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INTRODUCTION 

This report presents an extensive documentation of the role 

of organic and inorganic nutrients on bacterial and phytoplankton 

(both blue-green algae and other groups) in a naturally eutrophic 

reservoir (Hegben Lake) in southwestern Montana. Hebgen Lake 

receives much of its nutrient input from the Yellowstone National 

Park drainage. The area is rich in phosphorus both as a result 

of geothermal and natural geologic mineral deposits. Similar 

mineral deposits (in particular phosphate) occur in much of 

southwestern Montana and central Idaho. Hence, our results 

should be a applicable to other aquatic systems in this region 

which are influenced by naturally high levels of phosphorus. 

The overall objectives of our research were: 

1. Separate the responses of N2 fixing blue-green algae from non- 

N2 fixing blue-green algae and other algal species to inorganic 

and organic nutrient enrichment. 

2. Examine the effects of various environmental parameters (in 

particular bacteria and oxygen) on nuisance bloom-forming blue- 

green algal species. 

3. Develop and apply immunological techniques to localize the 

sites of N2 fixation in blue-green algae. 

4 .  Determine the effects of nutrient phosphorus, nitrogen and 

organic carbon enrichment on bacterial growth. 

5 .  Examine interactions between bacteria and blue-green algae in 

terms of reciprocal growth of both species. 

6. Define the role of inorganic nutrient enrichment on toxin 

production of the blue-green algal species Anabaena flos-aauae. 

Results obtained from experiments which addressed these 



experiments are presented in this report as a series of manu- 

scripts which we have, or will, submit to publication in interna- 

tional journals. The people responsible for each chapter are 

listed on the title pages. I have not included the results of 

our most recent work on toxicity as a separately funded SDA 

project entitled ltInfluence of phosphorus and other environmental 

parameters on toxin production by the blue-green alga Anabaena 

flos-aauaett is currently underway, the results of which will be 

detailed in the final report for this project. The manuscripts 

are grouped into those concerning the algal community (Chapters 

1-6), the bacterial community (Chapters 7-10) and those examining 

interactions between blue-green algae and bacteria (Chapters 11- 

13). Because each portion of our work is submitted as a manu- 

script, are differences in style (dictated by the journal we will 

or have submitted to) and a certain amount of redundancy exists 

(for example in the References, Study Site and Methods sections). 

I apologize for this and hope that it does not cause too much of 

an inconvience. 

In addition to this report, I will submit copies of a Mas- 

ter's Thesis and a Doctoral Dissertation to Mr. Sedlak of the SDA 

upon completion (hopefully within the next year). These docu- 

ments will contain additional information on results obtained 

from our study. 

Although our results often led to more questions than we 

could address within the time and funding constraints of this 

project, we could make some fairly solid conclusions regarding 

the role of phosphorus, nitrogen and organic carbon inputs on 



I 

nuisance blue-green algal blooms as well as on bacterial growth 

in Hebgen Lake. These conclusions are included in the final 

Chapter along with statistical models developed with empirical 

data collected from Hebgen Lake. I recommend that readers not 

interested in the technical details included within each manu- 

script proceed to the final chapter for a summary of the major 

findings and conclusions of this study. 
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INFLUENCE OF INORGANIC AND ORGANIC NUTRIENT ENRICHMENT ON 
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ABSTRACT 

Nutrient enrichment experiments were conducted seasonally, 

over 2 ice-free seasons, with natural phytoplankton assemblages 

in a blue-green algal (cyanobacterial) dominated Southwest Monta- 

na reservoir to determine temporal variations in nutrient defi- 

ciency. Additional experiments examined the influence of inorgan- 

ic N and P and organic carbon (mannitol) on the activity of blue- 

green and non-blue-green components of the community and on 

relative nitrogen fixing blue-green algal abundance. 

The results of our experiments showed that: 

1. The whole phytoplankton community (i.e. all size classes) 

was generally N-deficient. 

2. P addition alone stimulated the N2-fixing blue-green 

algal dominated community in one experiment only, and in 

conjunction with N in another. 

3. The non-blue-green algal component showed the most 

consistent stimulations by N, although the nitrogen 

fixing blue-green algal component was N-stimulated on 

several occasions. 

4. There was a general trend showing that the relative blue- 

green algal biomass increased with P enrichment and 

decreased with N enrichment. 

Our study provides evidence that P is not the only nutrient 

that controls productivity of lakes and reservoirs, and that N 

must also be considered when making water quality decisions even 

in systems dominated by NZ-fixing blue-green algae. 



INTRODUCTION 

Phosphorous has traditionally been thought q priori to limit 

phytoplankton productivity in lakes (Hecky and Kilham 1988; 

Schindler 1977). This view has been challenged in recent years by 

studies showing nitrogen deficiency for many freshwater systems 

(Canfield et al. 1989; Dodds et al. 1989; ~lser'et al. 1988; 

Prepas and Trimbee 1988; Priscu and Priscu 1984; Vincent et al. 

1984; White et al. 1985). Elser et a1.(1990) reviewed phytoplank- 

ton nutrient enrichment experiments and found nitrogen to be more 

important than previously recognized. Competition for nutrients 

in limited supply plays a significant role in determining phyto- 

plankton community structure (Reynolds 1984). Consequently, an 

accurate understanding of nutrient deficiencies will provide 

water quality managers with important information on the develop- 

ment of bloom formation by nuisance algal species. 

The ability of scum-forming blue-green algae to outcompete 

other groups in nitrogen deficient systems, or systems with low 

nitrogen to phosphorus ratios, allows them to dominate many lakes 

and reservoirs (McQueen and Lean 1987; Tilman et al. 1986). Sys- 

tems dominated by these nuisance organisms experience diminished 

natural resource value with them. Recreational use is hampered 

by unsightly surface scums and odor reducing the overall aesthet- 

ic quality of the water. Fish populations are effected by oxygen 

depletion following collapse of blue-green algal blooms (Ayles et 

al. 1976; Barica 1975) and by inefficient transfer of primary 

production to higher trophic levels (Carpenter et al. 1987; 

Shapiro 1980). Neuro- and hepate-toxins produced by blue-green 

algae (Gorham and Carmichael 1988) pose a serious hazard to 



ate amount of sample (5-25 ml), depending upon density, and 

settled for at least 4 h cm'l of water in the chamber. The set- 

tled phytoplankton were identified and counted with a calibrated 

Zeiss inverted microscope (Lund et al. 1957) and measured for 

biovolume determination. Equations for volumes of geometric 

shapes that approximated each cell type and appropriate average 

dimensions for each species were used to determine biovolume, 

which was converted to biomass under the assumption that the 

specific gravity of phytoplankton equals that of water. 

RESULTS 

Initial conditions. Conditions at the inception of each 

experiment are presented in Table 2. Nitrogen fixing blue-green 

algae dominated the phytoplankton community at the beginning of 

all six microcosm experiments, with Anabaena sp. in June 1988, 

August 1988 and June 1989, and A~hanizomenon sp. in October 1988 

and August and October 1989. The diatoms Asterionella sp. and 

Fraaillaria sp. were co-dominant with the blue-green algae in 

October 1988 and August 1989, respectively. Dissolved inorganic 

nitrogen (DIN = NH~+-N + NO~--N) and SRP were highest at the 
- 

beginning of the August 1988 experiment when the NH4+ and NO3 

additions resulted in an 80% enrichment ; ~ 0 ~ - ~  addition enriched 

SRP by 125%. Water for all experiments had low (less than 6 by 

weight) D1N:SRP ratios; the lowest was 1.1 for June 198'9. Al- 

though no PP samples were taken for 1988 experiments, data from 

samples collected within a few days of each experiment show that 

TN:TP and PN:PP were highest at the start of the June and October 

1988 experiments. The highest CHL a concentration encountered was 

for the October 1988 experiment (144.5 pg 1") , during an A~hani- 



zomenon bloom. 

June 1988 experiment. Biomass specific rates of photosyn- -- 
thetic carbon fixation (PPR = pg C (pg CHL a h) 'I) were stimulat- 

ed to the greatest extent by P enrichment (Fig. 1) which was 

significantly greater than the unammended control (p<0.01). All 

other treatments were not significantly different from the con- 

trol (p>O. 05) . The ~ 0 ~ - ~  treatment also resulted in significantly 

greater CHL a values than the control (p<0.01) with a maximum 55% 

increase over control on day 3 (Fig. 2, Table 3). No carbon 
- 

uptake size fractions were conducted and the NO3 microcosm was 

lost on day 1. Phytoplankton biomass at the end of the experiment 

was higher than control in the ~ 0 ~ - ~  treatment only (Fig. 3). 

Changes in relative blue-green algal abundance were not apparent. 

Auaust 1988 experiment. None of the nutrient amendments 

stimulated PPR significantly (p>0.05) with respect to the con- 

trol, although all amendments except Mo enhanced PPR on day 1 

(Fig. 4). Size-fractionated volume specific photosynthetic carbon 

uptake rates (e.g. NH4+ >20 pm fraction = pg C 1 h-l for phyto- 

plankton in the NH4+ microcosm that did not pass through 20 pm 
- 

mesh) were measured on day 4. The NH4+, NO3 and NO~-+MO >20 pm 

and <20 pm fractions were significantly greater than control 

(pC0.05); 1.0 MANN <20 pm and 0.5 MANN >20 pm and <20 pm frac- 

tions were significantly less than control (Fig. 5). CHL a in- 

creased significantly (p<0.01) with No3-+Mo addition (Fig. 6, 

Table 3). Total phytoplankton biomass increase was greatest with 

NH4+ addition (Fig.7); No3- and No3-+Mo elicited the greatest 

decrease in relative blue-green algal abundance (Fig. 8). 



October 1988 experiment. PPR was stimulated significantly by 

- 
NO3 , No3-+Mo,  PO^-^ and 1.0 MANN (p<0.05) for the entire experi- 

ment; other treatments were not significantly different from the 

control (Fig. 9). CHL g increased to over 1.6 times the control 

with No3- addition on day 2 and decreased to control levels 

thereafter. Only NH4+ enrichment resulted in CHL g significantly 

greater than the control (pc0.05) by the end of the experiment 

- 
(Fig. 10). On day 5, NH4+, NO3 , Mo and NO~-+MO <20 pm fractions 

were enhanced significantly (p<0.05), and MANN <20 pm fractions 

were significantly less than control (p<0.01). None of the treat- 

ments showed an increase in the >20 pm fraction (Fig. 11, Table 
- 

3). Phytoplankton biomass increased with NO3 and NO~-+MO addi- 

tion (Fig. 12), and relative blue-green algal abundance was 20% 

less than control in the NO~-+MO and 0.5 MANN treatments (Fig. 

13). 

June 1989 experiment. Addition of N (NH4+, No3-, No3-+Mo and 

MANN+NH,+) stimulated PPR (Fig. 14) and CHL g (Fig. 15) signifi- 

cantly (p<O. 05), while ~ 0 ~ - ~  and MANN had no significant stimula- 

tory effect. The PPR and CHL O, response of NH4+ and NH4++po4 -3 

were similar, as were those for No3- and MANN+NH4+. Size frac- 

- 
tionations done on day 5 showed the NH4+, NO3 , N H ~ + + P O ~ - ~  and 

MANN+NH4+ <2 0 pm fractions were significantly (p<O. 05) greater 

than control, as were the NH4+, N H ~ + + P O ~ - ~  and MANN+NH4+ >20 pm 

fractions (Fig. 16, Table 3). N enrichment increased the relative 

amount of <20 pm fraction uptake and contemporaneously decreased 

the contribution of the >20 pm fraction (Fig. 17). Phytoplankton 

biomass was substantially greater than control in all but 

-3 MANN+NH4+, with NH4+, N H ~ + + P O ~  , PO4 -3 and MANN+Po~-~ all more 



than 3 times the control (Fig. 18). The relative abundance of 

blue-green algae was decreased by N addition (especially NO3-) 

and increased by ~ 0 ~ - ~  (Fig. 19) . 
Auqust 1989 experiment. stimulation of PPR in the NH4++P04 -3 

treatment was significant (P<O. 01) , whereas it was not when NH4+ 
or ~ 0 ~ - ~  was added alone (Fig. 20). The response of CHL g was 

similar (Fig. 21) , with N H ~ + + P O ~ - ~  significantly (7 times) greater 

than the control (p<O. 01) and NH4+ twice the control (pC0.05) . On 
day 3, all N addition >20 pm and <20 pm fractions were increased 

significantly over control (p<0.01), but only the >20 pm fraction 

was significantly (p<O. 01) stimulated by ~ 0 ~ - ~  (Fig. 22, Table 

3). The relative contribution of each size fraction was changed 

by N H ~ + + P O ~ - ~  addition that increased carbon uptake in the >20 pm 

fraction and decreased it in the >20 pm fraction (Fig. 23). 

+ Phytoplankton biomass was stimulated by the addition of NH4 , 
- 

NO3 and N H ~ + + P O ~ - ~  (Fig. 24) .  PO^-^, MANN and M A N N + P o ~ - ~  in- 
+ - 

creased, while NH4 , NO3 and N H ~ + + P O ~ - ~  decreased the relative 

abundance of blue-green algae (Fig. 25). 

October 1989 experiment. All treatments except NHqC+P04 -3 

and MANN+NH~+ (which showed no effect) significantly decreased 

(p<0.05) PPR relative to the control (Fig. 26). Addition of NH4+, 
- 

NO3 and N H ~ + + P O ~ - ~  resulted in CHL g significantly (p<O. 05) 

greater than the control (Fig. 27). N amendments significantly 

(pq0.01) stimulated the <lo0 pm fraction on day 5, while none of 

the treatments stimulated the >lo0 pm fraction (Fig. 28, Table 

3). Phytoplankton biomass in the October 1989 microcosm experi- 

ment showed the greatest increase with addition of NH4++P04 -3 



(Fig. 29). No shifts in relative abundance of blue-green algae 

were apparent in any treatment. 

DISCUSSION 

Our microcosm experiments detected phytoplankton nutrient 

deficiencies for the entire community (i.e. blue-green plus non- 

blue-green algae) in all six cases. Nitrogen addition most con- 

sistently elicited positive responses, stimulating community PPR, 

CHL g, phytoplankton biomass, or all three, in 5 of the 6 experi- 

ments. Phosphorus was clearly the deficient nutrient in the June 

1988 experiment, when nitrogen showed no effect. Phosphorus 

addition stimulated phytoplankton PPR in October 1988 but did not 

result in increased phytoplankton biomass or CHL a. PO4 -3 addi- 

tion increased phytoplankton biomass  PO^-^ and MANN+Po~-~ treat- 
ments, Fig. 18) without enhancing PPR or CHL a in June 1989. 

Enrichment with both phosphorus and nitrogen was required to 

stimulate PPR and CHL a throughout the August 1989 microcosm 

experiment. Mannitol treatments, included primarily to examine 

the effect of dissolved organic carbon enrichment on nitrogenase 

activity and bacterial activity (Wang et al. 1991; Miller in 

prep.) resulted in stimulation of PPR in only one case (1.0 MANN, 

October 1988) without increasing CHL a or phytoplankton biomass. 

Mannitol had several negative effects on carbon uptake (especial- 

ly the smaller size fraction) that will not be discussed here. 

The inclusion of Mo treatments in the 1988 experiments was de- 
- 

signed to satisfy the requirement of the NO3 reductase enzyme 

for this cofactor (Rueter and Petersen 1987) and to separate 
- 

responses to Mo from NO3 responses. No substantial changes 



resulted from Mo enrichment and it was therefore omitted from the 

1989 experiments. It is evident that nitrogen and phosphorus can 

both be of primary importance in limiting phytoplankton produc- 

tion in the Grayling A m  of Hebgen Lake with nitrogen deficiency 

predominating. 

Our nutrient deficiency findings agree with results of a 

review of experimental enrichments (Elser et al. 1990). They 

concluded that nitrogen should not be considered a secondary 

nutrient in freshwaters since the frequency of nitrogen versus 

phosphorus responses did not differ, and that nitrogen plus 

phosphorus was often required to elicit substantial phytoplankton 

growth response. Elser's study supports a growing body of evi- 

dence that contradicts the convention that P is the major nutri- 

ent controlling primary productivity in freshwater systems that 

was presented by various researchers (e.g. Hecky and Kilham 1988; 

Schindler 1975,1977; Smith 1984). It is important for limnolo- 

gists and lake managers to consider both P and N when studying or 

managing a system. 

The occurrence of simultaneous N and P deficiency, as in the 

August 1989 experiment, was addressed by Dodds et a1.(1989) as 

attributable to differential N and P deficiencies for distinct 

members of the phytoplankton community. Differences in require- 

ments and competitive ability of algal species that may explain 

contemporaneous N and P deficiency have been well documented 

(Tilman et al. 1986). The lack of stimulation of the <20 pm 

fraction with concomitant stimulation of the >20 pm fraction 

following ~0i-I addition, and the requirement for N plus P to 



substantially increase community primary productivity in the 

August 1989 experiment are similar to findings of Dodds et 

a1.(1989). These authors found that the entire Aphanizomenon 

dominated phytoplankton community in Canyon Ferry Reservoir, 

Montana, was stimulated by single N or P additions, but when the 

large blue-green algae were removed, only N stimulated productiv- 

ity. The view that different fractions of the phytoplankton 

community can be limited by different nutrients is further sup- 

ported by the stimulation by N addition of only the <20 pm frac- 

tion in October 1988 and <I00 fraction in October 1989 (these 

fractions excluded nitrogen fixing blue-green algae). This, and 

the concurrent lack of stimulation of the larger size fractions 

(primarily A~hanizomenon) by N enrichment agrees with the idea 

that the ability to fix atmospheric nitrogen imparts a competi- 

tive advantage to heterocystous blue-green algae in N deficient 

waters (Schindler 1977; Flett et al. 1980). In our experiments 

virtually all of the blue-green algae were heterocystous N2 

fixing species. We did however find that both the N2-fixing blue- 

green and non-blue-green portions of the community could be N 

deficient. The shifts in relative carbon uptake towards non-blue- 

green fractions in the N treatments of June 1989 (Fig. 17) and 

the N+P treatment in August 1989 (Fig. 23) depict increases in 

growth of the smaller organisms indicating changes in community 

structure following changes in nutrient supply. 

Substantial shifts in the relative importance of individual 

phytoplankton groups occurred in 4 out of the 6 experiments after 

5 days of nutrient enrichment. Responses included both increases 

in non-blue-green algal dominance with N enrichment, and in- 



creases in blue-green algal dominance with P enrichment. Our 

nutrient additions caused incipient changes in N:P ratios which 

have been shown to be important in controlling blue-green algal 

dominance (Smith 1983; Stockner and Shortreed 1988; Pick and Lean 

1987). Observations that N2 fixing blue-green algae tend to 

become increasingly dominant as TN:TP drops below about 30 have 

been taken to indicate that the ability to use atmospheric N2 

explains a large part of blue-green algal dominance. This view 

was corroborated by our experiments with Grayling Arm water. 

Sterner (1989) showed experimentally that competition for N was 

strong in Pleasant Pond, Minnesota, and that addition of N de- 

creased the dominance of blue-green algae, suggesting the impor- 

tant role of N deficiency in promoting blue-green algal abun- 

dance. Whole lake manipulations (Barica et al. 1980; Stockner and 

Shortreed 1988) have been successful in reducing or eliminating 

blue-green algal blooms by addition of N (increasing N:P). The 

possibility of obtaining similar results by adding N to the 

Grayling Arm of Hebgen Lake is suggested by our results. However, 

our findings also indicate that N enrichment may increase blue- 

green algal biomass and might intensify blue-green algal blooms 

there. Furthermore, N-enrichment may stimulate macrophyte growth 

in the Grayling Arm which can lead to nuisance macrophyte levels 

while concomitantly stripping N from the water column rendering 

its effect useless in the control of planktonic blue-green algae. 

We have shown that nutrient deficiencies are important in 

controlling phytoplankton productivity, standing crop and commu- 

nity structure. It is imperative to understand the affects of 



changes in nutrient supply to successfully undertake any nutrient 

removal program to control eutrophication, or any nutrient addi- 

tion program aimed at increasing lake or reservoir productivity. 

If a nutrient is in ample supply (deficiency cannot be detected 

by experimental bioassays) then enrichment with (or removal of) 

that nutrient may not increase (or decrease) the productivity of 

the system. 

In summary, our results showed nutrient deficiencies in all 

6 cases. Nitrogen was found to be limiting more often than phos- 

phorus, but phosphorus was also important in several cases when 

added alone or in conjunction with nitrogen. The blue-green and 

non-blue-green components of the community showed different 

responses to nutrient enrichments. The non-blue-green component 

was N-deficient more often than the blue-green component whereas 

the latter was often stimulated by P addition, though the blue- 

green component was also stimulated by N enrichment in some 

cases. Organic carbon enrichment did not result in any consistent 

changes in productivity, biomass or community structure. We found 

that N addition promoted changes FE the phytoplankton community 

structure in the direction of non-blue-green dominance, and P 

addition increased blue-green algal dominance. 
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Table 1. Nutrient amendments (pg 1-I) to water from Hebgen Lake 

(Grayling A m ,  0.5 m) for microcosm experiments. 

TREATMENT JUNE 1988 AUGUST 1988 OCTOBER 1988 

Control 

P O ~ - ~ - P  

Mannitol 

Mannitol 

TREATMENT JUNE 1989 AUGUST 1989 OCTOBER 1989 

Control 

Mannitol 

Mannitol + 
NH~+-N 

Mann'tol + 
Po4-$ -P 



Table 2.  Ambient temp rature (OC) , CHL a (pg I") and nutrient - f concentrations (pg 1 ) of water collected from Hebgen Lake 
(Grayling Arm) for microcosm experiments. Phyto (Ana = Anabaena; 
Aph = A~hanizomenon; Ast = Asterionella; Frag = Fraaallaria) 
refers to the dominant (comprise > 60% of biomass) phytoplankton 
genus or combination of genera. 

1988 1989 

PARAMETER 22 JUN 2 1  AUG 23 OCT 20 JUN 08 AUG 19 OCT 

Oc 

CHL a 

Phyto 

NH~+-N 
- 

NO3 -N 

TDN 

PN 

TN 

SRP 

TDP 

PP 

TP 

DOC 

PC 

DIN: SRP 

TN: TP 

PN: PP 

PC: PN 

PC: PP 

16 .9  

30.3 

Ana 

3.8  

2 . 6  

140 .0  

514.8 

654.8 

2 .8  

10.4 

-- -- 
-- -- 

2834.0 

3416.0 

2.3 

12 .9*  

12 .5 *  

6 .6  

80 .3 *  

22 .0  

15 .6  

Ana 

6 1 . 1  

64 .0  

570 .0  

2 9 9 . 1  

8 6 9 . 1  

3 9 . 1  

5 7 . 1  

-- -- 
-- -- 

7012.0  

2288.4 

3.2 

9 . 2 *  

8 .9 *  

7 .6  

47.4*  

1 1 . 5  

144 .5  

A P ~  
& Ast 

1 2 . 5  

5 . 6  

390 .0  

1192.2 

1582.2 

7 . 7  

22.5 

-- -- 
-- -- 

7749.0  

7751.0 

2 .4  

16 .7 *  

16 .5*  

6 . 5  

107 .5 *  

15 .6  

4 . 5  

Ana 

9 .9  

10 .2  

176.0 

137.2 

313.0 

1 8 . 1  

28 .0  

16 .9  

44 .9  

2839.0 

761 .0  

1.1 

7 . 0  

8 . 1  

5 . 5  

45 .0  

19 .2  

5 . 0  

A P ~  
& Frag 

4 . 2  

7 . 9  

146 .0  

74.2 

220.2 

5 . 1  

17 .8  

9 . 9  

27 .7  

6960.0 

559 .0  

2.4 

7 . 9  

7 . 5  

7 .5  

5 6 . 5  

* = sample not from experiment but from same station within 5 
days of experiment. 



Table 3. Effect of nutrient additions on phytoplankton activity 
and biomass. Results of one-way ANOVA coupled with least signifi- 
cant difference test. PPR = chlorophyll g specific carbon uptake 
including all time points. CHL = chlorophyll concentrations 
including last two days only. size fractionated carbon uptake 
(i.e., >20 = carbon uptake of organisms that did not pass through 
20 pm mesh) at one time point. -- = not different from unammended 
control; +,++ = significantly greater than control at P<0.05 ,  
P<0.001;  o,oo = significantly less than control at P<0.05 ,  
P<0.001,  respectively. NA = no data collected. 

JUNE 1 9 8 8  AUGUST 1988  OCTOBER 1988  

TREATMENT PPRCHL >20 <20 PPRCHL >20 <20  PPR CHL >20 <20  

NH4+ -- -- NA NA -- -- ++ ++ + -- ++ --. 

- 
N03 LOST -- -- ++ ++ + -- -- ++ 
M o  -- -- NA NA -- -- -- -- -- -- -- + 

No3- +Mo -- -- NA NA -- ++ + ++ ++ -- -- ++ 

 PO^-^ ++ ++ NA NA -- -- -- -- + -- -- -- 
0 . 5  MANN -- -- NA NA -- -- 00 00 -- -- -- 00 

1 . 0  MANN -- -- NA NA -- -- -- 00 + -- -- 00 

JUNE 1989  AUGUST 1989  OCTOBER 1989  

TREATMENT PPR CHL >20  < 2 0  PPR CHL >20 <20  PPR CHL >100<100 

NH4+ ++ ++ ++ ++ -- + ++ ++ o ++ -- ++ 

MANN -- -- -- -- -- -- -- -- 00 -- -- 0 



FIGURES REFERED TO IN THE TEXT 
A 

Note: Error bars are + and - one standard error throughout. 
1. Chlorophyll a specific photosynthetic carbon uptake rates of 
phytoplankton (PPR) in the June 1988 experiment. 

2. Chlorophyll q concentrations in the June 1988 experiment. 

3. Phytoplankton biomass at the beginning (T=O) and end of the 
1988 experiment. 

4. PPR in the August 1988 experiment. 

5. Size fractionated volume specific carbon uptake in the 
August 1988 experiment, day 4. 

6. Chlorophyll q concentrations in the August 1988 experiment. 

7. Phytoplankton biomass at T=O and end of the August 1988 
experiment. 

8. Relative abundance of phytoplankton divisions in the August 
1988 experiment. (LRGT=unidentified picoplankton c3 pm) 

9. PPR in the October 1988 experiment. 

10. Chlorophyll g concentrations in the October 1988 experiment. 

11. Size fractionated volume specific carbon uptake in the 
October 1988 experiment, day 5. 

12. Phytoplankton biomass at T=O and termination, October 1988. 

13. Relative abundance of phytoplankton divisions, October 1988. 

14. PPR in the June 1989 experiment. 

15. Chlorophyll a concentrations in the June 1989 experiment. 

16. Size fractionated volume specific carbon uptake in the June 
1989 experiment, day 5. 

17. Percent of total carbon uptake by size fractions in the June 
1989 experiment,day 5. 

18. Phytoplankton biomass at T=O and termination, June 1989. 

19. Relative abundance of phytoplankton divisions, June 1989. 

20. PPR in the August 1989 experiment. 

21. Chlorophyll g concentrations in the August 1989 experiment. 

22. Size fractionated volume specific carbon uptake in the 



August 1989 experiment, day 3. 

23. Percent of total carbon uptake by size fractions, August 
1989, day 3. 

24. Phytoplankton biomass at T=O and termination, August 1989. 

25. Relative abundance of phytoplankton divisions, August 1989. 

26. PPR in the October 1989 experiment. 

Chlorophyll concentrations the October experiment. 

28. Size fractionated volume specific carbon uptake in the 
October 1989 experiment, day 5. 

29. Phytoplankton biomass in the October 1989 experiment. 
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CHAPTER 2 

IMMUNOCHEMICAL LOCALIZATION OF NITROGENASE IN MARINE 

TRICHODESMIUM AGGREGATES: 

RELATIONSHIP TO N2 FIXATION POTENTIAL 

(Published: Applied and Environmental Microbiology. 1989. 

552: 2965-2975) 
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C o l d  aggregation among nonheterocystous filaments of the planktonic marine cyanobacterium Tnckotfes- 
mium is known to enhance N2 fixation, mediated by the 0,-sensitive enzyme complex nitrogenase. linprossien 
of nitregeuse appears linked to the formation of 0,-depleled microzones within aggregated bacterium 
associated colonies. While this implies a mechanism by which nonheterocystous N, fixation can take win an 
oxygenated water column, both the location and regulation of the N2-fixing apparatus remain u-. We 
used aa Mtiaitrogenase polyclonal antibody together with postsection immunocoUoida1 gold and 
transrpigion electron microscopy to show that (i) virtually all Trichodesmium ceUs within a colony p s s s s d  
nitrogeansc, (ii) nitrogenase showed no clear intracellular localization, and (iii) certain associated bacteria 
contahed nitrogenase. Our findings emphasize the critical role coloniality plays in regulating mitrqpme 
expression in nature. We interpret the potential for a large share of Trichodesmium cells to 6r N, ar an 
opportanistic response to the dynamic nature of the sea state; during quiescent conditions, aggrcgr(iw and 
consequwt expression of nitrogenase can proceed rapidly. 

The ubiquitous and ecologically significant marine cyano- 
bacterial genus Oscillatoria (Trichodesmium) supports rela- 
tively high rates of light-mediated N2 fixation in the absence 
of morphologically differentiated cells termed heterocysts (5, 
6, 11). The physiological means by which oxygen-sensitive 
N, fixation occurs contemporaneously with oxygenic photo- 
synthesis in this filamentous genus remains elusive (19, 10). 
However, field (in situ) and short-term (<l-day) laboratory 
studies on freshly collected populations have pointed to the 
importance of a colonial existence, as either fusiform tufts or 
spherical puffs of aggregated filaments, for N, fixation to 
proceed and be optimized (3, 7, 18). Despite a recent report 
on the successful isolation and culture of a marine Oscilla- 
toria strain which apparently can fix N, as single filaments 
under oxic conditions (16), naturally occumng photosyn- 
thetically active populations consistently reveal either a 
complete lack or severe inhibition of N, fixation when 
aggregates are disrupted (with oxygenic photosynthesis re- 
maining uninhibited) (3. 7, 18). After extensive examinations 
of natural populations, Carpenter and McCarthy (6) and, 
later, Carpenter and Price (7) suggested that aggregation of 
filaments allowed for compartmentalization of 0,-evolving 
photosynthesis and 0,-inhibited N2 fixation. Indeed, autora- 
diographic examinations of photosynthetic 14C02 incorpora- 
tion reveal this process to be largely confined to terminal 
regions of filaments (7); hence, internal regions of aggregated 
filaments could be a likely place for N2 fixation to occur. 
Subsequent studies, utilizing the reduction of a low-redox- 
potential tetrazolium salt, 2.3.5-triphenyl-3-tetrazolium chlo- 
ride, strongly hinted of highly reduced conditions in internal 
regions of photosynthetically active aggregates (3,18). More 
recently, aggregates have been probed with 0, microelec- 
trodes, and the results directly demonstrate the existence of 
0,-depleted internal microzones within photosynthetically 
active aggregates (17). 

* corresponding author. 

While these studies have implied a mechanism by which 
N, fixation can accompany photosynthesis in aggregates, 
key questions remain as to the location d regulation of the 
N,-fixing apparatus in Trichodesmium. Thus b r ,  it has not 
been conclusively shown that Trichodesmium is in fact the 
site of N2 fixation as opposed to the diverse array of 
microflora (both bacteria and microalgae) with which N2 
fixation is commonly found in nature. The question follows 
that. if N, fixation is indeed confined to 7~chodesmium. 
what are the intra- and intercellular distributions of the 
enzyme complex (nitrogenase) responsible for this process'? 
Also, is the distribution of nitrogenase related to its environ- 
mental regulation and colonial aggregate formation? 

The nitrogenase enzyme complex coasists of two distinct 
polypeptides forming dinitrogenase (MwFe protein) and the 
dimeric polypeptides of dinitrogenase reductase (Fe pro- 
tein). To address the above-mentioned questions, polyclonal 
antibodies against dinitrogenase reducrase were used in 
postsection immuno electron microscopy ( E M )  (1) studies 
to observe intra- and intercellular localization of nitrogenase 
in Trichodesmium aggregates recently obtained from: (i) 
coastal Atlantic Ocean (Gulf Stream) waters during a late 
summer 1988 bloom near Beaufort. N.C.. and (i) several 
open-ocean locations in the western h i b k a n  Sea. 

MATERIALS AND rbamiom 
Sampling locations and procedures. Samples were col- 

lected from a variety of pelagic (otTshomj h a t i o n s  in the 
western Caribbean Sea during a cruise d t h e  R/V Columbus 
Iselin conducted between 4 and 23 November 1988. Samples 
for irnmunolocalization of nitrogenase were obtained from a 
station at ll"20' N, 82"22' W during calm sunny conditions. 
Additional samples were collected in coastal Atlantic Ocean 
waters 6 km southwest of Beaufort Inlet. N.C., during a late 
summer bloom in 1988. In both cases. iafividual Trichodrs- 
mium aggregates from the same sampie as used Tor immu- 
nolocalization studies were examined for N,fixing activity 
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FIG. 1. IEM examinations of CG-labeled Trichodesmium spp. filaments. Sample obtained from North Carolina coastal Atlantic waters. 
(A) Oblique cross-sectional view showing representative morphology of two cells intersected by a cell wall (CW). The nucleoplasmic (N) 
region, gas vacuoles (GV). other vacuoles (V), and lipid droplets (LD) are indicated. Detailed ultrastructural descriptions are provided by Van 
Baalen and Brown (?I), Gantt et  al. (lo), and Haxo et al. (12). Electron-dense. spherical CG panicles are distributed throughout both 
nucleoplasmic and gas vacuolate regions. but are difficult to discern at this magnification owing to their spall size (1Qnm diameter). (6) 
High-magnification cross-secdonal view revealing CG particles (arrows) dispened throughout nucleoplasmic (N) regions. vacuoles (V), and 
gas vacuole (CV) regions. lntracellular CG labeling did not appear confined to specific ultrastructural components. However. note that the 
outer cell wall (OCW) and associated membrane revealed relatively little CG labeling. tC) Longitudinal section. In support of cross-sectional 
views, the longitudinal section exhibited CG deposition throughout both nucleoplasmic (N)  and gas vacuole (GV) regbas .  In this view. 
photosynthetic lamellae (P) are evident; generally. little CC was associated with these structures. (D) High magnification bngitudinal view 
of CG deposition ( m w s ) .  Note general abwnce of CG labeling in either the photosynthetic lamellar or outer cell. 

I by the acetylene d u c t i o n  assay ( 5 .  17). Relatively high 
cellular acetylene reduction rates were observed under illu- 
minated conditions in both instances (17: D. G. Capone, 
unpublished data),  indicating the  presence of nitrogenase . 
associated with aggregates. Nitrogen-fixing aggregates 
were gently collected from near the sea  surface (0  t o  2 m) 
with a 200-km mesh plankton net and  immediately fixed in 
2% (vol/vol) glutaraldehyde for 20 min, washed with phos- 
phate-buRered saline ( p H  7.8). and transferred t o  fresh 
phosphate-bulfered saline for refrigerated (4°C) storage until 
analysis. 

Immunochernical studies. Upon return 10 t h e  laboratory 
(within 3 weeks), 5 to  15 aggregated iilamems were washed 
in 0.1 M phosphate-buffered saline at pH 7.5. transferred t o  
BEEM capsule chamber pipettes (8). p o s s h e d  for 1 h in 
aqueous OsO,, and dehydrated. The dehydra ted  filaments 
were then embedded (with care  given to orientation of  the  
filaments) and thin sectioned (2). Sections w e r e  immuno- 
stained with rabbit anti-dinitrogenase r e d u d a s e  p o l ~ c l o n a l  
antibodies, either Rr-2 o r  universal. Both types of antibodies 
were kindly provided by P. Ludden,  Univers i ty  of Wiscon- 
sin. Madison. Rr-Z denotes the anti-rabbit p o l y ~ i ~ f l i ~ i  anti- 
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bodies against dinitrogenase reductase (subunit I1 or Fe 
protein) of the nitrogenase complex of Rhodospirillum ru- 
brum, a diazotrophic bacterium (14). Universal Fe protein 
denotes the polyclonal antibodies against the dinitrogenase 
reductase from a variety of N,-fixing bacteria, including R. 
rubrum. Previous studies by Ludden et al. (14) critically 
evaluated the specificity of these polyclonal antibodies 
toward crude and highly purified Fe protein. Using both 
Western blotting (irnmunoblotting) following electrophoretic 
separation of proteins and Ouchterlony immunodiffusion 
assays, a highly specific reaction with the Fe protein was 
observed, with no significant cross-reactions with irrelevant 
proteins. In addition. these investigators were able to dis- 
criminate between active and inactive forms of the Fe 
protein, based on very small differences in molecular weight, 
as detected by Western blot assays. We have 'recently 
observed similar specificities and small molecular-weight 
differences in a variety of marine and freshwater N,-fixing 
isolates (C. A. Currin, H. W. Paerl, G .  Suba, and R. S. 
Alberte, Lirnnol. Oceanogr., in press: J. C. Priscu, unpub- 
lished data). 

Antibodies were applied at dilutions of 1:XO (Rr-2: Car- 

ibbean samples). 1:500 (Rr-2; N.C. samples). o r  1:50 (uni- 
versal; Caribbean samples). Antibody dh t i ons  were based 
on individual antibody titers. Following reaction of the 
primary antibody with nitrogenase, sections were reacted 
with 10% (in blocking buffer) goat anti-rabbit gold-conju- 
gated antibody (10-nm particle size; Janssen Life Science 
Products. Piscataway, N.J.), as described by Brawner and 
Cutler (2). except that blocking buffer 117BS) consisted of 
7% bovine serum albumin (Sigma Chemical Co.. St. Louis. 
Mo.), 400 mM (NH,),SO,, 1.0 mM M a 2 ,  0.1 mM ZnCl, 
(J. T. Baker Chemical Co., Philiipsburg. N.J.), and 0.1: ;7 
Tween 80 (Sigma) in 0.05 M Tris buffer, pH 7.5. A minimum 
of 50 cells per grid was observed with either a JEOL 100-CX 
or  a Zeiss model EM lOClCR electron microscope. 

Controls to test for nonspecific binding of the goat anti- 
rabbit gold-conjugated antibody consisted of fetal bovine 
serum (N.C. samples) and an irrelevant antibody (polyclonal 
rabbit anti-Candidu cribicat~s 9938: Caribbean samples) in 
dilutions matching and replacing that o r  primary polyclonaf 
serum. 

Western blots done by Laernml.iqs protucbl 113 )  were 
conducted on Iyophilized Tric.hc~ir.strrirrm to determine the 
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specific cross-reactivity o f  the primary antibody. Lyophi- 
lized samples were kept at -20°C until use. We suspended 
10 to 12 mg o f  freezedried sample in 1.0 m l  o f  Laemmli 
sample buffer. umicated twice at low power for 30-s inter- 
vals, and heated at 100" for 5 min. Samples and molecular 
mass markers (prestained markers. 17 to 130 kilodaltons 
[kDa]; Bio-Rad Laboratories. Richmond. Calif.) were then 
loaded onto 7.0-crn 12.5% sodium dodecyl sulfate-polyacry- 
lamide gel electrophoresis gels at 10 PI per well. Gels were 
electrophoresed for 40 min i n  a Bio-Rad Mini-PROTEAN I1 
unit supplied with a constant 200 V. Following electropho- 
resis, gels were equilibrated for 15 min in a methanol transfer 
buffer (25 m M  Tris. 150mM glycine. 20%. voUvol, methanol. 
pH 8.3). Proteins were then rlrctroeluted onto nitrocellulose 
membranes in a Bio-Rad Mini Trans-Blot transfer cell sup- 
plied with a constant 100 V for 1 h. Blocked (1% bovine 
serum albumin) membranes were then probed for the pres- 
ence o f  the nitrogenax enzyme. using either Rr-2 or univer- 
sal antibodie5. Membranes were incubated for 1 h in a 
1:10.000 working dilution tin TTBS) of either o f  the9e 
antibodies. Primary antibody was replaced with a conjugated 
secondary aniihody solution (a  1 :7,S(H) diluticm uf goat 

anti-rabbit immunoglobulin G conjugated with alkaline phos- 
phatase in  TTBS) following several short washes in  TTBS, 
p H  7.5. to remove excess primary probe. Following a 1-h 
incubation in secondary antibody, membranes were washed 
in  Tris-buffered saline (0.5 M NaCI, 20 n M  Tris) at p H  7.5 
and placed in an alkaline phosphatase color development 
system containing Nitro Blue Tetrazolium and 5-bromo- 
4-chloro-3-indolyl phosphate ptoluidine salt. 

Bacterial culturing studies. Maruyama et ai. (15) reported 
on N,-fixing eubacteria associated with Trichodesmirtm ag- 
gregates in  the Pacific Ocean. We made parallel efforts at 
isolating and characterizing such eubacteria in  this study. 
Freshly collected (November 1988) Caribbean Trichode.7- 
t?iilrtrr tuft and puff aggregate5 were individually picked from 
water samples. using sterile plastic inoculating loops (10 KI). 
and given two washes o f  0.1-km filter (Nuclepore Corp., 
Pleatanton. Calif.)-sterilized seawater. Aggregates v.ere 
then transferred with loops to sterile culture rubes containing 
a mannitol 10.8%!-phosphate (100 +MI-Fe-EDTA 130 IAM)- 
amended sei~ivitter soft agar. Purified (Difcr? pur~tiod qrudc: 
Dil'co Litboratories. Detroit. Mich.) nitrogen-free :tear I 5 . 0  
glllrerr wa\  L I \ ~ J .  This medium was shown ~ ~ C L I ~ I I ~ S I )  to 



FIG. 1--Conrin~ced 

select for N,-fixing microheterotrophs in a variety of North and the outside of aggregates) revealed similar total densities 
Carolina coastal Atlantic and Caribbean habitats tH .  W. of CG in all cells. indicating that nitrogenase was not 
Paerl, B. M. Bebout, and L. E. Prufert, J. Phycol., in press). concentrated or isolated within specific portions of the 
Washed Trichodesmircm aggregates were both placed on the aggregate. Occasional deposition of CG particles outside the 
surface and stabbed into the agar. Cultures were incubated cell wall is presumably an artifact of cell sectioning, rather 
for 2 to 7 days in darkness at 25°C. than nonspecific immunochemical reactions; no evidence 

exisis for nonspecific binding in either the irrelevant anti- 

RESULTS AND DISCUSSION body or fetal bovine serum controls or in the Western blots 
(see below). 

Immunostained cells viewed by IEM showed deposition of 
colloidal gold (CG) throughout individual cells collected 
from both North Carolina coastal Atlantic waters (Fig. 1) 
and the Caribbean Sea (Fig. 1). High-magnification exami- 
nations of samples from both locations revealed no clear 
intracellular localization of CG deposition. Enumeration of' 
CG deposition in Caribbean samples yielded mean (10 rep- 
licate counts) densities of 75 z 15 gold particles per ~ r n '  
following treatment with primary and secondary antibodies. 
Eramination of over 50 cells in cros5 5ection trc'a(cCj in [h i \  
manner (which encornpasbed filaments on both rhc inbidc 

We conducted additional tests to ensure that CG distribu- 
tion represented specific binding. Fetal bovine serum and 
irrelevant antibody controls weJe consistently negative (less 
than two CG particles per km- throughout cells). verifying 
that the secondary antibody wa3 specific for the primary 
antibody to nltrogenase (Fig. 3,. The specificity of the 
primary antibody is shown in the We\tern blots (Fig. 1). 
which indicated a single bmd occurring at  approximately $0 
kDa for each sample when calibrated arainst Rio-Kad pre- 
5tarnc.J rrri1rker4. A'e ohwrved prs\t~iini.J tnar'kcrs tu migrate 
furlhcr Jonn rhc gel [hiin con~p;trah\i. ntolccular-weight 
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FIG. 1. TEM view of CG-labeled Trichodesmium spp. filaments. Filaments were obtained from the Caribbean Sea. (A) Low- 
magnification cross-sectional view showing CG deposition patterns. Deposition is closely associated witb cylindrical, fully inRated gas 
vacuoles (GV) and spherical vacuoles (SV). We observed additional, although less dense, CG deposition associated with convoluted lamellae 
(L), while electron-tramparent vacuolated (V) regions appeared free of CG particles. (0) High-magnification region of panel A. CG deposition 
patterns in both gas vacuoles and spherical vacuoles were readily seen at this magnification. 

markers stained a f k  electrophoresis. This finding confirms 
Bio-Rad's precautions (provided with the Mini-PROTEAN 
11 unit) regardimg rigorous interpretations o f  molecular 
masses solely bvsd on prestained markers. Our cross- 
calibration o f  pre- aad poststained protein standards reveals 
a sizable discrepancy (Fig. 4). When calibrated againn 
poststained markers. the Fe protein-specific band appears at 
approximately 35 kDa. I t  is known that the dimeric dinitro- 
genase reductase dissociates in the presence o f  sodium 
dodecyl sulfate b e f m  electrophoresis, resulting in a mono- 
meric form with a reported molecular mass o f  ca. 30 to 40 
kDa (4. 9).  Our results fall within this range. 

Additional verifications of  antibody specificity have been 
conducted on Western blots ot' electrophoresed extracts 

from other well-documented diazotrophs, including Azoro- 
bocter. Klebsiella. Vibrio, and Anabaeno (Curr in et al.. i n  
press). When probed with either Rr-2 or unirersal antinitro- 
genase antibodies, a single band appeared at approximately 
30 to 40 kDa (Cunin et al.. in  press). This band was absent 
when the same microorganisms were grown on combined 
nitrogen (nitrogenase activity repressed). In concert, current 
and previous results consistently showed amtibodies to be 
highly specific for nitrogenase among diverse N,-fixing gen- 
era. 

Stab cultures consistently showed the presence of N1- 
fixing bacteria, confirmed by positive acetylene reduction 
assays and serial transfers into N-free m a m i t o l  agar tubes 
which yielded heavy growth. Characteristically, noticeable 
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bacterial growth occurred within 2 to 3 days as white bands 
or plates situated 0.5 to 1 cm below the agar surface. Oxygen 
microelectrode profiles revealed that plates represented the 
oxic-anoxic interface o f  tubes (Paerl et al., in  press). This 
indicated that N,-fixing bacterial isolates required mi- 
croaerophilic or anaerobic conditions or both for expression 
o f  nit rogenase. 

I t  was suggested previously that spatial segregation of  N 2  
fixation and 01-evolving photosynthesis exists within Tri- 
chodesmium aggregates (3, 7, 18) and that regions o f  low 
oxygen tension within the aggregate may allow Nz fixation to 
be localized in cells within the aggregate (i.e., not exposed to 
the bulk medium) (17). Our present findings lead us to 
conclude that nitrogenase is present throughout all cells of 
the aggregate, but that catalytic expression of  the nitroge- 
nase is closely regulated by microscale features such as 
biotically induced low 0, tension within the aggregate (17). 

Several types of  euhacteria were associated with aggrc- 
gates of the Caribbean Sea Tricltoclr.tn~irrr,r. Some o f  t h e x  

bacteria contained CG, indicating that certain associated 
bacteria have the potential to fix N2. By using microaero- 
philic stab culturing techniques, we were able to isolate 
N,-fixing heterotrophic bacteria associated with Caribbean 
Trichodesmirrm aggregates, confirming the previous obscr- 
vation o f  Maruyama et al. (15). While we note the presence 
o f  such bacteria, they account for < I% o f  total CG deposi- 
tion among Tricltodesmirrm cells. Furthermore. microaero- 
philic conditions were apparently required for active N2 
fixation to take place among these bacteria. Such require- 
ments greatly restrict N 2  fixation potentials among bacteria 
associated with the periphery of  Tric l loc lr . tn~i~~t t~  aggregates. 
a region known to be well oxygenated during daytime 
photosynthetic periods (17). Hence. bacterial contribution3 
to aggregate N2 h u i i o n  are likely to be small. However. 
these heterotrophic bacteria provide respiratory O2 con- 
sumption which may promote the developmcnt and mainte- 
nnncc o f  low 0, rnicrozonc\ ~ i t l l i n  aggre?ate\ (17) .  I11 turn. 
rhe\e microzone\ tL~cilit;rte e\pre\\ion ul'nitrogcnu\c' In h o ~ h  
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FIG. 3. IEM cross-sccaional views of an irrelevant antibody control (conducted on Caribbean Trichodesmium spp. f i b e n t s )  illustrating 
that the CG-conjugated so~ondary antibody was specific for the primary antibody to nitrogenase. The use of either f e d  bovine serum or  
anti-C. albicanr 9938 antiserum in place of the antinitrogenase primary antibodies yielded similar results, namely, no detectable CG labeling 
of Trichodermium StCtiORS. (A)  Low-magnification view; (8) high-magnification view. 
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1987; Parsons et al. 1987). Many N2-fixing bacteria and cyanobac- 

teria produce extracellular mucilage which helps protect nitroge- 

nase from O2 damage by forming a diffusive or solubility barrier 

to O2 (Hill 1971; Wilcockson 1977; Bothe 1982). In some aggregate 

forming non-heterocystous cyanobacteria such as Trichodesmium, 

nitrogenase is located in most, if not all cells (Paerl et al. 

1989b) but the greatest activity is expressed in cells located 

near the center of the colony where either photosynthetic O2 

production is reduced, its consumption enhanced or both (Carpen- 

ter and Price 1976). The net effect is that p02 in the center of 

the colony appears low enough to allow nitrogenase to function; 

thus spatially separating N2-fixation from net photosynthetic O2 

evolution (Carpenter and Price 1976; Paerl and Bebout 1988). 

Colony or aggregate formation generally promotes growth and 

survival of cyanobacteria through parallel increases in N2- 

fixation rates (Bothe 1982; Paerl and Bebout 1988; Carlton and 

Paerl 1989). However, an example of increased aggregation that 

lowered nitrogenase activity (NA) and photosynthesis has also 

been reported in Nostoc (Dodds 1989a). The precise temporal and 

spatial relationships among p02, N2-fixation and photosynthesis 

in cyanobacterial aggregates are probably species specific and 

regulated by a number of environmental variables including light. 

Highly specific associations between O2 consuming bacterial 

heterotrophs and O2 evolving cyanobacteria may also be instrumen- 

tal in the localized enhancement of N2-fixation in aggregates 

(Paerl 1982). It has been established that there is a correla- 

tion between 15~2-fixation and irradiance (Dodds 198933) , and that 
NA can be inhibited at high irradiances (Lewis and Levine 1984) 



which may be related to photosynthesis-induced 02-supersaturation 

(Paerl and Kellar 1978; Paerl and Kellar 1979). 

Our recent field observations indicate that Anabaena flos- 

auuae forms cm size flocculent masses during surface blooms in 

Hebgen Lake, Montana. Further microscopic examination of both 

field populations and unialgal cultures of this organism showed 

that flocculation is preceded by heterocyst cohesion. The net 

effect of this cohesion is an aggregate where the heterocysts are 

centrally located in a mass of mucilage, leaving the bulk of 

vegetative cells forming the periphery of the aggregate. This 

arrangement of biochemically-specialized cells led us to hypothe- 

size that there was spatial separation of oxygenic photosynthesis 

and 02-sensitive N2-fixation within the aggregates. We examined 

the' influence of aggregation on NA and photosynthesis in A. flos- 

auuae by comparing these activities in aggregated and artificial- 

ly dispersed samples. 

MATERIALS AND METHODS 

Organism and culture condition 

Unialgal cultures of Anabaena flos-auuae, isolated from 

eutrophic Hebgen Lake, Montana, were grown in ASM medium (Allen 

1968) lacking a fixed nitrogen source (ASM-). The cultures were 

maintained at 2521 OC and 100 pmol quanta rnW2 s-' supplied by 

"cool whitew fluorescent lamps under a 12 h light/dark cycle. 

Before the experiment, a two week old culture was diluted with 

ASM-, and divided into two equal aliquots. One aliquot was gently 



RESULTS 

Heterocyst aggregation was observed in a two week old A. 

culture (Fig. 1A); the mucilaginous matrix associated 

with the heterocysts was revealed by negative staining with India 

l ink (Fig. 1B). Heterocyst cohesion was found in cultures grown 

in N-free (ASM-) and N-replete (ASM+) media (despite a lower 

heterocyst frequency), indicating that cohesion is found in both 

1 nitrogenase suppressed and active conditions (separate experi- 

I ments showed NA to be suppressed significantly by 5 mM NaN03, the 

I level of ~ 0 ~ -  in ASM' is 5 mM). Individual heterocyst aggregates 

I induced formation of larger flocculent masses (Fig. 1C). Gentle 

I shaking dispersed the flocculent masses. Our dispersal technique 

1 completely separated the trichomes in the aggregates, while not 

1 appearing to physically damage the trichomes (Fig. ID). When 

aggregates were dispersed and incubated under the culture condi- 

tions, they always reaggregated within 2 weeks. 

i i The TTC treatments showed reduced conditions (c0.4 V) in both 

aggregated and dispersed samples of E, flos-aauae but with more 

rapid formation of formazan in aggregates (Table 1). Microelec- 

i i trode measurements made on samples receiving 800 pmol quanta m-2 

I ! s-I revealed 02-supersaturation just outside of an aggregate of 

I I heterocysts; p02 linearly approached saturation about 400 pm away 

i I from the aggregate (Fig. 2). No gradients in O2 concentration 

' i  existed in the dark (Fig. 2), indicating that respiratory O2 

I consumption was not adequate to lower p02 below saturation under 

1 the conditions of our measurements. Because the O2 microelectrode 
I 

I could not penetrate the mucilage surrounding the heterocysts, 



within heterocyst aggregate p02 remains unknown. 

Nitrogenase activity of & flos-awae at ambient and 02- 

supersaturation (30 kPa pOZ) revealed that aggregation increased 

NA by 55% at ambient p02 and 22% at 30 kPa p02 relative to dis- 

persed samples (Table 2). Both differences between aggregated and 

dispersed samples were statistically significant (P<0.05). At 02- 

supersaturation, heterocyst aggregation provided appreciable 

increases in nitrogenase activity even though the relative in- 

crease was less than half that observed at ambient p02. 

An aggregated sample of A. flos-aauae exhibited peak NA near 

400 pmol quanta m-2 s-I and a decline in NA with further increase 

in irradiance (Fig. 3A, Table 3). In the dispersed samples, 

maximum NA was about 40% lower, occurred at a lower irradiance 

(ca. 250 pmol quanta m-2 s-I) and showed greater inhibition at 

high irradiance than that in aggregated samples (Figs. 3A and D). 

Dark NA was more than two-fold greater in aggregated than dis- 

persed samples (Table 3). Overall, aggregated samples had higher 

NA at all irradiance levels used in the experiments. 

Maximum photosynthetic activities ( pmB) of both aggregated 

and dispersed samples of A. flos-acruae were not significantly 

different (P>0.05), indicating minimal physiological damage 

caused by our dispersal technique (Table 3, Fig. 3E). Bulk phase 

O2 concentration was not influenced by irradiance under our 

experimental conditions (Fig. 3C). Although bulk O2 concentra- 

tion was not measured in dispersed samples, we assumed there was 

no dependence on irradiance during the experiment because the net 

rate of carbon fixation in dispersed samples was not significant- 

ly different from that measured in the aggregated samples. In 



tive effect of increased energy supply for NA via photosynthesis, 

and inhibition of NA by increased O2 production. This crossover 

hypothesis can explain why NA was saturated at lower irradiances 

than photosynthesis in our experiments. 

The decrease in the ratio of NA:photosynthesis with increasing 

irradiance together with rapid light attenuation within the cm 

size flocculent masses produces a pattern in the ratio of 

 ph photo synthesis; cells on the outside of the flocculent mass 

have lower NA:photosynthesis, whereas those deep in the floccu- 

lent masses have higher NA:photosynthesis. Irradiance at the 

surface of Hebgen Lake during summer can be well in excess of 

1500 pmole quanta m-2 s-' (Priscu, unpublished data). Formation 

of flocculent masses caused by aggregation can alter the balance 

of NA and carbon fixation over what it would be if there was no 

aggregation. 

Our results indicate that heterocyst aggregation promotes NA 

in A. flos-auuae allowing enhanced assimilation of N2 in N- 

deficient environments. Other genera such as A~hanizomenon, 

(Paerl and Carlton, unpublished), Gleotrichia, and Rivularia 

(Prescott 1982) also exhibit aggregation of heterocysts. It is 

possible that NA is enhanced by aggregation in these genera as 

well. 
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Table 1. Triphenyl tetrazolium chloride (TTC) localization of 

reduced zones of O2 in aggregated and dispersed cultures 

of A. flos-aauae. 

Treatment % Heterocysts containing formazan 

duration (min) Aggregated sample Dispersed sample 

a Ambient p02=20 kPa. 



Table 2. Nitrogenase activity of the aggregated and dispersed 

samples of A. flos-awae at ambient p02 and 02-supersaturation. 

.................................................................. 

Treatment Nitrogenase activitya 

Ambient 30 kPa 

Aggregated 

Dispersed 

"~xpressed in mol C2H4 mol Chl g-l h-' (2s. E. ) 



Table 3. Parameters describing the irradiance response of 

photosynthesis and nitrogenase activity in aggregated and 

dispersed A. flos-aauae. NF = values that could not be 

fitted on basis of data. a and j3 = mol C2H4 mol chl g-l h-I 

(pmol quanta m-2 s-l)-l or mol c m o l  chl h-l (pmol 

B B quanta m-2 s-l)-'. P, , Pm , and Dark = mol C2H4 mol chl 

aol h-I or mol C mmol chl a - h . Standard deviation in 

parentheses. Parameters are described in Jassby and Platt 

1976; and Priscu 1989 (see also Materials and Methods). 

Sample 6 psB B Dark 8 
Pm 

Photosvnthesi s: 

Aggregated 7.71 x 10'~ (1.4 x N F N F N F 0.157 (0.018) 

Dispersed 5.84 x (5.08 x 10") N F N F N F 0.142 (0.007) 

Ni troqenase: 

Aggregated 0.018 (0.008) 53.7 (5.18) 0.131 (1.32) 1.06 (0.36) 3.65 

Oi spersed 0.021 (0.005) 6.5 (13.6) 0.018 (0.05) 0.46 (0.11) 2.25 



F I G .  1. Aggregated heterocysts under phase contrast (A), 

bar=14 pm. Heterocyst aggregates negatively stained with 

India ink (B). Note bright areas of mucilage surrounding 

heterocyst clumps devoid of stain. Scale bar=lS.5 pm. 

Artificially dispersed A. flos-amae (C), bar=9.3 pm. 

A large flocculent mass of A. flos-aauae in unialgal 

culture (D) . Scale bar=l. 2 cm. 

F I G .  2. Profiles of O2 concentration as a function of 

distance away from the mucilage surrounding a heterocyst 

aggregate of A. flos-aauae at 800 umol quanta m-2 s-I 

and in the dark. The plots are each a composite of 3 

separate profiles. The error bar=+l standard deviation. 

F I G .  3. Nitrogenase activity, photosynthesis and bulk 

O2 concentration versus irradiance in aggregated and 

dispersed samples of A. flos-aauae. The curves are 

described with parameters in Table 3. NA versus 

irradiance in aggregated sample (A), Photosynthesis versus 

irradiance in aggregated sample (B), Bulk phase 

O2 concentration in aggregated sample (C), NA versus 

irradiance in dispersed sample (D), Photosynthesis versus 

irradiance in dispersed sample (E). Aggregated and dispersed 

samples had 0.64 and 0.83 nmol chl g per vial respectively. 

Note that C-fixation is expressed per mmol chl a, 

and NA per mol chl g. 



FIG. 4. Molar ratio of ethylene produced to carbon fixed 

versus irradiance for aggregated samples of A. flos-aauae. 

The curve was calculated from parameters in Table 3 and 

represents the ratio of curves in Fig 3A to 3B for 

aggregated samples. Symbols show actual data for both 

aggregated and dispersed samples. 

Fig 5. Light microelectrode profile from the outside edge of a 

cm size flocculent mass of A. flos-acruae. Profile represents 

a composite of 3 separate measurements, error bar=&l standard 

deviation. 
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ABSTRACT 

Heterocyst walls of the N2-fixing cyanobacterium Anabaena 

flos-auuae were found to thicken as exogenous O2 partial pressure 

(p02) was increased from 5 to 40 kPa. Such heterocyst wall thick- 

ening appears to be an 02-induced mechanism for providing a 

greater O2 diffusion barrier against O2 inhibition of nitroge- 

nase, the 02-labile enzyme responsible for N2-fixation. We ob- 

served decreased nitrogenase activity (NA) at p02 levels above 

ambient (20 kPa) indicating that the thicker heterocyst walls 

were not completely effective as barriers to O2 diffusion. Howev- 

er, cultures grown at 10 kPa and 40 kPa p02, when transferred to 

ambient p02, the culture previously grown at 40 kPa showed higher 

NA 24 h after transfer compared to those grown at 10 kPa or 20 

kPa indicating 02-protection of nitrogenase by thicker heterocyst 

walls. In addition to the effect of p02 on heterocyst wall thick- 

ness, and NA, heterocyst frequency was lowest at 20 kPa O2 appar- 

ently due to faster vegetative cell division. The tradeoff be- 

tween morphometric and physiological responses to exogenous p02 

presumably involves a complicated interplay between genetic and 

physiological flexibility which allows A. to fix 

atmospheric nitrogen in a variety of environments. 



INTRODUCTION 

In oxygenic phototrophic cyanobacteria, exogenous oxygen 

tension is the net product of consumption through respiration and 

release through oxygenic photosynthesis. The enzyme complex 

responsible for the conversion of molecular nitrogen to ammonium 

in diazotrophs, nitrogenase, is readily inactivated by oxygen (7, 

22). Various physiological, morphological and ecological strate- 

gies exist among different species of diazotrophs to overcome 

this dilemma (3, 5, 6, 11, 13-19, 22, 25, 28). One of the most 

important structural features providing protection against oxygen 

inactivation of nitrogenase in cyanobacteria is the multi-lami- 

nated wall of heterocysts (3, 10, 26). However, despite the 

presence of heterocysts, filamentous cyanobacteria such as Ana- 

baena and A~hanizomenon exhibit some degree of nitrogenase inhi- 

bition when exogenous oxygen levels are elevated above ambient. 

This indicates that the oxygen diffusion barrier afforded by the 

heterocyst wall is not completely effective against increases in 

external oxygen tension (12, 16). 

Structures analogous to heterocysts, called vesicles in the 

actinorhizal diazotroph m a ,  are known to have thin walls in 

cultures grown at low partial pressure of O2 (pOZ) while having 

thicker walls at high p02 (18; ~angatharalingam and Ensign, 

unpublished). This phenomenon has not been reported among cyano- 

bacterial heterocysts except for the observation that 

spp. the heterocyst wall is poorly developed under low p02 and 

anaerobic conditions (9, 21). Among the studies published, only 

short-term effects of p02 or 02-supersaturation on nitrogenase, 



activity (NA) in cyanobacteria have been reported (12, 14, 16). 

According to Wilcox et al. (30), heterocyst frequency is 

genetically determined and hence can be changed by mutation. 

Also, physiological (environmental) factors such as light inten- 

sity, combined nitrogen availability and assimilable organic 

carbon sources are known to affect heterocyst production (8), and 

hence could affect heterocyst frequency. Heterocyst frequency of 

A. cvlindrica under highly elevated C02 levels with no O2 was - 
shown to be higher than that in air (9). However, we are not 

aware of any report on the effect of varied p02 on heterocyst 

frequency. Heterocyst frequency is often positively related to 

corresponding NA (24) presumably because heterocysts are the 

primary sites of NA (32). 

We examined the influence of external p02 on heterocyst wall 

thickness, heterocyst frequency, and NA in A. flos-aauae. This 

study provides information on the inter-relationships of these 

factors and the physiological implications as influenced by 

exogenous p02. 

MATERIAL8 AND METHOD8 

Cultures and general experimental conditions 

Anabaena flos-aauae, isolated from Hebgen Lake, Montana, was 

grown and maintained in batch cultures at 2521 OC in ASM medium 

(1) without an inorganic nitrogen source (ASM-). An irradiance of 

200 pmol quanta mW2 s-l was supplied by I1cool white" fluorescent 

lamps under a 12 h light/dark cycle. 



A total of 9 replicate sealed serum bottles (unit capacity 

117.5 ml) per p02 treatment, each containing 20 ml ASM- media and 

0.5 ml of 5 day old A. flos-aauae inoculum, were used in this 

experiment. Temperature and irradiance were the same as for the 

maintenance of culture. The bottles were incubated with agitation 

at 60 rpm on a gyrotary shaker. Gas mixtures were replenished 

every 5 days during the 12 day course of the experiment (see 

below). 

Chlorophyll assay 

Chlorophyll g (chl g), used to normalize NA, was determined 

on samples vacuum filtered onto Whatman GF/C filters. Warm (79 

OC) 95% ethanol was added to the sample on filter which was then 

vortexed for 2 min and allowed to cool to room temperature for 

>12 h (23). Either a spectrophotometer (Varian DMS 80) or.fluo- 

rometer (Turner fluorometer model 112; Sequoia-Turner Corpora- 

tion, CA) were employed to quantify the amount of chl g in the 

supernatant of centrifuged extracts (31). Chl q concentration was 

calculated using the extinction coefficient reported by Winter- 

mans and De Mots (31); fluorometric determinations were calibrat- 

ed using pure Anacvstis chl q (Sigma Chemical Co., St. Louis, MO) 

in 95% ethanol. 

Gas mixtures 

Gas mixtures were made using a two-way gas flowmeter/propor- 

tioner (Matheson 7300 series) in which O2 and N2 were combined to 

produce mixtures containing 5, 10, 20, and 40 kPa 02. The gas 

mixtures were introduced by gas displacement of the headspace in 



the 117.5 rnl sealed serum bottles containing 20 ml of culture 

media. Carbon dioxide was then introduced into the culture bot- 

tles using a syringe fitted with a 23 gauge hypodermal needle to 

a constant level of 0.04 kPa. Filled bottles were then agitated 

gently for about 1 minute to equilibrate the gas and liquid 

phases. 

Heterocyst wall thickness 

On the 12th day of the experiment, a 1 rnl sample from each of 

two replicate serum bottles per p02 were removed and viewed under 

dark field microscopy using a Nikon Labophot photomicroscope. 

Photomicrographs of the samples on Kodak Panatomic-x film were 

enlarged to achieve ca. 2000 fold magnification of A. flos-aauae 

heterocysts. The heterocyst wall thickness in the photomicro- 

graphs of samples grown at varied p02 was then measured using a 

calibrated electronic digitizer connected to a microcomputer. 

Fifteen heterocysts per p02 treatment were randomly selected for 

wall thickness measurements. All measurements were made laterally 

on each heterocyst, avoiding their polar regions where wall 

thickness varied considerably. 

Nitrogenase Activity 

Nitrogenase activity of two replicate samples from each p02 

was assayed 6 and 12 days after the beginning of the experiment 

using the. acetylene reduction assay (27). Acetylene was added at 

10% of the bottle volume and incubations lasted 3 h under the 

same experimental conditions. Ethylene produced was determined by 



flame ionization gas chromatography (Carle AGC series 100) based 

on ethylene standards. The rate of ethylene production for each 

sample was normalized to chl g. Nitrogenase activity was also 

determined at 24 and 48 h for samples grown for 12 days at 10, 20 

and 40 kPa p02 and transferred to 20 kPa p02. 

Heterocyst frequency 

On the 6th and 12th days of the experiment, heterocyst 

frequency (number of heterocysts expressed as a percent of total 

number of heterocysts plus vegetative cells counted) of samples 

from two replicate incubation bottles per p02 was examined micro- 

scopically to yield 4 observations per replicate per day. On the 

12th day, the replicated p02 treatment bottles used for the 

heterocyst wall thickness study described above were sampled. All 

cells between 2 or 3 adjacent heterocysts in a trichome were 

counted. A visible partial septum between vegetative cells was 

accepted as a complete septum. 

Growth rate 

Growth rates of A. flos-aauae at various p02 were determined 

by changes in chl g in 2 ml of sample removed just before start- 

ing the experiment, on day 6 and day 12 of incubation. 

RESULTS 

Heterocyst wall thickness of A. flos-aauae following 12 days 

of incubation at various p02 is shown in FIG. 1. Dark field 

photomicrographs of A. flos-aauae heterocysts in cultures grown 



at 10, 20 and 40 kPa p02 are shown in FIG 2. The sample grown at 

5 kPa is not shown because it was not significantly different 

from that grown in 10 kPa. The thickest heterocyst walls consist- 

I ~ ently occurred at 40 kPa p02. Heterocyst wall thickness decreased 

I I as p02 was lowered to 10 kPa. No significant difference in heter- 

1 1  ocyst wall thickness among p02 levels was obsefved on day 6 of 

I ~ incubation (data not shown). Nitrogenase activity on both 6th and 

I ,  12th days of incubation was maximal at 20 kPa p02 (Fig 3). Howev- 

1 1  er, among the cultures grown at 10 kPa, 20 kPa and 40 kPa p02, 

I ~ when transferred to 20 kPa p02, the culture previously grown at 

I ~ 40 kPa p02 showed maximum NA at 24 h after transfer (Table 1). 

I I Heterocyst frequency of A. flos-amae on the 6th day of 

I I incubation was highest at 5 kPa and lowest at 20 kPa p02. On the 

12th day, 40 kPa p02 produced the highest heterocyst frequency 

though not statistically different from that at 5 kPa; the lowest 

I I heterocyst frequency again occurred at 20 kPa p02 (Fig 4). The 

rate of vegetative cell division at 20 kPa p02 was significantly 

higher than at other O2 levels used. At 5 and 40 kPa p02 we found 

a high proportion of elongated vegetative cells that did not yet 

show signs of cell division. Such elongated cells were rarely 

I ~ found at 20 kPa (Fig 2, Table 2) . In addition, growth of A. flos- 

auuae determined from changes in chl g showed higher rates at 20 

kPa up to 6 days and at 10 kPa O2 from 6-12 days (Table 3). 

DI8CU88ION 

Heterocyst walls represent a passive O2 diffusion barrier 

(3, 10, 12, 26). Our present study indicates that heterocyst wall 

thickness in the cyanobacterium A. flos-aauae changed in response 



to prolonged exposure (12 days) to high exogenous p02, an obser- 

vation similar to that noted in Frankia vesicle wall morphogene- 

sis (18; Kangatharalingam and Ensign, unpublished). Cultures 

grown at 40 kPa p02 with heterocysts having thicker walls, when 

transferred to 20 kPa p02, showed higher NA compared to cultures 

grown at 10 or 20 kPa pOZ. These results show the inducible 

nature of heterocyst wall thickness in response to p02 suggesting 

that heterocyst wall thickness is responsive to O2 concentra- 

tions, apparently playing a protective role for nitrogenase, most 

likely by mediating inward O2 diffusion. Our observation is in 

agreement with previous reports of poor development of heterocyst 

walls in Anabaena species under anaerobic or microaerobic condi- 

tions (9, 21). Previous observations of inadequacy of O2 protec- 

tion of nitrogenase by heterocysts produced under low external 

p02, and the significant protection afforded by heterocysts 

induced at high p02 (12, 16, 20) also support our results. Pro- 

ducing a thick heterocyst wall would be a metabolically I1expen- 

sivel1 process so that organisms presumably only form thick walls 

when necessary. Our observations of differential heterocyst wall 

thickening induced by exogenous p02 corroborate previous reports 

and provide additional detail on the regulation of O2 diffusion 

into heterocysts. 

The fact that optimum NA of A. flos-aauae occurred at 20 kPa 

under prolonged growth indicates NA is not only regulated by 

external p02 but by other factors as well. Prolonged growth at 40 

kPa p02 apparently produced physiological stress that would have 

reduced NA. If optimum NA was entirely due to O2 protection of 



nitrogenase it should have occurred at 5 or 10 kPa p02 instead of 

20 kPa. Therefore, 20 kPa p02 apparently provides a general 

physiological optima. The observation that the culture trans- 

ferred to 20 kPa from 40 kPa p02 showed higher NA compared to 

those transferred from 10 and 20 kPa p02 implies that thickened 

heterocyst walls better protect nitrogenase from 02-inactivation. 

In addition, this observation also suggests certain degree of 

recovery from physiological stress at 40 kPa p02. It has been 

shown that short-term anaerobic growth of cvlindrica with 

highly elevated C02 levels increased NA, followed by a rapid 

decline in NA (9). In A. cvlindrica, azide, an inhibitor of 

cytochrome activity, strongly inhibited NA under aerobic condi- 

tions, suggesting a strong reliance of NA on active respiration 

(12). In the actinorhizal N2-fixer, Frankia, respiratory O2 

consumption was higher in N2-grown cells than in ~ ~ ~ + - ~ r o w n  cells 

(ll), increasing with increased rates of NA (Kangatharalingam and 

Ensign, unpublished). These observations indicate that active ATP 

production via intermediary metabolism, in addition to that 

supplied by cyclic photophosphorylation, is required for optimal 

NA (2, 4, 12). Presumably, the negative effect of energy limita- 

tion in A. flos-acruae at low p02 (5 and 10 kPa) counters the 

positive influence of reduced O2 inhibition of nitrogenase at 5 

and 10 kPa p02. 

High p02, apart from its direct inhibitory effect on nitroge- 

nase despite thicker heterocyst walls, could also cause inhibi- 

tion of inorganic C fixed by photosynthesis through photooxida- 

tion and photorespiration which are energy consuming (29). In the 

presence of reduced photosynthesis, elevated respiration rates, 
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photorespiration, and consequent limitation of reductant, a 

corresponding reduction in nitrogenase biosynthesis, and activity 

of the existing enzyme could occur (12, 29). The observed NA of 

A. flos-aauae on day 6 and 12 at various p02 levels may be the 

result of any one or a combination of these factors. 

Heterocyst frequency in A. flos-aauae was found to be higher 

at both extremes of p02 employed (5 kPa and 40 kPa), compared to 

20 kPa, on both days of observation. This resulted from relative- 

ly high vegetative cell division at 20 kPa p02 (Fig 2). The high 

proportion of elongated vegetative cells at 5 and 40 kPa p02 on 

both the 6th and 12th days of incubation indicates a delay in 

cell division supporting our observation of low growth rates 

(Table 3), and low NA at 5 and 40 kPa p02 (Fig 3). 

Because heterocyst frequency under N-limitation is directly 

related to number of heterocysts differentiated and inversely 

related to the number of vegetative cells present, low rates of 

vegetative cell division will lead to higher heterocyst frequen- 

cies. Therefore, the use of heterocyst frequency as a criterion 

to predict NA or nitrogen fixation of a cyanobacterium grown 

under N-limitation at various p02 levels may be questionable. 

Further support for this contention is that all heterocysts in a 

culture are not equally functional at any point in time. Unless 

we know the proportion of functional heterocysts in a culture 

during a particular period, relating heterocyst frequency to NA 

or nitrogen fixation of the organism becomes inappropriate. 

In A. flos-aauae (and perhaps in other heterocystous cyano- 

bacteria) present in N-deficient, 02-rich environments, it is 



important that NA should be optimum for their continued growth, 

survival and dominance. The biosynthetic processes responsible 

for altering heterocyst wall thickness appear regulated (either 

directly or indirectly) by exogenous p02. These processes may be 

of physiological and evolutionary significance when considering 

long-term increases in oxygenation of'the biosphere during the 

inception and development of oxygenic photosynthesis. The 02- 

induced heterocyst wall thickening we have reported is an impor- 

tant mechanism that could contribute to optimum NA of A. flos- 

aauae under either short or long-term p02 changes. Even though 

pOZ1s significantly higher than ambient levels have been observed 

in the microenvironment of A. flos-aauae during active photosyn- 

thesis (Kangatharalingam et al., Submitted), prolonged and con- 

tinuous oxygenation or microaerobiosis is apparently injurious to 

A. flos-auuae because the fundamentally important processes of - 
C02 and N2 fixation can be affected. Our results further indicate 

that flos-acruae, appears best adapted to live in an atmospher- 

ic p02 near 20 kPa despite its ability to produce thicker hetero- 

cyst walls at elevated p02. The tradeoff between morphogenic and 

physiological adaptations to varying p02 conditions in all like- 

lihood involves a complicated interplay of genetic flexibility, 

bioenergetics (including the metabolic llcostsll of altering and 

maintaining cell morphology in response to environmental stress) 

and biochemical limitations (to O2 stress, N starvation, energy 

and reductant availability and energy charge-ATP). In essence, 

these considerations reflect the lengthy evolutionary history of 

heterocystous cyanobacteria during a 2 billion year transition 

from anoxic precambrian to contemporary oxic biospheric condi- 



tions. 
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TABLE 1.  Nitrogenase a c t i v i t y  o f  A. f l o s - a m a e  transferred t o  

20  kPa p02 from 10, 20, o r  40  kPa p02 a f t e r  12 days of 

growth. ..................................................................... 
I n i t i a l  Growth Condition NA" a f t e r  transfer  

a ~ e a n  ( s t a n d a r d  Error; n=2) nitrogenase a c t i v i t y  i n  pmole C2H4 

h-I mg ch l  a a t  24 and 48 h a f t e r  transfer  t o  20  kPa p02. 



TABLE 2. ~ e a n ~  (+standard error) vegetative cell length (pm) of 

A. flos-aquae on the 12th day of incubation at various - 

PO2 

Length 7.8050.36 6.25k0.29 5.8120.23 7.19k0.25 

a Mean of 20 cells measured at random. 



TABLE 3 .  ~ r o w t h ~  of A- flos-aauae a t  var ious  p02 

Time interval  5 kPa 10 kPa 20 kPa 40 kPa 

0- 6th day 

6-12th day 0 . 0 0 2 ~ 0 . 0 0 1  0.011+0.003 0.008+0.002 0.003+0.002 

a Change i n  c h l  a i n  pg ml-I cu l ture  day'' + S . E .  



LIST OF ILLUSTRATIONS 

FIG. 1: Heterocyst wall thickness of A. flos-auuae on the 12th day 

~ of incubation at various p02. The error bars that denote 

standard error, n-15 are smaller than the symbols. 
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ABSTRACT 

Glutamine synthetase (GS) specific activity [both Mn2+ and 

Mg2+ dependent r -glutany1 transf erase ( rGT) activities] of the 

photosynthetic cyanobacterium Anabaena flos-aauae (Lyngb.) De 

Breb. were compared with nitrogenase activity (NA) and heterocyst 

frequency following 10 days of growth under various initial 

concentrations of NH4C1 and NaN03. No significant correlations 

existed between either total GS (rGT with Mn2+) and NA (r=O. 39; 

P>0.05) , or Mg2+ dependent GS activity and NA (r=-0.26;P>0.05) . 
Heterocyst frequency was not significantly correlated with Mn2+ 

dependent GS (r=0.47; P>0.05) or Mg2+ dependent GS activity (r=- 

0.32; P>0.05) owing to a strong correlation between heterocyst 
- 

frequency and NA (r=0.80 ; P=0.01) . Both N H ~ +  and NO3 concentra- 

tions decreased during growth indicating that both were used as a 

N-source by 9, f-. Collectively, our data imply that in 

A. flos-auuae, GS activity is localized in both heterocysts and 

vegetative cells, and that NA or nitrogenase biosynthesis is not 

directly regulated by GS. 

Additional key words: Cyanobacteria, glutamine synthetase, 

heterocyst frequency, nitrogenase activity, 

nitrogen metabolism. 



INTRODUCTION 

Among the organisms that have the ability to reduce the 

dinitrogen molecule to ammonium, the cyanobacteria play a promi- 

nent role. The ammonium produced during cyanobacterial N2- 

fixation has been shown to be assimilated mainly through the 

glutamine synthetase (L-glutamate: ammonia ligase [Adenosine 5 ' - 
diphosphate forming], EC 6.3.1.2.) and glutamate synthase (L- 

glutamine:2-oxoglutarate aminotransferase, EC 1.4.7.1.) pathway 

(Miflin and Lea 1976; Thomas et al. 1975; Wolk et al. 1976; 

Haystead et al. 1973; Dharmawardene et al. 1973). Glutamine 

synthetase (GS) activity has been shown to be present in cyano- 

bacteria grown on atmospheric nitrogen and dissolved inorganic 

nitrogen (i.e. Noj- and N H ~ + )  (Dharnawardene et al. 1972 ; 1973 ; 

Batt and Brown 1974; Meeks et al. 1977; 1978). Even though GS has 

been studied intensively in cyanobacteria (Stacey et al. 1977; 

Rowel1 et al. 1977; Sampaio et al. 1979; Meeks et al. 1978; Meeks 

et al. 1977; Lee et al. 1988), little attention has been given to 

the relationship between GS activity and nitrogenase activity 

(NA) under different levels of nitrogen fixation. In one of the 

few published reports, Streicher et al. (1974), working with 

Klebsiella ~neumoniae, showed that GS was positively correlated 

with NA. We are not aware of any such reports in cyanobacteria. 

Here we determined GS activity (using the r-glutamyl transferase 

assay) present in the cyanobacterium Anabaena flos-auuae grown 

under various initial extracellular concentrations of inorganic 

nitrogen. GS activity was compared to NA and heterocyst frequency 



(1951) after heat treating the sample at 90 OC for 10 min with an 

equal volume of 1 N NaOH. Bovine serum albumen served as a stand- 

ard. 

- 
Assay for NH4+ and NO3 

NH4+ and No3- were measured in culture filtrates on day 5 to 

confirm NH4+ and No3- uptake and utilization by & flos-aauae. 

Ammonium was determined by the phenol-hypochlorite method (Solor- 

zano 1969) and No3- by the Cd reduction method (Parsons et al. 

1984). 

RESULTS 

Total GS activity and Mg2+ dependent GS activity of flos- 

aauae determined on day 10 of growth in media enriched with 
- 

various levels of NH4+ and NO3 are presented with NA and hetero- 

cyst frequency in Table 1. At 2 mM initial NH4+, ~ n ~ +  dependent 

GS declined by 28.6% and NA by 96.7%; at 200 pM N H ~ +  there was 

9.5% decline in Mn2+ dependent GS, 11.1% decline in Mg2+ depend- 

ent GS activity, and a 3.0% decline in NA. NA declined by 68.6% 

with 2 mM No3- but Mn2+ dependent GS showed no significant change 

relative to the control (P>0.05). The treatment initially en- 

riched with 200 pM No3- showed 10.6% decline in NA whereas Mn2+ 

dependent GS remained statistically unchanged (P>0.05). With both 

- 
200 pM and 2 mM NO3 , however, there was a 22.2% increase in the 

Mg2+ dependent GS activity. Heterocyst frequency was highest in 

N2-grown samples and declined sharply in the presence of 2 mM 

NH4+. Analyses on day 5 showed that up to 70 pmole NH4+ or 10 
- 

~ m o l e  NO3 was consumed by 8, flos-aauae with an initial inoculum 



density of 0.913 pg protein ml-l. Our results showed measureable 

levels of GS and NA in all treatments on day 10 of incubation 

when the assays were carried out. 

Correlations between Mn2+ dependent GS and NA, and Mg2+ 

dependent GS activity and NA were poor (r=0.39;P>0.05 and r=- 

0.26;P>0.05, respectively). There was a strong correlation be- 

tween NA and heterocyst frequency (r=0.80; P<0.01); a correspond- 

ingly low correlation existed between ~ n ~ +  dependent GS activity 

and heterocyst frequency (r=O. 47 ; P>0.05) , and between Mg2+ 
dependent GS activity and heterocyst frequency (r=-0.32; P>0.05). 

DI8CU88ION 

- 
It is known that & floo-aauae can utilize N H ~ +  or NO3 , and 

fix molecular N2 (Turpin et al. 1984; Elder and Parker 1984) a 

result corroborated by our findings. Work with A. cvlindrica has 

shown that GS activity continues to be present in NH~' grown as 

well as N2 grown cells (Dharmawardene et al. 1972; 1973; Batt and 

Brown 1974; Meeks et al. 1977; 1978) though there were disagree- 

ments among the reports as to the relative levels of GS activity 

when grown on different N sources. We observed a significant 

decline in NA in A. flos-aauae when grown for 10 days in 2 mM 

N H ~ +  or  NO^- (initial concentration) with a simultaneous, signif - 
icant decline in GS activity in only the 2 mM N H ~ +  treatment. 

- 
There was no effect on GS activity when shocked with N H ~ +  or NO3 

for 15 min at a concentration of 5 mM (data not presented). 

Apparently, the effect of exogenous inorganic nitrogen on GS in 

B_i flos-auuae is not rapid (within the range of concentration 

used in this study) whereas it has been reported to occur with,in 



7 min in Klebsiella aeroaenes (Bender et al. 1977) where concen- 

trations up to 15 nM N H ~ +  were used. Our N concentrations were 

limited to 2 mM because we observed toxicity in A. flos-aauae 

(chlorophyll degradation and vegetative cell disintegration 

within 2 days) beyond 2 mM. 

Our N H ~ +  and  NO^- treatments were used primarily to alter the 
rates of enzyme activity, allowing us to examine the relationship 

between NA and GS over a range of activities. Our preliminary 

observations showed that both Mn2+ and Mg2+ dependent GS activi- 

ties were marginal during the early stages of incubation (up to 5 

days) in all treatments including N2, a finding also reported for 

Anabaena sp. strain CA (Stacey et al. 1977). The assays were 

conducted on day 10 to ensure detectable levels of GS activity in 

all treatments. 

We estimated heterocyst frequency and correlated it with NA 

and GS because nitrogenase in heterocystous cyanobacteria is 

localized in heterocysts (Wolk 1982). Reports on GS localization, 

though contradictory, have indicated that GS occurs in both 

heterocysts and vegetative cells in 9, cvlindrica (Thomas et al. 

1977, Bergman et al. 1985). We are unaware of previous reports 

using the relationship between heterocyst frequency and GS to 

estimate the localization of GS in a heterocystous cyanobacteri- 

um. Our results showing poor correlation between heterocyst 

frequency and GS activity, and NA and GS activity indicate that 

GS activity is localized in 9, flos-aauae in both heterocysts and 

vegetative cells. 

On day 10, levels of GS remained almost constant among treat- 



I - ments (Table 1) w i t h  t h e  exception of t h e  2 rnM N H ~ +  and 2 mM NO3 
I 
I 
I treatments whereas NA varied widely among treatments .  However, 
I ~ 
I t he re  was only a poor co r r e l a t i on  between GS and NA. T h i s  was 

1 t r u e  f o r  both nn2+ dependent GS and t h e  M ~ ~ +  dependent G S  a c t i v i -  

t y .  These r e s u l t s  lead us  t o  contend t h a t  GS does not  d i r e c t l y  

regula te  NA i n  A. f los-amae a s  reported by S t r e i che r  e t  a l .  

(1974)  i n  K. pneumoniae. 
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Table 1. Mn2+ dependent GS activity. Mg2+ dependent GS activity, 

nitrogenase activity and heterocyst frequency of 

Anabaena flos-aauae on day 10 of growth under various 

initial inorganic nitrogen concentrations. 

Treatment Mean (+S.E., n=2) Mean (2S.E.. n=2) Mean (2s.  E.  , n=2) Mean (2s.  E. , n=S) 

Speci f ic  a c t i v i t y  Speci f ic  a c t i v i t y  Nitrogenase Heterocyst 

o f  I4n2+ dependent Gsa. o f  b!g2+ dependent Gsa. a c t i v i t y  b . frequencyc. 

a pmol r-glutamyl hydroxamate min'l rag'' protein. 

nmol c2H4 h-l mg-I protein. 

Percent of total number of cells. 
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ABSTRACT 

Mn2+ , and Mg2+ dependent glutamine synthetase (GS) activities 
of cell-free extracts of the cyanobacterium Anabaena flos-aauae 

(Lyngb.) De Breb., were estimated by the r-glutamyl transferase 

(rGT) assay with either Mn2+ or Mg2+. N2-grown cells failed to 

show GS inhibition when pulsed with N H ~ +  whereas growth for 10 

days in medium containing an initial concentration of 2 mM N H ~ +  

significantly inhibited GS activity; nitrate failed to inhibit GS 

activity under similar conditions. Comparison of Mn2+ dependent 

GS activity assayed between pH 6.8 and 8.3 showed little indica- 

tion of adenylylation of GS in N2-grown, and NH4-pulsed cells of 

A. even though an "isoactivity pointw existed at pH - 

7.4. When the extract was incubated for 1 h with 5 mM L-Methio- 

nine-DL-sulfoximine a GS inhibitor, GS was significantly inhibit- 

ed. Snake venum phosphodiesterase (0.02% w/v final concentration) 

which transforms adenylylated GS into non-adenylylated GS showed 

no significant effect on Mn2+ dependent GS activity of flos- 

aauae, further indicating that regulation of GS by 

adenylylation/deadenylylation was insignificant. The addition of 

1 mM L-alanine, glycine and L-serine to the reaction mixture 

inhibited Mn2+ dependent GS activity by 47%, 16% and 13%, respec- 

tively, relative to unammended controls. ATP inhibited ~ n ~ +  

dependent GS activity by 42% whereas only 3.5% inhibition oc- 

curred with AMP. In concert, the results of these experiments 

imply that GS is regulated primarily by feedback inhibition and 

energy charge in A. flos-aauae. 



INTRODUCTION 

Glutamine synthetase [GS; EC 6.3.1.2.; L-g1utamate:amrnonia 

ligase (adenosine 5 -diphosphate (ADP) ) forming] is an important 

nitrogen assimilating enzyme found in both prokaryotes and euka- 

ryotes (Tyler 78). In N2-fixing organisms, GS is of particular 

importance owing to its role in converting N H ~ +  produced through 

N2-fixation into glutamine which plays a vital role in the syn- 

thesis of nucleotides, other amino acids and eventually proteins 

(Johansson et al. 83; Dharmawardene et al. 73; Stewart et al. 75; 

Meeks et al. 77). The GS/glutamate synthase [L-glutamine:2-0x0- 

glutarate aminotransferase, EC 1.4.7.1.1 pathway has been shown 

to be the primary route of N H ~ +  assimilation in cyanobacteria 

(Brown et al. 74; Wolk et al. 76; Miflin and Lea 76). 

Several mechanisms of regulation of GS exist (Shapiro and 

Stadtman 70; Tyler 78). However, little work has been done to 

determine the specific regulatory mechanisms of GS in cyanobacte- 

ria, particularly Anabaena flos-amae, an important planktonic 

N2-fixing and toxin producing cyanobacterium (e.g. McMaster et 

al. 80). Even though adenylylation has been shown to be an impor- 

tant GS regulatory mechanism in N2-fixing bacteria (Bender et al. 

77; Foor et al. 75; Kingdon et al. 67; Adler et al. 75), adenyly- 

lation has not been shown equivocally to regulate cyanobacterial 

GS. We present the results of an investigation of the GS regula- 

tory mechanisms existing in A. flos-aauae emphasizing the role of 

feedback inhibition and energy charge. 



MATERIALS AND METHODS 

Organism and Growth Conditions 

Anabaena flos-aauae (isolated from Hebgen Lake, Montana) was 

maintained in N2-fixing batch cultures in ASM medium (Allen 68) 

lacking combined nitrogen (ASM-) at 25OC under a photosynthetic 

photon flux density of 200 ymole photons m-2 s-l supplied by 

llcool whitew fluorescent lamps (14:lO h light/dark ,cycle). Ten 

day old cultures grown in ASM- or ASM- amended with selected 

levels of N H ~ +  or No3- were used for GS assays. 

Glutamine Synthetase Assay 

Before the assay, the cells were treated for 10 min and 

washed twice under gentle vacuum on a 8 ym membrane filter with a 

solution containing equal volumes of 0.5 M immidazole-HC1 (pH 

7.4) and cetylammonium bromide (CTAB; 0.5 mg ml-l) . Cells were 
then suspended (2 replicates) in the same solution at 4OC and 

extracted by vortexing with acid-washed glass beads (c150 ym 

mesh; 0.5 g ml-l) . The extracts were centrifuged at 4'~ to remove 

the cell debris before GS determination. Glutamine synthetase was 

assayed on cell-free extracts using the r-glutamyl transferase 

(rGT) assay described by Bender et al. (Bender et al. 77) with 

either 0.27 mM Mn2+ (transfer assay for total GS) or with 60 mM 

Mg2+ (for Mg2+ dependent GS activity) added to the reaction 

mixture (Stadtman et al. 70; Bender et al. 77). The reaction 

mixture was incubated for 30 min at 37'~. After the reaction was 

terminated the mixture was centrifuged to remove any precipitate 



before absorbance (540 nm) was measured. 

Because the ~ n * +  dependent GS activity increases with in- 

creasing adenylylation of GS within a range of pH (Bender et al. 

77) the assay was first carried out at various pH levels between 

6.8 and 8.3 to determine the isoactivity point, the pH at which 

rGT activity is the same independent of the adenylylation state 

of GS. The rGT reaction is a non-physiological expression of GS 

activity and is routinely used to estimate GS activity. In this 

reaction, glutamine and hydroxylamine in the presence of ADP and 

arsenate produce r-glutamyl hydroxamate (rGH) which is then 

quantified by absorbance measurements at 540 nm relative to rGH 

standards. The specific activity of GS is defined as pmole rGH 

produced min" mg" protein. 

To examine mechanisms regulating GS activity, the rGT assay 

was also conducted on cell-free extracts pre-incubated with L- 

methionine-DL-sulfoximine (MSX; 5 mM final concentration for 1 

h), snake venum phosphodiesterase (SVPD; final concentration of 

0.02 % w/v in immidazole-HC1 buffer for 1 h) and with either L- 

alanine, glycine, L-serine, AMP, or ATP (1 KIM final concentration 

for 30 min) before adding glutamine to start the reaction. The 

forward reaction assay (reverse rGT assay; Bender et al. 77) was 

used as a measure of biosynthetic GS activity. 

Protein Assay 

Total protein in all samples was determined as described by 

Lowry et al. after heat treating samples at 90°c for 10 min with 

an equal volume of 1 N NaOH (Lowry et al. 51). Bovine serum 

albumen was used as standard. 



(Meeks 79), limitations in the nitrate reduction process in A. 
- 

flos-aauae, or small amounts of N H ~ +  produced through NO3 -reduc- 

tion is presumably assimilated rapidly and therefore unavailable 

to affect the biosynthesis of GS (Stacey et al. 77). 

MSX, which inhibits N H ~ +  assimilation into glutamine (Singh 

et al. 83 ; Kleiner and Castorph 82 ; ) , inhibited ~ n ~ +  dependent GS 

activity by 47.5% compared to an unamended control without MSX. 

Despite previous reports of total inhibition of GS by 1 mM MSX in 

culture in 1 h (Turpin et al. 84), our results indicate that GS 

in A. flos-aauae extracts is not completely inhibited by MSX 

within 1 h incubation. The previous reports of total inhibition 

of GS in culture (Turpin et al. 84), may not be a direct effect 

of MSX on GS but perhaps includes GS biosynthesis in v i v ~ ,  or 

there was a ATP deficiency in our reaction mixture which prevent- 

ed total effect of MSX. 

SVPD pre-incubation which transforms adenylylated GS into 

non-adenylylated GS (Bender et al. 77; Rowel1 et al. 77; Kingdon 

et al. 67), showed no significant difference in the GS activity 

compared to controls without SVPD. These results further suggest 

lack of adenylylation/de-adenylylation of GS in A. flos-aauae. 

Even though our results are in agreement with previous reports on 

cyanobacterial GS (Stacey et al. 77; Stacey et al. 79; McMaster 

et al. 80), the reason for M ~ ~ +  inhibition of rGT assay in the 

absence of adenylylation/de-adenylylation as found in this study 

is not clear. Similar obsentations were reported previously 

(McMaster et al. 80). However, bfg2+ inhibition of the rGT assay 

may be due to the fact that biosynthetic GS activity in TGT assay 



has cation specificity for Mg2+ whereas the TGT assay for total 

GS activity has specificity for ~ n ~ +  as reported for Anabaena 

spp. (Stacey et al. 79; Sawhney and Nicholas 78). Because we used 

CTAB, a known adenylyl transferase inhibitor (Mura and Stadtman 

81) before and during our harvesting and extraction processes, 

any possibility of transformation in the original state of adeny- 

lylation/non-adenylylation of the enzyme during the harvesting 

and extraction processes is unlikely (Bender et al. 77). Our data 

imply that adenylylation/de-adenylylation of GS in A. flos-aauae 

is not an important regulatory mechanism of GS activity though 

further work needs to be done to determine whether adenylylation 

is completely absent or present in marginally detectable levels 

in this cyanobacterium. 

Synthesis of glutamine via GS forms the initial step in the 

biosynthesis of several different compounds such as amino acids 

(e. g. L-alanine, glycine, L-serine) , nucleotides (e .g. AMP, GMP, 

CTP), complex polysaccharides, p-aminobenzoate, and carbamyl- 

phosphate (Johansson et al. 83; Shapiro and Stadtman 70). Amino 

acids such as L-alanine, glycine, L-serine, and AMP therefore, 

represent potential feedback inhibitors of GS (Stacey et al. 79; 

Rowel1 et al. 77; McMaster et al. 80). Our results indicate 

greatest inhibition of GS by L-alanine, followed by glycine and 

L-serine. This inhibition shows GS regulation via feedback inhi- 

bition by amino acids in A. flos-aauae. Even though ATP signifi- 

cantly inhibited Mn2+ dependent GS activity, there was insignifi- 

cant inhibition by AMP which supports previous findings (McMaster 

et al. 80). This lack of AMP inhibition must be due to the direct 

involvement of AMP in the energy charge of the enzyme activity 



(Weissman 76). Of the two nucleotides tested, ATP, with the 

higher number of phosphate groups, produced a more pronounced 

inhibition of GS, implying that the enzyme is regulated by energy 

charge of the cell (Stacey et al. 79; Weissman 76; McMaster et 

al. 80). A further indication of the involvement of energy charge 

in GS regulation comes from the forward reaction assay for GS we 

conducted (Bender et al. 77) using ATP as the reagent to start 

the reaction. The forward reaction assay gave very poor results 

in our studies. 

Our results show that feedback inhibition by amino acids and 

ATP, and energy charge are important regulators of GS in the 

cyanobacterium A. flos-aauae. Even though there is indication of 

GS inhibition by high initial levels of in prolonged cul- 

tures, evidence for direct N H ~ +  induced repression of GS was not 

found. Furthermore, the lack of evidence for adenylylation regu- 

lation of GS activity in & flos-aauae raises the following 

questions. Firstly, is adenylylation totally absent or occurs in 

very limited extent at all in this cyanobacterium. Secondly, the 

enzyme phosphodiesterase that deadenylylates adenylylated GS 

(Kingdon et al. 67; Stacey et al. 79) whether present or absent, 

and if present, at what level and under what conditions. The 

cyanobacterium A. flos-aquae being a gram negative organism, the 

presence, and the possible expression of the genome for the 

adenylylation system of GS at least under certain specified 

conditions may not be ruled out unless shown otherwise. 
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Table 1. Gamma-GT activity of the variously treated 10 day old 

Anabaena flos-aauae with Mn2+, Mg2+, Mn2++Msx and 

M~~++SVPD. 

Specific Activity of G S ~  

a pmole r-glutamyl hydroxamate min-' mg-' protein +S. E. (n=2) . 



Table 2. ~ n ~ '  dependent GS activity of 10 day old N2-grown 

Anabaena flos-aauae treated with various amino 

acids and nucleotides. 

................................................................ 

Treatment Specific Activity of G S ~  % inhibitionb 

Control 

L-Alanine 

Glycine 

L-Serine 

AMP 

ATP 

a pmole glutamyl hydroxamate min-' mg-' protein +S.E. (n=2) 

Percent inhibition of the specific activity of M I I ~ +  dependent 

GS compared to control. 
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FIG. 1. Specific activity of ~ n ~ +  dependent GS in 10 day old 

N2-grown, and ~ ~ ~ + - ~ u l s e d  Anabaena flos-amae at various 

pH. Error bars denoting S.E. are smaller than the symbols 
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Abstract 

The responses of bacterioplankton and phytoplankton were 

+ measured in 20-1 microcosms enriched with NH4 ,  PO^-^, and manni- 
to1 (singly and in various combinations) and incubated in situ 

for 5 days during June, August, and October in a eutrophic lake. 

Bacterial cell number and activity (3~-thymidine uptake) in- 

creased significantly (p<0.05) with addition of PO4 -3 in June, 

 PO^-^, NH4+, and mannitol in August, and mannitol in October 
during 1988. Bacterial cell number and activity increased signif- 

icantly (p<0.05) with all nutrient additions during 1989 except 

~ 0 ~ - ~  alone, which showed no stimulation in June. During 1988 

14c02 uptake (phytoplankton photosynthesis) and chlorophyll q 

increased significantly (p<0.05) with addition of PO4 3- in June; 

14c02 uptake increased significantly (p<O. 05) with addition of 

NH4+ in August and October. The addition of NH4+ in June, and 

NH4+ and poqw3 in August significantly (p<O. 05) increased 14c02 

uptake and chlorophyll a during 1989. 



Introduction 

Heterotrophic bacteria are largely responsible for the degra- 

dation of organic matter and regeneration of minerals in aquatic 

ecosystems (Marvalin et al. 1989; Robarts and Wicks 1990). It has 

been suggested that bacterial production is controlled by, or is 

directly related to, the supply of decomposable organic matter 

(Cole et al. 1988). Correlations between mean bacterioplankton 

production and chlorophyll g concentration or photosynthesis 

(Fuhrman and Azam 1980; Bjornsen et al. 1989; Marvalin et al. 

1989; Roberts and Wicks 1990) suggest that phytoplankton products 

are the dominant source of bacterial substrate. However, other 

studies have shown that bacteria have a substantially higher 

specific phosphorus requirement than do phytoplankton, and act as 

primary consumers of inorganic phosphorus (Vadstein et al. 1988). 

It has also been found that bacterioplankton can effectively 

compete with phytoplankton for inorganic nitrogen and phosphorus, 

not only in oligotrophic water but also in eutrophic water 

(Priscu and Downes 1985; Vadstein and Jensen 1988; Vadstein and 

Olsen 1989). Those findings indicate that inorganic nutrients may 

be as important as organic nutrients in regulating bacterioplank- 

ton growth in aquatic systems. 

The purpose of this study was to examine experimentally the 

response of bacterioplankton to the supply of dissolved organic 

carbon (DOC), inorganic nitrogen and inorganic phosphorus in 

microcosms in a eutrophic lake. The following specific questions 

were addressed: Can inorganic nutrient enrichment stimulate 

bacterioplankton activity? And if so, is inorganic nutrient 



stimulation of bacterial activity direct or indirect (resulting 

from stimulation of phytoplankton)? 

Materials and Methods 

Studv site. Experiments were conducted in the Grayling Arm of 

Hebgen Lake, a eutrophic reservoir located on the upper Madison 

River, Montana. The Grayling Arm is one of the three bays of 

Hebgen Lake with its own water inlet and a narrow connection with 

the main lake. The Grayling Arm has an area of 8 km2 and a 

maximum depth of 6 m at the time of our experiments. Phytoplank- 

ton in this portion of the lake are dominated by N2 fixing cyano- 

bacteria over most of the ice-free season. 

Emerimental ~rocedures. Bioassay experiments were conducted 

in microcosms during June, August, and October of 1988 and 1989, 

each extending up to 5 days. The experimental microcosms were 20- 

L polyethylene collapsible carboys (cubitainers) attached to 

floats anchored at a 0.5 m in a location near the deepest part in 

the Grayling Arm. Water for October 1988 and 1989 experiments was 

incubated in a laboratory incubator using the same kind of cubit- 

ainer as in the lake at lake temperature when the water was 

collected. A photon flux density about 150 pE m-2 s-I was provid- 

ed by cool white fluorescent lamps on a 12:12 h 1ight:dark cycle. 

Water for our experiments was collected from 0.5 m depth, fil- 

tered with 280 pm pore size Nitex mesh to remove large grazers 

(we did not filter water for experiments of October 1988 and 

August and October 1989 because of the presence of large cyano- 

bacteria filaments and aggregates), and directly added to the 

microcosms. Three similar nutrient treatments were used in all 



1988 experiments; 6 similar treatments were employed in all 1989 

experiments (Table 1). Unamended controls were included with each 

experiment. Nutrients were added on day 1 only during the 1988 

experiments, and were added every sampling interval during 1989 

experiments with the exception of mannitol, which was pulsed on 

day 1 and day 3 only. Water chemistry, phytoplankton 14c02 up- 

take, chlorophyll g, bacterioplankton thymidine uptake, and 

bacterioplankton number were determined on each day of the exper- 

iment. Bottles (3 light and 1 dark) for 14c02 uptake were incu- 

bated in the lake alongside the cubitainer; the thymidine uptake 

bioassay was incubated in the dark at the same temperature as the 

cubitainer . 
- 

Nutrient analysis. NO3 was determined by Cd reduction method 

(Eppley 1978), N H ~ +  by the phenol hypochlorite method (Solorzano 

1969), and soluble reactive phosphorus (SRP) by the molybdate 

method modified for ASO~- interference (Downes 1978), and total 

dissolved phosphorus (TDP) using the acid hydrolysis procedure 

(Solorzano and Sharp 1980) followed by orthophosphate determina- 

tion (Stainton et al. 1977). Dissolved organic phosphorus (DOP) 

was computed from the difference between TDP and SRP. Total 

dissolved nitrogen (TDN) was measured by persulfate digestion 

(DIElia et al. 1977) followed by determination of nitrate by Cd 

reduction. Dissolved organic nitrogen (DON) was computed by 

subtracting the sum of  NO^- and NH~' from TDN. All of the above 

samples were prefiltered with Whatman GF/C filters and frozen 

before analysis. 

Particulate matter determination. Chlorophyll q was deter- 

mined by fluorometry on 90% acetone extracts. Fluorescence was 



measured with a Turner model 112 fluorometer on pre- and post- 

acidified samples and compared to a chlorophyll q standard 

(Sigma) treated in the same manner (Strickland and Parsons 1972). 

Particulate organic carbon (POC) and particulate organic nitrogen 

(PON) were measured with a Carlo-Erba model 1106 elemental ana- 

lyzer calibrated with standard amounts of acetanilide. Particu- 

late organic phosphorus (PP) was determined with the acid hydrol- 

ysis procedure of Solorzano and Sharp (1980) followed by ortho- 

phosphate measurement of the digest (Stainton et al. 1977). 

Dissolved organic carbon (DOC) was analyzed with a Dorhmann 

Carbon Analyzer. Total organic carbon (TOC) is the sum of DOC and 

POC; total nitrogen (TN) is the sum of TDN and PON, and total 

phosphorus (TP) is the sum of SRP and PP. 

Isoto~e e m .  Phytoplankton 14c02 uptake was deter- 

mined by adding 1 4 ~ - ~ a ~ ~ ~ 3  stock (ICN Radiochemical Inc.) to lake 

water to a final 14c activity of about 0.05 pCi ml-l. The samples 

were incubated in situ for about 4 h near midday. Photosynthesis 

was terminated by filtration of the entire sample through Whatman 

GF/C filters. Eight ml of Scintiverse E (Fisher) was added to the 

filter in a 20-1111 scintillation vial and counted with a Beckman 

LS-100C scintillation spectrometer. Efficiency was computed by 

the external standard channels ratio. Bacterioplankton thymidine 

uptake was determined by adding methyl-3~ thymidine stock (ICN 

Radiochemical Inc.) to 10 ml lake water in a 20 ml glass scintil- 

lation vial yielding a final concentration of 10 nM thymidine. 

The 3~-thymidine stock (in 70% ethanol) was evaporated to dryness 

and rehydrated with deionized water before use to eliminate 



products of self radiolysis and to remove ethanol. The inoculated 

sample was incubated under lake temperature in the dark for 20 to 

30 minutes. Activity was terminated by adding 10 ml of 10% ice- 

cold trichloroacetic acid (TCA) to each vial. The sample was then 

extracted over night at about 4 OC followed by filtration onto 

0.2 pm polycarbonate filters which were rinsed 5 times with 2 ml 

each of ice-cold 5% TCA (Fuhrman and Azam 1980). Bacterial cell 

numbers were determined on samples filtered onto 0.2 pm polycar- 

bonate filters with epifluorescence microscopy using the acridine 

orange direct count technique (Hobbie et al. 1977). 

Results 

Initial conditions of the ex~eriments. 

Initial conditions for all 1988 and 1989 experiments are 

presented in Table 2. Dominant phytoplankton, in percent of total 

biovolume at the time of our 1988 nutrient enrichment experi- 

ments, were Anabaena (73%) and f 10s-acruae (17%) in 

June, A. circinalis (92%) in August, and Asterionella & (35%) 

and A~hanizomenon (52%) in October. The dominant phytoplank- 

ton during the 1989 experiments were circinalis (64%) in June, 

Fraailaria (47%) and &~hanizomenon (34%) in August, and 

Awhanizomenon SD. (97%) in October 1989 experiments. The maximum 

chlorophyll g concentrations occurred in October of both 1988 and 

1989. The concentrations of N H ~ +  and SRP in June 1988 and August 

1989 were about 1.5 to 16 times lower than the other experiments. 

The ratios of TN:TP were 2 to 6 fold higher in June and October 

1988 than the other experiments. The highest T0C:TN was found in 

August 1989 and T0C:TP in June 1988 experiments. 



Nutrient Response of Bacterioplankton and Phvto~lankton. 

June 1988 Ex~eriment. ~ 0 ~ - ~  addition significantly (p<O. 01) 

increased both bacterioplankton and phytoplankton production. The 

bacterial thymidine uptake maximum was 1.64 times and phytoplank- 

ton 14c02 uptake maximum was 1.21 times higher than those of the 

control. The bacterial thymidine uptake maximum occurred 1 day 

before that of phytoplankton 14c02 uptake. NH4+ and mannitol 

additions significantly (p<0.01, and p<0.05, respectively) re- 

duced bacterioplankton thymidine uptake, and did not show a 

significant effect on phytoplankton 14c02 uptake (Figure 1, Table 

3) . ~ 0 ~ - ~  addition significantly increased bacterioplankton cell 

number (p<0.01) and chlorophyll q concentration (p<0.01); other 

treatments induced no significant effects on bacterial cell 

number compared with the control (Figure 1, Table 3) . 
August 198& Ex~eriment . Mannitol and ~ 0 ~ - ~  additions signif - 

icantly ( ~ ~ 0 . 0 5 )  increased bacterioplankton thymidine uptake. 

NH~' addition had no significant effect on bacterioplankton 

thymidine uptake whereas it significantly (p<0.01) increased 

14c02 uptake by phytoplankton. Mannitol addition significantly 

(p<O. 01) decreased 14c02 uptake of phytoplankton. ~ 0 ~ - ~  had no 

significant effect on 14c02 uptake (Figure 2, Table 3) . None of 
the nutrient treatments significantly affected chlorophyll q 

concentration. NH4+ and ~ 0 ~ - ~  additions significantly (p<O. 01) 

increased bacterial cell number (Figure 2, Table 3). 

October 1988 Ex~eriment. Mannitol addition significantly 

increased both thymidine uptake and bacterial cell number 

(p<O. 01) . The  PO^-^ addition significantly decreased thymidine 



uptake and showed no significant effect on bacterial cell number. 

N H ~ +  addition did not affect either bacterial thymidine uptake or 

bacterial cell number (Figure 3, Table 3). 14c02 uptake increased 

significantly (p<O. 01) with N H ~ +  addition, but decreased signif i- 

cantly (p<O. 01) with mannitol addition. ~ 0 ~ - ~  had no effect on 

14c02 uptake. Both mannitol and ~ 0 ~ - ~  additions had negative 

effects on chlorophyll q concentration while NH4+ showed no 

significant effect (Figure 3, Table 3). 

June 1989 Experiment. All treatments, except  PO^-^, signifi- 

cantly increased thymidine uptake and bacterial cell numbers 

(p<0.01). Maximum thymidine uptake occurred on days 3 and 4 in 

lake water enriched with mannitol plus NH4+ with levels exceeding 

the control by more than 3 fold (Figure 4, Table 3). All treat- 

ments, except mannitol,  PO^-^, and rnannitol plus  PO^-^, signifi- 
cantly (p<O. 01) increased both 14c02 uptake and chlorophyll a 

concentration (Figure 4, Table 3). 

Auaust 1989 Exveriment. All nutrient additions significantly 

increased thymidine uptake (p<0.01) and bacterial cell number 

(p<0.01). All nutrient additions except mannitol and rnannitol 

plus ~ 0 ~ - ~  significantly (P<O. 01) increased 14c02 uptake and 

chlorophyll g concentration (Figure 5, Table 3). Bacterioplank- 

ton and phytoplankton were enhanced most in the treatment con- 

taining  PO^-^ plus NH4+. 
October 1989 Ex~eriment. All nutrient additions significantly 

(p<0.01) increased thymidine uptake and bacterial cell numbers 

except ~ 0 ~ - ~  plus NH4+, which had no effect on bacterial cell 

numbers (Figure 6, Table 3). 14c02 uptake was negatively influ- 

enced by PO4 - (p<O. 01) , mannitol (p<O. 05) , and mannitol plus 



P04 -3 (pC0.05) whereas NH4+,  PO^-^ plus NH4+, and NH4+ plus 
mannitol additions had no significant effect. None of the nutri- 

ent additions significantly affect chlorophyll a concentration 

except NH4+ which showed a significant positive effect on chloro- 

phyll g (Figure 6, Table 3) . 
Relationshi~s between bacterio~lanktoq and phvto~lankton. 

Correlations grouped by treatment and experiment showed that 

in 13 of the 132 cases the bacterioplankton parameters (thymidine 

uptake, cell number) were significantly (p<0.05) correlated with 

the phytoplankton parameters (14c02 uptake, chlorophyll a) (Table 

4). Among those, 2 of the 33 cases (22 positive, 11 negative) of 

bacterial thymidine uptake and 2 of the 33 cases (19 positive, 14 

negative) of bacterial cell number showed significant positive 

correlation with 14c02 uptake (pe0.05) . Five (2 positive, 3 
negative) of the 33 cases (14 positive, 19 negative) of bacterial 

thymidine uptake and 3 (1 positive, 2 negative) of the 33 cases 

(16 positive, 17 negative) of bacterial cell number were signifi- 

cantly (pe0.05) correlated with chlorophyll g (Table 4) . 

Discussion 

Inorganic phosphorus and nitrogen enrichments increased 

bacterial activity and number in our microcosm experiments con- 

firming that inorganic nutrient enrichment can stimulate bacteri- 

al activity. However, the limiting nutrient changed substantially 

among the experiments. Bacterioplankton were stimulated by organ- 

ic carbon, inorganic phosphorus, and inorganic nitrogen in 3 of 

the 6 experiments. Inorganic phosphorus alone increased bacterio- 



plankton in 1 of the 6 experiments; so did organic carbon. 

Changes in the nutrient limiting bacterioplankton activity ap- 

pears to be related to the initial nutrient condition of the 

experiments. It has been reported that bacterial growth was 

phosphorus limited when T0C:TP was between 8.3 and 58.8 in a 

chemostat study (Vadstein and Olsen 1989). During our experi- 

ments, all initial T0C:TP ratios exceeded those reported by 

Vadstein and Olsen (1989) except that in August 1988 which was 

within the range. Therefore, it is not surprising that 10 of our 

12  PO,-^ additions showed significant stimulation of bacterio- 
plankton growth. NH4+ and amino acids are generally considered to 

be the primary nitrogen sources for bacterioplankton in natural 

waters. When ambient concentration of free amino acids are low, 

bacteria may be forced to utilize N H ~ +  as a nitrogen source 

(Wheeler and Kirchman 1986). Chemostat studies have also shown 
- 

that N H ~ +  and NO2 additions stimulated heterotrophic bacterial 

activity (Horrigan et al. 1988). The reported bacterial C:N 

content of 2.3-8.3 (Linley and Newel1 1984, cited in Vadstein and 

Olsen 1989) is lower than the initial ambient T0C:TN level in all 

our experiments implying that nitrogen is in short supply for 

bacterioplankton compared with organic carbon. High T0C:TN in 

Hebgen Lake may help to explain why 10 of 12 N H ~ +  additions 

significantly stimulated bacterioplankton activity. 

Our results indicate that inorganic nutrient can stimulate 

bacterioplankton activity through direct utilization. Bacteria- 

plankton thymidine uptake was out of phase (1 day before) with 

phytoplankton 14c02 uptake and chlorophyll g concentration fol- 

lowing ~ 0 ~ - ~  addition in June 1988. That 95% (125 out of 132) of 



the correlations between bacterioplankton and phytoplankton 

variables were insignificant or negative supports this conclu- 

sion. Our results corroborate previous reports that bacterio- 

plankton growth can be limited by inorganic nitrogen in natural 

waters (Wheeler and Kirchman 1986 ;  Horrigan et al. 1 9 8 8 ;  Vadstein 

et al. 1988;  Vadstein and Olsen 1 9 8 9 ) .  

Although inorganic nutrient enrichments directly stimulated 

bacterioplankton activity in certain cases, indirect stimulation 

via phytoplankton products also appears to exist. That 5% ( 7  out 

of 1 3 2 )  of the correlations between bacterioplankton and phyto- 

plankton variables were significantly positive supports this 

contention. It has been found that bacterioplankton growth and 

phytoplankton production are well correlated in both coastal 

waters (Fuhrman et al. 1980 )  and fresh waters (Chrzanowski and 

Hubbard 1988;  Marvalin et al. 1 9 8 9 ;  Robarts and Wicks 1 9 9 Q ) .  Our 

result that the number of positive and negative correlation 

coefficients were essentially equal (65 vs. 6 7 )  indicates that 

indirect support of bacterial growth by phytoplankton products is 

important at only certain times; direct uptake of inorganic 

nutrient presumably is responsible for the lack of a consistent 

trend. 

That bacterioplankton have been shown to compete with phyto- 

plankton for inorganic phosphorus in cultures (Rhee 1 9 7 2 ;  Brown 

et al. 1981 )  and inorganic phosphorus and nitrogen in natural 

waters (Vadstein and Jensen 1988 ;  Vadstein and Olsen 1 9 8 9 ;  Parker 

et al. 1975;  Wheeler and Kirchman 1 9 8 6 ;  Fuhrman et al. 1 9 8 8 )  may 

explain why 6  of the 132 correlations between bacterial and 



phytoplankton variables were significantly negative in Hebgen 

lake. Conversely, the finding that bacterioplankton production 

correlated well with phytoplankton production (Fuhrman at al. 

1980; Robarts and Wichs 1990) can explain 7 of the 132 correla- 

tions between bacterial and phytoplankton variables in Hebgen 

Lake that were significantly positive. Previously published 

information (discussed above), in concert with our results, 

indicate that bacterioplankton compete with or benefit from 

phytoplankton depending upon the environmental conditions, par- 

ticularly TOC:TP, TOC:TN, and TN:TP ratios and the physiological 

state of the phytoplankton. 

In summary, organic carbon, inorganic nitrogen and inorganic 

phosphorus enrichments significantly increased bacterioplankton 

thymidine uptake and cell number in a eutrophic lake. The defi- 

cient nutrient varied over each season and between seasons. 

During June 1988, the nutrient which stimulated the greatest 

bacterioplankton activity was  PO^-^. DOC was most stimulating in 
August and October 1988. During June 1989, DOC and N H ~ +  showed 

- 
the greatest stimulation whereas in August and October 1989 PO4 

3 , NH~', and DOC enrichments all stimulated bacterioplankton 

thymidine uptake and cell numbers. Inorganic nutrient enrichments 

appeared to stimulate bacterioplankton activity both directly, 

and indirectly via phytoplankton products. 
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-3 Table 1. Nutrient additions ( p g  L-I for N H ~ +  and PO4 , 
mg L - ~  for mannitol) for microcosm experiments in the 

Grayling Arm of Hebgen Lake. NA = not incorporated into 

the experiment, see Table 2 for ambient concentrations 

before each addition. 

Treatment Jun22 Aug21 Oct23 June 20 Aug 8 Oct 19 

Control 0 0 0 0 0 0 

Mannitol 91 91 91 91 91 91 

NH~+-N 6 NA NA NA 140 140 14 0 
mannitol NA NA NA 91 91 91 

P O ~ - ~ - P  & NA NA NA 93 93 93 
mannitol NA NA NA 91 91 91 



1 Table 2. Initial temperature (OC) , chlorophyll g (Chl a) ( g L- ) and 

1 nutrient levels ( g L- ) for the microcosm experiments in the 

Grayling Arm of Hebgen Lake. Symbols are defined in "Material 

and Methods", Phytoplankton refers to the dominant genus representing 

more than 60% of the biovolume (or the sum of two dominant genera 

more than 60%). Ana - Anabaena, Aph - A~hanizomenon. 

Nutrient Jun 22 Aug 21 Oct 23 Jun 20 Aug 8 Oct 19 

Temperature 17 2 2 12 16 19 10 

Chl. a 30.3 15.6 144.5 4.5 5.0 48.5 

Phyto- Ana . Ana . Asteri- Ana . Fragi- Aph. 
plankton onella laria 

Aph . Aph . 

NO3- -N 2.6 64.0 5.6 10.2 7.9 94.1 

TDN 140.0 570.0 390.0 176.0 146 .O 255.0 

DON 133.7 444.9 371.9 155.9 133.9 155.0 

PON 514.8 299.1 1192.2 137.2 74.2 244.9 

SRP 2.8 39.1 7.7 18.1 5.1 18.1 

TDP 10.4 57.1 22.5 28.0 17.8 38.4 

DOP 8.2 18.0 14.8 9.9 12.7 20.2 

PP 14. 7a 166. 8a 72. la 16.9 9.9 45.7 

DOC 2834 7012 7749 2839 6960 6552 

POC 3416 2288 7751 761 559 1364 

TN: TP 2 6 4 17 9 8 6 

TOC : TN 10 11 10 9 3 4 16 

TOC : TP 249 42 164 8 0 271 94 

a. Data were from surface of lake water within 10 days before the experiment. 



d d 

0 
oll 

0 ollz 

+ ? + c g + * E  * 
2 

= " e 
= g* * t = I 2-a 



Table 4. Correlation coefficients (r) between bacterioplankton variables (thymidine uptake, 

bacterial cell number), and phytoplankton variables (14c02 uptake, chlorophyll a) 

from the microcosm experiments in the Grayling Arm of Hebgen Lake. 

June August October June August October 
Treat- Bacterio- 
ment plankton PPR CHL PPR CHL PPR CHL PPR CHL PPR CHL PPR CHL 

Control Thym 0.93: 0.25 0.11 0.67 -0.47 -0.93: -0.22 0.46 0.05 -0.20 0.54 0.10 
Cell 0.99 0.41 -0.44 -0.23 -0.16 -0.89 0.37 0.59 -0.43 0.28 -0.26 -0.26 

N H ~ +  T h ~ m  0.87 -0.72 0.52 0.83 -0.32 -0.21 0.88* 0.99* -0.51 -0.82* -0.11 -0.22 
Cell 0.64 -0.40 0.42 0.22 0.21 0.49 0.50 0.60 -0.73 -0.94 0.59 -0.25 

& T h ~ m  NA N A NA NA NA NA 0.21 0.31 0.80 0.44 0.32 0.68 
~ 0 ~ - ~  Cell NA NA NA NA N A NA 0.12 0.04 -0.40 -0.72 -0.38 0.61 

Mannitol T h p  -0.92* -0.98* -0.07 0.90: 0.22 -0.61 0.01 -0.64 0.08 -0.29 -0.16 -0.08 
Cell 0.51 -0.49 0.02 0.89 0.29 -0.72 -0.35 0.18 -0.35 0.17 -0.34 0.01 

N H ~ +  & T h p  NA NA NA NA NA NA 0.85 0.19 0.24 -0.89* -0.33 0.75 
mannitol Cell NA NA NA NA NA NA 0.18 -0.17 -0.59 -0.71 -0.55 0.86 

 PO^-^& Thym NA NA NA NA NA NA -0.85 -0.39 -0.27 -0.67 -0.70 -0.31 
mannitol Cell NA NA NA NA N A NA -0.62 0.28 -0.63 -0.84 -0.67 -0.21 

PPR-phytoplankton 14c uptake; CHL-chlorophyll 2 ;  Thym-bacterioplankton thymidine uptake; 
Cell-bacterial cell number; NA-treatment not included in experiment; *-significant correlation at 



Figure Captions 

Figure 1. Bacterioplanffon thymidine uptake, bacterial cell 
number, phytoplankton C uptake, and chlorophyll q 
concentration in fhe experiment of June 1988. 0 control, 

NH~', A Po4- , A mannitol enrichments. Point is the 
mean o 3 observations + 1 SE. 
Figure 2. Bacterioplanffon thymidine uptake, bacterial cell 
number, phytoplankton C uptake, and chlorophyll q 
concentration in the experiment of August 1988. The symbols 
are the same as in Fig. 1. 

Figure 3. Bacterioplanffon thymidine uptake, bacterial cell 
number, phytoplankton C uptake, and chlorophyll g 
concentration in the experiment of October 1988.   he symbols 
are the same as in Fig. 1. 

Figure 4. Bacterioplan on thymidine uptake, bacterial cell 
number, phytoplankton "C uptake, and chloroph 11 q 
concentration in - fhe experiment of Ju e 1989. A control, 

NH,+, A PO4 +, A NH$' plus PO4-', a ma nitol, 
mannitol plus NH4 , an mannitol plus PO4-! Point 
is the mean of 3 observations + 1 SE. 
Figure 5. Bacterioplanffon thymidine uptake, bacterial cell 
number, phytoplankton C uptake, and chlorophyll q 
concentration in the experiment of August 1989. The symbols 
are the same as in Fig. 4. 

Figure 6. Bacterioplanffon thymidine uptake, bacterial cell 
number, phytoplankton C uptake, and chlorophyll q concentration 
in the experiment of October 1989. Symbols are the same as in 
Fig. 4. 
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