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ABSTRACT. Growth kinehcs of the microbial community of a coastal, sub-tropical sediment were 
studied by following uptake of 3 ~ - a d e n i n e .  3 ~ - a d e n i n e  was incorporated into RNA and DNA, thus 
providing a measure of both cell metabolism and growth. Extrapolation from measured values of isotope 
dilution of the ATP pool at  isotopic equhbrium (i.e. SA,,, parameter) indicated that a large portion of 
the adenine required for community nucleic acid synthesis was derived from uptake of exogenous 
supplies. Microbial community doubling times, estimated from adenine nucleotide pool labeling 
kinetics, ranged from 26 h at the seawater-sediment interface to 47 to 92 h for samples beneath the 
interface. RNA synthesis rate consistently exceeded DNA synthesis rate by 1 to 2 orders of magnitude 
for all horizons examined, in spite of these relatively slow growth rates. The newly synthesized RNA was 
found to be stable with less than 10% being degraded during a period equivalent to the mean 
population doubling time. Our results indicate a sediment microbial community with growth rates and 
metabolism distinctly different from water-column communities. The results strongly suggest net, but 
unbalanced growth in these sediment communities. 

INTRODUCTION 

Field data on the distribution of microbial (bacteria, 
microalgae, protozoans) populations In surface marine 
sediments and on the rates of microbial growth and 
production are essential to elucidate the mechanisms of 
organic matter diagenesis and to interpret data on such 
diverse processes as biogenic gas flux (e.g. CO2, CH4, 
Ha, H2S), rates of nutrient cycl~ng and the distribution 
of sedimentary metazoan populations. Previous 
research efforts on the microbial ecology of marine 
sediments have established that bacteria are very 
abundant, with typical population densities of 108 to 
10' cells cm-3 of bulk sediment (Meyer-Reil et  al. 1980, 
Schroder & Van Es 1980, Newel1 & Fallon 1982, Rublee 
1982, Fallon et  al. 1983, Novitsky 1983a, b,  Rublee et  al. 
1983, Craven et  al. 1986), irrespective of habitat type, 
latitude or water depth. Consequently, it appears that 
coastal marine sediments support roughly 103 to lo4 
times as many bacteria per unit volume than is typically 
found in the overlying surface seawater. 

A major uncertainty in marine sedimentary mi- 
crobiology, however, regards the in situ metabolic state 
of the resident microbial assemblages. If the sedimen- 
tary ecosystem is simply comprised of an assemblage of 
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senescent, starved or otherwise debilitated cells, then 
their cumulative impact on diagenesis might be much 
less than the contribution from pelagic microbial com- 
munities, in spite of high cell numbers and biomass in 
sediments. Metabolically-active cells can be enumer- 
ated by microautoradiography following exposure to a 
specific radiolabeled organic or inorganic substrate 
(Karl 1986). Microautoradiography with total cell 
counts by epifluorescence microscopy permits estima- 
tion of the percentage of 'active' cells, at least with 
respect to a specific substrate. Thus calculated, the 
percentage of metabolically active bacterial cells in 
marine sediments exhibits a wide range, from less than 
1 % to greater than 95 % of the total population (data 
summarized in Douglas e t  al. 1987). 

In a previous paper (Novitsky & Karl 1986), we ini- 
tially characterized the microbial populations in the 
surface sediment of Kahana Bay, Hawaii. At our sam- 
pling site, w e  observed a n  order of magnitude decrease 
in microbial biomass (as determined by total ATP) 
between the sediment-water interface and a sediment 
depth of 5cm.  This depth distribution of ATP was 
coherent both in space and time (Novitsky & Karl 
1986). The greatest change in microbial biomass was 
observed between interface layer and topmost sedi- 
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ment sample. In spite of this decrease in total microbial 
biomass, total rate of I4C-labeled glutamic acid assimi- 
lation was relatively constant. Consequently, cell- 
specific heterotrophic activlty of the population actu- 
ally increased with increasing sediment depth. We also 
tested, and then rejected, the hypothesis that metabolic 
activity (as measured by uptake and respiration of I4C- 
glutamic acid) was coupled to cell growth and division 
(as measured by 3H-adenine incorporation into RNA 
and DNA, respectively). The present paper extends 
these preliminary investigations with a more detailed 
examination of the relationsships among microbial bio- 
mass, cell growth and division and nucleic acid synth- 
esis in sediments collected from Kahana Bay, Hawaii. 

MATERIALS AND METHODS 

Sampling site, sample collection and subsampling. 
Sediment samples were collected from Kahana Bay, 
Oahu, Hawaii at the site studied by Novitsky & Karl 
(1986), using hand-operated plastic core tubes, and 
transported intact to the laboratory (within - l h) where 
the experiments were performed. Sediment cores were 
extruded, sectioned and subsampled following pro- 
cedures described by Novitsky (198313) and Novitsky & 
Karl (1986). Water samples were collected by hand into 
acid-washed polycarbonate bottles from a depth of 
0.5 m above the sediment-seawater interface. Average 
water depth in our study area was ca 1.0 m (mean low 
water). 

Analytical procedures. For ATP determinations, tri- 
plicate 2cm3 portions of the homogenized sediment 
samples were immediately injected into lOml of cold 
1.47 M H3PO4 and allowed to extract for 15 min, with 
occasional agitation. Samples were centrifuged 
(1500 X g, 15 min), and 100pl of the supernatant was 
diluted into 4.9 m1 of phosphate buffer (60 mM, pH 7.4). 
Samples were immediately assayed for ATP using the 
firefly bioluminescence reaction (Karl & Craven 1980). 
For interface samples, l m1 of the slurry was pipetted 
directly into 5 m1 of boiling 60 m M  phosphate buffer, 
'/2 m1 at a time, and extracted at 100°C for 5min. 
Internal ATP standards were used to correct for real 
and apparent losses of extractable ATP. 

RNA and DNA synthesis were measured using 3H- 
adenine as described by Novitsky & Karl (1986). Sub- 
samples of the homogenized sediments were mixed with 
0.21m filtered seawater collected at the Kahana Bay 
sampling site. Final slurry concentrations ranged from 
0.5 to 1 cm3 of sediment per 100 m1 seawater (for samples 
collected from the interface region) to 2.5 to 5.5 cm3 of 
sediment per 100 m1 seawater for samples collected from 
beneath the interface. As discussed below, rates of 3H- 
adenine metabolism (expressed per unit g of sediment) 

were independent of sediment-seawater slurry concen- 
tration over a wide range of values. 

Adenine nucleotide (AN) pool turnover rate mea- 
surements were performed according to the procedure 
of Karl & Bossard (1985), using 3H-adenine (Karl et al. 
1987). Collectively these above-mentioned analytical 
procedures provide information on total microbial bio- 
mass, microbial productivity and microbial growth 
(turnover) rate. 

Sediment incubation experiments. The reliability of 
our incubation procedure for Kahana Bay sediments 
was evaluated in 2 separate sets of experiments. In the 
first, we investigated the relation between the extent of 
sediment dilution and total microbial metabolism of 3H- 
adenine. Subsamples from the bulk sediment core 
were mixed with filter-sterilized overlying seawater to 
yield a dilution series covering a range of ca 100-fold, 
from 0.1 to 10 O/O by volume. Immediately following the 
d i lu t io~  procedure, the rate of 3H-adenine metabolisnl 
was measured over a relatively short-term incubation 
period (- 1 h). In the second set of experiments, the rate 
of microbial nucleic acid synthesis was monitored in 
diluted subsamples of sediment following prolonged 
incubation periods (up to 18 h). 

Uptake and assimilation of 3H-adenine was a linear 
function of dilution for sediment-seawater slurries 
(Fig. 1). Most of the variation in adenine metabolism 
can be attributed to sediment slurry concentration. We 
next investigated the reliability of our procedure by 
diluting subsamples collected from each depth horizon 
to final concentrations of 4 % (2 cmp3 wet sediment per 
50ml of sterile-filtered water) followed by measuring 
total rates of microbial RNA and DNA synthesis during 
a long-term time course incubation (Table l). We 
reasoned that if subsampling and dilution procedures 

SLURRY CONCENTRATION 
(m1 sed~ment / IOO ml seowoter) 

Fig. 1. Relation between sediment slurry concentration and 
microbial metabolism. Sediment was homogenized and 
diluted with filter-sterilized overlying seawater. %adenine 
was added to each sample and its metabolism mon~tored by 
the production of 3 H 2 0  (Karl 1981). Stippled areas: slurry 
concentrations used in this study for analysis of interface (left 
bar) and sediment column (right bar) microbial communities 
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themselves had caused either a stimulation or a repres- 
sion in microbial metabolism, we would have been able 
to detect the respective change in the measured rates 
of microbial metabolism. However, neither the rate of 
RNA nor the rate of DNA synthesis varied significantly 
during this relatively long-term experiment (Table 1). 
The experimental results described in the subsequent 
portions of this paper were all derived from time-course 
incubations 4 h in duration. Thus we feel that the 
sediment slurry incubation technique described above 
provides reliable metabolic-rate estimates for micro- 
organisms in Kahana Bay sediments. 

RESULTS AND DISCUSSION 

Methodological concerns 

Incubation of sediment samples with aqueous 
radioactive tracers presents an  immediate concern with 
respect to potential experimental treatment artifacts. In 
the course of our preliminary investigations with 
marine sediments (Craven & Karl 1984), it became 
apparent that radiotracer theory would be reliable only 
in well-mixed sediment slurries. It is imperative that all 
n~icroorganisms are exposed to the same external 
specific radioactivity (i.e. ratio of radioactive substrate 
to non-radioactive substrate) if one would hope to trace 
the flux of material through the entire microbial com- 
munity. Homogenization, however, destroys the nor- 
mal diffusion-controlled gradients that are characteris- 
tic of nearshore marine sediments. To the extent that 
the disruption of these gradients might also alter the 
metabolic rates of the resident microbial community, it 
is essential to determine, independently, the effects of 
this experimental treatment. 

Such an  evaluation was accomplished by performing 
several experiments to monitor the effect of sediment 

dilution and homogenization on rates of microbial 
assimilation of 3H-adenine. In the first experiment, we 
established a linear relation between sediment-sea- 
water s1.ur.r~ concentration (i.e. volun~e of sediment) 
and microbial activity (Fig. 1). Although this experi- 
ment was not designed to evaluate the effect of initial 
dilution (all samples were relatively dilute compared to 
the native habitat) we were able to establish the fact 
that extensive dilution of the sedimentary microbial 
assemblage did not significantly alter the short-term 
rates ( l  h) of 3H-adenine assimilation, either by stimu- 
lation or repression. 

A second set of experiments was designed to evalu- 
ate the effects of initial disruption of the sedimentary 
habitat. It is virtually impossible to conduct a direct 
experiment to monitor this effect because all treat- 
ments which involve the injection of a radiotracer 
(including the negative control with 'no disruption') 
could potentially cause a change in the microhabitat of 
the sedimentary ecosystem simply by the manipulation 
involved in isotope injection. Consequently, we 
designed an  experiment which w e  felt would provide a 
satisfactory indirect evaluation of impact of our experi- 
mental procedures on the rates of microbial metabol- 
ism. Our experimental design relied on the well-estab- 
lished observations of metabolic 'shlft-up' and 'shift- 
down' of microbial metabolism in response to changes 
in environmental conditions. If disruption and 
homogenization of the sediment chemical gradients 
resulted in a more favorable growth environment, the 
microbial assemblage would shift-up their rate of com- 
munity metabolism in response to these new condi- 
tions. Likewise, if conditions were less favorable for 
growth and metabolism, a systematic decrease in com- 
munity 3H-adenine assimilation would be  observed 
with time. The kinetics of the shift-up or shift-down in 
community metabolism are such that the effect should 
be  observed over a period of one to a few hours, 

Table 1. Effects of incubation time on the incorporation of 3H-adenine into microbial RNA and DNA following sediment sample 
dilution 

Experimental Time after formation of 3 ~ - ~ ~ ~  3 ~ - ~ ~ ~  DNA : RNA 
preparationd sediment slurry (h) (nCi g-' dry wt h-') ratio 

I 2 2577 58.9 0.023 
I1 4 1992 36.8 0.018 
I1 8 3297 46.4 0.014 
I 12 3276 49.7 0.015 

I1 18 2686 46.0 0.017 

2766b 4?.6b 0.017~ 
( ? 544) (-t-7.9) (2 0.004) 

a Sediment-seawater slurries .used in this experiment were 4.658 m g  sediment dry w e ~ g h t  ml-' and 3.926 mg sediment dry 
weight ml-' for Preparations I and 11, respectively 
Mean of individual determinations (n = 5), ? 1 SD of the mean in parentheses 
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depending upon several uncontrollable variables such 
as the composition of the microbial community under 
investigation, the initial growth rate(s), the nature of 
the growth rate l~mitation, etc. I f ,  over relatively long 
time periods, the rate of microbial community metabol- 
ism was not altered significantly, then we would con- 
clude that the initial experimental treatment (in this 
case, sediment homogenization and dilution) had a 
minimal effect on community growth. Our results indi- 
cate that neither the rate of RNA nor DNA synthesis 
displayed any systematic change over incubation 
periods ranging from 2 to 18 h (Table 1 ) .  On the basis of 
these 2 sets of experimental results, we conclude that 
the sediment-seawater slurry short-term incubation 
technique used in this study did not blas the measured 
rates of microbial metabolism of 3H-adenine. These 
results may be unique for the Kahana Bay sediments 
under investigation, but are probably not unique to the 
uptake and assimilation of 3H-adenine. 

Production rates 

Rates of total microbial RNA and DNA synthesis 
estimated by 3 ~ - a d e n i n e  uptake exhibit trends that are 
consistent with the depth distribution of biomass: 
namely, high rates of nucleic acid production at the 
seawater-sediment interface (RNA rate = 4.2 X 104 
pm01 g-' dry wt h- ' ;  DNA rate = 5.5 X 102 pm01 g-' dry 
wt h- ' )  and roughly a n  order of magnitude decrease at 
a depth of 5cm (see Fig. 5 in Novitsky & Karl 1986). 
Based on previously published extrapolation factors 
(Karl & Winn 1984), these estimates correspond to mi- 
crobial carbon production rates ranging from 0.82 
(interface) to 0.07 (5 cm depth) mg C g-1 sed d-l ,  or to a 
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Fig. 2. Representative changes In specific radioactivity (nCi 
pmol-l) of the total sediment microbial population as a func- 
tion of incubation time follolving addition of 3 ~ - a d e n i n e .  The 
~c t ima ted  specific radioactivity maximum at isotopic equi- 
lihrium (SA,,:,,,), estimated turnover time of the ATP pool (T), 
and t h e ~ r  respective 95",, confidence intervals werp calcu- 
lated by non-linear least squares regression uslng the model 

equation for exponential labcling (Karl e t  al. 1987) 

0 to 5cm depth-integrated production of ca 22g  C 
m-2 d- l .  By comparison, the total microbial production 
rate for the overlying water column was ca l g C 
m-2d-1.  Clearly, the sediment habitat is the major 
contributor (>g5 % )  to total ecosystem productivity at 
this site. Because these sediments receive little light 
energy, we believe that the majority of this production 
is heterotrophic, ultimately supported by allochthonous 
carbon derived from terrigenous sources. An equally 
interesting observation is the fact that the specific rate 
of nucleic acid synthesis (i.e. the rate per unit ATP 
biomass) is generally invariant with depth (RNA rate = 

6 to 12nmol ng ATP-' h-'; DNA rate = 0.20 to 0.32 
nmol ng ATPP1h-l). Consequently, one cannot view 
the deep, biomass-poor region of the sediment as an 
unfavorable habitat for microbial growth or production. 
On a per cell biomass basis, the rates of nucleic acid 
synthesis are comparable to those measured in the 
biomass-rich interface region. 

Adenine nucleotide pool turnover 

In the present study we measured the adenine nu- 
cleotide (AN) pool turnover rate as an  independent 
estimate of community doubling time (Karl & Bossard 
1985, Karl et al. 1987). This method requires a time 
course incubation to monitor the rate at  which the 
intracellular AN pool is labeled as it approaches isotopic 
equilibrium (Fig. 2). The analysis of these data provides: 
(1) a direct measure of the pool turnover rate, which is 
proportional to the mean microbial community doubling 
time; (2) an  estimate of the AN pool at  isotopic equi- 
librium (Karl et al. 1987). There are several important 
features of these results which warrant discussion. First, 
the community doubling times derived from these time 
course incubations indicate a value of ca 1 doubling per 
day for the interface sample and a value of 0.25 to 0.5 
doublings per day for the deeper sediment samples 
(Table 2). Beneath the interface zone, there is no sys- 
tematic change with sediment depth. 

Additional ecological information can also be derived 
from the AN pool turnover experiments. The specific 
activity value of the AN pool at isotopic equilibrium (i.e. 
SA,,,, Fig.2 and Table2) can be used as a direct 
measure of the capacity of a given population to salvage 
exogenous nucleic acid precursors in favor of de novo 
synthesis. In theory, SA,,,, will be influenced by the 
external specific activity of the introduced precursor and 
by internal dilution resulting from de novo synthesis. 
Because all of the sediment slurries were prepared with 
the same sterile-filtered, near-bottom seacvater, the 
external specific activity for all of our incubations in a 
given experiment would be identical. If the introduced 
3H-adenine is diluted neither by external nor internal 
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Table 2. Adenine nucleotide pool turnover rates and derived parameters for sedimentary microbial populations from Kahana Bay 

Sediment depth ATP pool specific Adenine uptake AN pool turnover Commun~ty  doubling 
activity (nCi pm01 - l ) "  ( ' X )  salvage)" (mln) time (h)' 

Interface 
0-1 
1-2 
2-3 
3-4 
4-5 

a Maximum specific radioactivities detemxned at isotopic equilibl-ium. These data were calculated from non-linear least 
squares analyses of time course labeling experiments (see Materials and Methods) 
h4inimum contribution from salvage uptake of adenine containing compounds calculated from the value measured for the 
m a n m u m  ATP pool specific radioactivity. Theoretical inaximum specific radioactivity is 15.0 nCi pmol-' and is identical to 
the value of the added ~adioisotopic tracer 

c Doubling time is extrapolated from adenlne nucleotide pool turnover tlme assuming that the pool turns over 40 times per 
generation (Karl & Bossard 1985) 

pools of adenine containing compounds, the SA,,, 
value would be  identical to the specific radioactivity of 
the radiotracer (in our case, 15 nCi pmol-l). Any devia- 
tion from this theoretical maximum value can be  inter- 
preted as the effect of de novo synthesis, and differences 
between depth horizons can be directly related to differ- 
ences in the ability of the microbial assemblages to 
salvage nucleic acid precursors. Our results indicate 
that at a depth of 5cm,  a t  least 50 O/O of the adenine 
incorporated into microbial nucleic acids (and presum- 
ably, other nucleic acid precursors not specifically 
evaluated in this study) was derived from exogenous 
pools via salvage metabolic pathways. In all likelihood, 
this percentage is even greater because these conserva- 
tive estimates assume no dilution of the added radio- 
tracer by exogenous pools of adenine-containing com- 
pounds in the diluent medium. These results also indi- 
cate that the majority of the viable microorganisms 
('ATP-containing') present in Kahana Bay sediments 
must be capable of assimilating adenine at nanomolar 
concentrations. If there were a substantial population of 
viable, but non-responsive cells it would have been 
impossible to obtain SA,,, values a s  high as those 
observed in this study. Furthermore, we must conclude 
that the majority of microorganisms in Kahana Bay 
sediment are actively growing because senescent, non- 
growing or otherwise debilitated cells do  not assimilate 
3H-adenine (Karl 1979). 

DNA: RNA production ratio 

A major difference between pelagic and benthic 
habitats can be seen in the DNA : RNA synthesis rate 
ratios. For the Kahana Bay water column, the measured 
rate of DNA synthesis was 14.8 % of the RNA synthesis 
rate, a value consistent with data from other diverse 

pelagic ecosystems (Karl 1981, Burns et  al. 1984, Karl & 
Knauer 1984, Karl & Winn 1984, Winn & Karl 1984). In 
Kahana Bay sediments, however, the rate of DNA syn- 
thesis varied from a minimum of 2 O/O to a maximum of 
4.8 Oio of the measured rate of RNA synthesis (Fig. 3). 
Both the low DNA: RNA synthesis rate ratios and the 
large discrepancy between pelagic and sedimentary 
ecosystems have been observed (Burns et al. 1984, 
Craven & Karl 1984), but have not yet been adequately 
explained. Karl (1981) has previously indicated that 
where microbial biomass is in a steady-state, the 
DNA: RNA production rate ratio would be  identical to 
the DNA . RNA cell quota. The cell quota ratio is highly 
correlated with growth rate under conditions of asyn- 
chronous, balanced growth such that low DNA: RNA 
ratios ( < l 0  %) are associated with the most rapid growth 
rates (Rosset et al. 1966, Dennis & Bremer 1974, Bruns- 
chede et al. 1977, Dortch et al. 1983). The enigma, first 
pointed out by Craven & Karl(1984), is that sedimentary 
populations oftentimes exhibit concurrently low 
DNA : RNA rate ratios and low specific growth rates. It is 
obvious that the physiological state of the microorgan- 
isms resident in the sedimentary ecosystem can not be  
compared to that of laboratory-reared populations of 
bacteria growing exponentially in homogeneous media. 

Clearly, the relatively long doubling times measured 
in the AN pool turnover experiments are inconsistent 
with the measured DNA: RNA rate ratios, if we inter- 
pret the latter within the context of the data base 
derived from laboratory experiments. We conclude, 
therefore, that the anomalously low DNA: RNA pro- 
duction ratios measured in Kahana Bay sediments 
(Fig. 3) are the result of the presence of a microbial 
assemblage which must maintain a high rate of RNA 
synthesis relative to that needed for normal cell divi- 
sion. We hypothesize that this metabolic state is the 
result of either: (1) unbalanced growth (i.e. growth 
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D N A .  RNA SYNTHESIS  RATE RATIO 
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Fig. 3. Sediment depth variation in the ratio of DNA to RNA 
synthesis for the total microbial communities collected from 

Kahana Bay, Hawaii. Sample date: 10 Jan 1984 

[RNA synthesis] without concomitant cell division 
[DNA synthesis]) or (2) significant metabolic turnover 
of cellular RNA in the absence of DNA turnover. 

Several environmental conditions unique to the 
sedimentary habitat could result in the unbalanced 
growth of the resident microbial assemblage. For 
example, if a portion of the population were alive but 
starved, debilitated or otherwise unable to divide (as 
may be the case for coastal sediments, in general; see 
Novitsky 1987), the rates of RNA and DNA synthesis 
might be  expected to be  uncoupled from the 'expected' 
cell quota demands. Amy et al. (1983) have reported an  
initial decrease in cellular RNA and DNA upon the 
initiation of starvation in a marine bacterium (Vibrio 
sp . ,  Ant-300), but also observed a post-starvation 
induction in RNA synthesis without a concomitant 
increase in the rate of DNA synthesis. An analysis of a 
microbial population in this metabolic state would yield 
a result that is consistent with our field data (Fig. 3, 
Table 2). Koch (1971) has also discussed the presence of 
'extra' RNA in slow growi.ng bacteria. A rapidly utiliz- 
able pool of cellular RNA may be common within 
microorganisms that inhabit environments of spatial or 
temporaI nutritional heterogeneity. Koch (1971) argued 
that such a physiological state should have a great 
selective value for all microorganisms exposed to a 
feast or famine mode of existence. Elevated cellular 
RNA levels at slow growth rates would also allow for 
substantial starvation-induced RNA degradation to 
occur, without affecting viability. 

The cause of the low DNA: RNA synthesis rate ratios 
measured in Kahana Bay sedirnents was evaluated to 

ascertain whether growth (as measured by net RNA 
synthesis) and cell divlsion (as measured by DNA syn- 
thesis) were coupled in this coastal marine ecosystem. 
We first had to eliminate the possibility that the low 
ratios which we observed were caused by either an 
underestimation of DNA synthesis or an  overestimation 
of RNA synthesis, or a combination of these 2 potential 
experimental artifacts. Craven & Karl (1984) have dis- 
cussed the importance of pH-dependent adenine 
adsorption/desorption reactions in the analysis of 
marine sediments. If 3H-adenine adsorbed onto sedi- 
ment particles during the incubation procedure and 
subsequently desorbed during the alkaline hydrolysis of 
RNA, the released adenine would not be readily sepa- 
rated from the hydrolytic endproducts. The net result 
would be a n  overestimation of 'RNA' and a n  overesti- 
mation of the calculated rate of RNA synthesis. The 
adsorption-desorption characteristics of a given sedi- 
ment are best evaluated by direct experimentation. In 
practice, this evaluation is already integrated into the 
recommended procedure for 'Type I'  sediments (Craven 
& Karl 1984), although it was not specifically designed 
as a quantitative measurement of the potential interfer- 
ence caused by adenine adsorption. A comparison of 
RNA activity (nCi cmp3 of wet sediment) with and 
without the sediment phase present following alkaline 
hydrolysis, but before sample acidification, allows one 
to determine the extent of this potential problem (Cra- 
ven & Karl1984). For Kahana Bay sediments, the ratio of 
3 ~ - a d e n i n e  desorption to 3H-adenine incorporated into 
RNA ranged from a minimum of 0.05 a t  the sediment- 
seawater interface to a maximum of 0.11 at a depth of 
5 cm. This increase with increasing depth is simply a 
reflection of the fact that total microbial biomass and 
total metabolic activity decrease with increasing sedi- 
ment depth; the absolute amount of 3 ~ - a d e n i n e  inter- 
ference due to adsorption-desorption was relatively 
constant with depth and reflected the constancy of the 
chemical composition of the sediments. 

Having dismissed the most likely potential artifact in 
the calculation of DNA : RNA synthesis rate ratios, we can 
now address the 2 previously mentioned hypotheses. 
First, it is possible that net RNA synthesis is a small 
fraction of gross RNA synthesis due  to a substantial 
metabolic turnover of cellular RNA. As an alternate to the 
unbalanced growth hypothesis, we suggest that micro- 
bial growth (as measured by net RNA synthesis) may not 
be closely coupledin time to cell division (as measured by 
DNA synthesis). In our short-term radiotracer experi- 
ments, we measure a value closer to the gross rate than to 
net RNA production. In rapidly growing m~crobial cells 
the difference between these 2 measurements is negli- 
gible, but in extremely slow growing populations (e.g.  
p/;~~,, i 0.01) metabolic turnover of RNA becomes a 
significant percentage of gross RNA synthesis. Because 
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Table 3. Rates of nascent RNA turnover in Kahana Bay sediments 

Sediment Pre-chase Post-chase % Pre-chase Post-chase O/O 

depth RNA RNA RNA 3H20 3H20 metabolic 
(cm) production destruct~on turnover production production turnover 

(nCi g-' sed DW h- ' )  ( ~ C I  ml-' suspension h- ' )  

Interface 49 599 4 174 8 4 521 29.5 5.7 
0-1 23 566 1944 8.2 297 14.8 5.0 
1-2 18921 1166 6.2 224 10.8 4.8 
2 -3 13 151 494 3.8 82.5 3.4 4.1 
3-4 12 885 466 3.6 81.7 2.8 3.4 
4-5 8 805 725 8.2 37.2 3.3 8.9 

DNA is not expected to turn over, even at  these relatively 
slow growth rates, the DNA: RNA synthesis rate ratios 
estimated by our procedures could underestimate the 
actual net synthesis rate ratio. 

The metabolic turnover of 'stable' RNA and DNA can 
be  measured using a pulse-chase experimental pro- 
tocol (Karl 1981). In the Kahana Bay sediment experi- 
ments, we labeled the resident microbial cells with 3 ~ -  

adenine for a period of 2.5 h before the addition of a 
1000-fold excess of non-radioactive adenine to elimi- 
nate further uptake of the labeled tracer (Fig. 4 ) .  Du- 
ring the initial labeling period, 3H-adenine uptake and 
assimilation (as indicated by the rate of 3H20  produc- 
tion) and incorporation into RNA are linear functions of 
time. Following the addition of non-radioactive 
adenine no further metabolism or incorporation of 3 ~ -  

adenine occurs (Karl 1981). Under these conditions, the 
rate at which radioactivity is removed from the total 
radioactive RNA pool is a direct measure of the rate of 
stable RNA turnover (Table 3). The measurement of the 
post-chase production of 3 ~ 2 0  (Fig. 4, Table 3) also 
provides independent evidence for metabolic turnover 
of stable RNA in the absence of 3 ~ - a d e n i n e  uptake. 
Our pulse-chase results indicate that the rate of 
metabolic turnover of stable RNA amounts to less than 
10 % of the total rate of incorporation (range 3.6 to 8.4), 
and displays no systematic variation with sediment 
depth (Table 3). The ratio of the rate of post-chase 3H20 
production to the pre-chase rate ranged from 3.4 to 
8.9% and was consistent with the data for the 
metabolic turnover of RNA (Table3). These indepen- 
dent results on adenine metabolism add further 
support to the conclusion that net RNA synthesis must 
be  most (i.e. 2 9 0  %) of the total RNA synthesis mea- 
sured in our experiments. This indicates that net RNA 
synthesis, for the purpose of this discussion, is equal to 
gross RNA synthesis. Thus we conclude that the 
sedimentary microbial populations must maintain high 
rates of RNA synthesis, relative to their rates of DNA 
synthesis, in spite of relatively slow growth rates. 

In summary, we suggest that the microbial com- 
munities in Kahana Bay sediments are metabolically 

active assemblages of cells which exhibit net growth, 
carbon production and cell division, at  least to a depth 
of 5cm. Our field data provide support for the 
hypothesis that cell growth and cell division are un- 
coupled, over the time scales investigated (hours to 
days). In this regard, our study site may be viewed as 
being analogous to the recently described Quiambog 
Cove ecosystem (Matson & Buck 1987) for which the 
authors conclude that sediment heterogeneity main- 
tains a metabolic diversity throughout the year. For 
Kahana Bay sediments, w e  cannot be  certain whether 
the growth of microorganisms is continuous or discon- 
tinuous, but it does appear to be unbalanced. The 
factors controlling the growth and reproduction of mi- 
crobial sediment communities are largely unknown but 
probably many and varied. Factors leading to unba- 
lanced growth would possibly include stochastic 
phenomena such as nutrient input influenced by storm 
events, tides, river runoff, etc., and periodic physical or 
biological disturbance of the top layers of sediment. 

INCUBATION TIME, h 

Fig. 4.  Representative time course of tritiated water accumula- 
tion following the addition of %-adenine to a Kahana Bay 
sediment sample. Data from 2 to 3 cm depth, collected on 
10 Jan 1984. (0) Linear production of 3H20 for the pulse 
(control) sample; (W)  replicate chase treatment which received 
a 1000-fold excess of non-radioactive adenine at 2.5 h into the 
incubation period (arrow). Equations for the 2 curves are: Y = 

9.4 + 8 2 . 5 ~  (pulse); Y = 200 + 3 . 4 5 ~  (chase) 



176 Mar Ecol. Prog. Ser. 50: 169-176, 1988 

Because our present state of knowledge is insufficient, 
extrapolation of the marine sedimentary field data or its 
use in model construction must be approached with 
extreme caution. 
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