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A

B S T R A C T

The effect of bacterial specific growth rates of abundance (l) and protein synthesis (b) on
conversion factor (CF) variability was explored in order to provide an alternative approach to the
controversial application of just one universal CF to field data. Nine regrowth cultures (RCs)
were set up from very diverse aquatic ecosystems, controlling temperature and adding N and P
to avoid mineral limitation and force organic carbon limitation. The values of l varied one order
of magnitude from 0.26 to 3.34 d)1, whereas b values varied two orders of magnitude from 0.28
to 34.87 d)1. We found no relationships between l or b values and the dissolved organic carbon
(DOC) concentration or the dissolved organic matter (DOM) quality indexes assayed. Abundance and protein synthesis increased exponentially and synchronously in four RCs, leading to
balanced growth (l = b). In contrast, abundance and protein synthesis increased logistically in
the other five RCs and b values were significantly higher than l values, leading to unbalanced
growth (l „ b). CFS ranged from 0.0062 to 0.0576 · 1018 cells mol leucine)1 with an average of
0.0305 · 1018 cells mol leucine)1. CFs obtained in RCs with balanced growth were generally
higher than CFs obtained in RCs with unbalanced growth and were not alike, impeding the
establishment of an upper limit for CFs. A positive and significant relationship (n = 8, p < 0.01**,
r2 = 0.71) was found between CFs and DOC concentration (CF (·1018 cells mol leucine)1) = 0.0104 + 0.0094 DOC (mM)) when the value for the most productive system was
excluded. This function permits the estimation of site-specific CFs based on DOC concentration
instead of the controversial use of a single CF for different systems.

Introduction
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Bacterioplankton constitute the trophic level with most
organisms and control one of the largest C fluxes from
dissolved organic matter (DOM) to microplankton in
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many aquatic ecosystems, modeling their trophic structures [3, 8]. In addition, these organisms regenerate and/or
consume nitrogen (N) and phosphorus (P) [18, 52],
thereby influencing biogeochemical processes [10].
Scientific recognition of the prominent role played by
bacterioplankton in aquatic ecosystems has followed
methodological advances such as the introduction of epifluorescence microscopy to determine their abundance
[19, 34] and the use of radioisotopes to measure their
production [16, 43]. The extensive use of these techniques
has required the translation of radioisotope data into
abundance and carbon units, leading to the development
of numerous conversion factors (CFs). Most of these have
been obtained by relating increases in bacterial abundance
to the incorporation rates of radioisotopes into macromolecules (3H-thymidine in DNA or 3H-leucine in proteins) in cultures [22]. However, the large variability of the
CFs reported has made their general application to field
data controversial.
Sources of CF variability include methodological differences in the measurement of radioisotope incorporation (filtration vs microcentrifugation) [26], in the setting
up of bacterial cultures (dilution vs filtration, mineral and
organic nutrient additions, etc.) [11, 22, 24, 46], and in the
performance of calculations (integrative, derivative, etc.)
[14]. CF variability can also derive from processes related
to the synchronization between radioisotope incorporation and cell production [14].
Under optimal resource conditions, bacterioplankton
grow exponentially and optimize DNA duplication with
respect to protein metabolism, maximizing reproduction
and showing balanced growth (synchronous increases of
cells and radioisotope incorporation rates) [14, 41]. Because CFs are obtained by relating increases in abundance
to increases in protein synthesis, these conditions are
expected to yield the maximum (upper limit) of cell production per protein unit and, therefore, a CF potentially
extrapolative among systems where resources are not
limited. In contrast, under limited conditions bacterioplankton present logistic growth and protein synthesis
may be favored in order to maximize survival rather than
reproduction. This leads to unbalanced growth (cell division and radioisotope incorporation is uncoupled) [14,
41], and this situation is expected to yield variable, lower,
and site-specific CFs.
Bacterioplankton resources are dissolved organic carbon (DOC), organic and inorganic forms of N and P, vitamins, and trace metals [9, 38, 47, 48]. A strong limitation
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(bottom-up control) of bacterioplankton by the organic
substrate has been underlined in numerous across- systems studies [4, 17, 32]. Bacterial growth is constrained
not only by the quantity of the organic substrate but also
by its quality, which determines the efficiency of carbon
incorporation into new biomass in relation to respiratory
losses [2, 27, 45, 48]. Although an unequivocal and broadly
used definition of DOM quality has not been established,
several properties such as molecular size, humic content,
aromaticity, and elemental composition have been considered indicators of DOM quality [1, 2, 31, 45, 49]. DOM
chemical characterization requires the processing of large
volumes of water, and the isolation procedures are laborious. For this reason, considerable scientific effort has
focused on the development of accurate and simple indexes to characterize DOM. Some of these indexes have
been derived from the optical properties of DOM, such as
its absorbance or fluorescence [13, 28, 44].
In the present study, we tested hypotheses that optimal
organic-substrate conditions (high DOC concentration of
high quality) yield balanced (exponential) growth and
consequently an upper limit of CFs and that more restrictive organic-substrate conditions (low DOC concentration of low quality) yield unbalanced (logistic) growth
and lower CFs. We obtained a linear function between
DOC concentration and CFs that allows estimations of
site-specific CFs.

Materials and Methods
Study Sites and Sampling
Nine aquatic ecosystems were selected in an effort to include
organic substrates with a wide range of DOC concentration and
DOM quality. Eight systems are in the southeast of Spain and one
(Old Man McMullen pond (OMM)) in Norfolk, CT, USA. The
systems are located in very diverse settings: alpine (Caldera Lake,
CA), agricultural (Bermejales Reservoir, BE), coastal (Honda
Lagoon, HO), karstic (Grande, Dulce and Salada lakes, GR, DU,
SA), alkaline-peaty (Padul P1 and Padul P0 ponds, PP1, PP0),
and conifer forest (OMM). Each lake was sampled once at a
central station during spring or summer of 1999 (except OMM,
summer 1996). Underwater photosynthetically active radiation
(PAR) was measured at 0.2-m depth intervals with a LiCor (LI
193SA) quantum sensor (except OMM). Water samples were
collected at a depth of 50% PAR to avoid intense DOM photobleaching, which modifies DOM optical properties [37]. Samples
were taken for analysis of DOC and optical properties of DOM,
and for setting up regrowth cultures (RCs). Water for the RCs (2
L) was stored at approximately 4C in the dark for 2 to 3 h until
its use at the laboratory.
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lengths compared with fluorophores of terrestrially derived fulvic
acids.

DOM Optical Characterization
Triplicate samples from all systems except the alpine lake were
prepared for DOC analysis by filtering lake water through precombusted Whatman GF/F filters. The filtrates were collected in
combusted (>2 h at 500C) flasks, acidified with HCl (final pH <
2), stored at 4C in the dark until analysis, and measured with a
Shimadzu Total Carbon Analyzer TOC-5050. Duplicate samples
from the alpine lake were similarly prepared and the filtrates
were measured with a TOC-5000 equipped with a Shimadzu
platinized-quartz catalyst for high sensitivity analysis.
Triplicate samples for absorbance and fluorescence were filtered through Whatman GF/F filters. Absorbance scans from 250
to 700 nm were measured in 10-cm quartz cuvettes using a
Perkin Elmer Lambda 40 spectrophotometer connected to a
computer equipped with UV-WINLAB software (except for water
from OMM pond). Absorbances at the specific wavelengths of
250 nm (A250) and 440 nm (A440) were expressed as Napierian
absorption coefficients (a250 and a440) in m)1 [30]:
a250;440 ¼

2:303A250;440
l

ð1Þ

where l is the optical pathlength in metres. Molar absorption
coefficients at 250 nm (250) and 440 nm (440) in m2mol)1 were
also calculated as:
e250;440 ¼

a250;440
C

ð2Þ

where C is the concentration of DOC in mM [5].
Fluorescence emission spectra from 370 to 650 nm (excitation
at 370 nm, slit width of 0.5 nm) were measured in a Perkin Elmer
LS50B spectrofluorometer using 1-cm quartz cuvette (rinsed
twice with the sample) except for water from OMM pond. Fluorescence at 450 nm (F450) was expressed as quinine sulfate units
(QSU), where 1 QSU = 1 lg L)1 of quinine sulfate dissolved in
0.1 N H2SO4. Five standards (1, 2, 5, 10, and 20 lg L)1) were used
for the calibration curve. Milli-Q water was used as sample blank
and 0.1 N H2SO4 as standards blank [42]. The ratios of the fluorescence at 450 nm with respect to 500 nm (F450:F500) were also
determined.
Three indexes were used as surrogates of DOM quality: 250,
440, and F450:F500. Absorption at longer wavelengths is related to
compounds of high molecular weight enriched in chromophores,
whereas absorption at the shorter wavelength is related to molecules of lower weight [13, 44]. Therefore, molar absorption
coefficients at 250 nm (250) can be considered as an indicator of
the relative contribution of small molecules (absorbing at short
wavelengths) to the total DOC pool. Conversely, molar absorption coefficients at 440 (440) can be considered as the relative
contribution of humic acids (large molecules enriched in chromophores) to the total DOC pool [12, 36]. The F450:F500 ratio can
be considered an index of the origin of fulvic acids (terrestrial vs
autochthonous) [28]. A ratio of 1.4 is typical for terrestrially
derived fulvic acids, and a ratio of 1.9 is typical for microbially
derived fulvic acids (from degradation of algae and bacteria).
Microbially derived fulvic acids have fluorophores with a
more sharply defined emission peak occurring at lower wave-

Regrowth Cultures (RCs)
To determine the specific growth rates of abundance (l) and (3Hleucine)-protein synthesis (b), and the conversion factor (CF) of
each system, regrowth cultures (RCs) were performed in triplicate (Grande, Dulce, Salada, Padul P1, Padul P0, OMM) or
duplicate (Bermejales, Honda, Caldera). Each RC consisted of
water filtered by Whatman GF/F and amended with mineral
nutrients [50]. This filtration removed a variable fraction of
in situ bacteria (22–97%, mean value 65%), and all bacterivores
and phytoplankton (visual examination). To avoid potential
limitation of mineral nutrients and to force organic carbon
limitation, inorganic N (NH4Cl) and P (KH2PO4) (final concentration of 10 lmol L)1 and 1 lmol L)1, respectively) were added
to all RCs. All RCs were incubated at 25C in the dark for several
days.
Aliquots from each triplicate (GR, DU, SA, PP1, PP0, OMM)
or duplicate (BE, HO, CA) RC were sequentially taken (in most
cases every 24 h) to measure (3H-leucine)-protein synthesis rate
and bacterial abundance. Bacterial abundance was determined by
epifluorescence microscopy using DAPI fluorochrome stain [34].
At least 450 cells in 30 random fields were counted per filter. (3HLeucine)-protein synthesis was measured using, a microcentrifugation technique [43]; 5 lL of L-[4,5-3H]leucine with a S.A. of
141 Ci mmol)1 or 157 Ci mmol)1 (Amersham) was added to 1.5mL aliquots from each RC yielding a final concentration of 23.6
nM or 21.2 nM, respectively. Samples were incubated for 1h.
Incubations were stopped by the addition of trichloroacetic acid
(50%). Three replicates and two blanks were prepared for each
sampling time.

Specific Growth Rates of Bacterial Abundance (l)
Changes in bacterial abundance throughout incubation were
fitted to exponential (Equation 3) and logistic (Equation 4)
functions. The fits and parameters were obtained using the
Nonlinear Estimations Module of the STATISTICA (V. 5.0)
software package. This module uses a very efficient algorithm
(quasi-Newton) that approximates the second-order derivatives
of the loss function in order to guide the search for the minimum
(i.e., for the best parameter estimates, given the respective loss
function). The specific growth rates of abundance (l) in d)1 were
fitted to:
Nt ¼ N0 elt

and
Nt ¼

kN
1 þ eðaN ltÞ

ð3Þ

ð4Þ

where N0 is initial abundance in cell ml)1, Nt is abundance in cell
ml)1 at time t in days, kN is the carrying capacity of the RC, and
aN is a constant derived from the fits.
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Table 1. Concentration of dissolved organic carbon (DOC), optical characterization (a250, a440, and F450) and quality indexes (e250,
e440, and F450:F500) of dissolved organic matter (DOM) at the initial conditions in each regrowth culture (RC)

RCs from

Landscape

Chl-a
(lg L)1)

Caldera (CA)
Bermejales (BE)
Grande (GR)
Honda (HO)
OMM (OMM)
Dulce (DU)
Padul P1 (PP1)
Salada (SA)
Padul P0 (PP0)

Alpine
Agricultural
Karstic
Coastal
Conifer forest
Karstic
Alkaline-peaty
Karstic
Alkaline-peaty

0.3
1.6
0.4
5.8
2.7
0.7
3.2
0.9
1.1

DOC
(mM)
0.04
0.36
0.68
1.23
1.45
1.72
2.42
3.79
3.80

±
±
±
±
±
±
±
±
±

a250
(m)1)

n.a.
2.7 ± 0.1
0.2 ± 0.0
0.04
5.6 ± 0.1
0.3 ± 0.0
0.03 18.4 ± 0.2
0.3 ± 0.0
0.03 59.7 ± 0.3
1.8 ± 0.0
0.02 57.8 ± n.a. 11.6 ± 0.0
0.05 68.6 ± 0.6
1.3 ± 0.0
0.01 109.0 ± 3.2
4.5 ± 0.1
0.01 105.6 ± 2.6
1.8 ± 0.1
0.02 126.2 ± 6.6 11.8 ± 0.8

Specific Growth Rates of (3H-Leucine)-Protein Synthesis (b)
Changes in (3H-leucine)-protein synthesis during incubation
were also fitted to exponential (Equation 5) and logistic (Equation 6) functions, using the procedure described above. The
specific growth rates of (3H-leucine)-protein synthesis (b) in d)1
were calculated from the fits as:
Lt ¼ L0 ebt

and
Lt ¼

kL
1 þ eðaL btÞ

ð5Þ
ð6Þ

where L0 and Lt are (3H-leucine)-protein synthesis rate in pmol
leucine L)1h)1 at initial and t times in days, respectively, KL is the
carrying capacity of the RC, and aL is a constant derived from the
fits.

Calculation of Conversion Factors (CFs)
The CFs in cells mol leucine)1 were obtained by the integrative
method [24] (Equation 7):
ðNf  N0 Þ
CF ¼ R tf
t0 Leu dt

ð7Þ

where N0 and Nf are initial and final abundance in cell ml)1 of the
RC, and  Leu dt is the definite integral of the (3H-leucine)protein synthesis function from initial (t0) to final time (tf). The
solutions of the definite integrals for the exponential (Equation 8)
or logistic (Equation 9) fits were calculated using the following
equations:
Z

tf

Z

tf

Leu dt ¼
t0

L0 btf
ðe  ebt0 Þ
b

ð8Þ

 btf

kL
e  eaL
ln bt
b
e 0  eaL

ð9Þ

Leu dt ¼

t0

a440
(m)1)

Results
Organic Substrate
In the different RCs, DOC concentration varied almost two
orders of magnitude, from 0.04 mM in the alpine lake (CA)

e250
e440
F450
(m2 mol)1) (m2 mol)1) QSU
68.0
15.8
27.0
48.2
39.8
40.0
45.1
27.8
33.3

4.04
0.72
0.40
1.42
7.03
0.75
1.86
0.48
3.11

1.4
2.0
14.5
56.8
n.d.
55.3
272.3
56.9
454.4

F450:F500 Peak
1.82
1.79
1.77
1.79
n.d.
1.81
1.67
1.81
1.59

431
422
448
439
n.d.
443
453
442
449

to 3.80 mM in one of the alkaline-peaty (PP0) systems
(Table 1). DOM optical characteristics were also very
variable; absorption coefficients ranged from 2.7 to 126.2
m)1 at 250 nm (a250) and from 0.2 to 11.8 m)1 at 440 nm
(a440), and fluorescence at 450 nm (F450) varied from 1.4 to
454.4 QSU (Table 1). The indexes selected to estimate
DOM quality (250, 250, and F450:F500) are also shown in
Table 1. The highest value of 250 was observed in the RC
from the alpine lake (CA). DOM from this system likely
includes a high proportion of small molecules. By contrast,
the RC from the system located in a conifer forest (OMM)
presented the highest value of 440, suggesting a high
contribution of humic acids to the total DOC pool. According to the F450:F500 index results, DOM in RC from the
alpine lake (CA) appeared to contain the highest proportion of organic carbon of autochthonous (phytoplankton)
origin, whereas DOM in RC from one of the alkaline-peaty
systems (PP0) appeared to contain the highest proportion
of organic carbon of terrestrial origin.
Specific Growth Rates of Abundance (l) and (3H-Leucine)-Protein
Synthesis (b) and Conversion Factors (CFs)
In four of the nine RCs (BE, OMM, SA, and PP0) exponential fits explained higher percentages of the variance
(r2) of abundance and (3H-leucine)-protein synthesis increases in comparison to logistic fits (Table 2). Figure 1A
depicts an example of exponential fits of abundance (solid
line) and (3H-leucine)-protein synthesis (dotted line) in
RCs from Salada lake. In the other five RCs (CA, GR, HO,
DU, and PP1) logistic fits explained higher percentages of
the variance (r2) of the abundance and the (3H-leucine)protein synthesis increases in comparison to exponential
fits (Table 2). Figure 1B shows an example of logistic fits of
abundance (solid line) and (3H-leucine)-protein synthesis
(dotted line) in RCs from Padul P1 pond.

4,953,390
3,808,646

unbalanced (U)) determined by the concordance between l and b, and the values of conversion factors (CFs)

2455
1056

4260
995
6,736,223
20,508,872
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s.e., standard error; n.c., not computed by the software
a
Values of the specific growth rates, carrying capacities and constants of abundance (l, KN, and aN) and protein synthesis (b, KL, and aL) derived from the fits. Growth type (balanced (B) or

0.0185
0.0223
0.0062
0.0576
0.0210
0.0136
0.0394
0.0539
0.0419
U
B
U
U
B
U
U
B
B
20.30 ± n.c.
0.36 ± 0.19
13.74 ± n.c.
22.71 ± n.c.
0.28 ± 0.06
1.40 ± 0.56
34.87 ± n.c.
0.31 ± 0.07
0.35 ± 0.07
5.76
720.49
8.57
0.54
213.31
2.62
1.97
531.00
523.23
2174

0.906
0.621
0.982
0.578
0.979
0.988
0.801
0.906
0.954
0.06
0.06
0.04
0.88
0.00
0.77
0.14
0.14
0.05
±
±
±
±
±
±
±
±
±
2.13
0.33
0.73
1.17
0.26
0.66
3.34
0.31
0.36
1.2
1,117,058.8
2.6
)0.8
437,734.7
0.6
1.5
2,272,645.0
1,325,009.0
4,311,010

0.999
0.933
0.999
0.787
0.999
0.654
0.999
0.695
0.968

r
Fit

L
E
L
L
E
L
L
E
E

r
aN

l ± s.e.
(d)1)
kN
(Cell ml)1)
2

RC

Caldera (CA)
Bermejales (BE)
Grande (GR)
Honda (HO)
OMM (OMM)
Dulce (DU)
Padul P1 (PP1)
Salada (SA)
Padul P0 (PP0)

aL
KL
(pmol leu lh)1)
2

Protein synthesis
Abundance

Table 2. Selection of exponential (E) or logistic (L) fit according to the highest value of the explained variance(r2)a

b ± s.e.
(d)1)

Growth
type

CF (· 1018
cells mol leu)1)

Conversion Factors across a DOM Gradient

Specific growth rates of abundance (l) varied more
than one order of magnitude, from 0.26 d)1 in RC from
OMM pond to 3.34 d)1 in RC from PP1 (Table 2). The
specific growth rates of (3H-leucine)-protein synthesis (b)
ranged more than two orders of magnitude from 0.28 d)1
in RC from OMM pond to 34.87 d)1 in RC from PP1 lake
(Table 2). The carrying capacities of abundance (kN) varied from 3.8 · 106 to 20.5 · 106 cell ml)1 and those of
protein synthesis (kL) from 996 to 4260 pmol leu L)1 h)1
(Table 2). Carrying capacities of abundance (kN) and
protein synthesis (kL) were positively correlated (n = 4,
r = 0.98, p = 0.018) when the values for Honda Lagoon
were excluded. In this last system, bacteria reached the
highest kN and the lowest kL value (Table 2).
In RCs where the increases of abundance and protein
synthesis were best fitted by exponential functions (BE,
OMM, SA, and PP0), the growth was balanced (l was not
significantly different from b) (Table 2 and Fig. 2). By
contrast, in RCs where the increases of abundance and
protein synthesis were best fitted by logistic functions (CA,
GR, HO, DU, and PP1), the growth was unbalanced (l was
significantly different from b) (Table 2 and Fig. 2). In all
RCs with unbalanced growth, the specific growth rates of
protein synthesis (b) were considerably higher than the
specific growth rates of abundance (l) (Fig. 2).
CFs varied almost one order of magnitude from 0.0062
to 0.0576 · 1018 cells mol leu)1 incorporated into proteins,
with an average of 0.0305 · 1018 cells mol leu)1 (Table 2).
CFs obtained from RCs with balanced growth (l  b) were
not alike and varied from 0.0210 to 0.0539 · 1018 cells mol
leu)1 (Table 2 and Fig. 3). The CFs obtained from RCs with
unbalanced growth (l „ b) were more variable, ranging
from 0.0062 to 0.057 · 1018 cells mol leu)1 (Table 2 and
Fig. 3). The median of CFs in RCs with balanced growth
was higher that in RCs with unbalanced growth (Fig. 3),
although the overlap was significant. The segregation between CFs grouped by balanced and unbalanced growth
was more evident when the CF from Honda Lagoon was
not included in the unbalanced growth group (Fig. 3).

Relationships between l, b, and CFs and the Organic Substrate
The setup of the RCs, with constant incubation time and
temperature, addition of inorganic nutrients (N and P),
and absence of predators guaranteed that l and b were
largely controlled by the DOC concentration and/or DOM
quality.
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Fig. 2. Comparison of the specific growth rates of abundance
(l) (dark squares) and protein synthesis (b) (empty squares) in
all regrowth cultures. Error bars represent standard errors of l
and b (also in Table 2). Note the logarithmic scale.

Fig. 1. Example of exponential (A) and logistic (B) fits of
abundance (solid line) and (3H-leucine)-protein synthesis (dotted line) in the regrowth cultures from Salada Lake and Padul
P1pond, respectively. Solid and dotted lines represent the nonlinear functions estimated, and circles and squares are the replicates of abundance and protein synthesis, respectively.

A set of regression analyses was performed in order to
assess whether specific growth rates of abundance (l) and
protein synthesis (b) variability were dependent on DOC
quantity and/or DOM quality. We observed no significant
relationships between DOC concentration or any of the
DOM quality indexes assayed (250, 440, and F450:F500) and
l or b.
A positive and significant (n = 8, p < 0.01**, r2 = 0.71)
relationship was observed between the DOC concentration
and the CFs when the value of the RC from Honda Lagoon
was excluded (Fig. 4). The linear function obtained between the DOC concentration and the CFs was:
CF ð1018 cells mol leu1 Þ
¼ 0:0104 þ 0:0094 DOCðmMÞ
We found no significant relationships between the CFs
and the DOM quality indexes assayed 250, 440, and
F450:F500.

Fig. 3. The median (horizontal line), the 25–75% (black box),
and the maximum and minimum values (whiskers) of the conversion factors grouped by balanced, unbalanced, and unbalanced-HO growth (except the value of the RC from Honda
Lagoon).

Discussion
Bacterial Growth and Organic Substrate
Robust correlations between DOC concentration (from
both autochthonous and allochthonous sources) and
bacterial biomass or production have been reported [9,
48], suggesting a strong control of bacterial growth by
organic substrate in natural systems. This field work was
corroborated by experimental bioassays in which organic
C was manipulated [11, 22, 23]. However, it has proven
difficult to establish general rules regarding DOC control
over bacteria growth, because of the variability (glucose,
amino acids, proteins, etc.) of organic substrates added in

Conversion Factors across a DOM Gradient

Fig. 4. Scatterplot of conversion factors (CFs) in relation to
DOC concentration and the relationship between both parameters when CF from Honda Lagoon was excluded (empty circle).

the experiments, the heterogeneity of indigenous DOC,
and potential multiple interactions with mineral resources
(N, P, Fe) [7, 25, 35].
In the present study, neither the specific growth rates of
abundance (l) nor the specific growth rates of protein
synthesis (b) were found to be related to DOC concentration. This absence of any relationship may be due to the
considerable variability in DOM quality among the systems studied (Table 1). Thus, quantity could have been
compensated by quality, masking a simple and positive
relationship.
In general, an organic substrate of high quality has a
low aromatic content [45], molecules of small mean size
[29], or a low C:N ratio [18, 27, 20]. Nevertheless, some
high-molecular-weight compounds (e.g., polysaccharides)
can also be efficiently used by bacteria, whereas low-molecular-weight compounds (e.g., by-products of previous
degradation) can be refractory [1, 2]. These properties are
not necessarily independent. For instance, DOC with low
molecular weight usually also has a low C:N ratio [29], and
autochthonous DOM (derived from algae or macrophytes)
contains few aromatic compounds [45], and maximum
growth rates are supported in both cases.
The specific growth rates of protein synthesis (b) were
more variable (two orders of magnitude) than the rates of
abundance (l) (one order of magnitude) (Table 2). In all
RCs with unbalanced growth, the b values were markedly
higher than l values (Fig. 2). These results suggest that cell
division was more constrained than protein synthesis
across the RCs. Protein synthesis appears to increase more
rapidly than cell duplication in order to maximize survival
under unfavorable environmental conditions [14, 41].
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Thus, cell division could be considered as a secondary
process: bacteria first maximize survival via protein synthesis and then enter cell division only when environmental conditions are adequate. Therefore, specific growth
rates of protein synthesis (first step) reflected more accurately the variability of the organic substrate (two orders
of magnitude).
On the other hand, the concordance between the carrying capacities of protein synthesis (kL) and abundance
(kN) in all RCs except HO (Table 2) suggests a dependence
of cell abundance on protein synthesis at carrying capacity. In the RC from Honda Lagoon, the very low kL relative
to the kN suggests that protein synthesis could have been
underestimated.
Probably, in this productive system, the concentration
3
of H-leucine used was not enough to repress the isotope
dilution. In eutrophic systems, a 3H-leucine concentration
greater than 40 nM is usually necessary to reach the saturation level [21].
Conversion Factors
In the present study, CFs varied almost one order of
magnitude (Table 2) and were lower than values reported
in published studies that used filtration [6, 14, 22, 23,
33, 46, 51] or microcentrifugation [15, 39] techniques.
The discrepancy with the former studies may be because
the filtration method recovers less 3H-leucine-proteins
compared with microcentrifugation [26, Reche unpublished data] yielding higher CFs. The lower CFs in our
study than in the scant studies that also used microcentrifugation [15, 39] may be related to our use of integrative
rather than cumulative or modified derivative calculation
methods.
The RCs with balanced growth (Fig. 2) yielded CFs that
ranged twofold (Table 2), impeding the establishment of
an upper limit for CFs. This finding suggests that under
optimal conditions with exponential growth, bacterial assemblages did not produce an identical number of cells
per protein unit, underlining the possible impact of bacterial community composition.
Although CF variability was influenced by temperature
and mineral nutrient availability in previous studies [22,
23, 40], these factors were controlled in the regrowth
cultures. All cultures were standardized by the addition of
N and P and by incubation at constant time and temperature. Therefore, the variability obtained in this study
should be mostly related to the organic substrate. In fact,
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we found a significant positive relationship between CFs
and DOC concentration when the CF from HO was excluded (Fig. 4). This CF was excluded because it likely was
an overestimation. At carrying capacity conditions the
ratio of cell abundance to protein synthesis in the RC from
HO was very high in relation to the other RCs with unbalanced growth (Table 2). This fact suggests an underestimation of protein synthesis that could be related to
isotope dilution.
High DOC concentration appears to promote both
protein-synthesis and cell division in balanced growth,
leading to higher CFs (Figs. 3 and 4). In contrast, low DOC
concentration appears to promote protein synthesis (high
b values) but not cell division in unbalanced growth,
which leads to lower CFs (Figs. 3 and 4). DOC concentration explained more than 70% of the CF variance. Unexplained variance could be related to iron availability,
virus infections, and different bacterial community composition, among other uncontrolled parameters.
Using the function obtained in this study to estimate
specific-site CFs instead of taking a standard value can
have important consequences for the functional interpretation of natural systems. For instance, in situ bacterial
production (BP) of Grande (GR) and Salada (SA) lakes are
147.25 and 1914.56 pmol L)1h)1, respectively (Reche et al.,
unpublished data). If a CF from the literature is applied,
e.g., 0.087 · 1018 cells mol leu)1 [39], 12.81 · 106 and
166.57 · 106 cells L)1h)1 is obtained. This calculation
procedure maintains the 13-fold difference obtained in the
3
H-leucine incorporation. However, if we apply CFs derived from the function obtained in the present study, the
BP is 2.47 · 106 cells L)1h)1 for GR and 88.07 · 106 cells
L)1h)1 for SA. This calculation procedure increases to 36fold the difference obtained in 3H-leucine incorporation.
Natural systems are substantially more complex than
the RC conditions, including multiple interactions with
mineral nutrients, viruses, predators, and environmental
stresses, among others. Nevertheless, the linear function
obtained between DOC concentration and the CFs offers
an alternative approach to estimate site-specific CFs depending on their DOC concentrations. The degree to
which this relationship can be extrapolated across systems
remains to be established by further studies that consider
more controlling factors. Factorial analysis of organic
substrate, mineral nutrients, temperature, and other variables could provide more complex and accurate functions
that describe the patterns of CF variability and replace the
use of a single CF for all aquatic ecosystems.
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