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RNAIDNA ratios and DNA concentrations as 
indicators of growth rate and biomass in 

planktonic marine organisms 
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School of Oceanography WB-10. University of Washington. Seattle. Washington 98195. USA 

ABSTRACT: RNA and DNA concentrations were measured by a modification of the ethidium bromide 
method in batch cultures of marine phytoplankton and in natural plankton populations (1 to 333 v) 
from Dabob Bay, Washington State, USA, in spring and summer of 1981. In the cultures the DNA/C 
ratio remained nearly constant during all phases of growth and growth rate was linearly related to the 
RNA/DNA ratio. The DNA/C ratio and the relationship between growth rate and RNA/DNA ratio for 
cultures was used to estimate the amount of living biomass and the growth rates for plankton 
populations of Dabob Bay. The amount of living carbon was never < 57 % of the total particulate 
carbon and average growth rates ranged from (0.3 divisions d- '  to >4 divisions d-'. Some of the 
potential problems with such calculations, for example, occurrence of detrital DNA, variability in the 
DNNC ratio for different groups of organisms, and differences in the relationship between growth rate 
and RNA/DNA ratio, are discussed. However, these problems may not be major obstacles to using DNA 
concentrations and RNNDNA ratios for answering major questions in biological oceanography. 

INTRODUCTION 

RNA and DNA are compounds found in all living 
organisms. DNA is the genetic template; its cellular 
concentrations may be related to cell size and be rela- 
tively insensitive to changes in environmental condi- 
tions. In contrast, RNA is involved in protein synthesis, 
which is required for growth. Its cellular concentration 
is highly dependent on the growth rate, which is deter- 
mined in part by environmental conditions. As a conse- 
quence, DNA concentrations may be a good measure 
of living biomass and RNNDNA ratios may be a good 
indicator of growth rates of planktonic marine organ- 
isms. Measuring biomass and growth rates of plank- 
tonic organisms is a difficult analytical problem, but 
such knowledge is essential for answering fundamen- 
tal questions in biological oceanography. 

Early studies of RNA and DNA in non-marine bac- 
teria showed that the RNA/DNA ratio was linearly 
related to growth rate whereas the DNA/dry weight 
ratio was almost constant (Caldwell et al., 1950; 
Jeener, 1953; Neidhardt and Magasanik, 1960; Kjeld- 
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gaard and Kurland, 1963; Rosset et al., 1966; Leick, 
1968; Dennis and Bremer, 1974; Brunschede et  al., 
1977). These results led Sutcliffe (1965, 1969) to prop- 
ose that the RNA content of marine invertebrates could 
be used as an indicator of growth rates, and Holm- 
Hansen (Holm-Hansen et  al., 1968; Holm-Hansen, 
1969) to suggest that the concentration of DNA would 
be a good measure of living carbon in phytoplankton. 
Although the RNA/DNA ratio or the RNA content has 
since been used successfully as a measure of growth 
rate in a variety of larger marine animals (Bulow, 1970; 
Dagg and Littlepage, 1972; Haines, 1973; Bdmstedt 
and Skjoldal, 1976; Pease, 1976; Skjoldal and BBm- 
stedt, 1976; Buckley, 1979; BBmstedt and Skjoldal, 
1980), measurements of RNNDNA or DNA concentra- 
tions have not been utilized extensively for investigat- 
ing growth rates or biomass of planktonic marine or- 
ganisms. 

Several reasons can be cited for the failure to utilize 
these potentially useful measurements: (1) Methods for 
measuring RNA and DNA, which are chemically quite 
similar, require lengthy extractions to separate the two 
and remove interfering substances and are not very 
sensitive. (2) Holm-Hansen et  al. (1968) hypothesized 
from indirect evidence that the presence of detrital 
DNA in seawater prevented the use of DNA as a 
measure of living carbon. (3) Some variation in the 



62 Mar. Ecol. Prog. Ser. 13: 61-71 

relationship of the RNA content or the RNNDNA ratio 
with growth rate has been observed in the studies of 
larger marine animals mentioned above, although the 
variation may not be great enough (BAmstedt and 
Skjoldal, 1980) to preclude the use of RNMDNA ratios 
to estimate growth rates. Furthermore, the early 
studies with bacteria suggest that this may be less of a 
problem with smaller organisms, but there are no data 
for marine bacteria, phytoplankton, or small zooplank- 
ton to evaluate the extent of the difficulty. 

The first problem has been solved with the develop- 
ment of a new method for quickly and easily measur- 
ing RNA and DNA on the same extract (Rasad et al., 
1972). A sample of seawater or culture is filtered, 
ground, and centrifuged. To an aliquot of the super- 
natant is added ethidium bromide, a dye which reacts 
with both RNA and DNA to produce a highly fluores- 
cent co=pound. After the total fluorescence is inea- 
sured, an enzyme, RNAse, is added which selectively 
destroys RNA. The fluorescence due to DNA is read 
directly and that due to RNA is calculated from the 
difference between the total and DNA fluorescence. 
Concentrations are then computed by the use of 
appropriate standard curves. 

We report here our preliminary studies measuring 
RNA and DNA in cultures of marine phytoplankton 
and in the plankton obtained from Dabob Bay, a small 
fjord-like bay in Washington State, throughout the 
spring and summer of 1981. The purpose of undertak- 
ing the culture studies was (1) to determine whether 
RNA and DNA comprise a sizeable portion of the 
cellular nitrogen and how their concentrations vary as 
a result of nitrogen deficiency; (2) to investigate the 
relationship between RNA/DNA and growth rate; and 
(3) to measure the ratio of DNPJC, needed to estimate 
living carbon from DNA concentrations. The field 
studies were designed to determine if it is feasible to 
make measurements of RNA and DNA on natural 
plankton populations and if the RNA/DNA ratios and 
DNA concentrations can provide useful information 
about biomass and growth rates. Dabob Bay was cho- 
sen because its seasonal cycle of primary productivity 
and hydrography make it a good model of the open 
temperate ocean (Shuman, 1978). 

MATERIALS AND METHODS 

Culture experiments 

The 2 species used in these studies were Am- 
phidinurn carterae Hulburt (University of Washington, 
Department of Oceanography clone no. AC-AM-10) 
and Thalassiosira nordenskioldii Cleve (Northeast 
Pacific Culture Collection, University of British Co- 

lumbia clone no. 252). They were grown on artificial 
seawater (Kester et al., 1967) with vitamins and trace 
metals added at f/2 (Guillard and Ryther, 1962) and 
with phosphate (>50 p) and silicate (B100 pm) kept 
at high, non-limiting concentrations. One culture of 
each species was started with ca. 100 pM ammonium, 
another one with 100 pM nitrate. When the nitrogen 
source was depleted, each culture was diluted with 
artificial seawater, made up with all nutrients added 
except nitrogen (nitrogen-free seawater), to prevent 
light limitation or limitation by another nutrient 
besides nitrogen. Continuous light was provided by 
Very High Output (VHO) daylight fluorescent bulbs 
covered by a blue Plexiglas filter (Rohm and Haas No. 
2069). The light intensity was between 125 and 
350 pE m-' S-' and the spectral distribution simulated 
5 m underwater light under sunny conditions for Jerlov 
type 3 coastai water (Davis, 1972). The temperature 
was maintained at 17 "C by a circulating water bath. 
Samples were collected for nutrient analyses, cell 
counts and average cell volumes, total cellular nitro- 
gen and carbon concentrations, and RNA and DNA 
concentrations twice a day during exponential growth 
and once a day during stationary phase. 

Field studies 

Five cruises were made to Dabob Bay during spring 
and summer of 1981 on the R. V. 'Onar'. Samples were 
always collected at the same station (47"48'59"N and 
122'48' 25'W) with a large volume (60 l), stainless steel 
sampler (Young et al., 1969). All water samples were 
then passed through 333 pm Nitex netting to remove 
larger zooplankton. 

On 4 of 5 cruises (see Table 1 for dates), the station 
was occupied for longer than 24 h and samples were 
collected from 2 depths at 4 to 6 h intervals. For the 
remaining cruise (May 4 to 5), the sampling period was 
reduced to 12 h due to a problem with the research 
vessel. The 2 depths were chosen to correspond with 
what would become by late spring a nitrogen depleted 
surface layer and a deeper layer with high nitrogen 
concentrations (Christensen, 1974; Shuman, 1978). The 
primary purpose for occupying this station for longer 
than 24 h was to conduct studies of die1 periodicity in 
phytoplankton nitrogen assimilation rates (Clayton et 
al., in prep.). For the purposes of this paper the con- 
centrations obtained for all the pertinent measure- 
ments were averaged for each cruise and depth in 
order to show seasonal trends. On 3 cruises (see Fig. 6 
for dates), after sampling the 2 depths for 24 h or more, 
water samples from 5 depths above 25 m were col- 
lected and processed as rapidly as possible in order to 
obtain more detailed depth profiles of the same chemi- 
cal and biological parameters. 
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Sampling and analyses 

Samples were filtered onto precombusted (350 "C, 24 
h) Whatman GF/C (laboratory experiments, nominal 
pore size 1.2 pm) or 934-AH (field studies, nominal 
pore size approximately 1 pm) glass fiber filters. A 
sizeable fraction of the total particulate DNA, and 
presumably RNA, has been found to be associated with 
bacteria <l pm size (Paul and Carlson, pers. comm.). 
Thus, with the filters used in this study the particulate 
matter collected probably represents phytoplankton 
and zooplankton between 1 and 333 pm in size. The 
vacuum differential for filtration was kept low ( < l 0  cm 
Hg) because of earlier results showing the cell contents 
were lost at greater differential vacuums (Dortch, 
unpubl.). Depending on the amount of biomass pre- 
sent, between 25 and 100 m1 were filtered for all 
analyses in the laboratory experiments and between 1 
and 3 1 in the field studies. Samples for RNA, DNA, and 
chlorophyll analyses were stored in liquid N, 
( -  196 "C) for field samples and at - 15 'C for laborat- 
ory experiment samples. Filters for total nitrogen and 
carbon analyses were frozen at - 15 'C over desiccant 
until further analysis. 

RNA and DNA were extracted from the filtered sam- 
ples by grinding the sample for 2 min in distilled, 
deionized water chilled in an ice water bath. This 
simple method of extraction was chosen after inves- 
tigating both grinding and sonication with several 
buffers, none of which gave more complete extraction. 
The number of possible extraction media is limited, 
because it must not inhibit the later degradation step 
with RNAse. Earlier studies have shown that distilled, 
deionized water is also the most effective means of 
extracting internal, inorganic nitrogen pools from phy- 
toplankton, probably as a result of osmotic shock 
(Thoresen et al., 1982). After grinding, the samples 
were centrifuged at high speed in a desk top centrifuge 
and the supernatants stored on ice until analysed. The 
procedure was similar to that of Prasad et al. (1972) 
except that ethidium bromide was made up in 
Tris-NaC1 buffer since the samples were not extracted 
in buffer. Fluorescence was measured using a Turner 
430 spectrofluorometer. Biochemicals - e. g,  ethidium 
bromide, Type 111 RNA, Type I DNA and Type IIIA 
RNAse - were obtained from Sigma Chemical Com- 

pany. 
Most RNA/DNA and D N N C  ratios are expressed on 

a weight basis. However, the percent values of total 
nitrogen which RNA and DNA represented were also 
of interest. The base composition of algal DNA and 
RNA is highly variable (Green, 1974), so in order to 
calculate the nitrogen content of algal RNA and DNA 
each was assumed to contain equal amounts of its 4 
principal nucleotides and the nitrogen content of those 

was averaged. Thus, DNA is approximately 16.84 % 
nitrogen by weight and RNA 16.12 %. 

Chlorophyll a was measured spectrophotometrically 
according to Jeffrey and Humphrey (1975). Nitrate, 
nitrite, and ammonium concentrations were measured 
on an AutoAnalysefl using the methods in Friederich 
and Whitledge (1972). Samples were filtered immedi- 
ately after collection. Those from the laboratory were 
run fresh, whereas those collected in the field were 
frozen for later analysis. Total nitrogen and carbon 
analyses were made with a Perkin-Elmer model 240 
Elemental Analyser. Cell counts and average cell vol- 
umes were measured microscopically on samples pre- 
served with Lugol's solution, although unpreserved 
samples were examined daily during the culture 
experiments. Growth rates were calculated from 
changes in total cell volume (liter cell volume/liter 
culture volume = # cell/liter X average cell volume) 
over each time interval between measurements. Total 
cell volume was chosen instead of cell number because 
the cell size changed over time in each experiment. 

RESULTS 

Laboratory experiments with phytoplankton cultures 

In 3 out of 4 cultures, growth continued for some time 
after the external nitrogen source was depleted 
(Fig. l).  Since the total cellular nitrogen content 
decreased until cell growth ceased, presumably 
growth continued at the expense of internally stored 
nitrogen. As expected, one of the internal nitrogen 
compounds which was utilized was RNA, although, 
since RNA is required for protein synthesis during 
growth, its cellular concentration did not decrease as 
rapidly as the total cellular nitrogen. In contrast, the 
DNA content of the cells, and, thus, the D N N C  ratio, 
remained constant throughout the exponential and 
stationary phase of the cultures. If the DNA concentra- 
tion in the culture had been plotted in Fig. 1A it would 
parallel the growth curve. Consequently, by the time 
stationary phase was reached at the end of the experi- 
ments, an average for the 3 cultures of 80 k 13.8 % 
(mean -t SE) of the DNA-N remained in the cells, 
26 -t 5.9 % of the RNA-N and 33 -+ 5.4 % of the total 
nitrogen. Clearly, cellular DNA is conserved although 
total nitrogen and RNA decrease as  a result of nitrogen 
deficiency. 

For the remaining culture (Fig. 2), growth ceased 
before the external nitrate was utilized. Total cellular 
nitrogen content did not decrease, indicating that 
something other than the supply of nitrogen limited 
growth. However, RNA content did decrease as cell 
growth slowed and DNA content remained almost con- 
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Fig. 1. Cellular content of RNA-N, DNA-N, and total N (rnmol 
N 1-' cell volume) and RNA/DNA and D N N C  ratios (by wt) 
in a batch culture of Thalassiosira nordenskioldii growing 
initially on NH:(pM). In (A) growth expressed in terms of 
total cell volume (liter cell volume/liter culture volume; 
X 1 0 - ~ ) ;  break in growth curve was caused by diluting the 

culture (see 'MATERIALS AND METHODS') 
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Flg. 2. Changes in cellular content of RNA-N, DNA-N and 
total N (rnmol N I - '  cell volume) and in RNA/DNA and DNA/ 
C ratios (by wt) in a batch culture of Thalassiosira norden- 

skioldii growing initially on NO;(IIM). (A) as in Fig. 1 

stant. Because of the high initial nutrient concentra- 
tions, including trace metals, vitamins, silicate, and 
phosphate, it is unlikely that any nutrient limited 
growth. However, from the second day of the experi- 

ment, numerous empty frustules were apparent, sug- 
gesting the culture was unhealthy. 

Since the cellular content of DNA remained constant 
while that of RNA decreased, the ratio of RNA/DNA 
decreased as a result of nitrogen deficiency and/or 
cessation of growth (Figs. 1C and 2C). In fact there 
appears to be a linear relationship between growth 
rate and RNA/DNA ratio for the 3 nitrogen-limited 
cultures (Fig. 3),  which can be described by 

(geometric mean or model I1 linear regression; Ricker, 
1973; Laws and Archie, 1981), where p = growth rate 
in div/da; RNA/DNA = ratio by weight; all data dur- 
ing lag phase are excluded. Considering that no 
attempt was made to control growth rates, that growth 
was at times 'unbalanced' (Eppley, 1981), and that 

RNAlDNA 
Fig. 3. Growth rate (p; div d-') as a function of RNA/DNA 
ratio (by wt): 0 Thalassiosira nordenskioldii NH:; T. nor- 
denskroldii, NO;; a Arnphidinium carterae, NH:; A A. car- 
terae. NO;. Solid line: Equation (1) for the 3 nitrogen-defi- 
cient cultures; broken line: Equation (2) for T. nordenskioldii, 

NO; 

calculating growth rates between pairs of points 
should result in enormously variable growth rates, the 
correlation coefficient is remarkably high. The data for 
the non-nutrient limited culture falls below that of the 
other 3 cultures (Fig. 3), and can be described by 

Its slope is not significantly different from that of the 
other 3, but the y-intercept is obviously different. Thus 
the RNADNA ratio at which growth ceases differs for 
this culture. 

As expected from the nearly constant DNA content 
and the constant DNAIC ratio, the DNA concentration 
(pgl-l of culture) is linearly related to the carbon con- 
centration (pgl-' of culture) for all 4 cultures (Fig.4). 
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DNA = 0.0154 C-23.94, r2 = 0.698, n = 46 (3) 

Due to the large X-intercept, indicating the presence of 
detrital carbon in the cultures, the slope of the DNA vs 
C regression is the best means of computing the DNA/ 
C ratio, which is 1.54 %. 

RNA and DNA together rarely comprise more than 
5 % of the total cellular nitrogen in the 2 species 
examined. The average nucleic acid content of 
Amphidiniurn carterae (4.62 + 0.837 %; n = 20; mean 
+ 1 SD) was significantly greater (one tailed t-test; 
p < 0.01) than that of Thalassiosira nordenskioldii 
(3.76 + 0.727 %; n = 16). However, during the course 
of each experiment, the percentage of the total nitro- 
gen in RNA tended to decrease, while that in DNA 
increased. 

Field studies 

Seasonal variation of RNA-N and DNA-N concentra- 
tions and RNA/DNA ratio in the surface layer (< 6 m of 
Dabob Bay, as well as measurement of total (particu- 
late) nitrogen and carbon concentrations, chlorophyll a 
concentrations, and ambient nitrate concentrations, 
are given in Fig. 5. Spring phytoplankton bloom occur- 
red in early April (Fig. 5B), after which nitrate (Fig. 5B) 
became depleted in the surface layer and ammonium 
reached undetectable levels. RNA-N concentrations 
were maximal during the phytoplankton bloom, 
although DNA-N concentrations were highest during 
the next cruise. As a consequence, the highest RNA/ 
DNA ratios were observed at the time of the bloom. 

Depth profiles (Fig. 6) show the same seasonal trend 
observed for the surface layer. However, as incident 
radiation increased and nitrogen became depleted in 
the surface layer, most of the biomass was found below 
the surface. Chlorophyll a, particulate nitrogen and 
organic carbon all showed maxima that increased in 
depth as the season progressed. The DNA-N profile 
did not necessarily parallel that of the other biomass 
measures, often showing a maximum concentration 
near the surface. However, the RNA/DNA ratio was 
always maximal near the nutricline and the 
chlorophyll maximum. 

Early in the season RNA-N plus DNA-N comprised 
more than 10% of the total (particulate) nitrogen 
(Table 1). This was much higher than the 5 % observed 
in the culture studies. By July the RNA-N plus DNA-N 
represented on the average only 5 % of the total nitro- 
gen, with some values as low as 2.6 %. 

Seasonal changes in mean growth rates were esti- 
mated from the surface and deep RNA/DNA ratios, 
using Equation (1) (Table 1). They range from a low 
value of 0.36 div d-l to a high of 2.1 divd-' observed 
during the spring bloom. However, the highest growth 
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Fig. 4. DNA concentration as a function of total carbon con- 
centration. Symbols as in Fig. 3. Line represents Equation (3) 

' A '  ' ~ ' i i 0  

01' I 

10 30 19 9 29 18 8 
Mar A P ~  May Jun Jul 

Fig. 5. Seasonal variation of DNA-N and RNA-N concentra- 
tions (pm01 N 1-I seawater), chlorophyll a concentrations (pg 
I- ' ) ,  NO ;concentrations (W), total (particulate) nitrogen and 
carbon concentrations (pm01 N or C 1-' seawater), and RNA/ 
DNA ratio (by wt) in the surface layer of Dabob Bay (see Table 
1 for exact depths). Error bars: one standard error above and 
below mean, calculated over 12 to 36 h as described in 'Mate- 

rials and Methods' 

rate, 4.4 divd-l, was calculated for the chlorophyll 
maximum observed at 15 m depth on July 8 (Fig. 6). 
When the DNA concentration was plotted as a func- 

tion of the total particulate carbon concentration 
(Fig. ?), no significant relationship was obtained for all 
the data. This is probably not surprising since there is 
no reason to expect the percentage of living carbon to 
be constant, even for one cruise, much less over the 
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Fig. 6. Depth profiles of DNA-N, RNA-N, chlorophyll a. 
nitrate, and total (particulate) nitrogen, as  well as  organic 
carbon concentrations and RNA/DNA ratios during 3 cruises 

to Dabob Bay. Units as in Fig. 5 

course of the entire season. Thus, it was not possible to 
assess the significance of detrital DNA from the inter- 
cept of regressions of DNA and particulate organic 
carbon concentrations. To determine the concentration 
of living carbon, the DNA/C ratios obtained from the 
phytoplankton culture studies, 1.54 %,  were used. 
Generally, the calculated concentration of living car- 
bon exceeded the total particulate carbon (Table l), 
except when chlorophyll concentrations were high. 
Then values more similar to what is expected were 
obtained. The factor of 1.54 % is clearly only applic- 
able when phytoplankton constitute a major portion of 
the biomass. 

Table 1. Mean % nitrogen, % living carbon, and growth rate 
(p) calculated over 12 to 36 h for deep and surface layers of 

Dabob Bay (see MATERIALS AND METHODS) 

Date Depth % N' % living2 y3 
(m) RNA DNA carbon 

Mar 10-11 5 7.73 3.23 219 0.35 
15 5.98 2.99 196 0.26 

Apr 7-8 3 8.27 0.93 57 2.11 
15 7.69 0.92 66 1.93 

May 5 3 6.00 2.98 134 0.25 
2 0 5.08 2.23 160 0.34 

May 19-20 6 6.50 1.90 120 0.65 
15 5.89 2.73 156 0.28 

Jul 7-8 6 4.43 1-00 80 0.88 
12 4.31 0.72 60 1.47 

' (RNA-N or DNA-N/Total N) X 100 
([DNA/O.O154]/Total C) X 100 
Calculated using Equation ( l ) ,  div d-' 

DISCUSSION 

The results demonstrate that it is possible to measure 
RNA and DNA in natural samples easily. The DNAK 
and RNA/DNA ratios found in the culture studies are 
quite similar to those obtained using other less conve- 
nient and/or sensitive methods (Holm-Hansen et al., 
1968; Holm-Hansen, 1969; Wallen and Geen, 1971; 
Healy and Hendzel, 1975; Rhee, 1978; Li, 1979; 
Michelson and Yentsch, 1979). The field data show 

0 I I I I 
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Par t  ~cula te  Carbon 
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Fig. 7. DNA concentration as  a function of total (particulate 
organic) carbon concentration in Dabob Bay: Mar. 9-11; 0 

April 7-8; m May 5;  G May 19-20; X July 7-8 

that there are indeed major changes in RNA and DNA 
concentrations and the RNAIDNA ratio with season 
and depth in the water column. Despite using a 
method which measures RNA by difference, the stan- 
dard errors on samples taken over 12 to 36 h in the 
same place (Fig. 5), which includes analytical variation 
and variability due to sampling and patchiness, are 
quite low and comparable to that of the other more 
standard methods. 

The DNA concentrations measured in Dabob Bay are 
somewhat lower than those obtained by Paul and Carl- 
son (pers. comm.) for coastal areas, but similar to their 
data and the results of Holm-Hansen et al. (1968) for 
oceanic regions. This may result in part from the gen- 
erally low productivity in Dabob Bay (Shuman, 1978), 
particularly in the surface layers in the summer, and in 
part because the DNA in organisms < 1 pm in size was 
not measured. 

Now that a suitable method is available for making 
RNA and DNA measurements, there are 2 critical 
questions which must be addressed: (1) Can DNA 
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concentrations be used as a measure of living biomass? 
(2) Can RNA/DNA ratios be used as an indicator of 
growth rate? 

DNA as a measure of living biomass 

The major argument against the use of DNA as a 
measure of living biomass has been the possible 
occurrence of detrital DNA proposed by Holm-Hansen 
et al. (1968). They suspected that DNA was not rapidly 
degraded when organisms died because estimates of 
living carbon in a few natural samples, using the DNA/ 
C ratio from their phytoplankton culture studies, were 
quite high. Similar results were obtained in this study 
as well. However, there are sufficient data presented 
here to show that when chlorophyll a concentrations 
are high in natural samples, D N N C  ratios from phyto- 
plankton studies give more reasonable results for the 
percentage of total carbon that is living. This suggests 
that there may be some variation in the DNAIC ratios 
among different groups of organisms. DNA/C ratios 
are not generally available, but a few DNA/C dry 
weight ratios, which would be proportional to DNA/C 
ratios have been measured for diverse groups of organ- 
isms. While it is difficult to draw conclusions from such 
limited data, it appears that the DNA/dry wt ratio is 
somewhat lower for algae (Holm-Hansen, 1969; Holm- 
Hansen et al., 1968) and protozoas (Scherbaum et al., 
1959; Friz, 1968) than for bacteria (Fuhrman and Azam, 
1982; Paul and Carlson, pers. comm.), and zooplankton 
(Dagg and Littlepage, 1972; Bdmstedt and Skjoldal, 
1976; Skjoldal and Bbmstedt, 1976). Paul and Carlson 
(pers. comm.) also examined their samples by epi- 
fluorescence microscopy when the DNA/C ratio was 
high in particulate matter smaller than 1 pm. They 
observed virtually no detrital particulate material 
which could contribute to the high DNA values, lead- 
ing them to conclude that some bacteria have high 
DNA/C ratios. Further indirect evidence against the 
occurrence of detrital DNA is supplied by a recent 
study of phytoplankton growth rates measured by fol- 
lowing changes in DNA concentrations during light 
and dark incubations (Falkowski and Owens, 1982). In 
calculating the growth rates, the best fit for the data 
was obtained by assuming no detrital DNA; if the con- 
centration of detrital DNA was assumed to be greater 
(10 to 50 % of the total DNA), the statistical correlation 
was not as good. 

Besides the interest in DNA as a biomass indicator, it 
is also important to clarify whether detrital DNA, and 
also detrital RNA, occur for other reasons: (1) RNA/ 
DNA ratios will not be  a meaningful measure of 
growth rate if a significant fraction of either is detrital. 
(2) DNA, and RNA, synthesis rates have been proposed 
as a measure of microbial productivity (e. g. Karl, 1981; 

Moriarity and Pollard, 1981; Fuhrman and Azam, 1982) 
but specific rates cannot be calculated for natural 
populations if there are significant detrital DNA or 
RNA concentrations. The presence of large amounts of 
extra- and intra-cellular RNAses (El-Hamalawi et al., 
1975), and the rapid turnover of RNA in cells, suggests 
it is not very likely to be present in non-living organic 
matter. The data and discussion presented here sug- 
gest that detrital DNA is not as much of a problem as 
originally hypothesized (Holm-Hansen et al., 1968), 
but more direct evidence is still required. 

The possible variation in the DNA/C ratio between 
organisms will present a problem in converting DNA 
concentrations to living carbon. However, the range of 
variation may not be as great as, for example, with the 
ATP/C ratio (Banse, 1980 and references therein). 
Furthermore, DNA is a much more stable compound 
than ATP, the other commonly used indicator of living 
biomass, so that sampling and extraction of DNA does 
not present the problems incurred when measuring 
ATP concentrations. The problem of a variable DNA/C 
ratio may be most easily solved by size fractionation 
combined with DNA measurements, since the DNA/C 
ratio within groups, for example 12 phytoplankton 
species (Holm-Hansen, 1968; Holm-Hansen et al., 
1969; data presented here) is quite constant. Even 
greater resolution can be obtained using a flow 
cytometer, which can measure the DNA content, as 
well as size and chlorophyll content of single cells, so 
that different groups within a size class can be distin- 
guished (Yentsch et al., submitted). The critical infor- 
mation - the DNA/C ratio of organisms, such as large 
or attached bacteria, non-photosynthetic flagellates, 
ciliates, etc., which are all in the same size fraction as 
phytoplankton - is unknown and requires further 
study. 

In Dabob Bay biomass distribution, as indicated by 
DNA, differed at times from that of chlorophyll a, 
particulate carbon and particulate nitrogen. For exam- 
ple, in the surface layer, the chlorophyll maximum 
occurred in early April, the DNA maximum in early 
May, and the particulate carbon concentrations 
reflected both maxima (Fig. 5). In other situations, 
DNA concentrations do not follow any of the other 
biomass measurements (e. g. Fig. 6, July 8). Since DNA 
measures non-phytoplankton, as  well as phytoplank- 
ton biomass, DNA would not necessarily be correlated 
with chlorophyll a concentrations and since both detri- 
tal carbon and nitrogen exist, DNA may not be related 
to the total particulate carbon or nitrogen. 

The percentage of the total (particulate organic) car- 
bon which was calculated to be living was generally 
high (Table l) ,  although when chlorophyll concentra- 
tions were low, the high percentage of living carbon 
resulted from the use of an inappropriate DNA/C ratio. 



68 Mar. Ecol. Prog. Ser. 13: 61-71, 1983 

the relationship between RNA/DNA ratios and growth 
rate for phytoplankton. In the present study, growth 
rate was linearly related to the RNA/DNA ratio and 
one equation could be used to describe 3 out of 4 
cultures, all of whose growth was ultimately nitrogen 
limited. The equation (Eq. 2) for the 4th culture, which 
was not nitrogen limited, had the same slope, but a 
different intercept. In the only other experiments 
which may be comparable to those here, using fresh- 
water phytoplankton grown in nutrient-limited (2 
phosphate-limited and 1 nitrate-limited) chemostats 
(Healey and Hendzel, 1975; Rhee, 1978), the RNA/ 
DNA ratio was linearly related to growth rate for 2 out 
of 3 species, but for only 1 of these was the line 
describing the relationship similar to Eq. ( l) ,  

Even when the chlorophyll concentrations were high, (Healey and Hendzel, 1975; Scenedesmus quad- 
so that the DNA/C ratios for phytoplankton were more ricauda, data taken from Fig. 5). However, the very 
appropriate, the percentage of the living fraction was different analytical procedures for measuring RNA and 
never C 50 % of the total carbon. DNA and the use of chemostats at steady state, as 

opposed to batch cultures where both the growth rate 
and the RNA/DNA ratio are changing rapidly, may 

RNAIDNA ratios as a measure of growth rate explain some of the differences between these studies. 
There are even fewer data by which to determine the 

Even more important than using DNA as a measure relationship between the growth rate and RNA/DNA 
of biomass may be the ability to estimate growth rates ratios either within other groups of marine organisms, 
from RNA/DNA ratios. Very few data are available on such as among marine bacteria, or between groups, 

such as phytoplankton and small zooplankton, whose 
25 I 1 

such a relationship may hold, but between major 
groups there are not enough data for marine organ- 
isms, grown under typical conditions, to judge. Given 
the range of expected growth rates is large, the most 
general relationship may be found between p/&,, and 
the RNA/DNA ratio. However, measurements of RNA/ 
DNA after size fractionation may allow the determina- 
tion of absolute growth rates in different groups of 
organisms, although of course, there is some overlap 
between the kinds of organisms in most size fractions. 
Finally, when growth rates are estimated from RNA/ 
DNA ratios measured for natural populations, even 
with size fractionation, it will be an average rate (as is 
I4C uptake by natural phytoplankton populations), no 
matter how general the relationship between growth 
rate and RNA/DNA is for cultured, diverse marine 

o 

organisms, because the range of growth rates in any 

size ranges overlap. In fact, even though RNA and 
DNA have been measured in zooplankton (Dagg and 

2.0- Littlepage, 1972; Bbmstedt, 1976; Bbmstedt and Skjol- - - dal, 1980) no attempt has been made to relate the 
1 

> growth rate to R W D N A  ratios. For marine macrozoo- 
% 1.5 - plankton, the growth rate of a variety of organism can 
a, - 
0 

be linearly related to the RNA/dry wt ratio (Bbmstedt 
[r and Skjoldal, 1980), suggesting that RNA/DNA ratios 
5 
I will also be related to growth rate. The only group of 

organisms for which the relationship between growth 
a 

rate and RNAIDNA ratio has been extensively studied 
is non-marine bacteria, with growth conditions and 

l growth rates quite unlike those in the ocean 
(Neidhardt and Magasanik, 1960; Kjeldgaard and Kur- 

RNAIDNA (by w t l  land, 1963; Rosset et al., 1966). Interestingly, if these 
Fig. 8. Growth rate as a function of RNA/DNA ratio in non- data are plotted (Fig. 8), a linear relationship is 
marine bacteria whose growth was limited by different corn- obtained down to very low growth rates: 
binations of suboptimal N and C sources; Aerobacter 
aerogenes strain 5-P14 (Neidhard and Magasanik, 1960, y = 0.156 RNA/DNA - 0.141, r2 = 0.634, n = 45 (5) 
Table 1); 0 Salmonella typhimurium strain 521D (Rosset e t  al., 
1966, Table 2);  Eschedchi coli strain ML 30 (Rosset et al., where F( = growth rate in div h-'; RNA/DNA ratio on 
1966; Fig. 4); E. coli strain ML308 (Rosset et al., 1966, Fig. weight basis. 
4); A E. coli strain B (Rosset et al., 1966, Fig. 4); a E. colistrain -l-he data show that in general the growth 
K12 520505 (Rosset et al., 1966, Fig. 4);  0 E. coli strain C600 
(Rosset et al., 1966, Fig. 4); Salmonella typhimurium wild- rate is linearly related to the RNA/DNA ratio. For 

type (Kjeldgaard and Kurland, 1963, Table 1) ;  x Aerobacter estimating growth rates in the RNA/DNA 
aerogenes strain LIII-1 (Rosset et al., 1966, Table 3). L n e  ratios, it would be most simple if a single relationship 

represents Equation (5) can be used for all organisms. Within major groups 
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one sample will probably be quite large. What is most 
important are the big difference in the ratio, which in 
this study appears to vary between < l  and approxi- 
mately 20. Using the relationship of growth rate to 
RNAIDNA ratios for phytoplankton (Eq. l), this range 
represents growth rates between 0 and 5 d-' (from Eq. 
1). Such large differences in the average rate growth 
obviously result from very different conditions. Fur- 
thermore, measurements of RNA/DNA ratios in indi- 
vidual cells with a flow cytometer (Yentsch et al., 
submitted) can give the growth rates in different 
organisms within the same size class. 

Measurements of RNNDNA are in some ways com- 
parable to measurements of adenylate energy charge 
(EC), which is an indicator of physiological state (Karl 
and Holm-Hansen, 1978). The RNNDNA ratio offers a 
number of advantages (1) ATP is a very labile com- 
pound which is rapidly converted to ADP or AMP as a 
result of brief stress or storage. Thus, the ATP content 
or EC of organisms can be radically altered during net 
tows, filtration, extraction or storage, even when great 
care is taken (e. g. Jones and Simon, 1977; Skjoldal 
and Bbmstedt, 1977; Bulleid, 1978; Karl and Holm- 
Hansen, 1978; Perry et al., 1979; Karl and Craven, 
1980). Although RNA is susceptible to degradation by 
cellular RNAses, short-term stresses, such as sampling, 
filtration, and extraction, do not appear to alter the 
RNA content. Storing samples in liquid N, and precau- 
tions taken during analysis (Karsten and Wollen- 
berger, 1977) prevent long term degradation. (2) 
Measuring EC by enzyrnatically converting AMP to 
ADP to ATP and then determining the ATP is a time 
consuming, complex process. Furthermore, the enzyme 
which converts AMP to ADP is not very efficient (Karl 
and Holm-Hansen, 1978; Christensen and Devol, 
1980); thus, large amounts of AMP and large sample 
sizes may be required. In contrast, RNA and DNA can 
be rapidly and easily determined on a single, small 
sample. (3) The EC can vary only between 0 and 1 and 
is >0.5 in most living organisms. Thus, EC can only 
describe the physiological state very generally. The 
RNNDNA ratio varies over a much wider range and 
the error associated with it is concomitantly quite 
small. As a consequence, the physiological state or 
growth rate can be defined as precisely as is appropri- 
ate for a mixed, natural population. 

When average growth rates are calculated from the 
RNA/DNA ratios obtained in Dabob Bay using Eq ( l ) ,  
they are similar to other measured values of natural 
populations of phytoplankton in coastal areas (Gold- 
man et al., 1979). A mean growth rate is difficult to 
interpret since it represents some bacteria and animals 
as well as phytoplankton. However, the highest aver- 
age growth rates were always associated with 
chlorophyll maxima in this study. Low growth rates 

were found early in spring when light levels were low 
and in late spring and summer when nitrogen concen- 
trations were low. High growth rates were found dur- 
ing the spring bloom and later in the chlorophyll max- 
imum, associated with the nutricline. The very high 
average growth rates obtained in association with the 
summer chlorophyll maximum are particularly inter- 
esting since they are much higher than would be 
expected even for very fast growing phytoplankton. 
Perhaps there were also large bacterial numbers 
associated with the chlorophyll maximum, which 
raised the average growth rate. In this case, as in most 
others, size fractionation would have made it possible 
to examine the growth rates of different groups of 
organisms. 

CONCLUSIONS 

Considerable effort has been expended in the past in 
biological oceanography to determine the biomass and 
growth rate of planktonic organisms, with little con- 
sensus being reached about either (Eppley, 1981). By 
taking advantage of specific biochemical markers, 
such as RNA and DNA, it may be possible to do both. 
We have assessed the feasibility of utilizing DNA con- 
centrations as a measure of living biomass and RNA./ 
DNA ratios as an indicator of growth rate, using a 
modification of the ethidium bromide method, which is 
very sensitive. Although some critical information is 
still lacking about the DNNC ratio and the variation of 
the RNA/DNA ratio with growth rate for diverse 
marine organisms, these measures do have consider- 
able potential application in oceanography. 
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