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ABSTRACT

The excretion of ammonia and glutamine synthetase ncﬁvities were measured in aposy-
mbiotic Paramecium and symbiotic Paramecium. The uptake of nitrate and ammonia,
and specific enyyme activities of nitrate reductase, glutamate dehydrogenase and glutamine
synthetase were investigated in symbiotic Chlorella from Paramecium bursaria and
Chlorella ellipsoidea.

The ammonia concentration in the culture media of aposymbiotic Paramecium was
increased according to the growth of lhe Paramecium but it was not changed in symbiotic
Paramecium. Nitrate, the major nitrogen source, was taken up at a rate of 0.635 nmol/
10% Chlorelle/br in Chlorella ellipsoidea. Most of ammonia was assimilated to glutamine
by glutamine synthetase, of which activity was 1,467 gmol/mg protein/min in Chlorella
ellipsoidea.

Contrary to Chlorella ellipsoidea, ammoria and glutamine transported [rom the Para-
mecium were the nitrogen source of symbiotic Chlorella and ammonia was taken up at
a rate of 3.854 nmol/10% Chlorella/hir into symbiotic Chlorella. Most of ammonia were
assimilated to glutamale by glutamate dehydrogenasc in symbiotie Chlorella. The gluta-

mate dehydrogenase (GDH/NADH) activily was 0. 851 umol/mg protein/min.
INTRODUCTION

Paramecium bursaria is a ciliated protozoan which usually lives in mutualistic relationship
with Chlorella. These algae grow and divide within the eytoplasm of the host cell at the
rate compatible with that of the host’s growth. The symbiotic relationship between the

organisms is hereditary (Karakashian, 1975).
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It was noted that strains of Chlorella that had been endosymbionts released 86% of their
total photosynthate into external environment and 95% of the photosynthate of the endo-
symbiotic algae was maltose Muscatine ef al., 1967). Brown and Nielson(1974) reported
that symbiotic Paramecium bursaria took up Na'CO,, and carbohydrate products of photo-
synthesis of the symbionts were transferred to the host Paramecium. Photosynthate and
oxygen produced by symbiotic Chlorella were transferred to the Paremecium (Chang et al.,
1984).

Contrary to our knowledge of carbon metabolism of the symbiotic relationship, only a
few studies about its nitrogen metabolism were reported. The Paramecium supplied the
symbiotic Chlorella with some essential, yet unidentified nitrogen compounds(Reisser, 1976).
Albers et al. (1982) noted that ammonia was excreted by aposymbiotic Paramecium, but it
was taken up from the culture media by symbiotic one. Thus, the nitrogen scurces of the
symbiotic Chlorelle within the endosymbiotic unit were not nitrate but probably ammonia
and glutamine.

In addition to Paramecium bursaria, there were many studies about ammonia utilization
of symbionts. In the marine platyhelminth, Convoluta roscoffensis, it was suggested that
ammonia produced by uric acid catabolism in algac was assimilated into glutamine, which
may be the main amino acid released back to the Comboluta(Boyle and Smith, 1975). Taylor
(1978) reported that the photosynthetic rate of symbionts and the excretion rate of its
photosynthate were increased by ammonia produced by the staghorn coral, Acropora cervi-
cornis. In the tropical sea anemone, Aiptasia pulchella, it was noted that symbiotic zooxan-
thella took up ammonia according to diffusion kinetics(Wilkerson and Muscatine, 1984).

Although most of the studies demonstrated the uptake and utilization of ammonia, little
was known about the assimilatory pathways of ammonia in symbiotic algae. The purpose
of this study is to investigate not only the uptake and assimilation of ammonia, but also
the change of the pathway of nitrogen assimilation using both symbiotic Chlorella and
Chlorella ellipsoidea.

MATERIALS AND METHODS

Isolation and cultivation of Paramecium bursaria. Paramecium bursaria was isolated from
Zaha-Yeon on the campus of Seoul National University in 1983. It was grown in Hay
Infusion (Sonneborn, 1970). Aposymbiotic cultures of Paramecium were obtained initially
by prolonged starvation in darkness (Karakashian and Karakashian, 1973). Cultures were
grown at 25°C under divrnal illumination (12 hrs light, 12 hrs darkness) of white fluores-
cent tubes. The light intensity was 2, 000 lux.

Isolation and cultivation of Chlorella. Paramecium bursaria was harvested by centrifuga-
tion at 1, 000~1, 500 rpm (Sorvall GLC-2B). The cell suspension was disrupted in a French
Pressure Cell (Cat. No. 4-3398 French Pressure Cell, American Instrument Co. LTD.) at
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5,000 psi. Symbiotic Chlorella in ihe extracts of Paramecium bursarie bursted in death and
Chlorella survived was isolated by centrifugation at 2,000 rpm. Symbiotic Chlorella isolated
were cultured in the modified Kessler’s media (Weis, 1979). The modified Kessler's media
had the composition, in g/liter: 0.8 g KNQ;, 0, 47 g Nal,PQ,-2H,0, 0, 36 g Na HPO,-12H,0,
0.25 g MgS0,-7H,0, 0. 013 g CaCly-2H;0, 0. 406 g FeCl;-6H:0, 0.017 g MnCl,+4H;0, 0.021
g ZnS0,-7TH,0, and 0.1% (w/v) proteose peptome, (.02% (w/v) yeast extract. 6 pg/liter
penicillin was also added; the final pH was adjusted to 6. 3.

Chlorella ellipsoidea, reference strain, was grown in the medium containing, in g/liter:
1. 25 g KNOs, 1. 25 g MgS0,+«7H,0, 1. 25 g glucose, and supplemented with 1 ml of Fe-solution
and 1ml of trace element solution. The final pH was adjusted to 6.5. Fe-solution contained
0.02% (w/v) FeS0,-7H,0 and supplemented with 2 drops of sulfuric acid. Trace element
solution had the composition, in mg/100 ml: 286 mg H;BOs;, 250 mg MnSOQ,-7H.0, 22,2 mg
ZnS0,+7H,0, 7.9mg CuS0,-7H,0, and 2.1 mg Na,MoO,.

Symbiotic Chlorella and Chlorella ellipsoidea were cultured at 25°C in the Mini-fermentater
(Model Mo, M-1000, New Brunswick Sci. Co.), The light intensity was &, 000 lux.

Determination of nitrate. For the measurement of nitrate taken up by Chlorella, the
cultures of Chlorella were transferred into the nitrate medium for 7 hrs and centrifuged
(Beckman Model J-21 B) at 10, 000 g for 10 min. Nitrate was determined quantitatively by
rapid colorimetric method (Cataldo et al., 1975).

Determination of ammonia. For the measurement of ammonia excreted by Paramecium
bursaria, the cultures of Paramecium were filtered with filter paper (Toyo Filter Paper Ne.
2). And for the measurement of ammonia taken up by Chlorella, the cultures of Chiorella
were transferred into ammonia medium (Albers ez al., 1982) for 7 hrs and centrifuged at
10, 000g for 10 min. The ammonia concentrations of the prepared solutions were measured
by the phenyl hypochlorite method of Solorzano (1969).

Measurement of the number of Paramecium and Chlorella. The number of Paremecium
was counted on a ¢36x 10 mm Falcon dish (Chang et al., 1984). The number of Cklorella
was counfed on a haemacytometer (Biirker Haemacytometer).

Determination of protein. The protein content of crude extracts was determined according
to Lowry er al. (1951).

Preparation of crude extracts. Chlorella was harvested by centrifugation at 2, 000 rpm
(Sorvall GLC-2B) and resuspended in the suitable buffer (see below). The cell suspension
was disrupted in a French Pressure Cell (Cat. No. 4-3398 French Pressure Cell, American
Instrument Co. LTD.) at 20,000 psi. The extracts were centrifuged at 27,000g for 20
min. The supernatant fraction was then tested for enzyme activity and iscenzyme.

Enzyme assay. Nitrate reductase (NR). Nitrate reductase activity was determined by

measuring the rate of nitrite formation as described by Pistorius et al. (1976). Reaction
mixture contained 200 pmol potassium-phosphate buffer (pH 7.6), 20 pmol KNO,, and 0.2
pmol NADH. The reaction was triggered by the addition of 400 gl of algal extracts. Final
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volume was 1.6 ml. After incubation at 20°C for 30 min, the reaction was stopped by
adding 200 gl of 0.5M Zn-acetate and 200 s of 46 mg/l phenazine methosulfate (PMS).
Iml of sulfanilamide (1% in 1.5N HCD and 1ml of N-(l-naphthyl) ethylenediamine
dihydrochloride (0.022%) were added to 1ml of supernatant of reaction mixture. The
developed color was measured at 540 nm. The specific enzyme activity was expressed in
pmol NO,~/mg protein/hr (unit). )

Glutamate dehydrogenase (GDH). GDH/NADH activity was measured according to
Schmidt (1970). Reaction mixture contained 300 pmol potassium phosphate buffer (pH 8.5),
900 prmol ammonium sulfate, 18 pmol a-ketoglutarate, 3, 9 umol EDTA, and (. 45 gmol NADH.
The reaction was started by adding of 204l of algal crude extracts. Final volume was 3ml

It was incubated at 30°C for 5 min.

GDH/NAD activity was measured according to Cammaerts and Jacobs (1985). The assay
mixture contained 123 gmol tris (Sigma T-1378)-HCl (pH 8.8), 150 pmol monosodium
glutamates, and 1. 5pmol NAD. The reaction was started with the addition of 20 gl of crude
extracts.

These assays were based on the method of utilizing the NADH producing the reduction
of the dye, p-iodonitrotetrazolium violet (Hinmen and Blass, 1981). We used PMS as the
intermediate electron carrier.

After incubation, 0.34ml of p-iodonitrotetrazolium violet (6 mM) and (.03 4ml of PMS
(0. 65 mM) were added to the reaction mixture. The developed color was measured at 500
nm. The specific enzyme activity was expressed in pmol NADH/mg protein/min.

Glutamine synthetase (GS). Glutamine synthetase was assayed by r-glutamyl transferage
activity. The transferase activity was determined according to Ahmad and Hellebust (1984).
Assay mixture contained 100gmol Imidazole-HCI buffer (pH 7.0), 0.4 gmol ADP, 3.0 gmol
MnCl,, and 30 gmol sodium arsenate. It was incubated at 37°C for 15 min.

The r-glutamylhydroxamate content was measured by the addition of 2ml of stop solution.
Stop solution contained 0.37 M FeCl; and 0. 2M trichloroacetic acid (TCA) in 0,67 N HCI
(Shapiro & Stadmen, 1970). Blank was run without the addtion of hydroxylamine. The
specific enzyme activity was expressed in pmol y-glutamylhydroxamate/mg protein/min
(unit).

Isoenzyme. Electrophoresis. Isoenzyme was detected with polyacrylamide gel electroph-

oresis. The gel was prepared from 6% acrylamide and (. 169 bisacrylamide. The gel was
polymerized with 0.05% tetramethylethylenediamine (TEMED) and (.1% ammonium
persulfate (Harris and Hopkinson, 1978). The gel buffer contained 50 mM tris and 25 mM
boric acid. The pH was adjusted with boric acid to 8..8 (McLellan, 1982). The gel was
run at 100 V for 20 min and followed by running at 150 V for 2 hrs approximately.
Enzyme detection. GDH/NAD was detected after the gel was incubated in a solution
consisting of 4.4 mmol tris-HCI(pH 8. 8), 5.4 mmol monosodium glutamate, 0. 05 mmol NAD.
Final volume was 50 ml. After the gel was incubated at 30°C for 15 min, 1ml of 5mg/ml
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PMS and 1ml of 10mg/ml nitro blue telrazolium (Sigma N-6876) were added.

The transferase was detected after the zel was incubated in a solution consisting of 5.0
mmol Imidazole HCl(pH 7. 0), 3.5 mmol glutamine, 1. 75 mmol hydroxylamine HCl(pH 7. 0),
0. 02 mmol ADP, 0. 15 mmol MnCl,, and 1.5 mmol sodium arsenate. Final volume was 50ml.
After the gel was incubated at 37°C for 20 min, the reaction was terminated by adding_
44 ml of stop solution(see above). The bands appeared as purple zones against a yellow
background and were not permanent unless the gel was stored at 4°C (Sharon et al., 1984).

RESULTS

Uptake of nitrate and ammonia. When isolated symbiotic Chlorella was incubated in
nitrate medium, the change of nitrate concentration was not detected. But the nitrate in
the culture medium decreased at a rate of 0. 635 nmol/10° Chlorella/hr in Chlorella ellip-
soidea (Table 1).

Table 1. Uptake of nitratc and ammonia by symbiotic Chlorella and Chlorella ellipsoidea

Nitrogen sources Isolated symbiotic Chlorella Chlorella ellipsoidea

nmol/108 Chlorella/hr
Nitrate - N.D.=® 0.63510. 213
Ammonia 3. B540. 182 N.D.#

*N,D.: Not-detected.
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When symbiotic Chlorella was incubated in ammonia medium, the ammonia decreased at
a rate of 3,854 nmol/10% Cklorella/hr. But the change of ammonia concentration was not
detected in the medium of Chlorella ellipsoidea (Table 1).

The ammonia concentration in the culture medium of aposymbiotic Paeramecium was
increased according to the growth of the Paramecium (Fig. 1), but it was not changed in
symbiotic Paramecium (Fig. 2).

Activities of NR, GDH and G8. To demonstrate the utilization of ammonia ag the nitrogen
source in symbiotic Chlorella, nitrate reductase and glutamate dehydrogenase were assayed
in symbiotic Chlorella and Chlorella ellipsoidea (Table 2). The nitrate reductase activity in
symbiotic Chlorella could not be detected, but it was 46 nmol/mg protein/hr in Chlorella
ellipsoidea. The GDH/NADI activity was detected in both symbiotic Chlorella and Chlorella
ellipsoidea. The GDH/NAD activity in symbiotic Chiorella could not be detected. The
lack of the GDH/NAD activity in symbiotic Chlorella could be explained by the uptake
of ammonia. But the GDH/NAD activity was measured to (. 277 umol/mg protein/min in
Chlorella ellipsoidea.

To investigate the transfer of glutamine from the Paramecium to symbiotic Chlorella,
the glutamine synthetase activity was measured in symbiotic Chlorella and Chlorella ellip-
soidea (Table 2). And it was also measured in aposymbiotic Paramecium and the Parame-
cium and the Paramecium fraction of symbiotic Paramecium (Table 3). The glutamine
synthetase activity of symbiotic Chlorella was very low, but it was much higher in Chlorella

ellipsoidea. The glutamine synthetase activity was about twice higher in the Paramecium

Table 2. Specific enzyme activities of symbiotic Chlorella in Paramecium bursaria and Chlorella

ellipsoidea
Enzymes Symbiotic Chlorella Chlorella ellipsoidea

pmol/mg protein/hr

NR N.D.* 0. 0462-0. 003
pmol/mg protein/min

GDH/NADH 0. 851£0. 065 0. 377-£0. 134

GDH/NAD N.D.# 0. 2772+0. 098

GS 0.12520. 002 1. 467£0. 167

*N.D.: Not-detected.

Table 3. Specific enzyme activity of glutamine synthetase in aposymbiotic Paramecium and the
Paramecium fraction of Paramecium bursaria

Enzyme The Paramecizm fraction of Paramecivm bursaria Aposymbiotic Paramecium

pmol/mg protein/min

r-Glutamyl transferase 0. 617£0. 060 0.333+0. 0141
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Fig. 3. The electrophoretic band patterns and zymograms for glutamate dehydrogenase(GDH/
NAD) and glutamine synthetase(GS)., A is symbiotic Chlorella and B is Chlorella
ellipsoidea.

fraction of symbiotic Paramecium than in the aposymbiotic Paramecium. According to these
results, the transfer of glutamine to Chlorella ellipsoidea could be supported.

Isoforms of GDH and GS. To demonstrate the lack of GDH/NAD and glutamine synth-
etase in symbiotic Chlorella, banding patterns of GDH/NAD and glutamine synthetase of
symbiotic Chlorella were compared with those of Chlorella ellipsoidea by the polyacryla-
mide gel electrophoresis.

Isoenzyme patterns of GDH/NAD from symbiotic Chlorella and Chlorella ellipsoidea were
compared in Fig. 3. Chlorella ellipsoidea contained only one GDH/NAD isoenzyme, but no
band was detected in symbiotic Chlorella.

Isoenzyme patterns of glutamine synthetase were also compared in Fig. 3. Chlorella ellip-
soidea contained three glutamine synthetase isoenzymes: one in thin band, the others in

thick bands. But a very thin band was observed in symbiotic Chlorella only in the gel,
but not in this photograph.

DISCUSSION

The uptake of ammonia was measured to investigate the utilization of ammonia by
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symbiotic Chlorelle. Ammonia was excreted into the culture medium according to the growth
of aposymbiotic Paramecium (Fig. 1), but not in symbiotic Paramecium (Fig. 2). According
to the result of Table 1, Chlorella ellipsoidea absorbed nitrate in the culture medium and
symbiotic Chlorella which was isolated from Paramecium bursaria took up ammonia. A
similar observation could be made with 200xanthella-bearing tropical sea anemone: zooxan-
thella took up ammonia by diffusion kineties (Wilkerson and Muscatine, 1984). The utilization
of ammonia in symbiotic Chlorella could be supported by the GDH/NAD assay. The GDH/
NAD -activity in Chlorella ellipsoidea was 0. 277 pmol/mg protein/min, but it could not be
measured in symbiotic Chlorella. And the isoenzyme of GDH/NAD in Chlorella ellipsoidea
had one thick band (Fig. 3). A similar observation could be made with Chlorella pyrenoi-
dosa: it had one isoenzyme band of GDH/NAD (Talley et al., 1972). Bat it was not also
detected in symbiotic Chlorella.

The uptake of nitrate was measured to investigate the nitrogen source of Chlorella elli-
psoidea. Nitrate was taken up at a rate of 0,635 nmol/10° Chlorella/hr by Chlorella ellip-
soidea. But it was not detected in symbiotic Chlorella (Table 1).

These results suggested that ammonia transported by the Paramecium be the nitrogen
source in symbiotic Chlorella and nitrate be the major nitrogen source in Chlorella
ellipsoidea.

As ammonia was utilized as the nitrogen source in symbiotic Chlorella, many variations
were discovered in the enzymes involved in the nitrogen metabolism. Ahove all, nitrate
reductase involved in the nitrate assimilation was not detected in symbiotic Chlorella (Table
2). It was noted that the nitrate uptake and nitrate reductase were inhibited by ammonia
(Solomonson and Spehar, 1977). Essentially, it was thought that nitrate reductase was
unnecessary because of the presence of ammonia in the Paramecium.

Generally, ammonia was assimilated by glutamate dehydrogenase and glutamine synthetase,
as soon as nitrate was converted into ammonia. Most of ammonia was assimilated into
glutamine by glutamine synthetase because the Km value for ammonia of glutamate dehyd-
rogenase was much higher than that of glutamine synthetase (Salisbury and Ross, 1985).
In Chlorella ellipsoidea, the glutamine synthetase activity was about five times higher than
that of glutamate dehydrogenase (Table 2).

Contrary to this result, the glutamate dehydrogenase activity of symbiotic Chlorella was
over twice higher than that of Chlorella ellipsoidea, and the glutamine synthetase activity
of symbiotic Chlorella was very low. Also, Chlorella ellipsoidea contained three bands of
glutamine synthetase isoenzyme but only a very thin band was observed in symbiotic
Chlorella. Chlorella sorokiniana had two iscenzymes: one had a molecular weight of 398, 000
daltons located in cytosol and the other had a molecular weight of 360, 000 daltons located
in chloroplast (Beudeker and Tabita, 1985), but Chlorella ellipsoidea had another iscenzyme.

These results noted that most of ammonia transported by the Paramecium was assimilated

to glutamate by glutamate dehydrogenase in symbiotic Chlorella and that glutamine was
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hardly synthesized in symbiotic Chklorella. And it was also implied that the glutamine
produced by the Paramecium could be transported to symbiotic Chlorella.

Glutamine was not only required as a building block of most proteins, but it also provided
a source of such important biclogical compound as the nucleotides (Meister, 1974). And
the amide group of glutamine was utilized for the synthesis of such amino acids as arginine,
tryptophan, histidine, and asparagine (Stryer, 1981). Therefore glutamine should be supplied
from the Paramecium, the environment of symbiotic Chlorella, because it was hardly synthe-
sized in itself.

To investigate the supply of glutamine from the Paramecium to symbiotic Chlorella,
glutamine synthetase was assayed in the Paramecium fraction of symbiotic Paramecium and
the aposymbiotic Paramecium (Table 3). The glutamine synthetase activity in the Parame-
cium fraction of symbiotic Paramecium was 0,617 gmol/mg protein/min. It was not only
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Fig. 4. Comparative diagrams of the pathway of the nitrogen metabolism between Chlorella
ellipsoidea and symbiotic Chlorella: a-kg, a-ketoglutarate; Glu, Glutamate; Gln, Gluta-
mine; a.a, amino acid.
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much higher than that in symbiotic Chlorella but also about twice higher than that in
aposymbiotic Paramecium. Albers et al. (1982) reported that symbiotic Chlorella did not
grow with glutamate but grew very rapidly with glutamine. And they proposed the possible
existence of a glutamine/glutamate shuttle between the Paramecium and the endosymbiotic
Chiorella. Since it was so, glutamine synthesized in the Paramecium was transported to
symbiotic Chlorella. But in the imarine platyhelminth, Conwvoluta roscoffensis, glutamine
synthesized by symbiotic algae was transported to the Conmvoluta (Boyle and Smith, 1975).

By the results of ammonia uptake, nitrate reductase, glutamate dehydrogenase, glutaminé
synthetase, and iscenzyme, the modified nitrogen metabolism of symbiotic Chlorella was
compared with that of Chlorella ellipsoidea in Fig. 4. In Chlorella ellipsoidea, nitrate was the
major nitrogen source and it was assimilated to glutamate and glutamine via ammonia. Most
of ammonia were assimilated to glutamine by glutamine synthetase. But the nitrogen source
in symbiotic Chlorella was ammonia and glutamine transported by the Paramecium. Most of
ammonia was assimilated to glutamate by glutamate dehydrogenase and the glutamate was
thought to be utilized for the sythesis of the other amino acids. Glutamine transported by
the Paramecium was utilized for the synthesis of nucletides and amino acids.

& =

AR e Al Paramecium bursariast FA = Chlorella?) A s
AWy e F E‘A‘T = Chlorella®l Chlorella ellipsoidead) * Av] e e
ammonia®] Feks) WEg-E A A= ohgat 2 FAYEA ¢
°J'°JJ o8 H,J—,a__.— gl u]d) Fgete AAEE AE d2eR Gl Chlorella ellipsoidea’s nitrate
= 0. 635 nomol/ 106 Chlorella. min®] €% 2 F8 4 ammoniaZ FH &% -2 glutamatest glutamine
FAgWek, A2 ammonial glutamine synthelaseS %3] glutamine2 & T4 =+ =2 LHYR=
467 umol/mg protein/mino]‘ﬂﬂ- olgl= zA ez Addd et TS E Chiorellar 59 A4
Wi el 4] FF3= ammonia®} glutamined HAHY.o2 o] Ralw 3, 854nmol/10° Chiorella/ming] 4£x 2
ammonia® F< )k, BAMH Rz FE ZFE B EES ammonial glutamate dehydrogenaseo] 2]
glutamate2 FA == = FA == 0.851 gmol/10° Chlorella/minel gt =2z Chlorella ellipsoidea
of 4l = #+e] GDH/NAD iscenzymeo] vrebsk e 3714 glutamine synthelase isoenzymee] &bkl
kA o] FAFE Chlorellad A+ 31142 w3 glulamine synthetase isoenzymewl-2 £ 4 49+,

d A&adAE detrsl 439
T 549 FAE 2 nitrate
J

E ZAdd & ammonia®

= B
||" r[\‘

= n.[o i

.REFERENCES

Abmad, I. and J.A. Hellebust. 1984, Nitrogen metabolism of the marine microalgal Chlorella
autolrophica. Plant Physiol. T6: 653-663.

Albers, D., W. Reisser, and W. Wiessner. 1982. Studies on the nitrogen supply of endosymbiotic
Chlorellae in green Paramecium bursaria. Plant Sci. Letters 25 86-90.

Beudeker, R.F. and F.R. Tabita. 1985. Characterization of glutamine synthctasc isoforms from Chlo-
rella. Plant Physiol. 77: 791-794,



September 1986 Chang & Ha: Nitrogen Metabolism of Symbiotic Chlorella 155

Boyle, J.E. and D.C. Smith. 1975. Biochemical interaction between the symbionts of Cenvoluta
roscoffensis. Proc. R. Soc. Lond. B. 189: 121-135.

Brown, J.A. and P.J. Nielson. 1974. Transfer of photosynthetically produced carbohydrate from
endosymbiotic Chlorella to Paramecium bursaria. J.Protozool. 217 569-570.

Cammaerts, D. and M. Jacobs, 1985, A study of the rolc of glutamate dehydrogenase in the nitrogen
metabolism of Arabidoepsis thaliana. Planta 1631 517-526.

Cataldo, D.A., M. Haron, L.E. Schrader, and V.L. Youngs. 1975. Rapid colorimetric determination
of nitrate in plant tissue by nitration of salicylic acid. Comm. Soil Sei. Plant Anal. 6. 71-80.

Chang, N.K., J.I. Cho, and K.8. Ha. 1984. A study on the photosynthesis of Chlorella symbiatic
with Paramecium bursaria. Korean J. Eco. T:21-28,

Hinman, L.M. and J.P. Blass. 1981, An NADH-linked spectrophotometic assay for pyruvate dehydro-
genase complex in crude tissue homogenates. J. Biol. Chem. 256 6583-6586.

Harris, H. and D.A. Hopkinson. 1978. Handbook of enzyme eclectrophoresis in human genetics.
North-Holland Publishing Company, Amsterdam, New York, Oxford: pp. 3-16.

Karakashian, M.W. 1975. Symbiosis in Paramecium bursaria, in Jennings, D.H. and D.H. Lee,
Symbiosis. Cambridge Univ. Press, Cambridge, England. pp. 145-173.

Karakashian, M\W. and S.]. Karakashian. 1973. Intracellular digestion and symbiosis in Paramecium
Ezp, Cell Res. 81 111-119.

Lowry O.H., N.J. Rosebrough, A.L. Farr, and R.]. Randall. 1951, Prolein mecasurement with the
folin phenol reagent. J. Biol. Chem. 193: 265-275.

MclLellan, T. 1982, Electrophoresis buffer for polyacrylamide gels al various pH. Awnal. Biockem.
126: 94-99.

Meister, A. 1974. Glutamine synthelase of mammals, In P.D. Boyer, The enzymes. Vol. X, Academic
Press, New York and London. pp. 699-754.

Muscatine, 1., S.J. Karakashian, and M.W. Karakashian. 1967. Soluble cxtracellular products of
algae symbiotic with a ciliale, a sponge and a mutant hydra. Comp. Biockem. Physiol. 20: 1-12.

Pistorius, E.K., H.S. Gewith, H. Voss, and B.Vennesland. 1976, KReversible inactivation of nitrate
reductase in Chlorella wulgaris in vivo. Plania 128: 73-80.

Reisser, W. 1976. Die stoffwechselphysiologischen beziehungen zwischen Paramecium bursaria Ehrdg.
und Chlorella spec. in der Paramecium burseria-symbiose. Arch. Microbiol. 107: 357-360.

Salisbury, F.B. and C.W. Ross. 1985, Assimilation of nitrogen and sulfur. Plant Physiology. 3rd
Fd., Wadsworth Publishing Company, Belmont, Califonia. pp, 251-267.

Schnidt, E, 1970. Glutamate dchydrogenase, UV-Test, Fn H.U. Bergmeyer, Methoden der enzymati-
schen analyse I and I. Verlag Chemie, Weinheim/Bergstrass pp. 607.

Shapiro, B. and E.R. Stadman. 1970. Glutamine synthetasc(E. coli), Iz H. Tabor, and C.W. Tabor,
Methods in enzymology, Vol.17. Academic Press, New York and London. pp. 900-922.

Sharon, H.P., R.C. Huffaker, and R.W. Allard. 1984. Inheritance of nitrite reductase and regulation
of nitrate reductase, and glutamine synthetase isoenzymes. Plant Physiol. 76. 353-358,

Solorzano, L. 1969. Determination of ammonia in natural waters by the phenolhypochlorite method,
Limnol. Oceanogr. 14 799-301.

Solomonson, L.P. and A.M. Spehar, 1977, Model for the regulation of nitrate assimilation. Nature
265: 373-375.



156 Korean J. Bot. Vol. 29 No. 3

‘Sontnieborn, T.M. 1970. Methods in Parameciwm research, In David, M.P. Methods in cell biology,
Vol. ¥. Academic Press, New York. pp. 241-339.

Stryer, L. 1981. Biochemistry, 2nd Ed. Freeman and Company, San Francisco. pp. 502-503.

Talley, D.]., L.H. White, and R.R. Schmidt. 1972. Evidence for NADH-and NADPH-specific isoen-
zymes of glutamate dehydrogenase and the continuous inducibility of the NADFH-specific iscen-
zyme throughout the cell eycle of the eucaryote Chlorella. J. Biol. Chem. 247 7927-7935.

Taylor, D.L. 1978. Nutrition of algal-invertebrate symbiosis. 1. Effects of cxogenous nitrogen sources
on growth, photosynthesis and the rate of excretion by algal symbionts iz wivo and in vitro.
Proc. R. Soc. Lond. B. 201: 401-412.

Weis, D.S. 1979. correlation of sugar release and concanavalin A agglutinability with infectivity of
symbiotic algae from Paramecium bursaria for aposymbiotic P. bursaria. J. Protozool. 261 117-119.

Wilkerson, F.P. and L. Muscatine. 1984. Uptake and assimilation of dissolved inorganic nitrogen
by a symbiotic sea anemone. Proc. R. Soc. Lond. B. 221:71-86.

(Received January 20, 1986)



