids (Karl, 1979; Fuhrman and Azam, 1980; Karl et

al., 1981b; Karl and Bossard, 1986). Selection of a

method depends on the type of information desired and the

type of community under study. Karl and Winn (1984) have

pointed out the usefulness of nucleic acid synthesis

measurements in measuring combined metabolic activity and

growth rates of mixed microbial assemblages, and review

the limits and applicability of the methods.

Karl (1979) estimated levels of marine microbial

activity in the Caribbean Sea by measuring rates of stable

ribonucleic acid (sRNA) synthesis. Earlier investigators
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measured nucleic acid synthesis rates in laboratory tissue

cultures (Emerson and Humphreys, 1971; Humphreys and

Emerson, 1971) and in laboratory bacterial cultures

(Maaloe and Kurland, 1963; Lutkenhaus et al., 1973;

costantini et al., 1977). Later studies investigated the

validity of the assumptions behind the methods (Karl et

al., 1981 a,b; Karl and Bossard, 1985b; Karl and Winn,

1986; Fuhrman et al., 1986a,b) and explored the scope and

applicability of the techniques (Karl, 1981; Karl, 1982;

Winn and Karl, 1984a).

Nucleic acid synthesis rates are followed by the

addition of a radiotracer to a culture or natural

population, with sUbsequent isolation of nucleic acids,

and if possible, nucleic acid precursors, for measurement

of label incorporation. Two prevalent labels are 3H_

thymidine and 3H-adenine. There has been some debate as

to the validity and applicability of both labels (Fuhrman

et al., 1986a,b; Karl and Winn, 1986). 3H-t hymidine is

preferentially taken up by microheterotrophs (Karl, 1980;

Fuhrman et al., 1986a). However, because of non

specificity of intracellular labeling and dilution of

label, the specific activity of labeled nucleic acid

precursors is difficult if not impossible to determine

(Moriarty and Pollard, 1981). Knowledge of precursor
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specific activity is essential to meaningful

interpretation of nucleic acid labeling kinetics (Emerson

and Humphreys, 1971; Humphreys and Emerson, 1971; Karl,

1982). 3H-adenine is taken up by both autotrophic and

heterotrophic microorganisms (Karl et al., 1981a,b;

Fuhrman et al., 1986b; Moriarty, 1986). It has an

advantage in that the specific ac'tivity of labeled nucleic

acid precursors - ATP and dATP (deoxyadenosine

triphosphate) - can be directly (or indirectly, for dATP)

measured (Karl, 1982; Hanson and Lowry, 1983). Field

applications have been used to estimate heterotrophic and

total microbial activity in the ocean (Moriarty and

pollard, 1981; Hanson and Lowry, 1983; Winn and Karl,

1984b; Karl and Bossard, 1985a,b; Winn and Karl, 1986;

Karl et al., 1987). Recent reviews have discussed the

limitations and usefulness of nucleic acid synthesis rates

in oceanographic research (Karl, 1982; Karl, 1986;

Moriarty, 1986).

The extrapolation of measured nucleic acid synthesis

rates to microbial growth or production rates is not

straightforward, although relative rates of nucleic acid

synthesis within similar communities may provide

qualitative information about relative microbial activity

(Karl, 1979). Karl (1981) reports that the ratio of
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DNA:RNA synthesis rates is proportional to microbial

growth rates. DNA synthesis rates may be more directly

related to microbial growth rates than RNA synthesis

rates, since RNA pools turn over even in the absence of

growth, an~ cellular RNA quotas show greater variability

than DNA quotas (Sutcliffe, 1965; Lutkenhaus et al., 1973;

Costantini et al., 1977; Fuhrman and Azam, 1980; Winn and

Karl, 1984a; Moriarty, 1986). DNA synthesis by itself is

not a measure of growth rate, but it is probably directly

related to growth rate. DNA replication, once initiated,

continues to completion and is usually followed by cell

division (Fuhrman and Azam, 1980; Moriarty, 1986). DNA

synthesis can be converted to a DNA specific growth rate

if an estimate of DNA standing stock in living cells is

available, or if the DNA synthesis rate can be

extrapolated to the synthesis rate of a cellular component

(e.g. carbon) of known or estimated standing stock.

Although carbon-specific groWth rates are routinely

estimated from DNA synthesis rates (Winn and Karl, 1984b;

Karl, 1986; Winn and Karl, 1986) there is some controversy

regarding the conversion factors used (Fuhrman et al.,

1986a,b; Karl, 1986; Karl and Winn, 1986). Conversion of

DNA synthesis rates to carbon specific growth rates

requires estimates of both living carbon biomass and the
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relationship between DNA synthesis and carbon synthesis.

ATP is often used as an estimate of total microbial

biomass with a C:ATP (wt:wt) ratio of 250 as the most

widely used in oceanographic applications (see for example

Holm-Hansen, 1969b; Eppley et al., 1973; Sheldon and

Sutcliffe, 1978; Burney et al., 1979; Karl, 1980;

Sakshaug, 1980; Burns et al., 1984; Laws, et al., 1984;

Vosjan et al., 1987). However, there is considerable

variation in this ratio for different organisms under

different growth conditions (Holm-Hansen and Booth, 1966;

Hamilton and Holm-Hansen, 1967; Holm-Hansen et al., 1968;

Cavari, 1976; Mel'nikov, 1976; Sakshaug, 1977; Sakshaug

and Holm-Hansen, 1977; Hunter and Laws, 1981; Laws et al.,

1983). For example, Sakshaug (1977) and Sakshaug and

Holm-Hansen (1977) reported C:ATP ratios up to 2800 for

Skelatonema costatum and up to 1540 for Asterionella

japonica under conditions of phosphorus depletion.

However, these extreme values possibly resulted from

underestimates of pATP owing to the action of alkaline

phosphatase under phosphorus limitation (Karl, 1980).

Laws et ale (1983) reported that nutrient-limited C:ATP

ratios were negatively correlated with specific growth

rates in marine algae. Hunter and Laws (1981) reported

evidence of diurnal periodicity in C:ATP ratios in marine

algae. Transient shifts in chloroplast ATP content with
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changes in light intensity have been reported by Driessche

(1970) for Acetabularia mediterranea, and in cellular ATP

content by Lewenstein and Bachofen (1972) for Chlorella

fusca and by Bornefeld and Simonis (1974) for the blue

green alga Anacystis nidulans.

The relationship between cellular DNA and carbon

content seems to be less variable for both bacteria

(Kubitschek, 1974; Moriarty, 1986; Karl and winn, 1986)

and marine algae (Fabregas et al., 1986; Fuhrman and Azam,

1980; Dortch et al., 1983). Holm-Hansen (1969a) reported

that DNA is about 1-3% of organic carbon in marine algae,

suggesting a C:DNA ratio ranging from 33 to 100. Other

investigators report cellular C:DNA ratios varying with

growth rate (Rhee, 1978) and between taxonomic groups

(paul and Carlson, 1984; Fuhrman et al., 1986b). Fuhrman

et ale (1986a) suggested that the maximum possible C:DNA

ratio for bacteria is closer to 12 based on cell size,

volume and genome size, and that ratios are probably

closer to 5 for marine bacteria. such low ratios have

been measured for natural samples of marine bacteria.

Paul and Carlson (1984) found C:DNA ratios of

approximately 3.8 (DNA content averaging 2-6.1% C content),

but they suggested the possible existence of very small,

starved bacterial cells with low C:DNA ratios. Karl and
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Winn (1986) suggested that if cells with very low C:DNA

ratios exist, they are probably either inactive or too

small to be included in normal sampling procedures. They

also argued that a C:DNA ratio of 5 is inconsistent with

reported values for RNA, DNA, lipid, and polysaccharide

content of bacterial cells.

An alternative to calculating carbon-specific growth

rates would be to calculate DNA specific growth rates.

The two rates would be equal under conditions of balanced

growth. ~o convert DNA synthesis rates to DNA specific

growth rates, an estimate of DNA standing stock is

necessary. While DNA standing stock in laboratory

cultures can be fairly accurately measured, field

measurements are complicated by the presence of detrital

or non-replicating DNA (Holm-Hansen et al., 1968; Holm

Hansen, 1969b; Falkowski and Owens, 1982; Winn and Karl,

1986). Under certain conditions involving radiolabeled

microbial populations, the relationship between the

specific activities of ATP and of deoxyadenosine

monophosphate (dAMP) in DN~ could be used to estimate the

proportion of DNA which is active (Winn and Karl, 1986).

In situ ATP concentrations could also be used to estimate

living DNA concentrations if the relationship between

living ATP and DNA were known. There have been a few
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studies which measured both cellular DNA and ATP under

controlled conditions. strickland et ale (1969) found

DNA:ATP ratios ranging from about 4-12 (wt:wt) in several

species of marine algae under differing growth conditions

and nutrient supply. Jeffrey and Paul (1986) found ratios

ranging from about 4-10 in the marine bacterium Vibrio

proteolytica. There are other studies which measured

either ATP or DNA, but rarely both. The determination of

the relationship between DN~ ~nd ATP in live marine

microorganisms would allow in situ estimates of living DNA

in marine habitats, thereby permitting the extrapolation

of DNA synthesis measurements to DNA-specific growth

rates.

Research Objectives

The research described in this dissertation was

designed to explore the relationship between cellular

complements of DNA and ATP in marine microorganisms, with

the ultimate goal of using the derived relationship to

estimate in situ living DNA concentrations in natural

habitats. The relationship between DNA and ATP was

determined in laboratory batch and continuous cultures of

marine bacteria and algae from representative taxonomic
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groups, with emphasis on variability between species, and

effects due to varying growth rates, time of day, and

whether growth was limited by nitrogen or phosphorus.

Experiments with laboratory cultures of known growth

rates were used to verify that DNA synthesis measurements

could be converted to DNA-specific growth rates. This

information was useful in determining any inconsistencies

in the methodologies and any restrictions or limitations

which might affect its application to natural communities.

DNA specific growth rates were calculated for several

species of marine algae, in both the light and the dark.

Once laboratory results had provided an indication of

the relationship between cellular ATP and DNA, and the

applicability of converting DNA synthesis rates directly

to specific growth rates, the methods were applied under

field conditions. Laboratory-derived relationships were

used in concert with DNA synthesis rate measurements to

estimate DNA-specific growth rates for microbial

populations during two research cruises in the

oligotrophic central North Pacific Ocean. There have

already been extensive laboratory and field applications

of nucleic acid synthesis measurements (e.g. Karl, 1979;

Karl et al., 1981b; Hanson and Lowry, 1983; Winn and Karl,
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1984a,b; Karl and Bossard, 1985a; Karl, 1986; Winn and

Karl, 1986; Bell and Riemann, in press). The field

measurements included herein are of interest because of

their interpretation in light of laboratory measurements

of cellular DNA:ATP ratios, which allowed direct

conversion of measured DNA synthesis rates to specific

growth rates. comparisons with other field growth rate

estimates were made and the usefulness of the method and

the applicability of the various models for interpreting

field data discussed. The results were extrapolated to

include estimates of total microbial production and were

interpreted in light of current models of marine microbial

ecology. Recommendations for modifications and future

studies are presented.
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CHAPTER II

METHODS

There are three main objectives to the research

presented here. The first is the determination of the

relationship between cellular concentrations of DNA and

ATP in a variety of marine microorganisms. The second is

the verification of the usefulness of DNA synthesis rate

measurements in the estimation of specific growth rates.

The third is the field application of the results of the

first two objectives: to measure in situ growth rates by

measuring rates of DNA synthesis and estimating living DNA

from measurements of ATP concentrations.

In order to determine the relationship, if any,

between cellular ATP and DNA, cultures of marine

microorganisms were grown under controlled laboratory

conditions. Both batch and continuous cultures were used.

Particulate DNA, ATP, carbon (PC) and nitrogen (PN) were

measured for eight species of marine algae and six species

of marine bacteria. Controlled variables included growth

rate, cell density, and limiting nutrient (nitrogen or

phosphorus). species were selected from stock cultures

maintained at the University of Hawaii Oceanography
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Department. Table 1 summarizes relevant taxonomic data

for species used in laboratory experiments.

continuous cultures of phytoplankton were grown on

sterile-filtered IMR medium (Eppley et al., 1967) in a

system similar to that described by Laws and Bannister

(1980). Growth chamber volumes of approximately 1,3, and

5 liters were used. Concentrations of nitrate and

phosphate were adjusted to determine the source of

nutrient limitation and the final cell density. Light was

supplied from a bank of cool white fluorescent lights.

Irradiance, as measured with a Biospherical Instruments

QSL-100 light meter with a 4~ collector, was approximately

22 E·m-2·d-1 at the surface of the culture vessels.

Light:dark periods were 12hr:12hr. Temperatures were

maintained at or slightly below ambient room temperature

(22-240 C ) through use of a constant temperature water

circulator. Growth rates were regulated by adjusting the

dilution rate in the growth chamber.

Cultures were allowed to grow without any pumping of

medium until the color of the culture and direct

microscopic examination indicated that a healthy

popUlation was established in the culture vessel. Cell

densities were monitored during this period by direct
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Table 1. List of species of marine algae and bacteria
used in laboratory experiments.

MARINE ALGAE

Bacillariophyceae (diatoms)
Chaetoceros muelleri
Cyclotella cryptica

Chlorophyceae
Ounaliela salina
Ounaliela tertiolecta
Tetraselmis suecica

Chrysophyceae
Isochrysis galbana
Pavlova lutheri

Oinophyceae
Amphidinium carteri

MARINE BACTERIA

SOURCE

SERIa

SERI

UTEpb
UTEP
Taquchi, S., UHMc

Guillard, R.
UTEP

Alcaligenes cupious
Alcaligenes venustus
Pseudomonas nautica
Serratia marinorubra
Vibrio anguillarum
Vibrio damsela

ATCCe

ATCC
ATCC
ATCC
ATCC
ATCC

#27124
#27125
#27132
#27614
#14181
#33539

~olar Energy Research Instutute.
-university of Texas, El Paso.
cUniversity of Hawaii at Manoa.
dInstutute for Marine Resources, University of

California at San Diego.
eAmerican Type Culture Collection.
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microscopic counting and by particle counter (Celloscope).

Growth rates under these batch conditions were used to

estimate nutrient-saturated growth rates at the given

temperature and irradiance for each species under

consideration. This estimate of the nutrient-saturated

growth rate was then used to determine experimental growth

rates. Low growth rates were defined as less than 50% of

this nutrient-saturated growth rate. High growth rates

were defined as greater than 50% of this nutrient

saturated growth rate.

Pumping of medium began when growth rates under batch

conditions began to decrease. Dilution rates were

adjusted to select the desired growth rates. Cell

densities were monitored daily, and steady state was

defined as stable cell densities (±10%) for three

consecutive days. Cultures were periodically checked for

bacterial contamination by subjecting a sample to

microscopic examination after staining with acridine

orange (Hobbie et al., 1977). Any cultures which showed

bacterial contamination were discarded and not used for

experiments. Expected frequencies of the Poisson

distribution were used to determine the sensitivity of

this microscopic examination. Based on the volume of

culture checked for contamination and the number of
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microscope fields examined, there is less than a 5%

probability that any of the cultures used had more than

4.5 x 10 3 bacterial cells oml-1• At this density,

bacterial cell numbers would be at most 10% of algal cell

numbers, and usually less than 1%. Even if the carbon

content of bacterial cells was 10% that of algal cells,

bacterial biomass would be at most 1% of algal biomass,

and usually less that 0.1% of the total culture biomass.

The actual cell densities used were chosen to

minimize the volume of culture removed during experimental

sampling, thereby reducing perturbation of the growth

chamber steady state. For experiments requiring mUltiple

time-point sampling, no more than 5% of the growth chamber

volume was removed for any given sample. During any

experimental procedure, cell numbers were measured before

and after to assess any changes induced by the

experimental sampling itself. During some experiments,

cell numbers were followed continuously throughout the

sampling to monitor dieI changes in cell densities.

Algal batch cultures were also used for some

experiments. Algal batch cultures were grown in IMR

medium at room temperature (22-24oC) and on a 12:12

light:dark cycle. Light was provided by a bank of cool
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white fluorescent lights at an approximate irradiance of

17 E·m-2·d-1• Growth was monitored by following in vivo

fluorescence with a Turner Designs Model 10 fluorometer.

All analyses were performed on samples harvested during

exponential growth phase.

At first, sampling of continuous cultures of

phytoplankton for particulate cellular components was

performed at 6-8 time points over a·24 hour light:dark

cycle. This procedure was used to determine if the

component ratios under stUdy showed diel variations. When

no significant diel patterns were observed, sampling

intensity was reduced. This resulted in less perturbation

to the cultures being measured. Batch cultures of

phytoplankton were sampled only at one time point during

exponential growth, in the middle of the light period.

Monocultures of marine bacteria were grown under

batch conditions and sampled during exponential growth

phase. For a detailed experiment designed to closely

follow changes in cellular DNA and ATP, the marine

bacterium Serratia marinorubra was grown in 80% seawater

with 0.25 g glucose.l-1, 0.25 g bacto-peptone.l-1 and 0.05

g yeast extract·l-l• Cultures were grown in the dark at

room temperature (22-250 C). Total cell numbers were
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followed by daily microscopic counts using acridine orange

epifluorescence techniques (Hobbie et al., 1977). Viable

cell numbers were determined by plate counts (agar medium,

same composition as broth).

For a series of single time-point measurements of

DNA, ATP, PC, and PN in marine bacteria, seven batch

cultures were grown in seawater-L (SW-L) broth (1 liter

0.2 ~m sterile-filtered seawater + 5 g yeast extract and

10 g bacto-tryptone). six of these cultures were

inoculated from stock cultures of marine bacteria. The

seventh was inoculated with approximately 10 ml of GF/F

filtered seawater collected offshore from Kaneohe Bay,

Oahu, Hawaii. Growth of these cultures was followed by

measuring optical density (absorbance at 450 nm) on a

Bausch & Lomb spectronic 20, and samples for cell counts,

PC, PN, pATP, and particulate DNA (pDNA) were removed

during exponential growth phase.

Particulate DNA was determined using the

diaminobenzoic acid (DABA) assay, as described by Kissane

and Robbins (1958) and modified for oceanographic

applications by Holm-Hansen et ale (1968). The choice of

the DABA assay technique was based on laboratory

comparisons of several current techniques for DNA
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analysis: HOECHST (Paul, 1982; Paul and Meyers, 1982),

4',6-diamidino-2-phenylindol·2HCl (DAPI) (Falkowski and

Owens, 1982; Winn and Karl, 1986), diphenylamine (Parish,

1972) and DABA. To determine the relative usefulness of

these techniques with reference to the species under

study, uniformly labeled 33 p0 4 cyclostats were set up and

allowed to reach steady state. The specific activity of

P04 in the medium was used as a measure of the specific

activity of the phosphorus in cellular DNA at isotopic

equilibrium, and the concentration of pDNA determined

based on the amount of 33 p in DNA af~er purification

(parish, 1972; Winn and Karl, 1984b). This measure of

pDNA was used as a standard to compare with the other

techniques tested. The results of these comparisons will

be discussed in greater detail in the results section of

this study. The end result was that although both DABA

and diphenylamine gave fairly close agreement with results

from uniform labeling, the DABA assay was always the least

variable assay of those compared (coefficient of variation

[cv] = 1-10%). This led to the adoption of the DABA assay

as the standard pDNA measurement technique for this s~udy.

Samples for pDNA analysis using the standard DABA

assay were collected onto 0.45 ~m pore size Millipore

filters (type HA, 2.5 cm) for algal cutures and 0.22 ~m
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pore size Millipore filters (type GS, 2.5 cm) for

bacterial cultures. Volumes used were 10-100 ml for

cultures and up to 500 ml for oligotrophic ocean samples.

Samples were frozen until analysis. A detailed

description of the DABA assay can be found in Holm-Hansen

et ale (1968). 1N HCI was substituted for 0.6 N

perchloric acid (PCA) when it was found to produce similar

results. DABA reagent was purified with activated

charcoal (Robertson and Tait, 1971; Karl and Bailiff, i~

press).

On several occasions, algal culture samples for pDNA

analysis were collected on 2.5 cm Whatman GF/F filters

instead of Millipore HA filters. A modification of the

procedure described by Torsvik and Goksoyr (1978) for

measuring DNA in soil bacteria was used in this case. The

following paragraphs pertain to that procedure. Samples

from cultures were collected on 2.5 cm GF/F filters and

stored frozen until analysis. When possible, filters were

stored flat on combusted aluminum foil in closed petri

dishes, but were also stored folded in clean, disposable

culture tubes. For analysis, filters were repositioned on

a Millipore filter frit with a 15 ml chimney. All

subsequent washes were carried out with solutions at 4oC.

Ten ml 10% trichloroacetic acid (TCA) were added to the

36



chimney and allowed to sit for 1 minute before applying

low vacuum to draw the TCA through the filter. A second

10 ml 10% TCA wash was passed through the filter, followed

by two 10 ml washes of 95% ethanol. Filters were then

placed in glass liquid scintillation counter (LSC) vials

and dried at 600C for one hour.

standards were prepared by serial dilution of DNA

stock solution (lmg DNA·ml-1 in 1N NH40H; DNA from Eastman

Kodak Company, Rochester, NY). Dilutions were performed

in disposable culture tubes using 1N NH40H to produce 50

~l of each standard containing 50, 25, 12.5, 6.25, 3.1,

1.6, 0.8, and 0 ~g of DNA. 25 ~l of each standard was

spotted onto combusted GF/F filters in glass LSC vials,

yielding standards of 25, 12.5, 6.25, 3.1, 1.6, 0.8, 0.4,

and 0 ~g DNA. Standards were dried at 600C for one hour.

DABA reagent was made up at 20% (200 mg DABA·2HCl per

ml of distilled water) and treated with approximately 12.5

mg activated charcoal per ml of reagent. The DABA-

.charcoal suspension was kept at 40C for 30-60 minutes

before centrifuging and filtering to remove charcoal. 200

~l was then added to the center of each filter containing

either standard or sample. The LSC vials were capped

tightly and allowed to incubate at 600C for one hour.
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After one hour, 3 ml 1N Hel was added and samples were

vortexed and decanted into disposable culture tubes for

centrifugation before reading fluorescence. Fluorescence

for standards and samples was measured using a Perkin

Elmer LS-5 fluorescence spectrophotometer with an

excitation wavelength of 405 nm and an emission wavelength

of 505 nm.

Particulate ATP measurements in the laboratory and in

the field were made using the firefly bioluminescence

assay as described by Holm-Hansen and Booth (1966) with

modifications as described by Karl (1980). Samples for

pATP measurements from cultures of marine algae and from

the environment were collected on a Whatman GFJF filter

(2.1 or 2.4 cm) and immersed in 5.0 ml boiling P04 buffer

(60 mM, pH 7.4). Volumes were from 5.0-10.0 ml for

cultures and up to 500 ml for oligotrophic ocean samples.

Samples for pATP measurements from bacterial cultures were

extracted by direct injection of 0.5 ml culture into 5.0

ml boiling P04 buffer. Blanks for these direct injection

samples consisted of direct injection of 0.5 ml of 0.22 ~m

Millipore filtrate from the cultures. Standards for

direct injection samples were made by serial dilution of

ATP stock solution with 0.22 ~m Millipore filtrate as

well.
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To see if the Millipore HA filters used in pDNA

analysis were sampling the same population as the GF/F

filters used for pATP analysis, triplicate samples from

several cultures were collected for each analysis on both

filter types and processed as usual. There was no

significant filter effect between the two methods of

sample collection for cultured organisms (see results).

Samples for PC and PN analysis were collected on

precombusted Whatman GF/F filters, placed on combusted

aluminum foil, and stored in covered petri dishes frozen

until analysis. Samples were dried at 60°C overnight and

then analysed for PC and PN content using a Hewlett

Packard model 185B CHN analyzer. Sample volumes used were

5.0-100 ml for laboratory cultures.

Nucleic acid synthesis rates were measured using the

techniques described by Karl (1979) including

modifications described by Karl (1981), Karl et ale

(1981a,b), and Karl and Winn (1984). This method measures

DNA and RNA synthesis rates in microorganisms by following

incorporation of a radiolabeled precursor, in this case

ATP or dATP, of a known, measured specific activity. The

most commonly used labels are 32p , 33 p , and 3H-adenine.

All results presented in this study are from experiments
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done using 3H-adenine as a label. To briefly summarize,

for nucleic acid synthesis measurements on continuous

cultures, a 150-250 ml subsample was removed from the

growth chamber and placed into a 250ml beaker or flask.

Samples were mixed with a magnetic stirrer and aerated by

gentle bubbling with air. The temperature was regulated

by placing the experimental subsample into a glass

enclosed water bath. Light was supplied by the same light

source that supplied the growth chamber. At time zero,

3H-adenine was added to a radiochemical concentration of

100 nCi·ml-1• At selected time points, a sUbsample was

removed, filtered through a 2.4 cm GF/F filter and placed

in boiling 60 mM P04 buffer for five minutes, as in pATP

analysis. This sample was later analyzed for ATP specific

activity. Also at selected time points, a second

subsample was filtered through a GF/F filter for nucleic

acid purification. Filtrate was collected to follow the

disappearance of label from solution. The amount of

activity in the filtrate after treatment with activated

charcoal was subtracted from the total activity in the

filtrate to give an estimate of the activity due to 3H_

adenine still in solution.

The amount of label incorporated into DNA and RNA was

determined after nucleic acid purification (Parish 1972;
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Karl, 1981). To convert these measurements into actual

synthesis rates, the specific activities of their

precursors, ATP and dATP were determined. ATP was

concentrated by evaporation and re-elution in distilled

water. Chemical ATP concentrations were measured in the

concentrated ATP extract using the firefly bioluminescence

assay on a diluted aliquot. Radiolabeled ATP in the

extract was separated from other labeled nucleotides and

precursors by one-step thin-layer chromatography (TLC)

(Emerson and Humphreys, 1971; Karl, 1979). Unlabeled

'cold' ATP was added as an optical tracer and to estimate

TLC recovery efficiency. TLC purified ATP was re-eluted

in 1M MgCl2• Ten ~l were diluted into 1 ml P04 buffer and

assayed for ATP using the firefly bioluminescence assay to

estimate TLC efficiency. The remainder was counted by LSC

to measure activity in the recovered ATP. The specific

activity of the ATP was then calculated from the

concentration of ATP in the concentrated extract, and from

the activity measured in the TLC-purified ATP, with

corrections for TLC efficiency. It was assumed that ATP

and dATP were in equilibrium (Karl, 1981) and so the

specific activity of dATP was the same as that of ATP.

The actual data derived from a nucleic acid synthesis

incubation consists of a measure of radiolabel in DNA and
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RNA, expressed as nCi·vol-1, and a measure of the specific

activity of the particulate ATP pool in nCi.pmol-1

adenine. If possible, these data are collected during a

time course, but this is not always possible, particularly

during in situ incubations at sea. The conversion of

these measurements into estimates of ~ or nucleic acid

synthesis rate is governed to some extent by the

assumptions made concerning the population under study.

For estimates of growth rates, DNA synthesis rates are

most applicable, particularly since there is little or no

metabolic turnover within microbial cells (Moriarty,

1986). For example, the amount of radiolabel in the DNA

pool at some time t after the addition of the radiotracer

3H-adenine may be described as:

1)

where DNA~ is the activity of the nucleic acid pool under

consideration, Rt is the synthesis rate of that nucleic

acid (pmol adenine.vol-1.time-1), and SAt is the specific

activity of the nucleic acid precursor pool (ATP [=dATPJ)

in nCi.pmol-1• In this model there is no loss of label

through death or grazing. This would be a reasonable

assumption for batch cultures during exponential growth,

for cyclostat cultures where the incubation time is short
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relative to the culture turnover time, for relatively

short field incubations and for longer field incubations

if predators could be removed, for example by pre

screening or sample dilution. If it is assumed that the

precursor pool equilibrates quickly relative to the

incubation time, then SAt may be considered as a constant.

otherwise, the integral average ATP specific activity is

appropriate. Furthermore, if exponential growth is

postulated, then

2)

where ~ is the specific growth rate and DNAt is the

concentration of nucleic acid at time t (pmol·vol-I).

From the exponential growth model, it is also true that

3)

where DNAO is the initial concentration of' DNA. with

these modifications, equation 1 becomes

DNA~ = SAI:~(DNAo)e~tdt 4)

= ~(DNAO) (SA)J:e~tdt 5)

= (DNAO) (SA)(e~t-I) 6)
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Solving for JJ.

JJ. = In[(DNA~)/(DNAoSA)+l]/t 7)

Therefore, JJ. can be estimated provided that an estimate of

DNAO is available. As the present study shows, DNAo can

be estimated by measuring ATP concentrations and applying

a suitable DNA:ATP ratio (K).

If the incubation is kept short enough so that DNAt,

and hence Rt can be assumed to be constant, equation 1

becomes

* JtDNAt = R oSAtdt

where R is a constant DNA synthesis rate.

8)

This same

equation would apply when DNA standing stock is kept

constant by death or grazing, but where death and grazing

do not remove label from the particulate DNA pool. The

integrated specific activity of the precursor can be

estimated from time-course or end-point data, and R

calculated as:

9)
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Again, ~ can be calculated from the basic growth equation,

if the concentration of nucleic acid is known:

d(DNA)/dt = ~(DNAt)

where R approximates d[DNA]/dt. Therefore,

~ = R/DNA = [DNA~(J:SAtdt)]/DNA

10)

11)

Once again, the living DNA concentration can be estimated

by measuring the pATP concentration and applying a

suitable DNA:ATP ratio (K). Equation 11 then becomes

~ = [DNA~(J:SAtdt)]/(ATP.K) 12)

Since this model applies to an assumed steady state

population, where DNA and ATP concentrations remain

constant, equation 12 can be written as

13)

*where ATPt is the total measured activity of the ATP pool

at time t. Notice that the growth rate estimate is
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independent of the measured ATP concentration and an

inverse function of the value selected for K.

While the conditions required by both of the models

described above can be reasonably approximated in the

laboratory, field incubations are more complicated. The

assumptions behind interpretation of field results will be

discussed in the appropriate results section.

DNA synthesis rates can be converted into carbon

production estimates by application of an appropriate

conversion factor. Winn and Karl (1984b) citing Holm

Hansen (1969a) suggested that DNA is 1-3% of cellular

carbon by weight, and recommended multiplying DNA

synthesis rates by 50 to estimate carbon production rates.

Results from the present study include estimates of

celluar carbon and DNA and so will provide additional

estimates of this conversion factor.

As mentioned previously, DNA synthesis rates can be

converted directly into specific growth rates if standing

stock of living DNA is known. While living DNA is readily

measured in laboratory cultures, field measurements are

unreliable because of interference from detrital DNA

(Holm-Hansen et al., 1968; Falkowski and Owens, 1982).
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ATP, however, shows little or no detrital interference

(Holm-Hansen and Booth, 1966; Karl, 1980; Sakshaug, 1980),

and one of the objectives of this study is to elucidate

the relationship between DNA and ATP in marine

microorganisms to allow estimation of living DNA in the

marine environment. This estimate, in conjunction with in

situ DNA synthesis measurements, allows microbial DNA

specific growth rate estimates.

Field application of laboratory derived DNA:ATP

relationships took place during research cruises

designated ADIOS (Asian Dust Input to the Oceanic System)

I and II. ADIOS I was during March and April of 1986.

ADIOS II was during September and October of 1986. Both

cruises were to 26oN, 1550W, and all field samples were

collected at or near this station. Both cruises were

aboard the University of Hawaii research vessel R/V Moana

Wave.

All field incubations were carried out on deck in

incubators designed to reproduce light intensity and

spectral quality at 100%, 35%, 18%, 3.5%, 1%, and 0.1% of

subsurface (0.5m) irradiance. Spectral quality was

simulated by the use of blue and blue-violet plexiglass

(Rohm and Haas ple~iglass numbers 2069 and 2424). These
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intensities corresponded to depths of 0, 20, 40, SO, 100,

and 150 meters during ADIOS I and 0, 20, 40, SO, 110, and

150 meters during ADIOS II. To determine appropriate

depths corresponding to the predetermined light

intensities, light transmittance through the water column

was measured using a LiCor model 1935B spherical quantum

sensor. Simultaneous on-deck measurements of surface

irradiance allowed determination of appropriate depths for

collecting water samples. Only one vertical light profile

was performed per cruise, and the appropriate depths were

assumed to remain relatively constant.

All incubators were maintained at approximate surface

sea water temperatures by a continuous flow of surface sea

water supplied by a keel-depth pump intake. This

temperature was 21-230C during ADIOS I and 26-2SoC during

ADIOS II.

Effects of cloud cover, wind velocity, and wave

height on light transmittance were expected to be minimal

since light intensities were normalized to the irradiance

just below the surface (Kirk, 1983). The major factors

influencing light transmittance in the open ocean are the

relatively stable humic substances (Kopelevich and

Burenkov, 1977), and the variable phytoplankton pigments
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and associated organic material (Smith and Baker, 1978).

Chlorophyll g concentrations were fairly constant during

both the ADIOS I and ADIOS II cruises, although DiTullio

(1987) reported a doubling of total chlorophyll g in the

euphotic ·zone following a storm during ADIOS I. Using

equation 14 from Smith and Baker (1978) and the estimated

extinction coefficient of O.0546·m-1 for the study area

before the storm as reported by DiTullio (1987), the

calculated effect of a doubling in chlorophyll g

concentration during the ADIOS I storm would be to

increase the extinction coefficient by 0.00455·m-1, or by

about 10%. This increase is applicable to those water

samples collected on April 14, 1986, and suggests that

light levels at the depths sampled were lower than those

reproduced in the corresponding incubators. This

difference would be most apparent at 150 meters where the

light intensity would be approximately 0.06% instead of

0.1% of surface irradiance.

Field samples were collected using 30L Niskin Go-Flo

bottles and trace-metal free sampling techniques as

recommended by Fitzwater et al. (1982). KEVLAR line was

used in place of standard hydro-wire, and all metal

components of the sampling string (blocks, sheaves,

weights, messengers, etc.) were replaced with metal-free
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substitutes (polyvinyl chloride [PVC], composite, or

teflon-coated). Samples were collected during these

cruises between the surface and the depth of 0.1% surface

light intensity, which occurred at approximately 150

meters.

Samples for pDNA and pATP were drawn on deck into 4.5

liter polycarbonate bottles which were transferred inside

the laboratory. Subsamples for pATP analysis were

filtered through 2.4 em GF/F filters and placed in boiling

60mM P04 buffer for five minutes and then frozen for

analysis by the firefly bioluminescence assay on shore.

Subsamples for pDNA analysis were filtered through 2.5 cm

HA Millipore filters (0.45 ~m pore size, ADIOS I only).

One ml diatomaceous suspension (0.25g in 100 ml distilled

water) was also filtered as a purification aid (Holm

Hansen et al., i968), and the filters frozen for pDNA

determination by DABA analysis on shore.

Water samples for use in nucleic acid synthesis rate

experiments were collected before dawn from appropriate

depths in 30 liter Go-Flo Niskin bottles. Because of the

labor intensive nature of time-course experiments, no more

than two were attempted simultaneously. Experiments
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involving only end-point measurements were performed six

at a time.

All field samples were protected from light shock

during sampling. For time-course incubations

approximately 9 liters from a given depth were collected

into a 10 liter polycarbonate carboy and mixed. 3H_

adenine was added to a radiochemical concentration of

approximately 100 ~Ci.l-1 and the sample mixed and divided

into two 4.5 liter polycarbonate bottles and transferred

to the appropriate on-deck incubator. For endpoint

incubations, samples were collected directly into a 4.5

liter polycarbonate bottle and 3H-adenine added as before.

The field studies presented herein were done in

conjunction with numerous other measurements including

water column temperature and salinity, 14C primary

production, nitrogen assimilation, grazing experiments,

and vertical carbon and nitrogen flux measurements. Many

of these results have already been pUblished (DiTullio,

1987; Laws et al., 1989), and will be cited periodically.
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CHAPTER III

RESULTS

The results from this study are grouped into two

major classifications: laboratory studies which were used

to define the relationships between cellular DNA, ATP, and

DNA synthesis rates, and field experiments which

demonstrated the applicability and limitations of the

methods in the oligotrophic North Central Pacific Ocean.

Laboratory studies can also be divided into two major

categories. The first concerns measurement of cellular

DNA and ATP in various species of marine algae and

bacteria under varying growth conditions. The second

involves using the derived relationship between cellular

DNA and ATP to estimate cell growth rates from DNA

synthesis rate measurements.

Laboratory results

DNA assay comparison

The degree of confidence with which the laboratory

derived relationships between cellular DNA and ATP can be

accepted is largely dependent on the reliability of the
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methods used for measuring those cellular components. The

following section presents the results of several

experiments designed to verify the reliability of the

methods used for estimating pDNA and pATP in laboratory

cultures.

To select from the various techniques for measuring

pDNA, two experimental comparisons were performed. The

first comparison of pDNA assays was performed on a

uniformly 33po4-labeled continuous culture of ~ salina.

The measured specific activity of phosphate in the growth

medium was used as a measure of the specific activity of

phosphorus in DNA, thereby permitting estimation of pDNA

based on measured activity in purified DNA. This estimate

was compared with estimates from four other pDNA assays.

The results are presented in Figure 1a. Both

diphenylamine and DABA gave estimates which agreed well

with the estimate from radiolabeling. HOECHST and DAPI

gave estimates an order of magnitude lower. DABA showed

the lowest coefficient of variation (cv=5.1%). HOECHST

and DAPI had the highest coefficients of variation at

15.7% and 48.0%, respectively. Radiolabeling and

diphenylamine had coefficients of variation of 6.7% and

13.2%, respectively.
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Figure 1. Comparison of DNA assays. All assays performed
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Assays from uniformly 33p-Iabeled culture of ~ cryptica.
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Possible explanations for the large observed

differences between the assays include the method of DNA

extraction, and the chemical nature of the assays

themselves. Both HOECHST and DAPI dyes react with the A-T

pairs of double-stranded DNA. Both assays also use

homogenization and/or sonication to disrupt cells and to

release nucleic acids (Brunk et al., 1979: Falkowski and

Owens, 1982: Paul and Meyers, 1982). Excessive sonication

can result in denaturization of DNA (Paul, 1972) and

subsequent reduction in fluorescence (Brunk et al., 1979).

Cell lysis and nucleic acid extraction" are done chemically

in the DABA assay, and the DABA reagent reacts with the

deoxyribose in DNA and should be relatively unaffected by

disturbance of the primary or secondary structure of the

DNA molecules. It should be possible to resolve the

differences between the assays by designing experimental

procedures for that specific purpose. However such an

investigation was not included as part of the present

research.

The next comparison of pDNA assays focused on DABA

and diphenylamine. A uniformly labeled continuous culture

of ~ cryptica was used for this comparison, and the

results are presented in Figure lb. Once again, both DABA

and diphenylamine show good agreement with radiolabeling,
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and once again the smallest coefficient of variation was

associated with DABA (cv=6.1%), with radiolabeling and

diphenylamine showing coefficients of variation of 7.7%

and 42%, respectively.

These results, supported by additional assay

comparisons by Winn (unpublished data, personal

communication) involving marine bacteria, algae and

natural mixed microbial populations, led to the adoption

of the DABA assay for use in this study. This assay is

simple, precise, and has a history of oceanographic

application (see discussion).

Filter comparisons

A series of experiments was conducted to verify that

the Millipore HA filters used to sample for pDNA were in

fact sampling the same population as the Whatman GF/F

filters used for PC, PN; and pATP analysis. The

experiments consisted of paired sampling for pATP and pDNA

using both filter types from a variety of algal cultures.

For both pATP and pDNA, a paired comparison test for the

difference between two means was conducted to verify that

the two filter types were giving comparable results. The

null hypothesis that there were no differences between
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filters could not be rejected in either case (O.9>P>O.5

for both pATP and pDNA comparisons). Figures 2 and 3 show

the comparisons normalized to cellular ATP and DNA

content, and a line corresponding to perfect agreement is

drawn as a visual reference.

Measurements and ratios of cellular DNA and ATP

In order to observe effects of growth rate and source

of nutrient limitation on algal DNA:ATP ratios, a total of

11 24-hour studies were performed for 5 algal species

under varying growth conditions. The results of these

studies are presented in Figures 4-14. Before drawing any

conclusions concerning the effects of growth rate or

nutrient limitation on cellular DNA:ATP ratios, some

estimate of the dieI variability under a given set of

growth conditions was desired. A Wilcoxon 2-sample test

was applied to test for significant differences between

DNA:ATP ratios measured in the light and in the dark.

Eight of the 11 diel studies have sample sizes large

enough to apply this test. In all cases, the null

hypothesis of no difference between light and dark ratios

could not be rejected.
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Figure 9. DNA and ATP measurements and DNA:ATP ratios
from a P-limited cyclostat culture of ~ cryptica. Cell
density = 2.7X105 cells/ml; ~ = 1.O/d. Error bars are ± 1
s.e., based on triplicates.
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since no diel differences could be demonstrated,

replicate measurements from a given growth condition could

be combined into a single estimate. Because the parameter

of interest in these studies is a ratio of two measured

quantities (pATP and pDNA), both of which have some error

associated with them, it was decided that a simple

arithmetic mean might not be appropriate, since such a

measure of central tendency assumes that the variable in

question is normally distributed.

To determine an appropriate estimate of central

tendency, a mathematical simulation was run to study the

distribution characteristics of the measured ratios.

Using the results from the first 24-hour study of ~

salina, the variability of triplicate pDNA and pATP

measurements was determined. Assuming that measurements

of pATP and pDNA are themselves normally distributed

around some mean value, 500 pairs of simulated DNA and ATP

measurements were generated with the same mean and

standard error as the actual data. These pairs of

generated measurements were then converted to 500 DNA:ATP

ratios and the distribution of these ratios tested for

goodness of fit to a normal distribution using a chi

square test (Figure 15a). The results of this test led to

a rejection of the null hypothesis of normality (P<0.005).
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The SOO generated ratios were then log-transformed and the

same test applied (Figure lSb). The null hypothesis of

normality in this case could not be rejected (O.S>P>O.l).

For this reason, the geometric mean was selected as a more

appropriate estimate of central tendency for the ratios

measured in this study.

Although statistically significant diel differences

in DNA:ATP ratios could not be demonstrated, differences

resulting from changes in growth rate or limiting nutrient

were apparent. Of the 11 diel studies, 10 were set up as

paired experiments to observe any differences between high

and low growth rates or between nitrogen or phosphorus

limitation. A Wilcoxon 2-sample test was again used to

test for significant differences between experimental

conditions. The results are summarized in Table 2.

Statistically significant (p~O~OS) differences in DNA:ATP

ratios were observed between high and low growth rates for

nitrogen limited cultures of ~ carteri and ~ cryptica

and between N- and P-limited cultures of ~ cryptica

growing at high growth rates. No statistically

significant differences could be demonstrated between high

and low growth rates for N-limited cultures of ~ salina

and ~ lutheri, or P-limited cultures of ~ cryptica. No

statistically significant difference could be demonstrated
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Table 2. Results of wilcoxon two-sample tests comparing DNA:ATP ratios from
algal cyclostats at low and high growth rates (a) and under nitrogen and

phosphorus limitation (b).

a) • comparison of low and high specific growth rates.

Species Limiting Low growth rate High growth rate Probabilitya
nutrient JJ. (lId) DNA:ATP JJ. (lId) DNA:ATP (p)

b..:.. carteri N 0.22 28 0.67 22 p=0.05

.Q.:.. cryptica N 0.36 14 0.95 17 p<0.05
b.Q.:.. crvptica P 0.62 14 1.0 13 n.s.

!h salina N 0.32 11 0.95 11 n.s.

--J z, lutheri N 0.19 15 0.74 11 n.s.
"'"

b) • Comparison between Nand P limitation.

species Growth
rate

N limited
JJ. (lId) DNA:ATP

P limited
JJ. (lId) DNA: ATP

Probability
(p)

.Q.:.. cryptica

.Q.:.. cryptica
Low
High

0.36
0.95

14
17

0.62
1.0

14
13

n.s •
p<O.OOl

aprobability of obtaining the calculated Wilcoxon two-sample statistic if
the two values being compared came from the same sample population.

b no t significant - no difference between the two values could be demonstrated
at the 5% probability level (p>0.05).



between N- and P-limited cultures of ~ cryptica at low

growth rates.

In addition to the 24-hour diel studies discussed

above, a number of batch and continuous algal cultures

were grown and sampled less extensively. Table 3

summarizes the information obtained from all batch and

continuous algal cultures. All average ratios are

geometric means. Where available, POC:DNA and POC:ATP

ratios have also been included. DNA:ATP ratios range from

8.5 to 33.0. Figure 16 shows the relationship between

cellular DNA and ATP normalized to cell counts.

Differences between species and consistency within species

are readily apparent.

Figure 17 presents the results of an experiment which

followed DNA, ATP, total cell number, and viable cell

number in a batch culture of the marine bacterium ~.

marinorubra. As expected, DNA concentrations reflect

total cell numbers while ATP concentrations reflect viable

cell numbers. Of particular interest are the first 48

hours of growth, as the culture passes from lag phase

through logarithmic growth to stationary phase. During

this time, all cells appear to be viable, and as Table 4

indicates, the ratio of cellular DNA to ATP ranges from a
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Table 3. Summary of ratios of DNA, ATP and POC in batch and continuous
cultures of marine algae (continued on following page).

Species IJ. Limiting Cellsl.ml DNA:ATP POC:ATP POC:DNA
(lid) nutrient (X10~) (wt:wt) (wt:wt) (wt:wt)

A. carteri loga -
____b

31 1187 38
1::: carteri 0.22 N 28 28 924 33
A. carteri 0.40 N 3.5 33 1142 35
~ carteri 0.67 N 6.8 22 848 39

~ cryptica 0.36 N 29 14
____c

~ cryptica 0.62 P 27 14
~ cryptica 0.95 N 31 17
~ crvptica 1.0 P 27 13

~ c. muelleri log - ---- II 671 62
0'1 c. muelleri 0.34 N 51 13 1152 91

D. salina log - ---- 8.5 627 74
D. salina 0.15 N 1.8 9.0 726 81
!h salina 0.32 N 8.6 11
n, salina 0.35 N 2.8 10 830 82
!h salina 0.95 N 4.2 11



Table 3. (Continued) Summary of ratios of DNA, ATP and POC in batch and
continuous cultures of marine algae.

Species Ii Limiting Cellsl.ml DNA:ATP POC:ATP POC:DNA
(lid) nutrient (X10~) (wt:wt) (wt:wt) (wt:wt)

!h. tertiolecta 0.38 N 9.1 29 953 33

.L.. galbana log - ---- 11 1660 157
h galbana 0.23 N 25

_~:_d 2960 141
.L.. galbana 0.35 N 120 ---- 53
h aalbana 0.60 N 50 17 1729 103

.£.:.. lutheri 0.19 N 130 15 2050 133
z, lutheri 0.74 N 120 11 1950 176

-.J 1..:.. suecica log - ---- 10 556 56-.J

1..:.. suecica 0.41 N 6.8 19 1089 58
1..:.. suecica 0.90 N 5.3 16 750 47

-
alog growth indicates batch cultures.
b no cell numbers available for batch cultures; growth followed by in

vivo fluorescence.
c pOC was not measured for ~ cryptica cultures, or for 2 cultures of !h.

salina.
d no ATP measurements taken.
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Table 4. DNA, ATP, total cell numbers and viable cell numbers over 14
days after innoculation in a batch culture of Serratia marinorubra.

-
Time Cells/ml % ATP DNA DNA:ATP

(days) Totala Viableb Viable (ng/ml) (ng/ml) (wt:wt)

0 9.4E+05 8.4E+05 90 0.1 5 72
0.25 1.1E+07 1.1E+07 107 20 260 13
0.5 1. 9E+08 2.1E+08 111 83 2000 25
1 4.0E+08 5.1E+08 128 62 3300 54
2 3.6E+08 4.2E+08 118 43 3600 83
3 5.7E+08 2.1E+08 36 41 3600 89
4 5.0E+08 4.6E+08 91 23 3700 160
5 5.8E+08 3.9E+08 66 36 3500 95
7 5.5E+08 4.1E+08 75 8.6 3700 430

(XI 10 5.3E+08 6.3E+07 12 11 3800 340
a 14 6.7E+08 1.1E+08 17 14 5100 360

ameasured by microscopic counting after staining with acridine orange.
bmeasured by plate counts after dilution.



minimum of 13 at the beginning of logarithmic growth to a

value of 83 by the onset of stationary phase. The

accumulation of non-viable or dying cells after several

days further elevates measured DNA:ATP ratios.

In addition to the ~. marinorubra time-course

experiment discussed above, pATP, pDNA, POC, and PON were

measured in batch cultures of 6 species of marine bacteria

from laboratory stock cultures and from a natural sample

of seawater collected offshore from Kaneohe Bay, Oahu,

Hawaii, and sampled in mid- to late-logarithmic growth

phase. Figure 18 shows the growth curves of the cultures

as followed with optical density. Times of sampling are

also indicated. Table 5 presents a summary of the results

from this single time-point for each culture. Ratios of

DNA:ATP ranged from 25-38 during mid-logarithmic phase.

Those cultures sampled later in exponential growth or

early in stationary phase showed higher DNA:ATP ratios.

This is probably due to the accumulation of detrital DNA.

POC:DNA ratios were fairly constant, ranging from 17 to

51, with a geometric mean of 34. The culture inoculated

with Kaneohe Bay water contained no measurable pATP by the

time it was sampled, suggesting that growth had ended and

few viable cells remained. However, poe and pDNA were

still measurable, with a ratio of 17.1.
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Table 5. Summary of DNA, ATP and poe ratio measurements from
batch cultures of marine bacteria. Growth was followed by
measuring light absorbance at 450 nm. All measurements are

from triplicate samples.

Growth DNA:ATP POC:ATP POC:DNA
species phasea (wt:wt) (wt:wt) (wt:wt)

Alcaligenes cupious late exp 184 6175 34
Alcaligenes venustus mid exp 25 1276 51
serratia marinorubra mid exp 38 904 24
Pseudomonas nautica mid exp 30 1367 45
Vibrio angui1larum mid exp 30 1264 42
Vibrio damsela late exp _~~b 1028 21
Kaneohe Bay stationary ---- 17

00
0\

~see Figure 18 for actual sample times.
no measurable particulate ATP.



DNA synthesis rate calibrations

A series of experiments was conducted to verify that

DNA synthesis rates, as measured by incorporation of 3H

adenine, could be accurately converted to specific growth

rates once DNA standing stocks were known, either through

direct measurement or from DNA:ATP ratios. Comparisons

were made between synthesis rates in the light and the

dark, and between fast and slow growth rates, defined as

being greater than 50% or less than 50% of the nutrient

saturated growth rate, respectively. The results are

presented in Figures 19-22. Figures 19 and 20 pertain to

cultures of ~ lutheri at fast and slow growth rates in

the light and the dark. Figure 21 pertains to a culture

of ~ muelleri grown at a relatively slow growth rate.

This experiment was run during the light period. Figure

22 pertains to a culture of ~ carteri at slow growth rate

in the light and dark. Table 6 presents the values for

specific growth rates as calculated from DNA synthesis

rates for these time-course experiments.

All time-course experiments depicted show evidence of

the compartmentalization effects described by Winn and

Karl (1984a), who found that true rates of DNA synthesis

were overestimated for approximately the first 30 minutes
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Figure 19. ~ lutheri time course incubation data.

Incorporation of 3H-adenine into ATP (a) and DNA (b),

with calculated specific growth rates (c). Filled

circles - night; hollow circles - day. Dashed line

indicates ~ = O.74/d = cyclostat dilution rate.
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Figure 20. ~ lutheri time course incubation data.

Incorporation of 3H-adenine into ATP (a) and DNA (b),

with calculated specific growth rates (c). Filled

circles - night; hollow circles - day. Dashed line

indicates ~ = 0.19/d = cyclostat dilution rate.

90



2.0
a),....-...

0

E
0..

<,
U 1.0
c

.........",

0..
I-«

0.0

12.0
,....-... b)
E

<, 8.0
U
c

<;:»

<t 4.0
Z
0

0.0

1.0
c)

,....-...
"'D
<,

0.5..--
<::»

:::i.
--------- --------

0.0
0 60 120 180

Time (min)

91



Figure 21. ~ muelleri time course incubation data.

Incorporation of 3H-adenine into ATP (a) and DNA (b),

with calculated specific growth rates (c). Daytime

only. Dashed line indicates ~ = O.34/d = cyclostat

dilution rate.
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Figure 22. A. carteri time course incuba~ion data.

Incorporation of 3H-adenine into ATP (a) and DNA (b),

with calculated specific growth rates (c). Filled

circles - night; hollow circles - day. Dashed line

indicates ~ = O.22/d = cyclostat dilution rate.
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Table 6. comparison of specific growth rate estimates (#) as calculated from DNA
synthesis rates and cyclostat dilution rates in laboratory cultures of marine

algae.

Species: £.,. lutheri .f.:. lutheri lh. carteri ~ muelleri
Dilution rate (#): 0.74/d 0.19/d 0.22/d 0.34/d

Incubation # calculated from DNA synthesis (l/d)
time
(min) Day Night Avg. Day Night Avg. Day Night Avg. Day

--
4 8.3 2.6 5.5 0.75 ---- 0.75 0.84 ---- 0.84 0.56
8 ---- ---- ---- ---- ---- ---- 0.29 ---- ---- 0.35

16 1.3 0.26 0.78 0.29 0.56 0.43 0.23 0.43 0.33 0.29
30 1.1 0.94 1.0 0.41 0.37 0.60 0.20 0.24 0.22 0.35

~ 60 0.95 0.63 0.79 0.28 0.24 0.26 0.09 0.14 0.12 0.13
0'1 90 ---- ---- ---- ---- ---- ---- 0.08 0.10 0.09 0.16

120 1.1 0.24 0.67 0.28 0.15 0.22 0.11 0.10 0.12 0.10
180 0.84 0.36 0.60 0.25 0.13 0.19 0.06 0.12 0.09 0.06



of incubations involving cyclostat cultures of marine

algae. Since all experiments were conducted with

approximately equal additions of 3H-adenine, patterns of

labeling can be directly compared, at least qualitatively.

For example, Figure 19 suggests that although the labeling

kinetics of ATP in ~ lutheri are similar in light and

dark at fast growth rates, incorporation of label into DNA

is slower in the dark. This results in a daytime growth

rate estimate after three hours of O.84 od-1 and a

nighttime estimate of 0.36 od-1 which averages out to

0.60 od-1, compared with a dilution rate of 0.74 od-1. The

decrease in ATP specific activity after 30 minutes

reflects depletion of extracellular adenine. Implications

of this depletion will be discussed in the next section.

This depletion is less dramatic in ~ lutheri growing

more slowly (Figure 20), although after about 90 minutes

in the light, the effect becomes evident. At slower

growth rates, ~ lutheri still seems to synthesize DNA

more slowly in the dark than in the light, resulting in a

nighttime growth rate estimate of 0.13 od-1, a day estimate

of 0.2S od-1, and an overall average of 0.19 od-1, which is

the same as the dilution rate. As might be expected, it

also appears that compartmentalization effects last longer
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at slower growth rates suggesting a slower equilibration

of internal ATP pools.

The data presented for cultures of ~ muelleri and ~

carteri (Figures 21 and 22) are less conclusive. In both

species, growth rate estimates as determined by DNA

synthesis after an initial period of compartmentalization

(i.e. 30 minutes) agree very well with the growth rate as

fixed by the cyclostat dilution rate. After 30 minutes

growth rate estimates for ~ carteri are 0.20-d-1 in the

day and 0._24-d-1 in the night, for an average estimate of

0.22-d-1 which agrees exactly with the dilution rate. For

~ muelleri, with only daytime incubation data available,

the estimated ~ of· 0.3S-d-1 after 30 minutes agrees well

with the dilution rate of 0.34-d-1_ However, continued

incubation shows indications of curtailed DNA synthesis,

as evidenced by a substantial reduction or cessation of

label incorporation into DNA even though the ATP pool is

still labeled_ This is possibly a result of the fact that

time-course experiments were run on subsamples of cultures

which were removed from the culture vessel and their

supply of nutrients, although further study would be

required to confirm this. As Table 6 indicates, by the

end of the 3-hour incubation, DNA synthesis rates suggest

a growth rate of 0.06·d-1 in the day and 0.12 in the night

98



for ~ carteri, and 0.06·d-1 for ~ muelleri in the day,

compared with dilution rates of 0.22 for ~ carteri and

0.34·d-1 for ~ muelleri. These underestimates result

from the fact that incorporation of label into the DNA

fraction has been curtailed, even though the precursor

pool is still labeled, and suggests that either DNA

synthesis rates have been reduced, or that alternate

pathways for synthesis, involving unlabeled precursors,

are being followed.

The ambiguous results of these calibration

experiments are probably largely due to the experimental

setup used and to depletion of the extracellular adenine

pool during incubations. The experimental setup was

designed to minimize the amount of radiolabel necessary,

and involved removing a subsample from the growth chamber

into a smaller vessel for the addition of the labeled

adenine. Rather than attempting to pump labeled growth

medium at a rate equal to the dilution rate of the

cyclostat growth chamber, the culture sUbsample was

allowed to grow as a batch culture after the addition of

labeled adenine, under the assumption that cell growth

would continue without significant change for the duration

of the incubation. Inspection of the DNA specific

activity curves in Figures 19-22 indicates that this was
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not necessarily the case. Figures 19, 21, and 22 all show

sudden decreases in the rate of label incorporation into

DNA, usually after about 30 minutes, possibly suggesting a

reduction in DNA synthesis rates as a result of the

depletion of nutrients in the experimental vessel. This

could be avoided by performing incubation experiments

directly in the growth chambers to maintain the exact

growth conditions of the cultures under study. This would

require the addition of greater amounts of radiolabel,

however, and would also require corrections for dilution

of the label by the continued addition of growth medium

during the incubation, unless that medium was also labeled

to the same radiochemical concentration as in the growth

chamber.

Another possible explanation for the sudden changes

in DNA labeling kinetics is the depletion of extracellular

adenine, as evidenced by ATP specific activities which

begin decreasing after 30-90 minutes. Winn and Karl

(1984a) have stressed the importance of maintaining

extracellular adenine throughout these types of

experiments for two main reasons. First, it ensures a

uniform and constant labeling of the intracellular

precursor (ATP) pool. Second, the presence of exogenous

adenine suppresses de novo synthesis of adenine.
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Depletion of the exogenous adenine supply results in

intracellular cycling of RNA and de novo synthesis of

adenine resulting in altered labeling kinetics.

Adenine depletion is evident in the ATP labeling

curves of Figures 19, 21, and 22, which all show a fairly

rapid increase in ATP specific activity followed by a

gradual decrease in specific activity. This renders data

from the latter portions of the incubation suspect.

Unfortunately, compartmentalization affects the validity

of the initial portion of the incubation and makes

interpretation of the data presented in Figures 19-22

somewhat subjective. Table 7 presents an interpretation

of these time-course data based on a re-evaluation of the

optimum length of incubation. The appropriate incubation

time was selected to allow for equilibration of internal

ATP pools but short enough to avoid the effects of

changing DNA labeling patterns due to adenine depletion or

shifts in cellular metabolism. This produces better

agreement between known and estimated growth rates, which

now agree to within a few percent.

Adenine depletion was not a problem in field

incubations. Uptake over a 6-hour incubation always

amounted to less than 50% of the added label. Also, since
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Table 7. Evaluation of laboratory comparisons of ~ as derived from DNA
synthesis rates and from cyclostat dilution rates.

species Dilution Incubationa
~ from DNA synthesis rate

rate Time
(~ , lid) (min) Day Night Average

z, lutheri 0.74 60 0.95 0.63 0.79

z, lutheri 0.19 120 0.28 0.15 0.22

A.:.. carteri 0.22 30 0.2 0.24 0.22

£.:.. muelleri 0.34 30 0.35 ----b 0.35

aAn ~ posteriori selection designed to minimize the effects of kinetic
compartmentalization and extracellular adenine depletion.

bno nighttime experiments performed.



whole water samples were used, the natural mechanisms for

recycling nutrients shoud be maintained, in the absence of

any other adverse containment effects.

The results of these experiments suggest that under

proper experimental conditions, DNA synthesis rates can be

used to estimate specific growth rates. There is some

evidence that synthesis rates in the dark are slightly

slower than in the light, and when possible, measurements

in both light and dark are desirable. It is also

important to maintain the growth conditions of the culture

under study, since, not surprisingly, DNA synthesis rates

may respond fairly quickly to environmental perturbations.

It is important that the pattern of accumulation of label

into DNA continue in a consistent manner after

equilibration of the precursor pool.

Field Results

The relationship between DNA, ATP, and DNA synthesis

rates was applied in a series of experiments conducted

during the ADIOS I and II cruises during the spring and

fall of 1986. These cruises were part of a project

designed to study the effects of aeolian input on
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productivity and vertical fluxes in the oligotrophic North

Central Pacific Ocean. Figures 23-26 show temperature and

sigma-t profiles from both cruises. The depth of the

mixed surface layer in the spring was approximately 100

meters, with a fairly gradual thermocline and pycnocline.

In the fall, the depth of the mixed layer was only about

50 meters. The summer thermocline and pycnocline are

clearly evident in Figures 25 and 26. Surface water

temperatures in the spring were approximately 20.0-21.0

°C. By the fall cruise surface water temperatures had

increased to approximately 25.0-26.0oC.

DiTullio (1987) measured primary production using 14c

incorporation techniques during the ADIOS cruises. Net

primary productivity at the site averaged 493 mgC.m- 2.d-1

during ADIOS I, based on 6 productivity profiles, and 458

mgcem-2.d-1 during ADIOS II, based on 2 productivity

profiles. Production rates were fairly constant between 0

and 100 meters and lowest at 150 meters. During ADIOS I,

DiTullio (1987) reported that cyanobacteria were

responsible for 39-47% of the net primary production in

the upper (0-40m) euphotic zone. New production was

estimated at 12-32% of total production. Phytoplankton

growth rates were estimated at approximately one doubling

per day, or about 75% of maximum growth rates.
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Figures 27 and 28 show profiles of total particulate

ATP for ADIOS I and II, respectively. Surface values

ranged from 10-32 ng-I-1 during ADIOS I and from 25-32

ng-l-1 during ADIOS II. ATP concentrations at 150 meters

ranged from 3_2-25 ng-1-1 during ADIOS I and from 6.5 to

14 ng-I-1 during ADIOS II. Composite ATP profiles from

ADIOS I and II, composed of average ATP measurements taken

during each cruise are presented in Figure 29. Average

ATP concentrations are similar for both cruises with fairly

constant values in the upper 100 meters, ranging from 20

31 ng-l-1• Lowest average values a~e at 150 meters,

ranging from 9.7-15 ng-l-1•

Figure 30 shows two particulate DNA profiles from

ADIOS I. with the exception of a concentration of 2.3

~g_l-l at 130 meters, all other measurements were between

3.1-4.5 ~g_l-l, with an overall average concentration of

3.8 ~g_l-l. Particulate DNA concentrations were not

measured during ADIOS II.

Particulate living DNA in the water column can ~e

estimated using the laboratory-derived DNA:ATP ratios

presented earlier. The overall geometric mean DNA:ATP

ratio for both marine bacteria and algae, excluding the

extremely high value of 184 obtained from ~ cupious, is
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Figure 27. Particulate ATP profiles from ADIOS If

March-April 1986. All points based on triplicate

samples. Error bars indicate ± 1 s.e.
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Figure 28. Particulate ATP profiles from ADIOS II,

October 1986. All points based on triplicate

samples. Error bars indicate ± 1 s.e.
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approximately 17. In future discussion and calculation,

this value will be used as a representative value for

natural mixed microbial assemblages, with the

understanding that the actual range of values is from 8.5

to 50 for laboratory cultures. Using this estimate of 17,

Table 8 presents estimates of living DNA for the two pDNA

profiles done during ADIOS I. The percentage of DNA which

is living ranges from 3.7% to 13%, suggesting that 87% to

96% is detrital or non-viable, to use terminology

recommended by Winn and Karl (1986).

During the ADIOS I cruise, a series of time-course

experiments was run to measure DNA synthesis rates, and by

extrapolation, growth rates, in the surface waters (0

150m). Only one or two time-course experiments were

performed at anyone time. The results are depicted

graphically, in chronological order in Figures 31-40.

Figures 31-35 and 38 can be combined to form a

composite vertical profile of DNA synthesis and growth in

the water column. All of these incubations were begun at

dawn. In addition, Figures 35-37 show the results from

three 6-hour incubations on water from 20 meters, each

started at a different time on the same day. The first

(Figure 35) was started at dawn, the second (Figure 36) at
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Table 8. ADIOS I particulate DNA and ATP profiles from March 25 and 29, 1986,
including estimates of living particulate DNA. All means and standard errors

(s.e.) are based on triplicate samples.

Livinga % living
Date Depth pATP (ng/l) pDNA (lJ.g/I) pDNA (lJ.g/I ) pDNA

(meters) mean s.e. mean s.e. mean s.e. mean s.e.

25 March 0 10 1.6 3.4 0.1 0.18 0.03 5.1 0.8
10 8.6 1.8 3.1 0.3 0.15 0.03 4.7 1.1
30 6.4 0.3 3.6 0.04 0.11 0.01 3.1 0.2
60 8.9 0.8 3.7 0.01 0.15 0.01 4.1 0.4
90 12 3.2 4.0 0.04 0.2 0.05 4.8 1.3

130 4.7 1.3 2.3 0.08 0.08 0.02 3.5 0.9

29 11arch 0 12 1.4 3.7 0.08 0.21 0.02 5.8 0.6.... 20 24 2.8 3.7 0.1 0.41 0.05 11 1.3....
--J 40 24 1.4 4.0 0.08 0.41 0.02 10 0.6

80 30 5.5 4.0 0.1 0.52 0.09 13 2.3
100 18 2.8 4.5 0.6 0.31 0.05 6.9 1.4
150 16 6.7 4.1 0.21 0.27 0.11 6.5 2.8

aliving DNA estimated as ATP x 17.
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noon, and the third (Figure 37) at dusk. The water for

all three incubations came from the same water sample,

collected before dawn and kept on deck in the 35% light

incubator until the start of each incubation. Figures 39

and 40 show the results of two 6-hour nighttime

incubations using water from 20 meters and 80 meters,

respectively. These incubations were carried out after a

week-long storm passed through the study area. DiTullio

(1987) has discussed impacts of this storm event and its

effects on primary producers in considerable detail.

The specific growth rate estimates from these time

course experiments from ADIOS I have been summarized in

Table 9. Part a) presents a composite vertical profile

and part b) shows comparisons through the day and night

periods. Also included in Table 9 are phytoplankton

growth rate estimates from DiTullio (1987). Average

growth rates for the total microbial population were

calculated using equation 12, with the assumption that

biomass and DNA synthesis rates remained constant during

an incubation, and that all label incorporated into DNA

remained in the pDNA fraction at the end of the

incubation. The implications of these assumptions will be

considered in later discussion. Estimated growth rates

from the vertical profile range from a minimum of 0.3 d-1

128



Table 9. Estimated phytoplankton and total microbial
growth rates from ADIOS I time course experiments, March

April, 1986.

a) composite vertical profile.

specific growth rate (J.L , lid)
Depth starting Total

Phytoplanktonb(m) Date timea microbial

0 April 7 0600 0.62 0.69
20 April 2 0600 1.2 0.54
40 March 30 0600 0.44 0.56
80 March 30 0600 0.3 0.59

100 March 28 0600 1.3 0.51
150 March 28 0600 0.67 0.23

------- ------
Integral average 0.76 0.50

b) Afternoon and evening incubations.

Specific growth rate (J.L , lid)
Depth starting Total

(m) Date time microbial Phytoplankton

20 April 2 0600 1.2 0.54
20 April 2 1200 0.88
20 April 2 1830 1.5

20 April 15 2200 0.23
80 April 15 2200 0.18

~Hawaiian Standard Time; approximately local dawn.
phytoplankton growth rates from March 29 profile

(DiTUllio, 1987).
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at 80 meters to 1.3 d-1 at 100 meters. There is also

evidence of a subsurface peak of 1.2 d-1 at 20 meters.

The three incubations from 2 April (Table 9b) showed that

at 20 meters, growth rate decreased from 1.2 d-1 in the

morning to 0.88 d-1 in the afternoon, and then increased

again to 1.5 d-1 in the evening incubation. Nighttime

incubations performed at 20 meters and 80 meters after the

storm showed growth rates of 0.27 d-1 and 0.18 d-1,

respectively. Particulate ATP concentrations had

increased by approximately a factor of two by the time

these incubations were performed. DiTullio (1987) also

reports a doubling of phytoplankton biomass after the

storm following an increase in phytoplankton growth rates

during the storm. Measurements for total microbial growth

rates were not made during the storm for comparison.

Extrapolation of DNA synthesis rate measurements in

the field to total microbial carbon production estimates

requires several assumptions in addition to those

applicable to growth rate measurements. Under balanced

growth, the ratio of carbon.synthesis to DNA synthesis

will equal the ratio of cellular carbon to DNA. Karl and

Winn (1984) and Karl (1986) recommended a C:DNA ratio of

50, based largely on data presented by Holm-Hansen (1969a)

indicating that DNA is 1-3% of cellular carbon by weight
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in marine algae. The geometric mean C:DNA ratio from the

present study is 49, giving equal weight to all species of

algae and bacteria studied. A C:DNA ratio of 50 was used

in converting DNA synthesis rates into carbon production

rates.

The second assumption necessary to convert DNA

synthesis rates into carbon production rates concerns the

distribution of the measured pATP among the various

organisms in a given water sample. The measured ATP

specific activities used for calculating the DNA synthesis

rates in equation 9 are based on the total pATP in the

incubation bottles. While most marine algae and bacteria

are probably responsive to the addition of labeled adenine

(see introduction), it is possible that a substantial

fraction of the biomass within an incubation bottle does

not incorporate 3H-adenine intact into ATP and DNA.

Therefore, the measured ATP specific activities are lower

than the microbial ATP specific activities of interest.

As a result, equation 9 will overestimate the microbial

DNA synthesis rate by the reciprocal of the proportion of

the total ATP which is not from adenine-responsive

microorganisms. This error does not apply to estimated

growth rates, since, as equation 13 demonstrates, the

measured ATP concentration cancels out of the growth rate
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calculation. However, to estimate microbial carbon

production, the measured microbial DNA synthesis rate must

be corrected.

In the present study, no measurements of community

structure were carried out which would allow partitioning

of pATP. Laws et al. (1984) estimated zooplankton biomass

at 29-35% of the total biomass in oligotrophic waters near

Hawaii. Williams (1984) reported that non-bacterial

heterotrophs, including zooflagellates, ciliates and

metazoa, comprised approximately 37% of the total

planktonic biomass in the tropical oligotrophic ocean, and

about 55% of the total planktonic biomass in the North

Pacific gyre. Combining these estimates, 40% of the

biomass within incubation bottles was attributed to

organisms which were neither bacteria nor photosynthetic

algae. Further, based on information provided by Karl

(1980) it was assumed that these organisms contained 5

times the ATP per unit biomass as compared with the

microorganisms of interest.

These assumed values allow the estimation of total

microbial production during ADIOS I, as presented in Table

10. Also presented for comparison are net primary

production estimates from DiTullio (1987). Total
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Table 10. Estimates of primary production and total microbial production from
ADIOS I, March-April, 1986. Dates for total microbial production estimates as in

Table 9.

Primary productiona Total microbial production

Depth
(mgCjm3jd) Integ2'al

(mgCjm3jd)
Integ2'al Integrated total

(m) (mgCjm jd) (mgCjm jd) Integraged primary

0 3.5 --- 4.1
20 4.2 77 8.4 125 1.6
40 4.1 159 3.0 239 1.5
80 2.9 298 2.2 343 1.2

100 2.2 349 7.2 437 1.3
150 0.7 422 4.1 718 1.7

--......
w afrom DiTullio (1987) based on net 14C incorporation after 24-hour incubation.w



microbial production integrated from 0-150 meters was

estimated at 718 mgC om-2 0d-1, compared with integrated net

primary production estimates of 422 mgcom-2 0d-1. The

greatest difference in production rates was evident at 100

meters, where total microbial production was estimated at

702 mgcom-3.d-1, as compared with 2.2 mgc om-3 0d-1 net

primary productiono The overall integrated total

microbial production from 0-150 meters was 1.7 times the

integrated net primary production over the same depth.

During ADIOS II, two vertical DNA synthesis profiles

were performed by simultaneous on-deck incubations for

each of six depthso However, instead of detailed time

course experiments, end-points only (6- and 12-hour) were

sampled. The actual 6- and 12-hour end-point measurements

of ATP specific activity and DNA activity are presented in

Table 11. Time-course incubations from ADIOS I showed

that 6-hour incubations were more than sufficient for

consistent DNA synthesis rate estimates and to allow for

compartmentalization effects. As Table 11 shows, most

incubation bottles showed a decrease in labeling of DNA

between the 6-hour and 12-hour time-points, even though

ATP specific activity remained constant or increased.

This was taken as an indication of undesirable containment

effects, possibly due to death or excessive grazing within
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Table 11. Measurements of ATP specific activity and DNA
activity after 6 and 12 hours for end-point incubations

during ADIOS II, October 1986.

ATP specific activity DNA activity
(nCi/pmol ATP) (nci/liter)

Depth
(m) 6 hours 12 hours 6 hours 12 hours

October 8

0 1.5 0.85 111 68
20 1.9 1.8 100 42
40 1.6 1.8 128 26
80 0.67 0.43 15 24

100 0.67 0.72 12 2.3
150 0.45 1.2 1.4 2.1

October 14

0 1.7 3.2 124 46
20 2.1 3.1 156 32
40 2.3 2.0 113 40
80 1.6 2.0 85 22

110 1.0 1.8 12 11
150 0.91 1.7 3.5 2.9
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incubation bottles, and so 6-hour end-point data were used

in all growth rate and production calculations. The

results from the ADIOS I time-courses showed that

estimates of integrated ATP specific activity based on the

end-point alone would have overestimated actual integrated

specific activity by an average of 50%. Therefore,

integrated ATP specific activities for ADIOS II end-point

incubations were estimated by mUltiplying the 6-hour

.s~ecific activity measurement by the length of the

incubation (6 hours) and by a factor of 0.67. This value

for integrated specific activity was then used in equation

12 to calculate growth rates, which are presented in Table

12.

Growth rates range from a minimum of 0.09 d-1 at 150

meters to 1.3 d-1 at 0 and 40 meters during ADIOS II.

Growth rates generally declined with increasing depth

below the mixed layer. The profile performed on 8 October

showed a fairly abrupt decrease in growth rates below the

beginning of the thermocline, which was at approximately

50 meters. This decrease was less evident in the profile

from 14 October, and gives some indication of the

variability expected under natural conditions. The

overall average growth rate was the same for both

profiles.
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Table 12. Estimated phytoplankton and total microbial
growth rates from ADIOS II, October 1986. All

incubations started at dawn.

Phytoplanktona
October 11

Depth
(m)

Specific growth rate (~, lid)

Total
microbial

October 8 .October 14

0 1.3 1.2
20 1.0 1.2 0.75
40 1.3 0.85 1.3
80 0.27 0.72 0.78

100 0.27 0.63
110 0.40
150 0.09 0.19 0.37

------ ------ ------
Integral average 0.62 0.69 0.77

afrom DiTullio (1987).
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Total microbial production was estimated using DNA

synthesis rates, corrected as described above, and

assuming the same partitioning of pATP as used for ADIOS I

production calculations. The results are presented in

Table 13. Also included are net primary production

estimates from DiTullio (1987), which show integrated

values similar to those from ADIOS I. Total microbial

production estimates for both profiles decline fairly

steadily from about 6.4 mgc.m-3 od-1 near the surface to

about 0.3 mgc om- 3 od-1 at 150 meters. The differences

between total microbial production and net primary

production estimates were not quite as pronounced in these

two profiles, being at most a factor of about two near the

surface. Integrated total microbial production between 0

meters and 150 meters was 472 mgc om-2 od-1 on 8 October and

510 mgc om-2 od-1 on 14 October. Integrated net primary

production between 0 and 150 meters was 455 mgc om- 2.d-1 on

11 October and 482 mgcom-2 od-1 on 14 October. There is

little or no observed difference between either of these

estimates for either of the profiles presented.

Integrated total microbial production was at most 10%

higher than net primary production. This is in contrast to

the results from ADIOS I which showed integrated total

microbial production approximately 1.7 times integrated
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Table 13. Estimates of total microbial production and primary production from
ADIOS II, October 1986.

Primary productiona Total microbial production
Depth

(mgCjm3jd)
Integ2"al

(mgCjm3jd)
Integ~al Integrated total

(m) (mgCjm jd) (mgCjm jd) Integrated primary

October 8b

0 3.1 --- 6.4
20 5.0 82 4.5 109 1.3
40 4.6 178 6.6 220 1.2
80 3.6 341 2.0 391 1.1

100 2.2 398 1.6 426 1.1
150 0.1 455 0.3 472 1.0

f-l October 14
w
\D

0 3.8 --- 6.3
20 5.3 91 6.2 125 1.4
40 4.7 191 4.2 229 1.2
80 4.2 368 4.5 401 1.1

110 1.4 453 1.0 484 1.1
150 0 482 0.3 510 1.1

aprimary production from DiTullio (unpublished), based on net 14 c incorporation
after 24-hour incubations.

bprimary production data from October 11.



net primary" production between 0-150 meters. Integrated

total microbial production through the mixed layer was 30%

higher than net primary production during ADIOS I, and 20%

higher during ADIOS II. The high total microbial

production measurement at 100 meters is the main reason

for the difference in overall estimated microbial

production between the two cruises. If this is a real

feature of the profile, then it suggests a large amount of

activity near the base of the mixed layer during ADIOS I,

which was also the depth of the chlorophyll g maximum

(DiTUllio, 1987).

Figures 41-44 show particulate ATP concentrations in

incubation bottles for ADIOS I time-course experiments and

ADIOS II end-point experiments. For time-course

experiments, linear regression coefficients were

calculated and tested for significance to determine if ATP

concentrations changed during incubations. For end-point

experiments, analysis of variance was used to test for

significant differences between pATP concentrations at 0,

6, and 12 hour time-points.

Four of the 10 time-course experiments presented from

ADIOS I had regression coefficients which were

significantly different from 0, indicating an increase in
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Figure 41. Concentrations o~ ~ATP in incubation

bottles during ADIOS I composite profile time course

incubations. Dashed lines represent least squares

linear regressions. Slopes of regression lines and

results of test for significance of slope (p) as

follows: a) slope=10, p<O.05i b) slope=-O.24, p=n.s.

(not significant, p>O.05)i c) slope=6.9, p<O.Oli d)

slope=9.8, p<O.Oli e) slope=O.74, p=n.s.i f) slope=

1.61, p=n.s.
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Figure 42. Concentrations of pATP in incubation bottles during ADIOS I afternoon
and evening time course incubations. Dashed lines represent least squares linear
regressions. Slopes of regression lines and results of test for significance of
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pATP within incubation bottles during the experiments.

For the composite vertical profile in Figure 41, 3

incubations had regression coefficients significantly

different from o. Regression coefficients from 0, 40, and

80 meters were 10, 6.9, and 9.8 ng ATP.I-1.hr-1,

respectively. This indicates increases of pATP over the

6-hour course of the incubations of 200%, 170%, and 280%

for the three depths. In addition, the afternoon time

course presented in Figure 42a, from 20 meters, had a

regression coefficient significantly different from 0 of

4.4 ng ATP'I-l'hr~l, which yields an increase in pATP of

89% over the incubation period of 6 hours.

Analysis of variance showed no significant changes in

ATP concentrations in incubation bottles during the first

series of end-point experiments conducted during ADIOS II

(Figure 43). During the second profile experiment,

however, there were significant changes in ATP

concentrations in all bottles except the 20 meter sample.

The greatest percentage change over the 12-hour incubation

period was an increase of 184% in the 40 meter sample

(Figure 44c). All other bottles during this experiment

showed increases in ATP after 6 hours, but showed a

decrease during the second 6 hours of the incubation. The

greatest percentage increase over the initial 6 hours of
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incubation was in the sample from 110 meters which showed

an increase of 110%. Implications of these changes in

pATP concentrations will be discussed in the next section.
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CHAPTER IV

DISCUSSION

Results have been presented which include laboratory

methods verification, measurements from cultures of marine

algae and bacteria, and field experiments. This section

is intended to discuss these various results and to

critically assess the validity and value of the research

presented.

Laboratory studies

One of the primary goals of this research project was

the measurement of cellular DNA and ATP in assorted

species of marine bacteria and algae under various growth

conditions. Critical to this goal was the selection and

proper application of the respective assay techniques.

The firefly bioluminescence assay as applied here has a

long history of oceanographic application. Levin et ale

(1964) described the firefly bioluminescence assay for ATP

and its possible use as an indicator of life, for

detecting viral tissue infections (which show elevated ATP

levels) and for detecting agents of biological warfare.

Karl (1980) reviewed the applicability of the method to
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microbial ecology, including critical evaluation of

sources of error. Fresh water and marine applications are

many (for example Karl and Holm-Hansen (1976); sutcliffe

and Holm-Hansen, 1976; Karl, 1979, Berman et al., 1987;

Vosjan et al., 1987), and as Karl (1980) stated, of the

available ATP assays, the firefly bioluminescence assay is

the most rapid, sensitive, and reproducible.

The selection of a suitable assay for pDNA was not

quite as straightforward. There are numerous assays for

pDNA, five of which were compared in this study. Assuming

that purification and liquid scintillation counting of

uniformly labeled DNA gives an accurate estimate of the

pDNA concentrations, then the first assay comparison

involving ~ salina suggested that diphenylamine and DABA

gave more accurate pDNA measurements than either HOECHST

or DAPI, with DABA also showing the lowest coefficient of

variation. Since one assay was ultimately to be selected

for use in all culture and field work, the DAPI and

HOECHST assays were not included in the second comparison

using a uniformly labeled culture of ~ cryptica. Once

again, both diphenylamine and DABA showed good agreement

with radiolabeling, and DABA had the lowest coefficient of

variation.
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winn (unpublished data, personal communication) did a

similar series of comparisons on natural mixed microbial

populations and 4 cultured species of marine algae and

bacteria, although without including uniform radiolabeling

in the comparison. His results often indicated large

significant differences in.measurements based on the

different assays, but the DABA assay consistently showed

the smallest variation (cv = 1-10%) compared with

diphenylamine (cv = 1-62%), HOECHST (cv = 6-64%), and DAPI

(cv = 4.4-48%). Consequently, the DABA assay was adopted

for use in the present study. The DABA assay has a

history of applications involving marine microorganisms in

the laboratory and in the field (Holm-Hansen et al., 1968;

Holm-Hansen, 1969a,b; Iwamura et gl., 1970; Fuhrman and

Azam, 1982),showing good agreement with the diphenylamine

assay (Iwamura et al., 1970; Lien and Knutsen, 1976).

The relative consistency of DNA:ATP ratios reported

herein, particularly within a given species, is not

particularly surprising, since previous studies have

demonstrated correlations between cell volume and ATP

(Karl, 1980), cell biomass and ATP (Karl, 1980), and cell

size and DNA content (Holm-Hansen, 1969a; Kubitschek,

1974). However the variability between species suggests

that applications to natural communities would be improved
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by knowledge of the species present, and that there is

some error involved in applying a single average ratio to

mixed assemblages. Further studies with a greater variety

of taxanomic groups would also improve estimates of this

variability.

surprisingly few studies, however, report

measurements for both DNA and ATP, and those that do

seldom focus attention on the ratio between DNA and ATP.

Karl and Winn (1986) present measurements of both ATP and

DNA in cultures of ~ lutheri, and ratios as determined

from the data in their Figure 1 range from approximately 8

to 14 (wt:wt). Jeffrey and Paul (1986) used ratios of DNA

and ATP to estimate activity of the marine bacterium ~

proteolytica and found DNA:ATP ratios ranging from 4

during logarithmic growth phase to 10 during stationary

phase. Strickland et al. (1969) report DNA:ATP ratios

ranging from 3.6-4.7 for the centric diatom Ditylum

brightwelliii from 9-12 for the dinoflagellate Cachonia

niei and from 5.7-8 for a mixture of the dinoflagellate

Gonyaulax polyedra and the colonial Haptophyte Phaeocystis

§R•• winn and Karl (1984b, 1986) imply a DNA:ATP ratio of

5 when they apply a C:ATP ration of 250 to estimate total

microbial carbon and a C:DNA ratio of 50 to estimate total
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microbial carbon production, under assumed conditions of

balanced growth.

The DNA:ATP ratios measured in this study ranged from

8.5 to 33 for marine algae with a geometric mean of 16

(n=8 species), giving each species equal weight. The

DNA:ATP ratios measured in bacterial cultures covered a

greater range of values. For the one culture of ~

marinorubra which was followed for 14 days, ratios ranged

from 13 at the beginning of logarithmic growth phase to

over 400 in senescence. Most other bacterial batch

cultures in mid- to late-logarithmic phase, however, had

ratios ranging from 25-50, with the exception of the value

of 184 measured for A. cupious in late logarithmic phase.

The geometric mean ratio for bacterial batch cultures was

34 excluding this value of 184, and 45 including it.

While there is some overlap in the ranges of DNA:ATP

ratios reported in the literature and those determined in

this study, the average value of 17 chosen as a

representative DNA:ATP ratio from this study is higher

than those reported above. This is not to suggest that

the values obtained are unreasonable, particularly since

simultaneous measurements of both DNA and ATP are

relatively rare in the literature. However, it does
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suggest that a closer look at the measurements in question

is warranted.

other investigators provide estimates of cellular

DNA, ATP or POCo Holm-Hansen (1969a) presents DNA and POC

measurements for 10 species of marine algae and reports

that DNA content is "nearly directly proportional" to cell

size based on carbon content. Three of the 10 species

used by Holm-Hansen (1969a) were also used in the present

study. Although actual values for cellular carbon and DNA

are not presented, they can be estimated from his Figure

1. Estimates of POC for ~ lutheri, ~ tertiolecta, and

A. carteri were approximately 10, 40, and 135 pg.cell-1,

respectively. Average values from the present study were

20, 38, and 106 pg.cell-1, respectively. Similarly, Holm

Hansen's (1969a) estimates for pDNA for ~ lutheri, ~

tertiolecta, and ~ carteri were approximately 0.09, 0.4,

and 2.8 pg.cell-1, respectively. Average values from the

present study for the same three species are 0.13, 1.15,

and 2.98 pg.cell-1, respectively. Both studies used the

DABA assay for pDNA determinations, and Holm-Hansen

(1969a) concluded that DNA comprises 1-3% cellular carbon

in laboratory cultures of marine algae. This suggests a

range of POC:DNA ratios from 33-100. This range has a

geometric mean of 58, which is somewhat higher than the
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combined geometric mean of 49 determined from the present

study for all bacterial and algal species studied.

Paul and Carlson (1984), however, reported no

correlation between POC and DNA in small (0.2-1 ~m)

bacteria from natural popUlations. DNA ranged from 6.0

43% of POC (average 26.1%). Microscopic examination

revealed no detritus, and phytoplankton contributions were

negligible. They suggested that since their average DNA

content of 9.8 fg-cell-1 was reasonable for these

bacteria, the apparent low POC content might indicate

starvation in the bacterial popUlation. In the present

stUdy, bacterial cellular DNA content can be computed only

for ~ marinorubra, since cell numbers were determined

during the time-course experiment. DNA content averaged

9.2 fg·cell-1 over the 14 day experiment, which includes

cells under starvation conditions towards the end of the·

experiment_

These results suggest, at least indirectly, that the

pDNA measurements obtained from laboratory cultures

compare favorably with literature values, and the POC:DNA

ratios obtained in this stUdy are reasonable. And while

the overall geometric mean POC:DNA ratio of 49 in this

study is slightly lower than the value of 50 used by Karl
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(1986), Karl and Winn (1984) and others, it was not

considered enough of a difference to reject 50 as a

representative value for discussion purposes and for field

calculations of POC production.

Particulate ATP measurements are readily available in

the literatu+e, particularly since Holm-Hansen and Booth

(1966) suggested their application to estimate living

biomass in the oceans, where estimates of lIving biomass

are complicated by the presence of large and varying pools

of detrital or non-living material. They present the

three basic assumptions for valid application of pATP

measurements to estimates of living carbon: 1) all living

cells contain ATP, 2) there is no ATP associated with non

living material, and 3), the ratio of ATP to living carbon

is constant. Their laboratory studies showed that while

assumptions 1) and 2) above seemed to hold, there was

considerable variation in ATP:biomass (dry weight) ratios.

ATP measurements were 0.1-0.2% dry weight for bacteria and

0.003-0.16% dry weight for algae. While this suggests

considerable variation in C:ATP ratios, much of this

variation may be due to differences in methodology,

particularly in the measurement of ATP under conditions of

starvation or nutrient limitation (Karl, 1980).
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Karl (1980) reviewed available ATP to biomass

conversion estimates, and discussed in detail the various

methodologies and associated sources of error. He

reported C:ATP ratios ranging from 62 to 500 for bacteria

and from 98 to 2000 for unicellular eucaryotes. In the

present study, C:ATP ratios for exponentially growing

organisms ranged from 904 to 1367 (geometric mean = 1150)

for the bacteria and from 556 to 2960 (geometric mean =

1090) for the algal species studied. It is possible that

in the present study, either POC was overestimated or pATP

was underestimated. Karl (1980) reviews the

methodological problems associated with the firefly

bioluminescence assay, and many of his recommendations

were followed in this study. Sample volumes were kept to

a minimum to reduce filtration time, and phosphate buffer

was used to suppress alkaline phosphatase activity.

One check on the validity of the measured pATP in

cyclostat cultures is to determine if the quantities

measured are sUfficient to supply the energy requirements

of the cultures under study. Stryer (1975) reports that

the free energy (6Go) of the reaction converting ATP to

adenosine diphosphate (ADP) is approximately -30.6 kJ

(kilojoules).mole-1 ATP (= -7.3 kcal omole-1 ATP). Bossard

and Karl (1986) suggest that under in situ conditions,
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this value is probably closer to -48.1 kJ·mole-1 ATP

(-11.5 kcal·mole-1 ATP). They also report that both the

p- and y-phosphate groups of ATP turn over at the same

rate, so that the turnover of one mole of ATP yields 96.3

kJ (23 kcal). Therefore, knowledge of both the ATP pool

and the turnover rate yields some information about the

flux of metabolic energy within a cell. Conversely, if

the energy requirements of the cell are known, and the ATP

pool measured, then some estimate of the ATP turnover time

is possible. The difficulty is in estimating the

energetic requirements of the cell (Chapman and Atkinson,

1977). Laws and Wong (1978), however, provide estimates

of the specific rate of carbon excretion and respiration

(~e+~r) as related to specific growth rate (~) for three

species of marine algae. The ratios of (~e+~r):~ range

from approximately 0.2-0.75 (geometric mean =0.4) and

give some estimate of the amount of phytoplankton carbon

respired and excreted compared with the amount produced.

In addition, Platt and Irwin (1972) present estimates of

the caloric value of phytoplankton carbon, which average

47.7 kJ.g-1 C (11.4 kcal.g-1 C).

Using this information, the relationship between the

metabolic energy required for growth and that available

from the intracellular ATP pool can be described as
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a~(POC)b = c(ATP)/T 14)

where a=~r/~' ~ is the measured specific growth rate, b is

the energy content of the respired carbon, c is the energy

content of ATP, T is the ATP turnover time and (POC) and

(ATP) are the concentrations of particulate organic carbon

and ATP, respectively. This equation can be rearranged to

solve for T:

T = c(ATP)/[a~(POC)b] 15)

The variable 'a' is unitless, band c can be expressed in

units of kJeg-1, ~ is in units of inverse time and (ATP)

and (POC) can both be expressed in units of mass (grams).

From the preceding discussion, reasonable values for a, b,

and c might be Oe40, 47.7 kJ eg-1 carbon and 0.19 kJ.g-1

ATP (96.3 kJ·mole-1 ATPi molecular weight = 512). ATP

turnover time, then, is inversely proportional to specific

growth rate, the POC:ATP ratio, and the values selected

for a and b, and directly proportional to the value chosen

for c.

Table 14 presents the ATP turnover times for algal

cultures of known growth rate, as estimated using equation
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Table 14. Estimated ATP turnover times in algal cultures.

species J.£ POC:ATP Ta liT
(lid) (wt:wt) (seconds)

A. carteri 0.22 920 4.2 0.24
0.40 1100 1.9 0.54
0.67 850 1.5 0.67

s, muelleri 0.34 1200 2.2 0.46

!h salina 0.15 730 7.8 0.13
0.35 830 2.9 0.34

!h tertiolecta 0.38 950 2.4 0.43

L.. galbana 0.23 3000 1.3 0.80
0.60 1700 0.8 1.2

z, lutheri 0.19 2100 2.2 0.46
0.74 2000 0.6 1.7

1:.:- suecica 0.41 1100 1.9 0.52
0.90 750 1.3 0.79

aT estimated from equation 15 in text.
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15 and POC:ATP ratios measured in this study. Estimated

turnover times range from 0.6-7.8 seconds. Previous

studies have shown ATP turnover times ranging from

approximately 0.2 seconds to 3 minutes for bacteria

(Chapman and Atkinson, 1977; Karl, 1980; Karl and Bossard,

1985a) and up to 50 minutes for natural ocean assemblages

(Bossard and Karl, 1986). The cellular ATP concentrations

reported here would imply ATP turnover rates which fall

within th~ range of reported turnover rates, and although

this cannot be presented as proof of the accuracy of the

measurements involved, it does suggest that measured

cellular ATP concentrations are sufficient to supply

metabolic needs.

The ratios of cellular DNA to ATP reported in this

study showed a high degree of consistency within a

particular species. No significant die I differences could

be demonstrated for the marine algae studied. Growth rate

effects were evident for N-limited cultures of ~ carteri

and ~ cryptica and at high growth rates, P-limited ~

cryptica cultures showed significantly lower DNA:ATP

ratios compared with N-limited cultures. Differences

between species were more pronounced and bacterial ratios

were generally higher than algal ratios.
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Variability in ratios of DNA to ATP was particularly

evident in the 14-day experiment involving ~ marinorubra.

A senescent culture with a DNA:ATP ratio of 72 was used as

an inoculum. Within 6 hours, that ratio dropped to 13

with the onset of exponential growth. The ratio increased

during exponential growth until by the end of the first

day it was 54, increasing with the accumulation of non

viable cells to a maximum of 433 by the end of a week.

Other bacterial batch cultures, sampled between 12 and 18

hours after inoculation, showed DNA:ATP ratios comparable

to ~ marinorubra after the same amount of time. It is

possible that had these batch cultures also been sampled

at the onset of exponential growth, lower ratios would

have been observed.

with such a wide range of values, it is difficult to

decide which should be applied to natural marine

environments. The estimated ratio of 13 for ~

marinorubra at the onset of exponential growth is

certainly comparable with most of the ratios from the

algal species studied. However, the possibility of

bacteria with enriched DNA relative to ATP has been

suggested by Winn and Karl (1984b). If a higher DNA:ATP

ratio is to be assumed for marine bacteria in natural

environments, then some estimate of the percentage of ATP

161

-- --------------



contained in the bacterial fraction would be helpful in

estimating total living DNA from total pATP measurements.

DiTullio (1987) presented estimates of phytoplankton

carbon, so phytoplankton ATP could be estimated by using

phytoplankton POC:ATP ratios as measured in this or other

studies. There are also published data concerning biomass

or enegertic partitioning within marine planktonic

communities. Williams (1984) summarizes much of this data

and reports bacterial biomass ranging from approximately

40-45% of combined bacterial and phytoplanktonic biomass,

although these are approximations based on combined data

from several independent studies. Since no bacterial or

algal cell counts were made during the field work in this

study, an average DNA:ATP ratio of 17 was used to estimate

living DNA in the natural microbial populations under

study. This value is based on all the experimental values

measured in this study, and is therefore biased towards

the algal values, since there were more measurements from

algal cultures than from bacterial cultures.

Before using the derived DNA:ATP relationships to

estimate specific growth rates in the open ocean, the DNA

synthesis rate measurement techniques were carried out on

laboratory cultures of marine algae. In this study no DNA

synthesis rate experiments were performed on laboratory
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bacterial cultures. Previous studies have shown that

marine bacteria are able to assimilate adenine and that

nucleic acid synthesis rate measurements are accurate

growth indicators (Hanson and Lowery, 1983; Karl and Winn,

1986; Karl et al., 1987). Laboratory calibration of DNA

synthesis measurements has already been carried out for

both marine algae and bacteria (Winn and Karl, 1984a).

However because of the limited pUblished data available

involving DNA synthesis measurements under controlled

conditions, and to verify that the methods used in this

study were comparable to those used in published reports,

several independent calibrations were conducted during the

present study.

In all time-course incubations, effects of kinetic

compartmentalization as described by Winn (1984) and Winn

and Karl (1984a) were evident. The length of incubation

necessary to avoid compartmentalization effects was

approximately" 15-30 minutes for laboratory cultures and

from 1-2 hours for most field incubations. The cessation

of DNA synthesis evident before the termination of some of

these time-course incubations is indicative of depletion

of external adenine or of perturbations of the normal

growth patterns of the cell cultures under study. Optimal

conditions for these experiments as recommended by Winn
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(1984) and Winn and Karl (1984a) apparently were not

maintained throughout all of the laboratory incubations

performed, but analysis of the results during the period

of the incubations where DNA synthesis proceeded in a

consistant manner and before effects of adenine depletion

became evident indicates that while such conditions were

met, results supported the laboratory calibrations of the

techniques that they reported.

Good agreement between growth rates estimated from

DNA synthesis rates and from known dilution rates in

cyclostat cultures provides supporting evidence for the

consistency, if not the accuracy, of the laboratory

derived DNA:ATP ratios used in this study. As equations

12 and 13 show, measured ATP concentrations cancel out of

growth rate calculations, but incorrect estimates of the

DNA:ATP ratio will yield incorrect estimates of growth

rates. In addition, for many species, DNA:ATP ratios were

measured under various growth conditions and cell

densities and still showed a great deal of consistency as

is evident by the clustering of measurements by species in

Figure 16.
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Field studies

DNA synthesis rate experiments using laboratory

cultures have a particular advantage over field

experiments in that not only are actual synthesis rates

known or estimable, but any losses of radiolabel can be

corrected for. In continuous cultures, any addition of

growth medium and removal of overflow would result in a

dilution of extracellular adenine pools unless the medium

supply were also labeled at the same specific activity.

Removal of overflow, while not affecting precursor (ATP)

specific activity, does remove labeled DNA. While

negligible in incubations which are short relative to

culture doubling time, the effect must be accounted for in

longer incubations. In either case, however, the loss

and/or dilution of label can be accounted for in

experiments conducted under laboratory conditions.

Such, unfortunately, is not the case in field

incubations. Whether or not a steady state is assumed for

microbial communities enclosed in incubation bottles, the

effects of grazing or natural mortality increase with

longer incubations, often resulting in substantial changes

in the confined microbial community (Venrick et al., 1977;

Furnas, 1987). The method for calculating DNA synthesis
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rates used in the present study, as well as that used by

Karl and Winn (1984), and Winn and Karl (1986), and

others, implies that rates of DNA synthesis are relatively

constant during the 5- to 12-hour incubations used and

that losses of radiolabel from the ·pDNA fraction within

the incubation bottle are negligible. Since an assumption

behind the basic growth equation is that the absolute

synthesis rate of DNA is a function of the amount of

living DNA present, then it follows that in order for the

DNA synthesis rate to remain relatively constant during an

incubation, the concentration of living DNA must also

remain relatively constant. Therefore, the production of

new living material must be balanced by losses. In a

cyclostat, of course, this is accomplished by the removal

of overflow from the growth chamber. In a field

incubation bottle, however, this must be accomplished

through death or grazing. This removal should not affect

measured ATP specific activities, since both labeled and

unlabeled ATP would be affected similarly, unless grazers

incorporated label from prey into their own ATP pool.

Incorporation of prey label into predator biomass has been

observed by Taylor and Sullivan (1984), using 14C-Iabeled

bacteria and cultured ciliates. And although the ATP

fraction was not specifically measured, such a transfer of
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label could affect the accuracy of these experiments,

particularly during longer incubations.

Death and grazing could affect the amount of label

measured in the pDNA fraction, however the extent of this

effect depends on the length of the incubation with

respect to the doubling time of the population under

study, and on the extent to which DNA removed from the

living DNA pool also leaves the pDNA pool. The high

percentage of non-living pDNA measured in this and other

studies suggests that it is probable that some, possibly

most, of the DNA removed from the living DNA pool spends

some time in the non-living pDNA pool. In the extreme

case where all labeled DNA produced during an incubation

remains as particulate DNA, while the size of the living

DNA pool remains constant, then the calculated DNA

synthesis rates should be unaffected by grazing and death

within incubation bottles.

At the other extreme, it is possible to postulate a

steady state condition within incubation bottles which is

maintained by grazing and death, and where labeled DNA so

lost is also removed from the pDNA pool, through

digestion, hydrolysis, or other processes. In such a

situation, a constant rate of DNA synthesis might exist,
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but would be progressively underestimated with increasing

incubation time. For example, DNA synthesis rate R is

calculated by dividing the activity measured in the DNA

fraction by the integrated precursor (ATP) specific

activity,

16)

Equation 16 is simply a transformation of equation 8,

presented earlier, to represent a situation with no loss

of label through grazing or mortality. In reality,

equation 8 should contain a loss term:

17)

where R1 is the rate of DNA synthesis (formerly R in

equation 8), R2 is the rate of removal of DNA from the

particUlate fraction, and SAt and SAt are the specific

activities of precursor (ATP) and grazed DNA,

respectively. Notice that R2 in the above equation

represents loss of DNA from the particUlate fraction, not

simply removal from the living DNA pool. In other words,

if DNA leaves the living DNA pool through grazing or

mortality only to enter the particulate non-living pool,

168



R2 would equal a and equation 17 would be the same as

equation 8. If, however, R2>O, then calculation of a DNA

synthesis rate R using equation 16 introduces an error

which increases with length of incubation and the

magnitude of R2•

In a situation where death and grazing resulted in

complete removal of live DNA from the pDNA pool, then all

labeled pDNA would be found in the living DNA pool. If it

is assumed that ATP specific activity (SA) equilibrates

quickly compared to incubation time and remains constant

throughout the incubation, then the relationship between

the specific activities of living DNA and ATP in this

situation can be described by:

18)

(winn and Karl, 1986). From this equation, after one

doubling time, living DNA specific activity will be one

half the precursor specific activity; after two doublings,

it will be 3/4, etc. Rearranging equation 18,

19)

where DNA~ is the radiolabel in the living DNA fraction
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and DNA' is the size of the living DNA pool. Therefore,

at time t,

20)

However, by using equation 8, or equation 17 with R2 set

equal to 0, we would be assuming that, at time t,

21)

or, assuming SAt to be constant relative to the length of

the incubation period,

22)

Since, from the basic growth equation,

equation 22 becomes:

23)

DNA* =t J.I. (DNA) SAtt 24)

Assuming that equation 20 is a true representation of

DNA labeling in a steady state system, where removal of
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DNA from the pool of organisms that assimilate adenine

results in removal from the pDNA pool, and that equation

24 represents the approximation used assuming no loss of

label from the pDNA fraction, then the ratio (r) of the

two equations is:

25)

which simplifies to

26)

and expresses a time dependent loss of label from the DNA

fraction which is not accounted for by using equation 8

(or 21) to estimate DNA synthesis rates. Therefore, under

conditions where grazing removes labeled DNA from the pDNA

fraction, DNA synthesis rate calculations using equation

21 will underestimate actual DNA synthesis rates by this

factor. The magnitude of this difference increases with

incubation time. When t is one half the doubling time,

this ratio equals 0.845; after 1 doubling time, it becomes

0.72, etc.. If R2>R1, then the error is even greater.

Laws (1984) presents a similar discussion concerning the

effects of zooplankton grazing on phytoplankton growth

rates as estimated by 14C incubations.
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In reality, of course, R1 and R2 in equation 17 are

probably not equal even in steady state situations, and

there is some accumulation of label in detrital and/or

grazer DNA which is included in synthesis calculations.

Therefore, without some estimate of the magnitude of R2,

it was assumed to be 0 and equation 21 used in calculating

DNA synthesis rates. However, possible discrepancies from

this assumption can be estimated. To get some idea of the

magnitude of the differences produced by interpreting

field data using different assumptions, growth rates for

ADIOS I and II have been recalculated and presented in

Table 15. Three different models for interpreting the

field data are presented. Model 1 restates growth rates

as presented in the results section of this dissertation.

These calculated growth rates assume that biomass and DNA

synthesis rates remain constant during an incubation and

that all label incorporated into DNA during the incubation

is recovered in the pDNA fraction. In other words,

grazing and mortality maintain steady state conditions,

but pDNA removed from the living microbial DNA pool

remains as pDNA (equation 12). Model 2 calculates growth

rates assuming that biomass and DNA synthesis rates remain

constant but that death and grazing result in complete

removal of DNA from the pDNA fraction. This is calculated

by solving equation 20 for ~:
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Table 15. Comparison of growth rate estimates using three
models to interpret field data from ADIOS I and II.

Depth
(m)

Growth rate (~, lid)

Model 1a Model 2b Model 3c

% differenced
Model-2 Model-3

vs. vs.
Model-1 Model-1

ADIOS I (composite profile, March-April 1986)

o
20
40
80

100
150

0.62
1.2
0.44
0.30
1.4
0.66

0.67
1.4
0.47
0.31
1.7
0.72

0.57
1.1
0.42
0.29
1.2
0.61

7.9
16
5.6
3.8

18
8.5

7.5
14
5.4
3.7

16
8.0

ADIOS II

8 Oct 86

o
20
40
80

100
150

0.86
0.70
0.88
0.18
0.18
0.06

0.97
0.77
1.0
0.19
0.18
0.06

0.78
0.65
0.80
0.18
0.17
0.06

11
9.1

12
2.3
2.2
0.7

10
8.5

11
2.3
2.2
0.7

14 Oct 86

o
20
40
80

110
150

0.80
0.79
0.57
0.48
0.27
0.13

0.90
0.88
0.62
0.51
0.28
0.13

0.73
0.72
0.53
0.45
0.26
0.13

10
10
7.3
6.2
3.4
1.6

9.7
9.6
7.0
5.9
3.3
1.6

aassumes constant biomass and DNA synthesis rate with no
loss of label during incubation (equation 12).

bass~~es constant biomass and DNA synthesis rate with
label lost through death and grazing (equation 27).

cassumes exponential growth with no loss of label
(equation 7).

dthis difference is the percent error incurred by
selecting model 1 when either model 2 or 3 is correct.
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*~ = -In{1-[DNA /(DNA·SA)]}/t 27)

The third model assumes that microbial populations in

incubation bottles are growing exponentially with no

losses due to grazing or mortality (equation 7).

As Table 15 indicates, estimated growth rates using

model 1 fall between those using model 2 or 3 for a given

set of experimental data. The error introduced by

selecting model 1 when one of the other models is more

appropriate is directly proportional to the growth rate

and ranges from less than 1% at the lowest growth rate to

18% at the highest, for 6-hour incubations. In the

absence of additional information concerning growth and

grazing within incubation bottles, it would seem

appropriate to apply model 1 assumptions since that model

results in estimated growth rates which approximate the

mean of these three models. Obviously, knowledge of the

fate of DNA in the marine microbial food web would be

helpful in assessing the possible magnitude of errors

introduced by this assumption.

There is another potential source of error in the

field incubations presented here; one which could lead to

errors in estimated DNA synthesis rates. All incubations
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during the ADIOS I and II cruises used whole water samples

without any prescreening to remove larger organisms.

There were two basic considerations behind this decision.

First, 14C primary productivity incubations were also

carried out on unfiltered water samples, and direct

comparison between incubations was anticipated. Second

was the desire to perturb the microbial community as

little as possible. Many studies have suggested a close

interaction between microbial autotrophs, heterotrophs,

and higher level predators (see introduction). The

effects of prescreening were unknown, but removal of

predators could conceivably affect microbial community

species composition and growth rates (McCarthy et al.,

1974; Venrick et al., 1977; Li and Dickie, 1985; Sherr and

Sherr, 1988; Turner et al., 1988).

However, it is unlikely that larger organisms

assimilate and incorporate 3H-adenine in the same manner

as the microbial population, if at all. Instead, the ATP

and DNA contained in these organisms probably remained

unlabeled over the incubation period, unless grazers

incorporated prey label into ATP or nucleic acids.

However, all particulate ATP is included in measurements

from the incubation bottles, and so microbial ATP standing

stock will be overestimated and microbial ATP specific
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activity underestimated. This leads to overestimates of

microbial DNA synthesis rates, and by extrapolation, to

microbial production rates. Estimates of microbial growth

rates are unaffected, however, because the measured ATP

concentration drops out of the equation. In the results

section of this dissertation, the partitioning of ATP

between adenine-responsive microorganisms and other

organisms was approximated based on published data, but

estimates of total microbial production are sensitive to

the values selected for this partitioning.

For example, it was assumed that the microbial

population responding to the addition of labeled adenine

included both heterotrophic bacteria and autotrophic

algae. It was further assumed that the non-adenine

responsive organisms included protozoans, metazoans, and

larger zooplankton which had ATP:biomass ratios averaging

five times those of the bacteria and algae (Karl, 1980).

Assuming that 40% of the biomass in incubation bottles was

non-microbial (see results) resulted in calculated

microbial ATP concentrations which were 23% of the

measured ATP concentrations. If non-microbial biomass had

been closer to 50% or 30%, then by a similar calculation,

microbial ATP would have approached 17% or 32%,

respectively, of the total ATP. This would result in a
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corresponding change in estimated total microbial

production. If ATP from adenine-responsive organisms was

closer to 17% of total ATP, then integrated total

microbial production estimates would be 26% lower than

those reported in Tables 10 and 13. Similarly, if

microbial ATP was closer to 32% of total ATP, then total

microbial production estimates would be 39% higher.

Williams (1984) has reported that the combined biomass of

ciliates and flagellates can equal 26% of the total

microbial biomass. If this fraction of the population is

responding to the addition of adenine, then total

production estimates would be proportionately higher.

Even if water samples had been prescreened to remove

larger organisms, incubation bottles would still contain a

variety of protozoans, metazoans, flagellates, and other

microheterotrophs whose responses to the addition of

adenine are not known.

It is difficult to quantitatively assess the positive

or negative effects of using unscreened water samples.

Grazing within incubation bottles is a potential problem

(McCarthy et al., 1974; Venrick et al., 1977; Furnas,

1987). Laws (1984) discussed the effects of zooplankton

grazing and bacterial uptake of DOM during 14 C primary

production experiments. The primary source of error is
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the accumulation of radiolabel in non-photosynthetic

particles which are then retained on filters and included

in measurement of total label incorporation. A similar

potential source of error exists in DNA synthesis rate

measurements, namely the fate of the DNA label in cells

which die or are consumed. Although grazing should not

affect precursor (ATP) specific activity, it could affect

the activity measured in the pDNA fraction. This effect

would become apparent in longer incubations by the slope

of the DNA labeling curve, which would tend to decrease as

grazers removed DNA of higher specific activity.

Grazing could also affect the validity of the

assumption of steady state growth in incubation bottles.

The relative constancy of particulate ATP during some of

the time-course incubations is encouraging, but many

bottles showed significant increases in pATP over the

course of an incubation. This may, in fact, be normal and

representative of what happens in the water column, as

excess production during the day either gets mixed through

the wa~er column or grazed down during the night.

However, it is more likely that the large changes in pATP

concentration seen in many of the incubation bottles are

effects of the containment and incubation process.
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Large increases in pATP during bottle incubations

have been reported elsewhere. Sheldon and sutcliffe

(1978) reported microbial doubling times of 3 hours in the

Sargasso Sea based on pATP increases in incubation bottles

after prescreening. Winn and Karl (1986) report changes

in pATP ranging from -41% to 116% during 5-hour in situ

incubations in the tropical North Pacific. The changes

seemed fairly independent of growth rates as measured by

DNA synth~sis rates. For example, in their 10 meter

incubation, pATP concentrations more than doubled in 5

hours, but DNA synthesis rates from the same incubation

bottle indicated a microbial growth rate of 0.44 doublings

per day. It would appear, therefore, that there is

something happening in incubation bottles which is not

consistent with some of the assumptions behind the methods

for measuring DNA synthesis rates as presently practiced.

If pATP is truly an accurate measure of microbial biomass,

then there must be significant increases in biomass

occurring in some incubation bottles which are not being

detected by the incorporation of 3H-adenine. Otherwise

pATP concentrations must be increasing without a

concurrent increase in pDNA, or else these increases occur

in a portion of the microbial population which is not

measured using 3H-adenine as a tracer. Such questions

cannot be resolved using the data obtained in this study.
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Large changes in pATP during bottle incubations possibly

indicate unbalanced or non-steady-state growth.

Calculated growth rates presented in this paper all assume

steady state growth in incubation bottles.

In spite of these possible inconsistencies, the

results of the field experiments conducted during ADIOS I

and II are informative. Estimated microbial growth rates

fall within the range of growth rates reported for the

oligotrophic ocean, although they are generally higher

than phytoplankton growth rates at the same station

reported by DiTullio (1987). The high microbial growth

rate reported at the base of the mixed layer (100 meters)

from ADIOS I also corresponds to the chlorophyll maximum

reported by DiTullio (1987) from the same cruise.

Total microbial· growth rates which are frequently

higher than phytoplankton growth rates is consistent with

the inclusion in the former of faster growing bacteria

(Winn and Karl, 1984b). The growth rates measured in this

study pertain only to the adenine-responsive part of the

total microbial community. Results presented herein and

elsewhere suggest that this includes at least unicellular

algae and bacteria. Other studies have shown that

cyanobacteria can incorporate adenine as well (Moriarty
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and Pollard, 1982). And although heterotrophic

flagellates and ciliates can apparently utilize DOM under

some conditions (Sherr and Sherr, 1988), their response to

the addition of exogenous adenine is unknown.

Fortunately, the calculated growth rates are insensitive

to the presence of ATP from organisms which do not respond

to the addition of adenine. However, the possible impacts

from grazing activities must be considered in interpreting

label incorporation into microbial DNA.

Estimates of microbial production, however, are

substantially affected by estimates of ATP partitioning

within the marine microbial community, as well as by the

assumed fate of grazed DNA. In the absence of any

microscopic examination of samples from the ADIOS cruises,

ATP from adenine-responsive organisms was estimated as 23%

of the total particulate ATP. This is probably a

conservative estimate, since it was assumed that the

methods used were measuring only algal and bacterial

production, even though there is a large body of indirect

evidence supporting the contention that the methods also

measure protozoan, and possibly other zooplankton, growth

and production as well (Karl and Winn, 1986). It was also

assumed that all label incorporated into DNA during

incubations remained at the end of the incubations. The
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integrated total microbial production estimates based on

these assumed conditions were 1.7 and 1.1 times primary

production estimates for ADIOS I and II, respectively,

between 0 and 150 meters. And since primary production

numbers from DiTullio (1987) were based on 24-hour

incubations, the estimated gross primary production was

substantially higher. Laws et ale (1989) report primary

production estimates corrected for grazing and respiration

at 1.48 times uncorrected estimates, for the ADIOS

cruises, and Laws et ale (1987) reports corrected

production estimates 1.43 times uncorrected estimates for

a cruise to 28 0 N, 1550 W in the North Pacific Gyre.

Therefore, it would seem that estimated total production

is at most about 30% more than gross primary production

for ADIOS I, and about equal to primary production during

ADIOS II. This is consistent with a recent review of

bacterial production in aquatic microbial systems by Cole

et al. (1988), who found that bacterial production

averaged 20% of net primary production by volume, or about

30% by water column surface area. It also supports the

suggestion that a better estimate of total carbon fixation

would include both the net primary production and the

bacterial production resulting from incorporation of DOM

of phytosynthetic origin (Flynn, 1988).
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One question which is not resolved is whether the

bacteria are playing a role as major remineralizers in the

ecosystem. Calculated f-ratios from the ADIOS cruises

averaged 19±10% (Laws et al., 1989), suggesting that about

80% of the nitrogen required for primary production was

recycled within the surface layers. If marine bacteria

were major remineralizers, and had the high growth

efficiencies often attributed to them, then high rates of

bacterial production might be expected (Williams, 1984;

Scavia, 1988; Strayer, 1988). The absence of such high

production rates in the present study suggests several

possibilities. First, of course, is the possibility that

total microbial production (and by difference, bacterial

production), was underestimated. possible factors

contributing to such an underestimate have already been

addressed. There is also the possibility that bacterial

efficiencies are not as high as expected. Williams

(1984) reported that bacterial efficiencies are influenced

to some degree by the available organic substrates, and

reviewed estimated efficiencies as low as 10%, although

most studies reviewed indicated efficiencies of 50-80%.

It is also possible that bacteria are only partially

responsible for the remineralization of nutrients. Other

heterotrophic microplanktonic organisms have been
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implicated' in nitrogen and phosphorus regeneration to

varying degrees (Dugdale and Goering, 1967; Eppley et al.,

1973; Eppley and Peterson, 1979; Harrison, 1983), and

Joint and Morris (1982) suggested that bacteria may even

successfully compete with phytoplankton for inorganic

nutrients, particularly at low concentrations. In such a

case, protozoan grazing might be more responsible for

nutrient regeneration (Williams, 1984).

Another possibility is that remineralization occurs

below the depths sampled during these cruises. Sorokin

(1971) reported bacterial production rates in surface

waters several times as great as primary production rates,

and suggested vertical advection of DOC as a possible

mechanism for supporting this production. He also

reported a deep (400-600 m) bacterial biomass maximum,

possibly indicative of deeper remineralization. Banse

(1974) measured DOC distributions and concluded that the

observed patterns of DOC concentrations were inconsistent

with such a pattern of high bacterial production, and

concluded that bacterial production estimates were an

order of magnitude too high. Winn and Karl (1984b) found

integrated total microbial production between 150 and 900

meters which was about double the total surface (0-150

meters) production. Episodic events, such as the storm
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during ADIOS I, could serve to inject remineralized

nutrients into the surface layer, and would stimulate

autotrophic and heterotrophic activity and result in

increased particulate fluxes (Williams, 1984). As

DiTullio (1987) reported, uncorrected carbon production

increased from 428 mg C-m-2'd-1 before the storm to 572 mg

C'm-2_d-1 during the storm to 605 mg C_m-2_d-1 after the

storm_ Particulate ATP and chlorophyll g concentrations

also doubled, and vertical particulate carbon fluxes out

of the surface layer increased from 64 mg C-m-2-d-1 before

the storm to 108 mg C-m-2'd-1 afterwards, an increase of

69%.

Probably several factors combine to produce the

observed patterns of production. Recent evaluations of

the marine microbial food web suggest multiple

interactions between several major components (Sherr and

Sherr, 1988). Because both the bacteria and phytoplankton

fall into extremely small size classes in the open ocean,

there is probably little direct grazing impact from larger

zooplankton or metazoans. Instead, it appears that

heterotrophic flagellates and ciliates have an important

role in repackaging the small primary producers and

bacteria into larger-sized food particles for carnivorous

grazers (Landry and Hassett, 1982; Sherr and Sherr, 1988;
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Turner et al., 1988). There is also evidence that the

protozoans also make use of the DOM pool, and probably

contribute to the remineralization of nutrients as well

(Sherr and Sherr, 1988). The microbial loop may be

considered as part of the microbial food web, which, taken

as a unit, serves the function of remineralizer (Williams,

1984). It is therefore evident that full interpretation

of the information gained from nucleic acid synthesis

measurements depends on a better understanding of the

relative sizes of and the interactions between the various

components of the marine microbial community.

Evidence presented here supports the observations that the

oligotrophic ocean supports dynamic, rapidly growing,

highly productive microbial communities.
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CHAPTER V

SUMMARY AND CONCLUSIONS

The research presented in this dissertation

investigated the relationships between ATP and DNA in

marine microorganisms, providing a means for estimating

living DNA in marine microbial communities. This estimate

was then used in concert with measurements of microbial

DNA synthesis rates to estimate microbial community

specific growth rates. The measured ratios of DNA and ATP

ranged from 8.5 to 33 for the species of marine algae

studied and from 13 to 50 for marine bacteria in early to

mid exponential growth phase. An overall mean ratio of 17

was adopted for use in field applications. There were no

detectable diurnal effects on DNA:ATP ratios for the

marine algae studied. ~ carteri and ~ cryptica had

significantly different DNA:ATP ratios between high and

low growth rates under nitrogen limitation. ~ carteri

showed higher ratios at low growth rates while ~ cryptica

showed lower ratios at low growth rates. ~ cryptica had

significantly higher DNA:ATP ratios in nitrogen limited

cultures compared to phosphorus limited cultures at high

growth rates. These were the only two species of those

studied which showed such differences. Ratios in batch
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cultures of marine bacteria generally increased with the

age of the culture, probably as a result of the

accumulation of non-living DNA.

Estimates of growth rates of laboratory cultures of

marine algae based on measured rates of DNA synthesis and

estimates of DNA standing stock calculated from pATP

concentrations showed good agreement with growth rates

assumed fro~ cyclostat dilution rates. Effects of kinetic

compartmentilization were evident to varying degrees in

all laboratory incubations. The accuracy of calculated

growth rates was affected by the length of the incubation

where depletion of extracellular adenine occurred before

the end of the incubation. Optimum incubation length was

considered to be at least 15-30 minutes to allow for

equilibration of internal ATP pools, but not so long as to

result in adenine depletion. Depletion of extracellular

adenine became evident through sudden changes in patterns

of label incorporation into DNA. DNA synthesis occurred

in both the day and night for marine algae studied.

Daytime rates were slightly higher than nighttime rates,

with overall average rates in good agreement with growth

rates predicted from cyclostat dilution rates.
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The results of field applications of the laboratory

derived relationships are presented for two cruises

(spring and fall, 1986) to an oligotrophic Central North

Pacific Ocean station. Estimated total microbial specific

growth rates ranged from approximately 0.1-1.3 d-1 b~tween

o and 150 meters. Growth rates generally declined below

the mixed layer. The highest specific growth rate of 1.3

d-1 was observed at the bottom of the mixed layer (100

meters) during the spring cruise. Overall integrated

average growth rates were 0.76 d-1 from the spring cruise

and 0.66 d-1 for ~he fall cruise.

Estimates of total microbial production integrated

from 0 to 150 meters ranged from 718 mg c·m-2·d-1 during

the spring to approximately 490 mg C·m-2·d-1 during the

fall. These estimates were approximately 1.7 and 1.1

times the estimated net primary production, respectively.

Estimates of total microbial productivity integrated to

the depth of the mixed layer were 1.3 and 1.2 time the

estimated net primary production during the spring and

fall, respectively. These estimates are substantially

affected by the assumed partitioning of biomass within the

planktonic community and by the model chosen for

interpreting DNA synthesis rate data.
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The amount of information recoverable from the field

experiments performed in this study would be greatly

increased by knowledge of the biomass partitioning within

the microbial community between bacteria, autotrophs, and

other microheterotrophs, and by definite information

concerning the sensitivity of other microheterotrophs to

the methodologies used. The selection of an appropriate

model for interpreting field measurements of nucleic acid

synthesis rates would be facilitat~d. by knowledge of the

fate of nucleic acids during and following grazing.
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