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ABSTRACT: Stimulation of heterotrophic bacterial growth by inorganic nitrogen (nitrate and 
ammonium) was observed in natural assemblages of marine bacteria grown in continuous culture with 
unsupplemented sea water as primary medium. In the presence of nitrogenous supplements, bacterial 
numbers increased approximately 3-fold. These results indicate that re-evaluation of the role of 
heterotrophic bacterioplankton in the pelagic nitrogen cycle may b e  necessary. 

INTRODUCTION 

In the classical view of the pelagic marine nitrogen 
cycle, heterotrophic bacteria have been portrayed as 
net mineralizers, producing ammonium from dissolved 
organic nitrogen (DON). Assimilation of dissolved in- 
organic nitrogen (DIN) as regenerated ammonium or 
upwelled nitrate is thought to be due mainly to phyto- 
plankton. Recently, several lines of evidence have sug- 
gested that heterotrophic bacteria might be significant 
consumers of the inorganic N, in competition with 
phytoplankton (which are generally N-limited in the 
marine pelagial). Indirect evidence comes from an in- 
ability to balance a nitrogen budget without invoking 
DIN uptake by bacteria (Laws et al. 1985). Additional 
evidence comes from DIN uptake studies using specific 
inhibitors for prokaryotes and eukaryotes, respectively 
(Wheeler & Kirchman 1986) and 13NH4+ followed by 
size-fractionation (Fuhrman et  al. 1988). Further, 
laboratory studies have demonstrated growth of marine 
bacteria using nitrate as  a nitrogen source (Brown et  al. 
1972), and field and mesocosm studies suggest that 
bacteria may limit autotrophic production by compet- 
ing for nitrate (Parker e t  al. 1975, Parsons et  al. 1981). 

We studied DIN uptake by natural assemblages of 
bacteria grown in seawater cultures. We also asked 
whether DIN additions, made in the second stage of a 
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2-stage continuous culture, would stimulate bacterial 
growth. The use of the seawater culture system allowed 
us to examine DIN uptake by bacteria in the absence of 
other organisms; yet we could study presumably com- 
plex bacterial assemblages growing in unennched sea- 
water (except when DIN was added) at cell densities 
and growth rates comparable to those in natural bac- 
terial assemblages. 

MATERIALS AND METHODS 

Continuous culture system. The experimental 
apparatus consisted of a 2-stage continuous culture 
(Fig. 1). The first stage was a 'seawater culture', using 
filtered (Whatman GF/C, followed by 0.22 pm Milli- 
pore), autoclaved seawater collected from Scripps Pier 
as the medium (Reservoir1 in Fig. 1) and l ym filtered 
(Nuclepore) seawater as the inoculum (Hagstrom et al. 
1984). The growth vessel for the first stage was a 250 m1 
side-arm flask (Chemostat I in Fig. l). A series of 
medium supplements, contained in Reservoir I1 (Fig. l), 
were added to the second stage of the continuous 
culture (Chemostat I1 in Fig. 1). The growth vessel for 
the second stage was a covered graduated cylinder, 
and held a volume of about 310ml. The graduated 
cylinder served as a mixing vessel for the overflow from 
the first stage and the medium added from the supple- 
mental reservoir, which were mixed in the ratio of 4 
parts overflow from Chemostat I to 1 part medium from 
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Fig. 1. Experimental set-up for laboratory studles, showing the 
2 nutrient reservoirs and the 2 stages 

the supplemental reservoir. The volume of the second 
stage was proportionally larger to accommodate the 
supplemental medium. The supplements to the second 
stage of the continuous culture were filtered, auto- 
claved solutions in seawater of ammonium, phosphate, 
the outflow from a nitrogen-limited phytoplankton 
chemostat, presumed to be a source of dissolved 
organic matter (DOM) (courtesy of D. G. Redalje), fil- 
tered seawater as a control, and nitrate. The supple- 
ments were added sequentially over time. The dilution 
rate was maintained at  0.055 h-',  for a doubling time of 
18 h .  The first stage was allowed to reach steady state, 
as determined by constant cell numbers. Supplemental 
additions to the second stage were then begun. The 
experimental apparatus was maintained in the dark, at  
a temperature of ca 20°C. 

Analyses. Bacterial cell numbers in each stage were 
determined periodically by epifluorescence microscopy 
(Hobbie et al. 1977, Hagstrom et al. 1979). Nutrients 
(ammonium, nitrate, phosphate) were determined by 
colorimetric methods (Strickland & Parsons 1972). 

RESULTS 

Bacterial abundance 

Cell numbers in the first stage remained constant 
over the 44 d of the experiment (0.83 _+ 0.18 X lO%ells 
ml-l, n = 21). No changes were seen over the course of 
the experiment (Pearson's product moment correlation 
= -0.07) (Fig.2) Cell numbers in the second stage 
varied depending on the supplement supplied in the 
supplemental reservoir. When autoclaved filtered sea- 
water, the same medlum as supplled to the first stage, 
was the supplement, there was no significant differ- 
ence in cell concentrations between the 2 stages (Stu- 
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Fig. 2. Cell numbers in the first stage (a) and second (sup- 
plemented) stage ( A )  of the 2-stage continuous culture. 

AI~VWS:  supplemental reservoir was changed 

dent's t-test, p>0.05) (Fig. 2 ) .  Cell numbers in the 
second stage were significantly greater than in the first 
stage for all other supplements, nitrogen as ammonium 
or nitrate, phosphorus as phosphate, and DOM as  the 
overflow from a nitrogen-limited phytoplankton 
chemostat. When ammonium or nitrate was the supple- 
ment, cell numbers in the second stage were about 3x 
higher than in the first stage. Cell numbers were 
approximately twice those in the first stage when phos- 
phate or DOM was the supplement. 

Nutrient removal 

Concentrations of nitrogenous nutrients (sum of 
ammonium, nitrite, and nitrate) and soluble reactive 
phosphorus in the inflow and outflow for each treat- 
ment are summarized in Table 1. Some of the variabil- 
ity in nutrient concentrations is due  to the temporal 
variability In seawater collected from Scripps Pier; the 
reservoirs were replenished with freshly-collected sea- 
water several times during the course of the experi- 
ment. In addition, carryover of the previous enrichment 
contributed to the variability in nutrient concentrations. 
This is especially noticeable in the phosphate concen- 
tratlons (Table 1). The outflow represents steady-state 
concentrations in the continuous culture, so that the 
amount of nutrients utilized can be calculated by differ- 
ence. The budget for nitrogen species cannot be  com- 
plete, because the dissolved organic nitrogen pools 
were not measured. Presumably, dissolved organic ni- 
trogen compounds were particularly important in the 
'DOM' supplement. 

The inflow to the first stage contained 2.21 pm01 
N I - ' ,  1.77 ~ t m o l l - '  as ammonium, and 0.44 !,m01 1-' as 
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Table 1. Bacterial numbers and concentrations of nutrients in chemostat resenlolrs 

Treatment 

Chernostat I 
Chernostat I1 

+dmmonium 
+phosphate 
+'DOM' 
s.w. control 
+nitrate 

Chemostat I 
Chelnostat I1 

+ammonium 
+phosphate 
+ 'DOM' 
s.w. control 
+nitrate 

Bacteria Inflow Outflow Utilized 
m1 ' [NO3- + NO2- + NH4+] btM 

0 8 3  X 10' 2.21 0.35 1 86 

nitrate + nitrite. The DIN species in the outflow from 
the first stage were only nitrate + nitrite; the concen- 
tration of ammonium in the outflow was at the detec- 
tion limit for the method (<0.02 F~moll- ').  

DISCUSSION 

Several recent studies have indicated that hetero- 
trophic marine bacteria may compete with phytoplank- 
ton for nutrlent assimilation (Bratback & Thingstad 
1985, Laws et al. 1985, Wheeler & Kirchman 1986, 
Fuhrman et al. 1988). Our study confirms the uptake of 
inorganic nitrogen, not only ammonium but also 
nitrate, by a culture of mixed marine heterotrophic 
bacteria. Furthermore, we have demonstrated by the 
increase in bacterial concentrations in the sup- 
plemented continuous culture, that inorganic nitrogen 
can enhance the growth of heterotrophic bacteria in 
these seawater cultures. 

The experimental conditions in the continuous 
culture are different from natural ones, however. In the 
experimental set-up, the supply of fresh nutrients is the 
input from a reservoir, rather than from in situ 
regenerative processes. The dissolved organic and 
inorganic matter could be qualitatively and quantita- 
tively different from that in natural seawater. In addi- 
tion, the major source to the second stage of the con- 
tinuous culture is the outflow from the first stage. Thus 
the second stage is different from the first not only in 
the addition from the supplemental reservoir, but also 
in the quality and quantity of the dissolved material in 
the inflow. In other words, in the inflow to the second 
stage, some of the dissolved material that was present 
in Reservoir I has turned into bacterial bioinass. 

Nevertheless, it is interesting to note that the supple- 
mental addition of dissolved organic matter in the form 
of the overflow from a nitrogen-limited phytoplankton 
chemostat did not stimulate an  increase in bacterial 
numbers comparable to that caused by the addition 
of either of the 2 inorganic nitrogen compounds, 
ammonium or nitrate. 

Our loss term is the outflow from the continuous 
culture. In the real ocean, where loss is probably due to 
grazing, there is a feedback from the grazing term, in 
that grazing is a source of fresh nutnents (Goldman et 
al. 1985, Sherr et al. 1986). No such feedback is present 
in the chemostat system. Nevertheless, the observed 
increase in numbers of bacteria in the presence of 
added inorganic nitrogen indicates that supplies of 
inorganic nutrients to the bacterial population may be 
important in determining the bacterial standing stock. 

The impact of heterotrophic bacteria on the flows of 
carbon and energy in pelagic ecosystems has been 
demonstrated (Hagstrom et  al. 1979, Fuhrman & Azam 
1980, 1982), and their role has now been incorporated 
into classical paradigms of carbon and energy cycling 
(Williams 1981). This study, along with other recent 
studies, indicates that the role of heterotrophic bac- 
terioplankton in the pelagic nitrogen cycle may need 
re-evaluation a s  well. For example, we can use the 
nitrate utilization rates in this study to estimate the 
potential impact of the bacterial population on meas- 
urements of new production. The continuous culture 
system contains bacterial numbers and nitrogen con- 
centrations which are ecologically relevant to the 
Southern California Bight system (Fuhrman e t  al. 
1980). By extrapolation from the measured nitrate utili- 
zation rates in the first stage of the continuous culture, 
we find that bacterial uptake can account for - 50 mg N 
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m-2 d-l .  When nitrate is used as  the supplement in the 
second stage, perhaps mimiclung pulses of nitrate to 
the mixed layer, - 200 mg N m-' d- '  would be utilized 
by heterotrophic bacteria. These extrapolated rates 
could account for the entire measured nitrate assimila- 
tion in Southern California Bight waters during some 
seasons (Eppley et al. 1979). If a large percentage of 
nitrate uptake in the upper mixed layer should be 
channelled via bacteria, there are both conceptual and 
practical implications. Practically, the contribution of 
bacterial uptake to rates measured by incubation 
experiments with added '5N-substrates must be as- 
sessed. Conceptually, our understanding of the path- 
ways and mechanisms of nitrogen flow must be re- 
evaluated. 
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