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ABSTRACT: Variation in the distribution of stable nitrogen isotopes among different size classes of par-
ticulate organic nitrogen {PON} in aquatic environments may be partly explained by isotope effects
associated with regeneration of NH,* by the microbial food web. Protists fed the marine bacterium
Vibrio natriegens were grown in batch and continuous culture to define the isotope discrimination
between NH,", microbial biomass, and dissolved organic nitrogen {DON) for culture systems closed or
open to exogenous nutrient inputs. In batch cultures of a flagellate Pseudobodo sp. and a scuticociliate
Uronema sp., the nitrogen isotope discrimination between biomass and NH," was 3 to 5 %. during expo-
nential growth of protists corresponding to the highest rates of biomass-specific NH," release. The §'°N
of DON, calculated by mass balance, was very depleted in '°N relative to NH," and biomass during
exponential and early stationary growth when DON and dissolved free amino acid (DFAA) concentra-
tions increased. In contrast to batch culture results, for continuous culture of the flagellate the isotope
discrimination between biomass and NH,* and the change in the calculated §'°N of DON were smalk:
1 to 2 %.. Based on rates of thymidine incorporation and turnover of DFAA, protist excretion and bacte-
rial uptake of DON were less coupled for exponentially growing protists fed starved bacteria in batch
cultures than for the flagellate fed active bacteria growing in a 2-stage continuous culture. Coupling
between release and utilization of DON, as well as isotope effects associated with protist metabolism,
are proposed to constrain the nitrogen isotope dynamics of NH,*, suspended PON, and DON within
marine ecosystems, especially those environments dominated by regenerated primary production.
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INTRODUCTION

Heterotrophic flagellates and ciliates are dominant
consumers of bacteria and picophytoplankton in
aquatic ecosystems (Andersen & Fenchel 1985, Ras-
soulzadegan & Sheldon 1986, Sherr et al. 1989, Caron
et al. 1991) contributing to nitrogen recycling by excre-
tion of NH,* (Fenchel & Finlay 1983, Goldman et al.
1985, Berman et al. 1987) and dissolved organic nitro-
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gen (DON) compounds (Andersson et al. 1985, Nagata
& Kirchman 1991, 1992). Ammonium excretion rates
suggest that >50% of regenerated nitrogen in the
euphotic zone is supplied by protists (Ferrier-Pages &
Rassoulzadegan 1994), especially in oligotrophic envi-
ronments (Caron 1994). Protist release of dissolved
amino acids can be 20% of ingested nitrogen and a
mechanism for the feedback of substrates to bacteria
(Nagata & Kirchman 1991, 1992). Because protist graz-
ing is an important control of nitrogen turnover in
marine environments, protists may affect both the sta-
ble nitrogen isotope composition of DON and NH,*
used to support bacterial and phytoplankton produc-
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tion and the partitioning of "N among size classes of
particulate organic nitrogen (PON).

Variation in nitrogen isotope composition (reported
as 8°N) of total PON, ranging from -3 to 11%, has
been extensively measured and discussed in terms of
nitrogen sources and biogeochemical cycling (Saino &
Hattori 1980, Altabet & McCarthy 1985, Cifuentes et
al. 1988, Libes & Deuser 1988). However, few investi-
gations have measured or attempted to explain §°N
variability among size classes of PON that are relevant
to understanding sources of nitrogen for microbial bio-
mass and microbial trophic dynamics (<3 pm PON). In
the Sargasso Sea during winter, the §"°N of <1 ym PON
varied by 2.5%o relative to PON >75 pm, and the dis-
crimination between PON <3 and >3 pm was about
2%. in the euphotic zone (Altabet 1988). However, the
variation in §'"°N with depth for these small size parti-
cles was 6%o, suggesting that either mineralization of
suspended PON or disaggregation of sinking PON
result in isotope fractionation (Altabet 1988). Rau et al.
(1990) measured as much as 5%. differences over a <3
to >150 pm size range of PON collected from surface
waters of the northern Mediterranean coast, and
annual variation in the <8 um size fraction was 4 %.. In
both studies, about 50 % of the PON was in the smaller
size fraction (<3 pm PON) which contains most of the
heterotrophic protist and bacterial biomass. These
observations emphasize the importance of defining
microbial processes contributing to 8N variation in
small PON.

Differences in the §'®N among small (<3 pm) and
larger PON may result partly from the sources of dis-
solved nitrogen assimilated by plankton components
and isotope fractionation during uptake or release of
nitrogen-containing compounds. Because NH,* is a
preferred source of nitrogen for phytoplankton and
can support most of the nitrogen demand of phyto-
plankton and bacteria, isotope effects associated with
its uptake and regeneration within small PON versus
larger PON may explain much of the 3°N variability.
Due to concentration-dependent partitioning of NH,*
uptake between plankton size classes (Suttle et al.
1990), larger phytoplankton will assimilate pulses of
N-depleted NH,* excreted by zooplankton (Checkley
& Miller 1989). Picophytoplankton and bacteria have a
higher affinity for NH,* and will outcompete larger
phytoplankton when NH,* concentrations are very low
(<100 nM NH,*). Under these conditions, phytoplank-
ton and bacteria will not fractionate N isotopes during
NH,* uptake (Hoch et al. 1992, 1994, Fogel & Cifuentes
1993). Therefore, in oligotrophic surface waters when
NH, " regeneration is largely a result of protist metabo-
lism, isotopic composition of picoplankton utilizing
NH,” will be determined by the 8'°N of biomass grazed
by protists and isotope fractionation associated with

protist excretion of NH,;* Thus, interactions of the
microbial food web alone may account for variability
within <3 pm PON and among larger PON.

Stable nitrogen isotope discrimination between
NH,* and PON resulting from protist excretion of
NH," has not been measured. In the present study,
the discrimination between §°N of excreted NH,’
and blomass was measured for 2 protist isolates,
a flagellate, Pseudobodo sp., and a scuticociliate,
Uronema sp. Both protists were fed the marine bac-
terium Vibrio natriegens. We hypothesized that NH,*
excreted by protists would be depleted in >N by about
3%o relative to the biomass, a result similar to that
observed for zooplankton (Checkley & Miller 1989}
and to the 3% stepwise increase in 8'°N between
trophic levels of higher organisms (e.g. Wada et al.
1987, Fry 1988). To compare nitrogen isotope discrimi-
nation for systems closed versus open to exogenous
nutrient inputs, we used batch and continuous culture
systems, respectively. Bacterial activity and dissolved
free amino acid (DFAA) turnover and concentration
were also measured to assess the dynamics of protist
release and bacterial uptake of labile components of
DON and to evaluate the potential contribution of bac-
teria to stable isotope dynamics in protist cultures.

MATERIALS AND METHODS

Two heterotrophic protists, a Pseudobodo sp. flagel-
late and a Uronema sp. scuticociliate, were isolated
from Santa Rosa Sound, Florida, USA, by a nutrient
enrichment technique. A 1 cm? piece of agar from an
LB media plate was added to 50 ml volume of asepti-
cally collected seawater, and after 3 d, clones were
established by micropipetting. Clonal cultures of
protists were grown on the marine bacterium Vibrio
natriegens. V. natriegens was grown on artificial sea-
water (Cavanaugh 1975) diluted to half strength
("2ASW, 16 ppt salinity) and supplemented with 4 g
Difco Nutrient Broth plus 2 g yeast extract. Bacterial
cultures were harvested at stationary phase and then
washed and resuspended in Y4ASW to a final concen-
tration of 5 x 107 ml-!. Protist cultures were subse-
quently recloned to ensure culture purity prior to
experiments. All protist incubations were performed at
18°C.

For batch culture experiments, Vibrio natriegens cul-
tures were harvested at stationary phase, washed
twice in 15ASW without any nutrient supplement, and
stored overnight. Prior to use in the experiment, the
bacterial cell suspension was washed once again and
then filtered through 3 pm polycarbonate membrane
(Poretics) to minimize clumped bacteria. Protist inocula
were 1% of the experimental volume (11 1) and were
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taken from stationary phase cultures of protists to min-
imize carry-over of prey bacteria.

Two-stage continuous culture was used to grow the
flagellate under relatively steady state conditions. In
this experiment, the medium in a reservoir was fed to
actively growing bacteria and effluent from the bacte-
rial stage was used as an infeed for a flagellate growth
stage. System dilution rate for a flagellate doubling
time of about 20 h was about 0.0343 h™!. Medium was
60 mg 1I"' Difco Nutrient Broth plus 30 mg I'! yeast
extract in 1AASW. After Vibrio natriegens abundance
in each stage had stabilized, the flagellate stage was
inoculated. The experiment was sampled after 12 d
(ca 10 turnovers).

Samples for particulate analysis were collected by
filtration onto ashed glass fiber filters (Whatman GF/F
type, combusted for 1 h at 500°C}), and filtrate was
used for analysis of dissolved constituents. Concentra-
tions of PON and particulate organic carbon (POC)
were determined using a Carlo Erba NA1500 elemen-
tal analyzer. Concentrations of NH,* and nitrite plus
nitrate were assayed according to Parsons et al.
(1985). Total dissolved nitrogen (TDN) was measured
by the method of Lopez-Veneroni & Cifuentes (1994).
Dissolved free amino acid (DFAA) sample collection
and analysis was according to Nagata & Kirchman
(1990) and used a reverse-phase HPLC technique
modified from Mopper & Lindroth (1982). Concentra-
tions of unidentified amines were calculated assuming
a fluorescence yield equal to that of glycine. Samples
for bacterial and protist abundance were preserved
with Lugol’s iodine (Pomeroy 1984). Bacterial abun-
dance was determined by epifluorescent direct counts
of DAPI stained cells (Porter & Feig 1980). Protist
abundance was determined by phase-contrast
microscopy using a hemocytometer for flagellates and
by counting 10 to 100 ul aliquots on a glass slide for
ciliates.

Gross growth efficiencies were calculated for protist
cultures as protist C or N yield divided by total organic
C or N consumed. Protist C or N yield was calculated
from total POC or PON in a culture minus the POC or
PON contributed by bacteria. Bacterial organic C and
N in protist cultures was estimated by multiplying bac-
terial cell abundance by the mean C or N content per
Vibrio natriegens cell, which was determined from
control incubations with only bacteria.

Rates of NH,* release were calculated as described
by Nagata & Kirchman (1991). Briefly, release rates
were calculated as the change in NH,* concentration
divided by the time interval between samples and then
corrected for NH,* produced in the bacterial control
incubation. Biomass-specific rates were calculated by
dividing release rates by average bacteria or protist N
content for a sampling interval. Protist biomass nitro-

gen was corrected for N content of residual prey
bacteria .

Incorporation rates of [*H-methyl]thymidine (TdR)
and {C]Jleucine (Leu) were determined in the batch
culture experiment as an estimate of bacterial activity
(Chin-Leo & Kirchman 1988). Final concentrations of
TdR and Leu were 40 and 80 nM, respectively. Incuba-
tions were for 10 min at 18°C. Specific activity for Leu
was corrected with the concentration of Leu measured
by HPLC. In the continuous culture experiment,
turnover rate (h'!; incorporated radioactivity divided
by total radioactivity) of DFAA was estimated with a
100 nM final concentration of an [*H]amino acids mix
(Amersham). Incubations were stopped at 2 min by
rapid filtration, and filters were rinsed with 5 ml of
LASW. Mixed ester cellulose membranes with
0.45 pm pore size (Millipore) were used for all radio-
label assays.

Nitrogen isotope analysis of NH;* and PON has been
described (Hoch et al. 1992). Briefly, PON samples
were collected onto glass fiber filters (47 mm Whatman
GF/F type, combusted for 1 h at 500°C) and stored at
50°C under N,. Ammonium in the filtrate was recov-
ered by alkaline distillation and adsorption of NH,*
onto zeolite (Union Carbide molecular sieve W-85)
(Velinsky et al. 1989). Both NH," on zeolite and PON
samples were converted to N, by combustion with
CuO and Cu in quartz tubes (Velinsky et al. 1989). Iso-
topic composition of N, was measured on a Nuclide 3-
60 mass spectrometer, and nitrogen isotope ratios were
reported in the delta notation:

3N = (Xsample/Xstandard - 1)x 10° (1)

where X is ®N:*N and the standard, air, has a 8'°N =
0%o. Isotope discrimination for regeneration of NH,"
(ANyg) was calculated from the §'°N of PON (8PON)
and NH,* (8NH,*) as follows:

ANg = dpon — Oty (2)

The &N for DON in the cultures was calculated by
1sotopic mass balance:

Spon = (87n X TN = 8pon X PON = 8ypy+ x NH,") x DON !
(3)

At the beginning of the experiment, DON §'°N was
assumed to equal PON 8'"N (3.5%) and this value was
used to calculate the 8'°N of total nitrogen. Total nitro-
gen (TN) concentration was determined from the sum
of PON and TDN. Total nitrogen concentration and
85N in the continuous culture system were measured
directly from the nutrient broth/yeast extract media.
The 8'°N of total organic nitrogen (TON) was calcu-
lated as:

STON = (BPON x PON + BDON X DON) X T‘OI\171 (4)
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RESULTS
Closed system experiment

Batch cultures of protists were designed to minimize
the available substrates for bacterial growth in order to
maximize the effects of protist metabolism on stable
nitrogen isotope dynamics. Between 20 and 40 h in
batch cultures the bacterial abundance decreased
(Fig. 1A), flagellates and ciliates grew exponentially
(Fig. 1B), and the NH,* concentration increased most
rapidly (Fig. 1C). Bacterial abundance was relatively
constant in the control incubation, i.e. the treatment
without protists. Ammonium release rates were higher
during exponential growth than during stationary
phase for protists (Table 1), whereas this rate was con-
stant throughout the experiment for the control (0.08 +
0.002 pM h~1). Nitrate and nitrite were undetectable in
all incubations. Loss of PON (Fig. 1D) and POC (not
shown) was also greatest during exponential growth
and they continued to decrease throughout stationary
phase, but at a slower rate. A constant threshold den-
sity of bacteria (5 x 10° ml™!) was maintained in the pro-
tist cultures after 35 h. During exponential growth, the
NH,* release rate for the flagellate (3.1 uM h°!) was
nearly twice that for the ciliate (1.7 pM h~1) (Table 1),
although prey density decreased similarly. This differ-
ence is reflected in the lower C:N ratio of 4 for the cili-
ate culture compared with the flagellate C:N ratio of 5
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Table 1. Ammonium production rates, specific growth rates,

and growth efficiencies (GE) for batch cultures of hetero-

trophic protists. All values {+ SD) are for exponential growth
(25 to 45 h; n = 5), unless otherwise indicated

Culture parameter Flagellate Ciliate
NH," production (uM h™)

(exponential growth) 3.06 (x0.46} 1.74 (+0.46)
NH,* production (uM h™})

(stationary phase) 0.46 (+0.07) 0.52 (£0.08)
Specific growth rate (h™!) 0.21 (x0.03) 0.20 (£0.01)
GE for carbon* 38 (x12) 50 (£6.0)
GE for nitrogen® 28 (x10) 54 (£5.1)

“Growth efficiencies were corrected for bacterial biomass
using the sum of bacterial abundance and mean C or N
content per cell (5.9 = 0.45 pmol C cell™’; 1.4 £ 0.08 pmol
N cell™})

(Fig. 1E) and a nitrogen-based growth efficiency for
the ciliate (54 %) twice that for the flagellate (28 %)
(Table 1).

The 8N of NH,* and PON in the bacterial control,
flagellate, and ciliate batch cultures were determined
during protist exponential growth and stationary
phases (Fig. 2A-C). Isotope discrimination for NH,*
regeneration (A'"Np = Spon — Syy1,-) @and the biomass-
specific rate of NH," release were calculated from the
8N and NH,* concentration data (Fig. 2D-F). In the
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bacterial control, 8'°N of NH,* and PON were almost
identical, averaging about 4 %. over the course of the
experiment. This resulted in a A" Ny of about 0%.. In
contrast, the 8"°N of PON was more positive than that
of NH,* in both protist cultures. The AN varied from
3 to 5%. during exponential growth (20 to 40 h) of pro-
tists. For the flagellate, this was the result of NH,* 8N
remaining constant and the PON 8'°N increasing. The
maximum A"Ny for the flagellate occurred after the
maximum NH," release rate and during the decrease
in biomass-specific rates of NH,* release (Fig. 2E). The
discrimination in the ciliate culture was a net result of
PON §'°N increasing and NH,* 8N decreasing, and
the maximum biomass-specific release of NH,* coin-
cided with the maximum ANy at about 30 h, during
exponential growth (Fig. 2F). During stationary growth
(50 to 70 h), the discrimination for the flagellate was
about 6%, yet it was only 2.5%. for ciliates. Discrimina-
tion increased to about 7%. for both protists by 100 h
(Fig. 2).

Estimates of ANy reported above were based on the
3'°N of total PON rather than on the 8'°N of protist bio-
mass alone. Although we could not separate protist
and bacterial biomass for isotope analysis, we were
able to calculate protist biomass 8'°N using a mass bal-
ance approach to subtract bacterial biomass from total
PON. Calculation of bacterial biomass was based on
bacterial abundance in the protist cultures and was
assumed to have a 8'°N and nitrogen content per cell
equal to bacteria in the control incubation (Fig. 2A).
Correction for bacterial biomass in protist cultures

resulted in only about a 1% increase in 8'"N PON
(Fig. 2B, C).

Some other pool of N must have either changed in
concentration, differed isotopically, or both, to have
accounted for the constant 8'°N of NH,* and increasing
35N of PON in protist experiments. One explanation
was that DON became depleted in *N relative to NH,*
and PON. The 8N of DON was calculated for batch
culture experiments based on mass balance of nitrogen
isotopes (Eq. 3). When the protists were in mid-expo-
nential growth (30 h), DON §'°N was lower than at 0 h,
particularly for the flagellate (Fig. 3). Concentration of
DON varied by 20 uM during exponential and early
stationary growth of protists {(Fig. 1F). At the end of the
experiment, the calculated 8'°N increased to greater
than 4 %o for both the flagellate and ciliate. In the con-
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trol, DON concentration and calculated 8'°N remained
relatively constant.

Mechanisms that explain the variability in §°N val-
ues within batch cultures of protists and between the
flagellate and ciliate may not be attributed solely to the
protists. Interaction between protist release of DON
and bacterial uptake and growth was apparent from
the variation in DON concentration. Concentration of
DEFAA, a labile source of bacterial C and N, varied sim-
ilarly to concentration of DON, and DFAA in protist in-
cubations were as much as 1 to 2 uM greater than in the
control (Fig. 4). Bacterial activity, measured as cell-spe-
cific TdR and Leu incorporation rates, decreased in the
bacteria suspension and ciliate culture until about 40 h
(Fig. 5). In contrast, bacterial activity increased while
bacterial abundance decreased during flagellate expo-
nential growth (30 h). Therefore, bacteria cell-specific
rates of both TdR and Leu incorporation were enhanced
(Fig. 5), and these results can be interpreted as an in-
crease in bacterial growth rate during flagellate graz-
ing. Although bacterial abundance did not change later
in stationary phase, bacterial activity within both protist
cultures increased concurrently with DFAA concentra-
tion and protist mortality, which was evident by de-
creased protist abundance and motility.
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In the closed system of batch cultures, bacteria in the
washed cell suspensions used as protist prey were
rapidly limited by substrate availability and no isotope
discrimination was seen. However, in the presence of
protist growth, there was release of substrates for bac-
teria, but release and uptake appeared uncoupled, i.e.
release and uptake were not always at the same rate.
As a result, concentrations of DFAA and total DON
appeared as pulses and were greater than in the con-
trol. Exponential protist growth with minimal coupling
of bacterial DON uptake to protist DON release
appeared to result in significant changes in the isotope
composition of nitrogen pools.

Open system experiment

Two-stage continuous culture provided a means to
examine nitrogen isotope dynamics during growth of a
phagotrophic flagellate and bacteria in an open sys-
tem, i.e. with constant substrate input and biomass re-
moval. The marine bacterium Vibrio natriegens grew
in the first stage with the effluent feeding flagellates in
the second stage. Bacterial abundance decreased from
9.4 x 107 to 2.2 x 107 cells ml™! between the bacterial
and flagellate stages. Flagellate density reached 2.3 x
10° cells ml~!, Concentrations of PON were similar for
both stages, but NH," increased by about 260 uM in
the flagellate stage (Table 2). The biomass-specific rate
of NH,™ release in the bacterial stage was 0.043 mol
NH," released (mol bacterial N)~! h™!, which was about
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Table 2. Nitrogen concentration and 8°N for NH,*, particu-

late organic nitrogen {(PON), and dissolved organic nitrogen

(DON) for a 2-stage continuous culture where medium was

fed to the bacterium Vibrio natriegens in the first stage which

then fed the flagellate protist in the second stage. System
dilution rate was 0.0343 h™'

Culture [N] (uM) SN (%)
system

stage NH,” DON¢ PON NH," PON DONP
Medium 1 890 - - = 53
Bacteria 229 499 173 12 53 73
Protist 486 243 172 34° 79 67

*DON was calculated from TDN - (NH,* + PON), where
TDN was 900 utM N

"The 8'5N for DON in each culture stage was estimated by
isotopic mass balance using the "°N and concentration of
PON, NH,*, and N in the medium

“The 8"°N for NH,* produced in the flagellate stage was
5.4 % based on an isotope mass balance correction for the
NH," produced in the bacterial stage

“The 8'°N for flagellate biomass was calculated to be 8.4 %
by subtracting bacterial biomass from the protist stage
and assuming that bacteria in the protist stage have the
same 8*°N as DON in the bacterial stage

20 times greater than the rates calculated for the
'starved’ bacteria in the control incubation of the batch
culture experiment (Fig. 2D). The flagellate biomass-
specific rate was 0.053 mol NH,* (mol flagellate Nj!
h™! after correcting for the bacterial contribution to
NH," release in the flagellate stage. The biomass-
specific rate of NH,* release by the flagellate in contin-
uous culture was within the range of values calculated
for flagellate exponential growth in batch culture
(Fig. 2E). Nitrogen-based gross growth efficiency for
the flagellate was 27 %, which was also similar to the
value for exponential growth of the flagellate in batch
culture (Table 1). The similarity in N physiology for the
flagellate grown in batch and continuous culture sug-
gests that bacterial metabolism may largely be respon-
sible for differences in nitrogen isotope dynamics be-
tween the closed and open culture systems.

Bacteria were important in mineralizing amino acids
in the continuous culture experiment. About 80% of N
in the medium was in the form of DFAA. However,
much of the DFAA consumption within the bacterial
stage of the continuous culture did not convert to bio-
mass or NH,*. Only 400 uM of the 680 pM decrease in
DFAA In the bacterial stage (Fig. 6) was accounted for
as NH,* and PON (Table 2), which suggested that
280 pnM of DFAA nitrogen was converted to other
DON, such as extracellular enzymes. The concentra-
tions of total DON (Table 2) and specific DFAAs (Fig. 6)
remaining in the bacterial stage decreased in the fla-
gellate stage, whereas Leu and 1 unidentified amine
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Fig. 6. Concentrations of DFAA nitrogen in the medium (A)

and bacterial and flagellate stages (B) of the continuous cul-

ture experiment. Total concentration of DFAA nitrogen is
given in parentheses

increased between stages. The turnover rate for DFAA
in the flagellate stage culture was 4.3 = 0.7 ™. The
system dilution rate was about 2 orders of magnitude
lower (0.0343 h™!) {Table 3), suggesting a rapid recy-

Table 3. Comparison of protist growth parameters and isotope
discrimination between nitrogen pools for protists in batch
and continuous culture

Closed Open

(batch) (continuous)
Protist growth rate 0.21 h7! 0.034 h'!
Amino acid turnover? 0.05t00.5h! 43h!
Bactenal NH,* release” 0.002 h™! 0.043 h!
Microbial interactions Uncoupled Coupled
AN (TON - NH.") 0to 1% 1to 2%
AN (PON - NH, )¢ 4 to 7% 0 to 3%
AN (PON - DON)® 10 to 15 % 1%
AN (NH,* - DON)¢ 5 to 8% -1 %o

“Leucine turnover was given for the batch culture experi-
ment

bBiomass-specific release of NH;" was reported in units of
mols NH,* (mol biomass N) ' h!
“High values were calculated using the SPON for flagel-

late biomass, which was derived by subtracting bacterial
biomass from total PON in the protist culture {see Table 2)

4Values for SDON were calculated from isotope mass bal-
ance (Eq. 3)
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cling of organic matter between bacteria and flagel-
lates and that bacteria grew in the protist stage and
contributed to NH,* release.

Isotope discrimination between pools of N during
continuous culture of the flagellate was lower than in
protist batch cultures, but higher than in the bacterial
control for the batch culture experiment. There was no
isotope discrimination between the medium DON
(8'°N = 5.3%.) and the bacterial biomass in the first
stage (5.3%.) (Table 2}, but discrimination between
NH,* 8°N and PON &N in bacteria was -4%.
(Table 2). In contrast, there was no difference in 8'°N
for NH,* and PON in the washed cell suspension used
for batch cultures (Fig. 2A). In the flagellate stage the
8N PON increased to 7.9%. and NH,* '°N increased
to 3.4%. relative to the bacterial stage. Correcting the
NH,* 8N for the flagellate stage by subtracting the
bacterial stage NH;* (243 pM of 1.2%. NH,") gives an
NH,* 8N of 5.4%.. Therefore, the ANy would be
2.5%s when calculated from PON 8°N for the flagellate
stage, but ANy equaled 0%, when the PON §'°N from
the bacterial stage was used in the calculation.

DISCUSSION

Batch culture of protists fed Vibrio natriegens
starved of any supply of organic nutrients results in
greater isotope discrimination between N pools than
for protists fed bacteria growing on exogenously sup-
plied organic medium in the 2-stage continuous cul-
ture (Table 3). The isotope discrimination for NH,*
regeneration (A™Ng) is about 3 to 5% during mid-
exponential growth in both flagellate and ciliate batch
cultures and coincides with maximum rates of protist
biomass-specific release of NH,*. These values are
consistent with 3 to 3.5%. increases between trophic
levels of macroorganisms (Wada et al. 1987, Fry 1988)
and the 3%, discrimination between zooplankton bio-
mass and excreted NH,* (Checkley & Miller 1989). In
contrast to zooplankton (Checkley & Miller 1989), the
discriminations in our batch cultures are largely due to
a increasing 8N of PON rather than a constant 3%
depletion of N in excreted NH,*, which suggests that
another form of N is important for maintaining isotopic
mass balance. There are transient accumulations of
DFAA and total DON pools in batch cultures, and DON
may be an isotopically dynamic pool of nitrogen in
these experiments.

Grazer ingestion rate, which decreases from expo-
nential to stationary growth, can affect the relative
proportion of NH,;' and DON egested by grazers
(Jumars et al. 1989) The bacterivorous marine flagel-
late Paraphysomonas Imperforata releases nearly
equal proportions of egested NH,* and DFAA when

ingestion rate is high during exponential growth,
whereas 80 to 90% of the egested N is NH,* during
stationary phase (Nagata & Kirchman 1991). A portion
of the NH," released during stationary phase may
result from catabolism of internal reserves accumu-
lated during high prey abundance. Catabolism of
internal reserves is apparent during early stationary
phase of our ciliate culture as food vacuole number
decreased to zero (Fig. 1B). Catabolism of a '"N-
enriched reserve may account for the shift to a smaller
ANy during ciliate stationary phase. An alternative
explanation for a higher fraction of egested N as NH,*
in batch cultures of protists is bacterial utilization of
released DON compounds and subsequent bacterial
regeneration of NH,*

The release and accumulation of labile DON, such as
DFAA, and the subsequent stimulation of bacterial
growth and excretion of NH,* are factors to consider
when interpreting the nitrogen isotope results. Tran-
sient accumulations in DFAA and total DON and stim-
ulation of bacterial growth are apparent during expo-
nential growth and late stationary phase of protists in
batch cultures. Assuming a 50% growth efficiency,
bacteria grown on low C:N substrates (C:N < 10), such
as amino acids, will regenerate NH;" (Goldman et al.
1987). Because the total organic matter had a C:N ratio
of about 4 in both our batch and continuous culture
systems, bacteria were probably active agents of NH,*
production once they responded to DON release. The
high rate of NH,* release by bacteria growing on
DFAA and rapid turnover of DFAA in continuous cul-
ture emphasize the potential for a bacterial contribu-
tion to NH," regeneration during protist grazing. Be-
cause our results suggest protist release and bacterial
uptake of DON, any isotope discrimination between N
pools is the net result of several processes, only one of
them being excretion of NH,' by protists.

The isotope fractionation for bacterial regeneration
of NH;* would have largely influenced the A!®Ng
observed in protist cultures when bacterial activity was
enhanced by a supply of substrate. The degree of iso-
tope discrimination between PON and NH," in bacter-
ial controls for continuous and batch cultures appar-
ently relates to a difference in the supply of exogenous
organic nutrients for bacterial growth. There is no iso-
tope discrimination when there is relatively little sub-
strate for growth, such as in the bacterial control for the
batch cultures. In contrast, bacterial growth on a con-
tinuous supply of DFAA-rich medium (80 % of medium
DON]} results in NH,* 4%. depleted in "N relative to
PON. The discrimination for Vibrio natriegens growth
on a complex medium is the net result of isotope effects
associated with assimilation, deamination, and trans-
amination for many different compounds (Macko et al.
1986, 1987). This discrimination value will change
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depending on the composition of the DON supply: for
example, V. natriegens grown on glutamate alone has
a ANy of =7 %0 (M. P. Hoch unpubl.).

What is difficult to explain is the calculated depletion
of N in the DON relative to NH,* and PON in protist
batch cultures. The DON pool must decrease in *N
content to account for the increase in PON 8'°N with-
out a balanced decrease in NH,* §'°N. Certainly, the
magnitudes of DON 8N estimates generated by
Eq. (3) are sensitive to the assumption that the initial
DON is isotopically similar to the PON (3.5%0). As an
extreme example, had the DON pool been much more
enriched in N than 3.5%., the bacterial uptake of the
DON would have caused an increase in PON 8'°N dur-
ing protist growth and little change in DON §**N. How-
ever, this example does not seem to be the case,
because the PON 8N for bacteria in the control would
have also increased rather than remain constant. In
protist batch cultures, the calculated changes in DON
8N occur after bacteria are grazed down to a thresh-
old abundance at about 30 h, implying that DON
release by protists or DON recycling by bacteria parti-
tions *N into the DON pool. Accumulation of dissolved
compounds depleted in °N relative to other pools or
the isotope fractionation of compounds released by
passive diffusion may both explain the ""N-depleted
DON pool. Some amino acids accumulate while others
are utilized in protist cultures (Fig. 4; Fig. 6), but it is
doubtful that accumulation of any one compound is
responsible for the calculated depletion of >N in DON
over time.

Dramatic changes in the 8'°N of nitrogen pools at the
end of batch culture experiments (>70 h) can be
explained by a complexity of events. During this time,
bacterial activity increased 10-fold and there was evi-
dence of protist mortality. Calculated values of DON
8°N increased by about +15%. for both cultures
between 73 to 98 h, whereas NH,* §'"°N decreased by
4%, during this time. This decrease in NH,* 8'°N is the
result of a 10 uM increase in NH;* concentration over
15 h, which suggests that average NH,* 8"°N during
this time had to be ~15%. in the flagellate culture and
—-28%o for the ciliate. A possible mechanism for such a
large depletion of >N in NH,* could be bacterial NH,*
excretion and the isotope effects associated with the
reactions involved, i.e. uptake of DON compounds,
deamination reactions (-14 %.; Macko et al. 1987}, and
excretion via passive membrane diffusion of NHj;
(-39%0; O'Leary 1978). Increase in DON 8“N at the
end of the experiment could result from a **N-enriched
source of DON, such as the protist biomass (10 to
12%o). 1f protist-derived DON is highly proteinaceous,
then DON could be as much as 3 %o enriched relative to
total biomass (Macko et al. 1987). Isotope fractionation
during protein hydrolysis (S. Macko pers. comm.

reported in Altabet et al. 1991) and uptake of DON
compounds by bacteria would contribute to *N enrich-
ment of DON. Therefore, it seems that some increase
in DON &!°N is reasonable.

Overall, the levels of discrimination among nitrogen
pools during flagellate growth are lower in magnitude
for continuous culture (open system), where the bacte-
rial prey are supplied substrates for growth, than dur-
ing exponential growth in batch cultures (closed sys-
tem), where bacteria are starved of substrates until
after protist release of DON (Table 3). The difference
in magnitude of isotope discrimination between open
and closed culture systems appears to be related to the
degree of coupling between protist release and bacte-
rial uptake of DON (Fig. 7). Turnover rates of DON
components are one way of assessing the degree of
coupling. Turnover rates of DFAA for the continuous
culture exceeded the culture system dilution rate by 2
orders of magnitude and are similarly greater than
leucine turnover during exponential growth of the fla-
gellate (Table 3). The bacteria in the continuous cul-
ture system are much more important to NH,* regen-
eration than the bacteria in batch cultures, and their
biomass-specific rate of NH,* release is comparable to
that of the flagellate. Bacteria in the 2-stage continuous
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Fig. 7. Schematic representation of how the relative coupling

between protist grazing, DON release, and bacteria uptake of

DON relates to the magnitude of nitrogen isotope discrimina-
tions between particulate and dissolved N forms
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culture are able to sustain a higher metabolic rate than
bacteria in batch cultures due to constant release of
labile DON by the protist. Therefore, continuous cul-
ture provides a means to maintain a steady state, or
tight coupling, between protist release and bacterial
uptake of labile DON. When the coupling between fla-
gellates and bacteria is not in steady state, as in the
batch culture, grazing has a large effect on the isotope
composition of biomass and DON (Table 3, Fig 7).
Rapid recycling of organic nitrogen and regeneration
of ammonium by both the flagellate and bacteria in
continuous culture appears to homogenize the distrib-
ution of stable nitrogen isotopes among PON, NH,*,
and DON (Table 3). Protist-bacteria interactions be-
tween our closed (batch) and open (continuous) culture
systems represent extremes of what may happen in the
environment.

The impact of isotope effects associated with regen-
eration of NH," by bacteria or protists on the PON §°N
in systems dominated by new production is predicted
to be small (Nakatsuka et al. 1992). Of course, this
result is due to a high fraction of the PON standing
stock being supported by sources of new production
and does not suggest that isotope effects during regen-
eration are insignificant. Variability in §'*N within the
size class of PON relevant to protist-bacteria interac-
tions has been observed over seasonal scales in coastal
waters (Rau et al. 1990), where sources for new pro-
duction would be higher than in oligotrophic oceanic
environments. It is uncertain to what extent such vari-
ability is a result of changing the 8N of nitrogen
sources to the microbial community, the variation in
the dominant form of nitrogen taken up (e.g. NH," and
DON), or the degree of coupling between predator and
prey production and turnover of labile DON compo-
nents.

In oligotrophic ecosystems where regenerated pro-
duction predominates and microbial biomass is the
majority of total suspended PON, we speculate that
coupled microbial processes may vary the nitrogen iso-
tope composition of PON and DON over temporal and
spatial scales by about 2%.. Because protists have been
implicated in the degradation and disaggregation of
detritus (Sherr et al. 1982), changes in PON &N for
decomposing phytoplankton (Wada 1980) and sinking
particles relative to suspended PON (Altabet 1988,
1989, Altabet et al. 1991) may partially be the result of
bacterivorous protist activity. Our results suggest that
>N enrichment of degrading PON and production of
N depleted NH;* or DON will depend on the degree
of coupling between release and uptake of DON by
protists and bacteria, which may differ for suspended
and sinking PON. Transformations of nitrogen within
the microbial food web, such as those reported here,
may be an important mechanism for the redistribution

of "N within the euphotic zone of the oceans, and
could account for discrepancies observed in '°N bud-
gets based solely on PON stocks, PON flux, and nitrate
flux by generating DON of ‘intermediate’ §'°N values
(Altabet 1989).
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