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Eight methods of assessing growth rate constants of bacteria were compared in
batch cultures of 3-jum-filtered estuarine water from the Skidaway River in Ga.
Mixed assemblages of bacteria were grown under four nutrient regimes of added
yeast extract ranging from 0 to 100 mg/liter. Linear and exponential growth rate
constants were computed from changes in cell densities, biovolumes, and ATP
concentrations. Exponential growth rate constants were obtained from the
frequency of dividing cells and RNA synthesis as measured by [3H]adenine
uptake. Rate constants obtained during lag, exponential, and stationary growth
phases depended largely on the method used. Constants calculated from chdnges
in cell densities, frequency of dividing cells, and adenine uptake correlated most
closely with each other, whereas constants calculated from changes in ATP
concentrations and biovolumes correlated best with each other. Estimates of in
situ bacterial productivity and growth vary depending on the method used and the
assumptions made regarding the growth state of bacteria.

Several techniques for measuring the growth
of the microbial assemblage of bacteria in aquat-
ic environments have recently been introduced
(3, 4, 9). For calculations of daily productivity
from instantaneous or short-term (<1-h) growth
measurements, assumptions are made that the
microbes have balanced, steady-state growth.
Changes in cell size, nutritional state, and the
concentrations of intracellular components
which may occur during incubation or over the
extrapolated time are not understood. There is
no evidence of steady-state growth in diffusion
chamber experiments done by Lavoie and Sie-
burth (described in reference 14), and such
growth has been questioned by others (1, 16).

Filtration of water samples through 3-,um fil-
ters has been used to remove predators of bacte-
ria from natural microbial assemblages (3, 11,
15). Increases in cell density (3, 11) or ATP
concentration (15) in the absence of predation
are used to compute bacterial growth rates.
Fuhrman and Azam (3) found good correlation
between bacterial productivities calculated from
increases in acridine orange direct counts
(AODC), assuming linear growth, and those
calculated from [3H]thymidine uptake. Newell
and Christian (11) used similar incubations to
calibrate the frequency of dividing cells (FDC)
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procedure of Hagstrom et al. (4), assuming ex-
ponential growth. Whereas the incubation of 3-
,um filtrate cultures has been used to estimate
steady-state bacterial growth rates, in fact such
cultures may have growth like that of batch
cultures: lag, exponential, and stationary growth
phases. Because knowledge of the growth state
of bacteria is important in assessing growth rates
and hence productivity, we examined several
methods of calculating rates in 3-,um filtrate
batch cultures of natural assemblages of bacteria
from estuarine waters. Growth rates were deter-
mined during lag, exponential, and stationary
growth phases from changes in cell densities,
biovolumes, and ATP concentrations, from
FDCs, and from [3H]adenine uptake. Enrich-
ments with yeast extract (YE) were used to
stimulate growth and thus provide a variety of
rates and growth states for comparisons of meth-
ods. Bacteria were also grown without enrich-
ment to simulate more natural conditions.

MATERIALS AND METHODS
Experimental design. Water samples were collected

at high slack tide on 30 June 1980 and 1 July 1980 from
the Skidaway River at the Skidaway Institute of
Oceanography, Savannah, Ga. (81°59'N, 81001'W).
Water temperature was 29°C, and salinity ranged from
22.5 to 24 ppt (mg/ml). On 30 June, 1,600 ml of water
was filtered through coarse glass fiber filters (P-100
Uni-Pore; Bio-Rad Laboratories) and 0.4-,um and 0.2-
,im pore size polycarbonate membrane filters (Nucle-
pore; Nuclepore Corp.). On 1 July, a comparable
volume was filtered through coarse glass fiber filters
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and 3-,um pore size polycarbonate membrane filters.
Portions (400 ml) of the 0.2-p.m- and 3-,um-filtered
water were combined into each of four autoclaved 1-
liter bottles. YE solutions were sterilized by filtration
and added to three bottles (final concentrations, 25
[25YE], 50 [50YE], and 100 [100YE] mg of YE per
liter). The remaining bottle was not enriched (OYE).
These cultures were incubated at 29°C on a rotary
shaker (100 rpm).

Sampling. Samples (18 ml) were removed from each
bottle at 0, 6, 9, 12, 15, 18, and 19 h and placed into
a sterile vial containing 1 ml of 37% formaldehyde.
AODC (7, 11) and FDC (4, 11) were determined from
these samples. The biovolume of bacteria also was
determined at 0, 6, 12, and 18 h in OYE and 50YE by
epifluorescence microscopy at a magnification of
2,OOOx (11).
Samples (25 ml) were removed from each bottle at 0,

6, 12, and 18 h to determine RNA synthesis (9) from
[3H]adenine uptake. [3H]adenine (10 ,uCi; specific
activity, 15.2 ,uCi/mmol) was added to each sample.
After 45 min at 29°C, 10 ml was filtered through a 0.4-
p.m Nuclepore filter. RNA, protein, and DNA were
extracted in 5% trichloroacetic acid (TCA). The re-
maining 15 ml was similarly filtered, and ATP was
extracted in 5 ml of boiling Tris buffer. The filters with
the TCA precipitate were placed in 0.3 N KOH at 37°C
for 18 h to hydrolyze RNA and to solubilize DNA and
protein. Longer hydrolization time did not increase the
breakdown of RNA or the solubilization of DNA and
protein. The hydrolysate was then neutralized with an
equivalent amount of 3 N HCI, made to 5% TCA, kept
on ice for 30 min, and filtered through 0.4-p.m Nucle-
pore filters. Radioactivity on the filters represented
labeled DNA and protein produced from adenine
breakdown products entering biosynthetic pathways.
The filtrate containing labeled RNA was counted by
liquid scintillation. TCA precipitate on the filters was
hydrolyzed in 10 ml of5% TCA at 85°C for 30 min. The
hydrolysate was kept on ice for 30 min, and the
precipitate was filtered through 0.2-p.m Nuclepore
filters. The precipitated labeled protein on the filters
and the DNA in the filtrates were counted by liquid
scintillation. Carrier RNA and DNA (final concentra-
tion, 50 p.g/ml) were added to minimize loss.
[3H]ATP and total ATP were measured by thin-layer

chromatography and bioluminescence, respectively
(9). Radioactivity eluted from the chromatographic
plates was measured by liquid scintillation and cor-
rected for quench with an internal 3H source. The
specific activity of the intracellular ATP pool was
calculated from the disintegrations per minute per
sample and ATP per sample (nanograms) and ex-
pressed relative to the reconstituted sample (250 p.l).
Rates of bacterial RNA synthesis were corrected for
the specific activity of the ATP pool and picomoles of
adenine incorporated into RNA per milliliter per min-
ute.

Calculations of growth rate constants. Changes in cell
densities, biovolumes, and ATP concentrations over
time were used to compute specific growth rate con-
stants, assuming either linear or exponential growth.
Growth is considered in its broadest sense as a change
in any measure of cell number or biomass. The specific
or instantaneous growth rate constants (i.e., A t- 0)
were used in lieu of doubling time constants because
linear (A h-1) and exponential (p. h-1) growth rate

constants are more directly comparable in this form
and because productivities are computed from these
parameters. Linear growth rate constants were com-
puted as follows:

A = (Xt1 - X,d/[(X,d (t - to)] (1)

where X is cell density, biovolume, or ATP concentra-
tion at specific times in hours (t1 or to). Exponential
growth rate constants were computed as follows:

p. = (en X,1 - fnX,)/(t1 - 'o) (2)
where the symbols calculated are as given above. The
exponential growth rate constant calculated from FDC
was computed as follows:

. =e(0-29 FDC - 4.961) (3)
by the equation of Newell and Christian (11). The
exponential growth rate constant calculated from ade-
nine uptake was computed as follows:

,u = ng [dry weight] synthesized ml-' h-1/ng [dry
weight] ml-1 (4)

The numerator was obtained from the picomoles of
adenine incorporated into RNA, based on approxima-
tions that RNA is 25% AMP and cell dry weight is 15%
RNA (9). The dry weight of cells was computed from
ATP, assuming that there was 200 g (dry weight) per 1
g of ATP (5, 12). Pearson correlation coefficients were
calculated for all combinations of two growth rate
constants.

RESULTS AND DISCUSSION
Growth curves for bacteria as measured by

AODC in the four cultures (OYE, 25YE, 50YE,
IOOYE) are shown in Fig. 1. Bacterial assem-
blages in all cultures displayed a lag in growth
for the first 6 h. Growth rates in the next 3 h (6 to
9 h) were rapid and increased with increasing
enrichment. Prolonged exponential growth oc-
curred in the culture with no YE, whereas the
stationary phase occurred after 9 h in cultures
with YE. Maximum densities of cells increased
with increasing YE concentration.

Cell volume at the start of the experiment was
0.06 ,um3 and increased to 0.17 and 1.21 1Im3 by
6 h in the OYE and 50YE cultures, respectively.
The volumes per cell in OYE were 0.17 and 0.18
,um3 at 12 and 18 h, respectively, whereas the
volumes per cell in 50YE decreased to 0.41 ,um3
by 12 h and then increased to 0.44 p.m3 by 18 h.
Previously, Newell and Christian (unpublished
data) found that cell volumes were similar at any
given incubation time in various YE enrich-
ments. Thus, cell volumes were not recorded for
25YE and 100YE cultures.

Concentrations of total ATP increased during
the lag phase and reached maxima at 12 h in all
cultures (Fig. 2A). The concentrations of total
and labeled ATP were actually determined at the
end of a 45-min incubation beyond the time
noted. The concentrations of labeled ATP were
highest at 18 h in three of the four cultures (Fig.
2B). Productivities (as picomoles of adenine
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8 n, than positive exponential growth rate constants.

A--A~__ _. Thus, knowledge of the mathematical character-
istics of growth is important in calculating
growth rates and productivity. We assumed that
bacteria grew exponentially in the lag and expo-

,jp_O-~ ° ~\0 nential growth phases and linearly in the station-
..\ ary growth phase because of characteristic

shapes of growth curves (Fig. 1). There is still
a possibility that linear growth occurs in unen-

;'| riched waters where growth is slow (3).
During the lag phase (0 to 6 h), exponential

growth rate constants ranged from -0.01 to 0.63
'I; (Table 1). Cell densities changed little during the

7 - § first 6 h, but cell volumes increased. Thus,
exponential growth rate constants calculated

I / from changes in cell density (p. cell density) were
/ / much less than exponential growth rate con-

g stants calculated from changes in biovolume (p.
--- biovolume). Exponential growth rates calculat-

ed from changes in ATP concentration (p. ATP)
corresponded more closely with p. biovolume
than with p. cell density. As growth is unbal-
anced during this induced lag phase (13), pro-
ductivities computed from changes in ATP con-
centration or biovolume for this period would be
higher than those computed from changes in cell

6 density. The exponential growth rate constants
0 3 6 9 12 15 18 calculated from changes in FDC (IL FDC) and

TIME (HOURS) adenine uptake (p. adenine uptake) were related
FIG. 1. Growth curves for a mixed bacterial as- more to the changes in cell density than to the
nblage under four enrichment conditions as mea- changes in ATP concentration or biovolume.
red by AODC. Symbols: 0, growth in control water; This is expected as the equation used for conver-
growth in 25YE; A, growth in 50YE; A, growth in sion of FDC to exponential growth rate constant
DYE. Coefficients of variation (not shown) of the is based on cell densities (11), and for adenine
ect counts averaged 25% and ranged from 10 to 40% uptake, only initial concentrations of ATP (0 h)
their respectivemeans.utk,ol nta ocnrtoso T 0htheirrespectivemeans.

were used in the calculations.
Growth rate constants during exponential

corporated per minute per milliliter) were growth (6 to 9 h) increased with increasing YE
;hest at 6 h in 25YE and 50YE and at 12 h in concentration, with the exception of p. FDC and
'E and 100YE (Fig. 2C). Figures 2D, 2E, and p. adenine uptake. FDCs for the enriched cul-
show the amount of label in RNA, DNA, and tures (15.29, 15.31, and 12.03% for 25YE, 50YE,
)tein, respectively. Most label was found in and 100YE, respectively) were larger than those
4A in all cases, but the proportions found in for the unenriched culture (4.64%) but did not
- other fractions were larger than those de- increase with increasing YE concentration. The
ribed by Karl (9). instantaneous measure of FDC occurred at the
Fuhrman and Azam (3) assumed that bacteria transition from lag to exponential growth. Mea-
EW linearly in unenriched 3-p.m filtrate cul- surements between 6 and 9 h may have provided
res, whereas Newell and Christian (11) as- a better relationship between FDC and change in
med that bacteria grew exponentially in both cell density (11). For the enriched cultures, the p
enriched and enriched 3-p.m filtrate cultures. cell density was higher than the p. biovolume
Table 1 we compare these two types of because of a decrease in cell size during expo-
)wth rates calculated from changes in cell nential growth. The p.adenine uptake was larger
nsities. When growth was slow (i.e., lag and than any other calculated exponential growth
itionary phases and unenriched exponential rate constant in three of the four cultures. The
)wth phase), the calculated rate constants uptake of [3H]adenine was determined after 45-
re similar, but when cell division rates were min incubations. During this phase of growth,
re rapid, the differences between the two cell density increased during incubation, even
Iculated rate constants were greater. Theoreti- though we assumed that there was a linear
[ly, positive linear growth rate constants cal- uptake of label and a constant cell density when
lated from any variable set are always higher we did the calculations. Errors in these assump-
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FIG. 2. Incorporation of [3H]adenine into various cellular components of estuarine bacteria. Estuarine water
was prefiltered through 3-pLm Nuclepore filters and incubated with OYE (0), 25YE (0), 50YE (A), and 100YE
(A). (A) Concentration of ATP; (B) radioactivity of [3H]ATP in sample spotted on the chromatographic plate; (C)
rate of adenine (A) incorporation into RNA; (D) radioactivity in the extracted RNA; (E) radioactivity in the
extracted DNA; (F) radioactivity in the TCA precipitate (protein) after RNA and DNA extraction. All
radioassays were converted to disintegrations per minute for calculating rates of adenine incorporation into
RNA. Datum points are means of duplicate samples.

TABLE 1. Comparison of calculated growth rate constants of mixed assemblages of bacteria
Growth rate constant (h-1) of bacteria in:

Calculation at indicated phase
OYE 25YE 50YE 100YE

Lag phase (0 to 6 h)
A Cell densitya 0.00 0.03 0.02 0.03
p. Cell density -0.01 0.03 0.02 0.03
p. Biovolume 0.16 0.53 0.52 0.53
p. ATP 0.61 0.48 0.63 0.58
p. FDC 0.03 b 0.02
,L Adenine uptake 0.06 0.00 0.00 0.00

Exponential growth phase (6 to 9 h)
A\ Cell density 0.12 2.50 4.34 6.69
p. Cell density 0.10 0.71 0.88 1.02
p. Biovolume 0.11 0.36 0.52 0.66
,uATP (6 to 12 h) 0.20 -
p. FDC 0.03 0.68 0.68 0.26
p. Adenine uptake 0.46 1.32 1.49 0.80

Stationary phase (12 to 15 h)
A Cell density 0.02 0.03 -0.02 0.08
p. Cell density 0.01 0.03 -0.02 0.07
A&Biovolume 0.02 0.05 0.00 0.10
Av ATP (12 to 18 h) 0.01 -0.08 -0.02 -0.01
p. FDC 0.11 0.02 0.03 0.05
p. Adenine uptake 0.27 0.09 0.09 0.21

a A Cell density, linear growth rate constant calculated from changes in cell density.
b -, Data were not sufficient to calculate growth.
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TABLE 2. Correlation analyses of results to eight procedures used to calculate bacterial growth rate
constantsa

Correlation between procedures
Constant densityb A Biovolume' A ATPd de Cell LBiovolume IL ATP

WFDC
density' ~~~~~~~density

,u Adenine uptake 0.756e -0.201 -0.609 0.885e 0.316 -0.512 0.965e
p. FDC 0.657f 0.105 -0.348 0.818e 0.540 -0.341
p. ATP -0.165 0.751f 0.943f -0.150 0.827e
p. Biovolume 0.591f 0.827e 0.735f 0.569
p. Cell density 0.968e 0.027 -0.301
A ATP -0.317 0.662
A Biovolume 0.073

aA total of 9 comparisons were done for A ATP and p. ATP, 10 were done for p. FDC, and 12 were done for all
other constants.

b A Cell density, linear growth rate constant calculated from changes in cell density.
A Biovolume, linear growth rate constant calculated from changes in biovolume.

d A ATP, linear growth rate constant calculated from changes in ATP concentration.
e p 0.001.

fpP 0.05.

tions or in conversion factors used may lead to
inaccuracies in growth rate constants.

All calculated growth rate constants de-
creased during the stationary phase (12 to 18 h).
Again, the highest rates were indicated when the
adenine uptake procedure was used. Adenine
uptake, changes in biovolume, and FDC yielded
only positive growth rate constants, whereas
changes in ATP concentration and cell density
yielded some negative values. Positive growth
rate constants calculated from changes in bio-
volume were a result of the increased sizes of
cells as they entered the stationary phase. Ade-
nine uptake and FDC cannot give negative net
growth rates. The FDC procedure is based on a
logarithmic equation which cannot yield a nega-
tive exponential growth rate constant. The ade-
nine uptake procedure involves incorporation of
label into RNA without correction for decreases
in the total RNA pool; thus, with this procedure,
negative incorporation and, hence, negative net
growth cannot be measured.

It is apparent that the different methods of
calculation and procedures of analysis provided
a variety of growth rate constants at any given
time period and enrichment. To determine
which growth rate constants were proportional
to one another, we carried out Pearson correla-
tion analyses (Table 2). p. Adenine uptake and p.
FDC correlated best with each other and with
changes in cell density. In 9 of 10 cases, howev-
er, ,u adenine uptake was greater than p. FDC,
and in 8 out of 12 cases, p. adenine uptake was
greater than p. cell density. Linear regression
analysis between p. cell density and ,u adenine
uptake yielded an p. adenine uptake of 1.34 (p.
cell density) + 0.08. Analysis between p. cell
density (x) and p. FDC (y) yielded a slope of 0.58
and a y intercept of 0.03 when all values were

used. When p. FDC in 100YE at 6 to 9 h was
omitted, the slope rose to 0.84, and the y inter-
cept fell to 0.01. Changes in biovolume correlat-
ed best with changes in ATP concentration,
although changes in ATP concentration during
exponential growth in enriched cultures were
not used. No ATP measurements were made at 9
h, and cell density curves (Fig. 1) indicated that
the stationary phase had been reached by 12 h.
The bacterial assemblages we studied were

released from predation pressure by selective
filtration and subjected to various nutrient re-
gimes. This usually results in alterations in cell
size, ATP concentration, rate ofRNA synthesis
per cell, and division cycle characteristics (2, 6,
9, 10, 17, 18). In our study, these alterations
resulted in different growth rates calculated from
the different procedures for given times and
nutrient conditions. For example, during the
exponential growth phase, estimates for OYE
ranged from 0.03 for p. FDC to 0.46 for p.
adenine uptake. We do not know if bacterial
growth in nature approximates steady-state ex-
ponential or linear growth or is a series of
synchronized or unsynchronized brief lag, expo-
nential, stationary, and death phases of individ-
ual populations (micropopulations within mi-
croniches) within the assemblage (1, 8, 14, 16). If
in situ growth approximates the steady-state,
future intercalibration studies may need to be
concerned only with exponential growth. If bac-
teria grow linearly in aquatic systems, great care
must be taken in extrapolating from studies such
as ours. If more complicated conditions exist,
more information will be required on the transi-
tional states of bacterial growth.
We cannot judge from these experiments

which technique is best for measuring in situ
bacterial growth, if in fact one technique is

APPL. ENVIRON. MICROBIOL.
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capable of doing such. Each method measures a

different aspect of growth. Only under the most
rigid condition of balanced, steady-state growth
might one expect close correspondence. This
may not be achieved in nature and, obviously,
was not achieved in our batch cultures. Howev-
er, some characteristics of each method are

noted here, and others have been noted in the
references cited in this paragraph. Fuhrman and
Azam (3) used cell density increases in unen-

riched filtrate cultures to estimate productivity.
Potential complications with this approach in-
clude the presence of a lag phase, change in cell
size, and the question of linear versus exponen-
tial growth. The FDC procedure (4, 11) does not
involve incubation of samples but must be cali-
brated with another technique. It appears to be
sensitive to rapid changes in the growth state
and, by the equation proposed by Newell and
Christian (11), does not demonstrate negative
growth. With the conversion factors used, the
[3H]adenine uptake procedure (9) often gave

higher growth rates than those found for ,u FDC
and ,u cell density and is incapable of demon-
strating negative growth. The [3H]thymidine up-

take procedure (3), not investigated here, would
not demonstrate negative growth either. More
intercalibration studies are necessary for the
evaluation of these methods. Results of batch
culture studies such as the one presented need to
be compared with those using continuous cul-
ture studies and observations from natural sys-
tems extending over a wide range of environ-
mental conditions.

ACKNOWLEDGMENTS
We thank H. W. Ducklow, J. Fuhrman, D. W. Menzel, and

P. A. Rublee for their criticisms of an earlier draft of this
manuscript.

This research was supported by grant NA79AA-D-00123 (to
S.Y.N.) from the National Oceanic and Atmospheric Admin-
istration Office of Sea Grant, Department of Commerce, by
the Sapelo Island Research Foundation, and by grant DPP78-
21507 (to R.B.H.) from the National Science Foundation.

LITERATURE CITED

1. Brock, T. D. 1971. Microbial growth rates in nature.
Bacteriol. Rev. 35:39-58.

2. Chapman, A. G., L. Fail, and D. E. Atkinson. 1971.
Adenylate energy charge in Escherichia coli during
growth and starvation. J. Bacteriol. 108:1072-1086.

3. Fuhrman, J. A., and F. Azam. 1980. Bacterioplankton
secondary production estimates for coastal waters of
British Columbia, Antarctica, and California. Appl. Envi-
ron. Microbiol. 39:1085-1095.

4. Hagstrom, A., U. Larsson, P. Horstedt, and S. Normark.
1979. Frequency of dividing cells, a new approach to the
determination of bacterial growth rates in aquatic environ-
ments. AppI. Environ. Microbiol. 37:805-812.

5. Hamilton, R. O., and 0. Holm-Hansen. 1967. Adenosine
triphosphate content of marine bacteria. Limnol. Ocean-
ogr. 12:319-324.

6. Helmstetter, C., S. Cooper, 0. Pieruccd, and E. Revelas.
1968. On the bacterial life sequence. Cold Spring Harbor
Symp. Quant. Biol. 33:809-822.

7. Hobble, J. E., R. J. Daley, and S. Jasper. 1977. Use of
Nuclepore filters for counting bacteria by fluorescence
microscopy. Appl. Environ. Microbiol. 33:1225-1228.

8. Jannasch, H. W. 1974. Steady state and the chemostat in
ecology. Limnol. Oceanogr. 19:716-720.

9. Karl, D. M. 1979. Measurement of microbial activity and
growth in the ocean by rates of stable ribonucleic acid
synthesis. Appl. Environ. Microbiol. 38:850-860.

10. Karl, D. M. 1980. Cellular nucleotide measurements and
applications in microbial ecology. Microbiol. Rev.
44:739-7%.

11. Newell, S. Y., and R. R. Christian. 1981. Frequency of
dividing cells as an estimator of bacterial productivity.
Appl. Environ. Microbiol. 42:23-31.

12. Pearl, H. W., and N. J. Williams. 1976. The relationship
between adenosine triphosphate and microbial biomass in
diverse aquatic ecosystems. Int. Rev. Gesamten. Hydro-
biol. 61:659-664.

13. Schaechter, M. 1973. Growth: cells and populations, p.
137-159. In J. Mandelstam and K. McQuillen (ed.),
Biochemistry of bacterial growth. John Wiley & Sons,
Inc., New York.

14. Sieburth, J. M. 1979. Sea microbes. Oxford University
Press, New York.

15. Sieburth, J. M., K. M. Johnson, C. M. Burney, and D. M.
Lavoie. 1977. Estimation of in situ rates of heterotrophy
using diurnal changes in dissolved organic matter and
growth rates of picoplankton in diffusion culture. Helgol.
Wiss. Meeresunters. 30:565-574.

16. Stevenson, L. H. 1978. A case for bacterial dormancy in
aquatic systems. Microb. Ecol. 4:127-133.

17. Tabor, P. S., K. Ohwada, and R. R. Colwell. 1981. Filter-
able marine bacteria found in the deep sea: distribution,
taxonomy, and response to starvation. Microb. Ecol.
7:67-83.

18. Woldringh, C. L. 1976. Morphological analysis of nuclear
separation and cell division during the life cycle of Esche-
richia coli. J. Bacteriol. 125:248-257.

VOL. 43, 1982


