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SUMMARY

1. Laboratory experiments were conducted to test the effect of nutrient enrichment on
bacterioplankton growth in the presence and absence of phytoplankton.

2. In one series of experiments, bacterioplankton growth in terms of specific activity ['H-
thymidine incorporation {cell number)™'] was greater in whole lake water samples than
in samples from which phytoplankton had been removed by filtration (1.0pm),
regardless of the nutrient enrichments (control, NHY plus PO%™, and mannitol). Organic
 enhanced bacterioplankton growth in both whole and filtered lake water.

3. In another series of experiments (with the same nutrient enrichments as in the first
experiment except that glucose replaced mannitol), bacterioplankton growth in whole
lake water enriched with POF  plus NH, and incubated in the light was greater than in
two treatments designed to inhibit photosynthetic activity {(+DCMU and dark).
Bacterioplankton response to nutrient addition was greatest in the PO3~ plus NHY
enrichment under all three conditions (light +DCMU, and dark).

4. These results indicate that bacterioplankton growth could be directly limited by
inorganic I' and N when these elements are in short supply. Enhancement of
bacterioplankton growth by phytoplankton occurs only under POY  and NHJ replete

environments.

Introduction

Heterotrophic bacterioplankton are not only respon-
sible for the degradation of orgamic matter and re-
cycling of nutrient, but also are important producers
of particulate organic matter {Azam et al., 1983). Thus,
they may provide a route for the assimilation of
dissolved organic matter into classical food chain,
Because of the ecological importance of bacterio-
plankton in aquatic ecosystems, knowledge of the
factors regulating their activity will lead to a more
thorough understanding of ccosystem processes.

It is commonly belicved that phytoplankton groswth
is limited by inorganic T and N {Dodds, Johnson &
Priscu, 1989; Elscr, Marzolf & Goldman, 1990 but
that bacterioplankton growth is limited by organic ©
(Azam el al., T983; Riemann & Sendergaard, 1956;
Biornsen et al., 1989). Phyvtoplankton are thought to
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be the main source of the organic C used by bacterio-
plankton (Currie, 1990). Inorganic ' and N concen-
trations may therefore determine phytoplankton
abundance, which in turn, can regulate bacterio-
plankton growth (Curne, 1990). Such a relationship
15 supported by the positive correlations observed
between bacterioplankton production and  phyto-
plankton biomass (Fuhrman, Ammerman & Arzam,
1980; Cole, Findlay & Pace, 1988; Whate ¢t al., 1991).
Recent studies have shown that bacterioplankton
growth rates can be stimulated directly by inorganic
I’ enrichment in both oligotrophic (Covency & Wetzel,
1992} and mesotrophic lake water (Toolan, Wehr &
Findlay, 1991). These reports are consistent with the
fact that bacterioplankton inorganic P and N uptake
systems hawve higher affinities for P and N than
those of phyteplankton (Currie & Kalff, 1984; Currie,
Bentzen & Kalf, 1986; Vadstein & Olsen, 1989, Col-
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lectively, these latter findings indicate that bacterio-
plankton growth in nature is not controlled solely by
the availability of organic C substrates.

To address the questions of whether inorganic I
and N or organic C limit bacterioplankton growth,
and whether this limitation is influenced by phyto-
plankton photosynthetic activity, we conducted twao
types of experiments using samples from a eutrophic
lake. In the first, bacterioplankton growth response
to nutrient enrichment in whoele lake water samples
was compared with samples from which phyto-
plankton were removed. In the second, bacterio-
plankton growth response to nutnent ennchments m
lake water with a photosynthetically viable phyto-
plankton assemblage was compared with treatments
where photosynthesis was inhibited. In gEnerell, our
results indicate that bacterioplankton growth can be
limited directly by inorganic N and I when these
elements are in short supply.

Materials and Methods
Inilinl condilions

Crranisms were collected from Hebgen Lake, a
S0km® eutrophic rescrveir located on the upper
Madison River, Montana, TU.5.A. on 22 September 1959
(phytoplankton exclusion experiment) and 19 June
1990 (inhibition of photosynthesis expenment). In
both experiments, 900ml lake water was placed
in duphcate autoclaved 11 Hasks on a G10 Gyrotory
Shaker at &rpm. An irradiance of 120uEm%s7!
was  provided by 40W  “cool-white’  flucrescent
lamps and water temperature was maintained at ap-
proximately 25°C,

lf’.[::.rmpfmx.i:fmz exclusion .'f:rp'rn‘:';'m*?:!

Two treatments, one with and one without phyto-
plankton, were used in the expenment. In treatments
without phytoplankton, water was filtered through
1.0um membrane filters under weak suction (<8
cmHg} to remove phytoplankton, then examined
under an epifluorescence microscepe to confirm
the absence of chlorophyll autofluorescence. In
treatments with phvtoplankton, watcr was filtered
through 280 um Nitex mesh (no vacuum} to remove
large grazers and detritus, In both trcatments {(with
and without phytoplankton), three imitial nutrient

enrichments were cstablished: control (ambient
concentrations), 140 ug NH,CI-N 171 + 93 ug KHPO,-
P17! and 91 mg mannitol 171, Concentrations of N,
I, and C addition were predetermined from results
of in sity microcosm experiments (Wang, Miller &
Priscu, 1992} to ensure that no nutrient depletion
occurred during the incubation.

Chlorophyll g subsamples were collected from cach
flask at the start of the incubation and at the end of
the experiment on Day 5. Chlerophyll & concen-
trations were measured by initial extraction in 95%
ethanol heated to boiling followed by overnight extrac-
tion at 4°C (Sartory & Grobbelaar, 1984). Fluorescence
of the extract was measured with a Turner model 112
fluoremeter and compared with a chlorophyll a stan-
dard curve made using pure Anacystis chlorophyll a
(Sigma Chemical Co.). Ammonium was determined
by the phenel hypochlorite method (Solorzano, 1969)
and soluble reactive phosphorus (SRIY) by the mixed
molybdate method modified for arsenate interference
{(Downes, 1978). Dissolved organic carbon {DOC)
was determined with a Dorhmann Carbon Analyzer
standardized with glucose,

Three subsamples for bacterial *H-thymidine incor-
poration and cell number were taken from each repli-
cate 4h after starting the incubation, and on Days
1, 3, and 5. Bacterial thymidine incorporation was
determined by adding high activity (55 Ci mmeol™")
methyl-"H-thyvmidine (ICN Radiochemical Tne.) to
10ml water samples (final concentration 10nM) in
20ml glass scintillation wvials. Pilot experiments
showed that 10nm thymidine saturated bacterial
uptake mechanisms and autoradiography confirmed
that thymidine was utilized exclusively by bacteria,
"H-thymidine was evaporated to dryness and rehy-
drated with deionized water before use to eliminate
products of sclf radiolysis and to remove ethanol.
The inoculated sample was incubated at 25°C in the
dark for 30min. Activity was terminated by adding
10ml ice-cold 10% trichloreacetic acid (TCA) lo each
vial. Following overmight extraction at 4°C, samples
were filtered onto (.2 um membrane filters (Poretics
Corporation). After rinsing five times (2 ml each rinse)
with we-cold 3% TCA, the filter was transferrcd to a
20 ml scintillation vial and 7 ml Cytoscint scintillation
cocktail (ICN Radiochemical, Irvine, CA) was added.
Radicactivity of each sample was determined by
standard liquid scintillation spectrometry using a
Beckman L3-100C counter, Counting efficiency was
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determined by the external standard ratio method
using, "H-toluene as a reference and acetone as the
quenching agent, Samples for bacterial counts were
fixed with formaldehyde (3% Hnal concentration)
and enumerated using the acndine orange direct
count technique {Hobbie, Daley & Jasper, 1977).

Ribition S s experimen
Inhibition of pholosynlhesis experiment

Three treatments {light, light + photosynthetic in-
hibitor, dark) were tested with water gravity filtered
through 280 pum Nitex mesh te remove large zoo-
plankton and detritus. The photosynthetic inhibitor,
3=(3 d-dichlorophenyl)-1,1-dimethylurea (DCHU), was
added to a final concentration of 5 100 "M in one
treatment, an amount we found to be sufficient to
inhibit oxygenic photosynthesis completely. Flasks
were covered with two lavers of aluminium foil for
the dark treatment. All three treatments were further
subjected to three levels of nutrient addition: control
(ambient concentration); 140 ue NH,CI-N 1=+ 93 ug
FH.POp-T 17 and 90mg glucose 171, Chlorophyll a
concentrations were measurcd 4h after the start of
incubation and on Day 5; bacterial thymidine incor-
poration and cell number were measured daily over
the enbire 5 davs of the experiment, Sample size and
analytical methods were the same as described tor
the phytoplankton exclusion experniment.

Test of significance -

To determine the effect of morganic I, inorganic N
and crganic C on bacterioplankton specific activity
(thymidine incorporation per cell number), each
nutrient addition was compared with controls by
analysis of variance (three-way ANOVA; Snedecor &
Cochran, 19800, The comparisons were done on
two replicate samples ({three subsamples for each
replicate} from each treatment for all time course
data. A t-test was used to compare the influence of
phyvtoplankton on  bacterioplankton cell number,
bacterioplankton  thymidine  incorporation  and
bacterioplankton specific activity after 72h incu-
bation in whole lake water with samples from which
phytoplankton were removed or photosynthesis was
inhibited, The nutrient influences on phytoplankton
chlorophyll & at the end of the experiments (120h) for
different nutrient additions were also compared with
controls using a Hest. Because grazing by proto-

zoans can influence cell number and thymidine
incorporation, specific activity should vield the most
realistic esiimate of bactenal response to experimental
manipulation. Hence, we confined most of our com-
parisons to changes in bactenial speafic activity.

Results
Background conditions

During the phytoplankton exclusion experiment, the
dominant phytoplankton species in the whole lake
water treatment were the cvanobacterium Anabacna
spiroides var, crissg Lemm (69 of total biovolume)
and the chrysophyte Ocfromomas sp. (13% of total
biovolume). Before starting the incubation, the exper-
imental water had the following conditions: chloro-
phyll a=3.5ugl™", SRP=10ugl™", NHi-N=11ug
l_', and DOC =-5.f§un‘|g]_'_ Dring, the inhibition of
photosvnthesis experiment, the dominant phyto-
plankton in the experimental water were the chloro-
phytes Schrocderia sp. (48% of total biovolume)
and Closteridum sp. (43% of total biovolume). At
the beginning of the latter experiment, the lake
water had the following conditions: chlorophyll
a=178pgl™", SRP=8pugl™", NH{ - N=9ugl™", and
DOC =7.5mg]7".

Nutrient effects on bacterioplankton

Chrganic C enrichments significantly increased bac-
terioplankton specific activity in both whole water
and fltered lake water treatments in the phyto-
plankton exclusion experiment (P -<Z{L.0OT). At the end
of the incubabon, bactenal specfic activities in
organic C treatments were two to ten mes higher
compared with controls (Fig. la & b, Table 1). In-
organic [' and N sigmificantly stimulated bacterio-
plankton specific activity in the whole lake water
treatment only (P-<0.01). In the photosynthesis
bacterioplankton  specitfic
activity was stimulated significantly only by inor-
ganic P and N enrichment (P < 0.01) {Fig. 2, Table 1).

inhiktion  experiment,

Phytoplankfon effect on bacterioplankfon

Bactenoplankton  thymidine  incorporation, cell
number and speafic achivity in all nutrient enrich-

ments with phyteplankton present were significantly
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Fig. 1 Bacterioplankton specific activity in filtered lake waler
fa) and whole lake water (b} lreatments in the phytoplankton
exclusion experiment. Error bars are =1 5K (# = 2) and are

shown only if larger than the symbol. ©, Control; ®, N+ 2,

C.

higher (I =2 0.05) than in the same ennchments with
phytoplankton  absent n'jU]'!'t'I:gT the phytoplankton
exclusion experiment (Fig. 3). In the photosynthesis
inhibition experiment, active photosynthesis vielded

significantly (P<20.05) higher bacterial thymidine
incorporation and bacterial specific activity in the
morganic P plus N enrichments only (Fig. 4, Table 1),
Photosvnthesis significantly
influence bacterial activity in control and organic
C enrichments.

inhikition Jdid not

Nutrient effect on phytoplankton

Phytoplankton chlorophyll @ increased significantly
in the inorganic P plus N (P<0.01) and organic
(P = 0.05) enrichments compared with controls in the
whole lake water treatment of the phytoplankton
exclusion experiment (Fig. 5a). Phytoplankton chloro-
phyll a4 was also stimulated significantly (£ <2 0.01) by
inorganic I' and N enrichment in the light treatment
during the 5 day photosynthetic inhibition exper-
iment (Fig. 5b).

Discussion

Stimulation of bacterial activity by organic C addition
occurred during the 1989 phytoplankton exclusion
experiment only, implying that ambient orgamc
C supply limited bacterial growth at this time. Con-
versely, lack of stimulation by erganic © during
the 1990 experiment indicated a system with suf-
ficient organic carbon. These results may be related
to the ambient phyvtoplankten biomass {i.c. trophic
state) at the ime of the experiment, which was almost
50-fold greater in 1990, The large particulate organic
C pool {mostly phytoplankton) in 1990 presumably
increased the supply of dissolved organic C and

Table 1 Time course means of bacterial thymidine inoorporation {"H-THY. amole | ! h™'), bacterial cell number (CELL, 10°mi™ ),
and specfic activity [SP-ACT, pmol {107 celly ' b ') in the phytoplankton exclusion experiment and the photosynthesis inhibibion
experiment. All measured points were used in the multifactor analysis of variance to test the signeficant difference between control

and the other treatments

Phytoplankton excluston experiment

Photosynthesis imhibibion expeciment

Dark

Algae present Mgae absenl Light Light + DML
Mutriecnt  "H- 51 'H- SF- *H- ST "H- 512 “H- sr-
additions TIY CELL ACT THY CELL ACT THY CELL ACT THY CELL ACT THY <CELL ACT
Control 004 323 113 0.02  2.54 712 008 2407 I3 008 216 7.3 1 000R NG 342
P+ N 046 378 1540 003 308 555 043 429 %9.1 018 288 634 0.19 2.89 6.0
{'f nos  3.82 1940 006 351 176 009 204 397 008 217 383 008 20 360

* Mot significantly ditferent from conteol, 2= 0.05.

Al the other nutricnt corchments are sienibcantly different from contral at P2 0006,
F ;
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Fig. 2 Bactertoplankton spectfic activity in the DOCMLU (a), dark
ik, and light {c) treatments in the inhibition of photosynthes:s
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supported relative high ambient bactenoplankton
specific activity (3-fold higher in 1990 than in 1989},
Although we cantend that the phytoplankton DOC
supply rate was greater in 1990, the DOC pool size
was similar to that in 1989, Similar DOC pool sizes
can occur, despite different supply rates, it DOC
is in a dynamic cquilibrium between uptake and
supply. Such an cquilibrium concept is supported
by the data of Herbst & Overbeck (1978), who found
that algal products never accumulated in growth
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Fig. 3 Bacteroplankton cell number {a), thyomidine
incorporation (b), and specific activity {c) after 72h of
incubation in the phytloplankion exclusion experiment, Cpen
bars indicate whole lake water (phytoplankton present); cross-
hatched bars represent filtered lake water iphytoplankion
absent). Error bars show =1 SE {n=2). Asterisks denote
statistical differences betwesn whole lake water and filtered
lake water for cach freatment; © P =0 005, " P=20.01.

medium because bacterial utilization of DOC bal-
anced algal release. Bell & Sakshaug (1980) also re-
ported that a 4-fold increase in bacterial activity was
encough to prevent a large accumulation of dissolved
extracellular products during an algal bloom in
Trondheimsfjord, Norway.

Inorganic P and N enrichments stimulated bac-
terioplankton specific activity in four of our five
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Fig. 4 Bacterioplankton cell number (o), thymadine
incorporation (b}, and specific activity {c) after 72h of
incubation in the photosynthesis inbabition experiment. Open
bars = light incubation {photosynthesis present); cross-
hatched bars = DOMU (photosynthesis inhibited); hatched
bars = dark (photosynthesis inhibited ). Error bars show £1 SE
= 2. Asterisks denote statistical ditferences between DUMU
arcl dark samples, and the control for cach of the reatments;
* P00,

treatments regardless of the presence or absence of
phytoplankton activity {Figs 1b, 2a, b & ¢}, indicating
that inorganic T and N can directly limit bacterio-
plankton growth in our study lake. Such results are
supported by recent reports of morgamic P ostimuo-
lation of bacterioplankton growth in an oligotrophic
lake (Coveney & Wetzel, 1992) and in a mesceutrophic

1]

II_'I'

10

Q

Ll

raphyil a ':In.g I":I

bl

-
(e

Ch

20

AL

200

1M S0

Fig. 5. Initial (INT) and final chlorophyll 8 concentrations in the
whole loke water treatment of the phytoplankton excluston
experiment (a) and in the light treatment (without DCMLUTY ol
the photosynthesis inhibition experiment (b). Error bars arc
=1 SE {n=2). Asterisks denote differences from the control
(Con); = P=0.05, * I"=0.01, Con = final chlorophyll & in the
contrel, W+ T = final chlorephyll @ in the N + P-enriched
teeatment, +C = final chlorophyll & in the carbon-cnriched
treatment. Chlorophyll a did not change significantly in [XCMU
and dark incubations (data ot shown).

lake (Toolan &t al., 1991}, Our results, in concert with
those of others, do not support the common view
that the growth of bactenoplankton in nutrient-
deficient lakes is always limited by the availability of
reduced carbon substrates (Currie & Kalff, 1984,
Phytoplankton stimulated bacterioplankton specific
aclivity during our 1989 experiment, where there
ras an apparent deficiency of organic C, regardless
of nutrient enrichments (Fig. 3}. The higher bacterio-
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plankton activity in the whole water compared to the
filtered water was apparently not the result of filtering
injury of bacteria, because high bacterial activity was
abserved in the organic C enrichment after filtration
(Fig. 1a). Such a result implies that materials released
from phyteplankton might have compensated for the
shortages of organic O for bacterioplankton. Cur
contention is supported by the results from other
studies showing enhanced bactenal activity in the
presence of algae (Peterson et al., 1985; Murray,
Cooksey & Priscu, 1986). However, the stHrmulation of
bacterioplankton by phytoplankton during our 1990
experiment occurred only in the inorganic P and N
enrichment {Fig. 4), This latter result indicates that
phytoplankton products control bacterial growth
only when excess I and I are available, and that the
commensalistic relationship between phytoplankton
and bacterioplankton, with respect to DOC exchange,
occurs only when there 1s sufficient morganic I’ and
N. This scenario is supported by our results showing
that inorganic I* and N enrichment stimulated bac-
terioplankton activity in the 1989 experiment (an
apparently C-deficient environment) when phyto-
plankton were present (Fig, 1b).

We have used specific activity as a primary index
of bacterioplankton growth. The use of this index has
several advantages in interpreting our results, Firstly,
specific activity (a physiological parameter) would
respond rapidly and directly to a limiting nutrient
enrichment, Secondly, specific activity should be
independent of small changes n+initial cell density
{which could result from filtration), allowing direct
comparisun between whole water and filtered water
treatments. Finally, direct grazing effect on bacterio-
plankton cell density 15 eliminated.,

In summary, our experiments demonstrated that
bacterioplankton growth can be stimulated by direct
additions of inorganic I’ and N in the absence of
phytoplankton, Indirect stimulation of bacterio-
plankton from inorganic TP and N via phvtoplankion
products occurred only when organic C was appar-
ently in short supply. Collectively, our results from
bwo seasons indicate that nutrient limitation of
phytoplankton and bacterioplankton: varies tempor-
ally in Hebgen Lake. Morcover, the commensalistic
relationship between phytoplankton and bacterio-
plankton is not always present. The intensity of this
latter relationship apparently depends on rates of
DOC supply.
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