Korean J. Limnol. 39 (1) : 119~130(2006)

=F (A EEGE) AR

49}

ol Z&ul oFol| 4] Microcystis aeruginosa®] 24 <l
AR 54

ol

(A=A

of
N
)
i
ol
[*3
+
2,

AE], ‘A st 8 2t

Nitrogen and Phosphorus Uptake and Growth Kinetics of Microcystis aeruginosa Cultured
under Chemostats. Lee, Ok-Hee and Kyung-Je Cho ** (Environmental Research Center for

Nakdong River, Inje University, Gimhae 621-749, South Korea; 1School of Environmental
Science and Engineering, Inje University, Gimhae 621-749, South Korea)

As unialgal cultures to examine the growth kinetics of an algal species, Microcystis
aeruginosa was grown in chemostats with nitrogen and phosphorus limitation. The
nutrient concentrations of NH,* and PO,*” to limit the growth of M. aeruginosa were
approximately 200 pM and 7 uM, respectively. Cell size of the algae decreased towards
the NHs-nitrogen limitation under a constant dilution rate, while it increased in the
POs-limitaion. The cell quota of nitrogen under nitrogen-limited conditions was 6.1
pumol mg C™* and, under nitrogen sufficient conditions, ranged from 9.5 pmol mg C™*
to 12.4 umol mg C™*. In addition to the cell quota, the half-saturation constants for
nitrogen uptake (Ks) and the growth rate (pm) was 36~ 61 pM and 0.28~ 0.35 pmol
cell - hr™* to show high values in comparison with other algal species. As the limiting
concentration, cell quota and uptake rate of M. aeruginosa were higher than those of
any other species, the its nitrogen requirement would be great. In the other side, as
the half saturation constant (Ks) for nitrogen uptake was higher, and the ratios of
maximum uptake rate (Vi) and Ks was relatively low, the species would have the low
competitive ability in the low nitrogen concentration in the ambient water.
However, the low concentration of nitrogen in the Nakdong River during the
Microcystis outbreak would be the inevitable results of the algal blooms. In the lower
parts of the Nakdong River, the nutrient status was coupled with the growth
kinetics of the blooming algae to have clear seasonal variations through a year.
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oA Qle] Ahwo mM R[] A o Z
& vAE A7k w50 RSt Bl
90% s47F Aarnt Qlo] Aoz AfH:= o=
L}Ebsteh (OECD, 1982). T2} w25 Aol 2loiA]
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o Qlo] AAQ PN E Aoz Are) o3
o] 7 veld 4 vk 4 Kasumigaura F4of A
Microcystis g2/ WAl A7t Adjxoz Ags
I Q)= AHo] B ¥ gt} (Sakamoto, 1989; Takamura et
al., 1992).
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3 e dsiel AAH Adew HrlEc Paer,
1988). Microcystisty= A3t ZA| & o] 1 H-HH o] 7
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al., 1981).

2ol AR} oJFdel A
Ao M duleke] a7 o] A
Agredfds 3 FEE FFEI A =2E
S7F a3 RA ok 2] AFdAde e dokd S &
ARE 2718 BHE 4 9de A el 7] dieln o
T= I 359 oA E3] e dode
Microcystis aeruginosas A 82 sl Agfefe] AAF
e} 2710l AR oJFd (e} Qe IAE B
oz 2 A EAL A S I, G
ZdA A mA 2Fet Bkl s Ad HE s
S BT

-
LU o

Aucke vjogd =z RE] wjopele] AkHow

ol
o

o wjefd s} miAl 2R R A FEEEA
W 33, vl 2R AERE A 24 W9
kel A 2155 AP (steady state)
FA1& 4 3lo}(Rhee, 1980). /el &}
2 IHA] dgel v EF ARE =
e Algte Tt Hojof gt wiekde] FFE (5 I
il 471 vl AR e 24 W
ddd FEE HIAZ 4 lem At m)
e AE R afddel 2Jste] 3

ol 3|4 E (D)ol & viAlzRe AAE (W

o
o olp
N

o2

o

o o %
i‘ L

fAL o

o i ml A

ﬂrﬁ

, D=po]o}(eFe] = Table 1 3x). Q<) oF2
Aee] =5 AstEb 240 FUT M EFE AAE
g 5 sl AollA sl okt E =T Ak
D. Herbertz} 1956l m|AE-2] A2EAL H37]
slsled ARA zAel BUTR AFAE D7) 915
Fetslel o™ (Droop, 1968), Carperon (1968)3} Droop
(1968)+= w|AZ=7F2] A4 kineticsE 7 3=t Al
S =Y Agulck miwd WAe] ALk
(semicontinuous culture)3} 2}E-<4<l oF (chemostat)
2 o
Azsh Qo] W wHEF ARE BAseE T2 3
71 mHle] o] g-¥t} A|gke k] F=(S)ol it m
Az ARE WAL WA 2e zeA P
Monod 4] (Tilman and Kilham, 1976)¢] u}2t}. tH, 1]
Az AFEe 24 W) AFIFA) 5= (cell quota,
Qsh AAA FA7L olem Adahere] Aol
uel Q= “CA} el ] Droop 4] (Droop, 1973) 0. % e}
94 ol (24]). @AM W 4% Tt F23)
9 2E wAERe) HdAgEEA A pnic
F=t) Monod A2 wlj#] W odokde] o
o) A&, Droop A& Az Jorae) &
nA 25 AR S BAIR. vH 272 oJoF
FrE WS AT BAE dehy
Michaelis-Menten 2]-2-(3)2]3#} 7t} (Dugdale, 1967). o
WHoz JYge] FREe Aok B 23

A wiefat RS ANER sl SAFE 4 S

T

=
o
NN
p,

=
b
S

A

A

2 o 2 oy iy

d

H=Hm [S/(Ku+S)] 1)
H='m (1-Qo/Q) @
V=Vn[S/ (Ks+S)] )

A9} ¢l uM|zE A A ojoke] o 2] n|A
Z259 AR N, P 8FxE= 29 A7kx] d&=ql %
A7 AR} A gredokdel Y3t vNRFY L3 EE=



Microcystis aeruginosa2| MZEM 121

Table 1. Abbreviations and parameters used in the chemostat culture and nutrient-uptake experiments.

Symbol Definition Unit
H Growth rate day™
Hm Maximum growth rate day™
Hm Maximum growth rate when Q is infinite day™
D Medium dilution rate in the chemostat culture day™*
Q Cell quota pmol cell*
Qc, Qn, Qp Cellular quota of carbon, nitrogen and phosphorus pmol cell™*
Qchi Cellular quota of chlorophyll-a pg cell™
Qo Minimum cellular quota pmol cell™
RnHa, Rnos, Reoys Residual nutrient of the chemostat medium UM
\Y Nutrient uptake rate pmol cell - hr™*
Vm Maximum nutrient uptake rate pmol cell - hr™*
S Nutrient concentration in medium UM
Ks Half-saturation constant for nutrient uptake pmol cell - hr™*
Ky Half-saturation constant for growth rate UM
X Algal numbers or abundance cells mL™

N AAE (Um) Aol g FEIA S (Ky), F
FE (V)T REIAS (K)Z 20k 4 9leh plA
o) unt Ky Vot Ko Fol me} 368 32 714
W oo F3 AARE Hrkshel 2gHc (Healey
and Hendzel, 1980; Tilman, 1981; van Donk and Kilham,
1990).
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2 Age] Alg3t AMaE= F2F Microcystis aerugi-
nosa2x] 199541 849 FE7} dhfellA £l wloksted
AL8-5193 5} M. aeruginosa 17 A1 S E2|sfe] L2} uj
oFA|1Z] T} ohA] Bhte] Al ZE micropipette o 2 £
shof w91 ZIEk NOs~ = NH,™ A47b A9E che-
mostat 27| A FZFZ Wik A A EAS BEAls
Qom, WepA7l 2AE sukstel AZ W Ak TP 5
& BT 2 A ARgE A= FFA S of

J¢) o™ (nonaxenic strain) 7 AA-EL ok 1.2 day =

A AE Z FHY AETF o]2x 7|7te] 5Y Ax £ ¢
Hdet
2. Q%%

gl oF7] (chemostat):= Fig. 13} zro] AX|slgie}
Az wlekr)e] S8k 1,000mLG . AAl =7 bl
kel e 650 mMLZ -§-%| A ZAch WC uj kel (Guillard and
Lorenzen, 1972) &= BG-11 v << (Rippka et al., 1979)

Fig. 1. Chemostat culture system for the growth Kkinetics
of Microcystis aeruginosa. A: Culture vessel (1.0
L), B: PE tank (8 L) for culture medium supply, C
Peristaltic pump, D: Magnetic stirrer, E: Effluent
of chemostat, F: Circular fluorescent lamp, G: Algal
harvest for analysis, H: Gas injector if necessary.
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Table 2. Cell density, cell quota (Q) for chl-a, carbon and nitrogen, residual nutrient concentration (R), cell size at the
different ammonium supply as nitrogen source in the chemostat. Dilution rate is constantly kept as 0.75 day *

and BG-11 media are used.

NH,* Cell density Qchi Qc On CIN RH, Rnos  Reo,  Cell size
(MM)  (x10%cellsmL™  (pgcell™) (pmolcell™™  (pmolcell®)  (atom) (UM) M) (uUM) (um)
30 0.403 0.017 0.48 0.029 16.6 6.0 0.2 - 2.98
40 0.399 0.041 0.66 0.035 18.9 4.3 2.0 - 2.90
60 0.740 0.117 0.51 0.040 12.8 4.5 1.9 - 2.83
80 1.664 0.140 0.55 0.061 9.0 3.1 0.8 90.3 2.95
100 1.794 0.180 0.56 0.071 7.9 6.4 2.3 77.4 3.20
120 1.798 0.140 0.61 0.080 7.6 21.9 1.2 77.4 3.17
500 1.400 0.220 0.93 0.107 8.7 - - - -
3,500 0.995 0.200 0.81 0.093 8.7 - - - -
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Cell density, cell quota (Q) for chl-a, carbon, nitrogen and phosphorus, cell size at the different phosphate supply
as phosphorus source in the chemostat. Dilution rate is constantly kept as 0.75 day *. WC and BG-11 medium
are used in the culture, their nitrogen source are different as KNO3z in WC medium and NaNOs in BG-11

medium.
Medium  FO¢ Cell density Qeni Qe Qc Qn CIN  Cell size
(MM)  (x10%cellsmL™)  (pgcell™) (pmol cell™  (pmolcell™™)  (pmolcell™™)  (atom)  (um)
WC 1 0.403 0.149 0.001 1.00 0.075 13.3 3.60
WC 3 0.758 0.134 0.004 0.77 0.088 8.8 3.30
WwcC 4 0.340 0.211 0.007 0.74 0.084 8.8 3.50
WC 5 0.656 0.163 0.006 0.87 0.093 9.4 2.70
WC 10 0.462 0.244 0.013 0.88 0.112 7.9 2.80
WC 30 0.702 0.261 0.014 0.66 0.093 7.1 2.90
BG-11 2 0.114 0.077 0.002 6.44 0.402 16.0 4,94
BG-11 8 1.130 0.319 0.008 4.21 0.323 13.0 2.56
BG-11 20 1.000 0.306 0.013 2.30 0.239 9.6 3.12
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Fig. 2. Relationship between the cell quota and both NH;* (A) and PO,*"

O O O & N & O
’Lb‘(o‘b@,{}

N O O
$
S Y

NH, " concentration (uUM)

PO,3~ concentration (uM)

Microcystis aeruginosa, in which a dilution rate was kept to be 0.75 day !

7 st22A Qc/Qn &
‘]]ETL_LH chl-a &F Q)2 A Z71slgd L

=
_1_ =7

ﬂ

o{n

POs 5=

= Z7bl] w2 Qv Qpd
7k}, M. aeruginosa®] AJAE Adksl= NH M9 ==
oF 120 pM, PO &= oF 7uM o]stz FAE . o] F

&2 Ak st 2o
Mz A

Ahshe Aol qlsiek

HH, POy w= o]9 HE =

=

9 AZ AR gashe
7S WCSI— BG-11 uj| %]

& FUshech e NH”

o _
71L& A st

A}

(<]

Efj ol A
2 Z/MHE 9 NzdE, Qchl, Qp, Qv
g ¥4, Qc, Qc/Qp, Qc/Qn
e w )t} (Table 3). PO ¢
5 AHEE
A gz 7o) A x%]zt”ﬁ% =7 74k vk PO 27
43’ =7t 71l U]rE]’ A

2319l 0vf NH, 2] 7
A= M= *PHPH“‘;}(FIQ 4)
wjokel W NH.* 2 PO,
Jf == zAEE Fig. 29}

M. aeruginosa 1<l eFol| A] A4 A3}

23
7] S1sted 30pME FF3lem <

#9)

2 Table 48} 7t} 3]
7WZie o
Qcnt, Qp=

shele. ool wel wlH 2R

p—
Aot

efel

23} M. aeruginosa?]

A=

A R}

EXE
A4 x5 30

(B) concentration under chemostat culture of

'

ol2 A =W wijoFl WollA
HZE A 5=z 71AFA "ok
THFY] BFoz ny=x

SRR DR

AR

£ (D)< 0.20~1.10day * H<oA

ME (D) $7t= A&
MEzUzse} Que ghulst £7]~— nojont

=7 Z7HE W, Q

AE% °]

ol Ax 2 AM=ze°] C, N, P, chl-a g
TIYge =
H o=

Y BA%E 7

271 e



124 olgs -

= =2

=dH|

Table 4. Cell density, cell quota (Q) for chl-a, carbon, nitrogen and phosphorus, cell size at the different dilution rate
under chemostat steady-state condition, in which nitrogen is limited as 30 uM nitrate supply. WC medium is

used.

D Cell density Qchi Qc On Qp C/N ratio Cell size
(day™) (x10° cells mL™) (pg cell ™) (pmol cell™) (pmol cell™) (pmol cell™) (atom) (um)
0.20 0.563 0.046 0.55 0.040 0.003 13.8 3.12
0.25 0.430 0.067 0.53 0.044 0.005 12.1 3.20
0.30 0.533 0.070 0.50 0.043 0.005 11.7 3.15
0.35 0.833 0.079 0.49 0.044 0.008 11.2 3.01
0.65 0.833 0.081 0.51 0.050 0.017 10.1 2.96
0.75 0.866 0.091 0.47 0.059 0.021 7.9 3.01
0.90 0.995 0.095 0.36 0.067 0.026 5.3 2.90
1.00 0.776 0.112 0.56 0.076 0.030 7.4 2.83
1.10 0.762 0.126 0.65 0.069 0.029 9.3 2.92
1.2 1.2F’
A ° B ©
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Fig. 3. The growth rate and cell quota of nitrogen in the N-limited chemostat culture of Microcystis aeruginosa, in which

NO;3™ supply is constantly kept as 30 uM. A line is fitted to the Droop equation (A). The relationship between algal

growth rate and cellular N/C ratios (B).

Qc/Qne] B &2 7+481gdth M. aeruginosa2] A EA
<= AMEE A fAst AL (NHLS) 5528 5
TR E A2t sdsk A 1l

A oAl M. aeruginosa?] A& (U=D)Z} Q)
A= Fig. 3A9} o] ZEA = vElyiT) o] Droop
2] (Droop, 1973)¢)| A -85}t

U='m (1—Qo/Qn) 4)

oA7]A Qo AlZEW A4 ke Aoz =74
Aol that HA AT Wne HHAAE |} Droop
Aol A wA 27-2] At Jokde] A= Qoo W F
7HA] el ojste] AAE I Foll wel 1A e 7t
Zleh. M. aeruginosa®] Qo= 0.04 pmol cell "9 37, P'm
11day ‘gt A% w27 Qoot Wmaks LoFshH
Table 52} 2t} M. aeruginosa®] AlzW Ao g
ZF(Qon)> i kot HARAELS U AE 7
Ao Alzrt 295 7tz 37 vjag 7]

S5t Az ShaE AEew Barselch Aok A%
o] QA& A|gksl= 27| A M. aeruginosa®] Qon}
A FEE7ANA Qv 27 6.1pmolmg C' 3 9.5~
12.4 umol mg C™*¢3t}. Ankistrodesmus convolutus 5 &
$2572] Qono| 2.8 umol mg C™* ©]3}¢] 32, M. aeruginosa
= 3.4 pumol mg C 'l 7 (Oh and Rhee, 1991)2 1123}
W 57l Al 2] el kst M. aeruginosa®] M ET A
4 ke vl E9tth M. aeruginosal: A4 FEAF
A= Mz ol As FeFe] 92 A2/ 2o =34
(Oh and Rhee, 1991). w}e}r] A&uljoke] 24 Agkz7]
A A3 v|MzF AAE| Hske] Microcystis F&
2l QnQc Bl o w2 R4 Blustd w2 o=
A 5t} Watanabe and Miyazaki (1996)2] A& 7 3}
&= =% Scenedesmus quadricauda®} FZ Micro-

1=

cystis novacekii®] chemostat wj¢F Z 3}l A M. novace-
kii¢] Qn/Qc ¥]7} S. quadricaudata ¥} wj-$- Zic}. 3t
3, Rhee and Gotham (1980)¢} Oh and Rhee (1991)°] %
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Table 5. Qo and Y'm growth parameters under the nitrate-limited culture. F: freshwater algae, M: marine algae. Qo : pmol

Ncell ™, u'm : day™*

Division Species Qo M Condition Reference
NOsz~ F Microcystis aeruginosa 0.04 1.10 Chemostat This study
M Dunaliella tertiolecta 0.19 1.23 Chemostat Sciandra and Raman (1994)
M Dunaliella tertiolecta 0.09 1.33 Chemostat Goldman and Peavey (1979)
M Chattonella antiqua 7.70 0.74 Semicontinuous Nakamura (1985a)
NHst  F Microcystis novacekii - 0.70 Chemostat Watanabe and Miyazaki (1996)
F Scenedesmus quadricauda 0.08 1.40 Chemostat Watanabe and Miyazaki (1996)
NO2™ F Chlamydomoans reinhardhii 0.12 7.20 Pulsed chemostat  Cunningham (1984)
14 35 1968). 1 % H4 9 ao wlAERe) AT ool
A B FYate Aol ol ol 43w,
© 21 134 NOs , NHa*, POS o] Az AelA Az Jofl e
= 10l las % AA-ES Drooprlez ¥A3gi (Caperon and
o
=) o Meyer, 1972; Fuhs et al., 1972).
Y 8r 132 §
2 3
% 6F 431 E 3. M. aeruginosa®] A4 48
: 3
5 4T 130 A 44 8} (N-limited =X N-starved AFef)ol|A] <l
> = -
E oL 1 ¢FA]Z] M. aeruginosa®] A4 485 6027 NO; 9
Fogm 24T NOs 37k F Alzbel whe wjoe)
O s or o5 o5 1o 12° Wl NOs wxEt Agel obd kst TEAE I3t

Growth rate (day 1)

Fig. 4. The relationship between the growth rate and
cellular chl-a, and the growth rate and cell size in
the N-limited chemostat culture of Microcystis
aeruginosa, in which NOz~ supply is constantly
kept as 30 uM.

ARgh wlell w2 Microcystis H27-2] Ao 3t 3
A NP HE o~1124 S Fhmfel Wkl 1
ko). M. aeruginosa®] A N/PE} Qne Blwet o A
Zu] <l¢] FF Q) Airo AdHoz o we A
oz 279,

Qne] o8 AZ2A QMQc BIE peb B3k
(Fig. 38). QuQc 117k Z7heel weh i Z7heled 24l
A JAA7} 3l A= M. aeruginosa®] AJao] A Agk
A8 oJm|st). Fig. 5B 136l 4] M. aeruginosa2] 7]
12224 po} QnQc H=E FAlA 712717 &

7=

i

e o] Agul ekl mlM| /o] AAE pet A3
oJoFd Y] A== Q8 =B A= vitamin Byol]
3t Monochrysis lutherii Aol A x]-& 8+8]%] o} (Droop,

(Fig. 5A). &, 60 Zo|A] 10% 7+H o2 NOs” F58%

Asbsiel wlopzre] g E4ge AR FA
o £ Aol NOs o) F4& (V)& 0~4% Abe]olA]

AAagR AMESITh

V=—dS/dt - 1/X (5)

1714 S NOs 9] F=, Xt A=EdE=E, Ve ode
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Table 6. Nitrogen uptake parameters of the chemostat culture. Ks: uM, Vi : umol cell - hr ™, *umol dw mg - hr %, **pmol

ug N - hr't. F: freshwater algae, M: marine algae.

S . Culture
Division Species Ks condition Reference
NOs~ F  Microcystis aeruginosa 36~61 0.28~0.35 Chemostat This study
F Oscillatoria agardhii 28~60 0.60~0.80* Chemostat Zevenboom and Mur (1978)
F  Scenedesmus sp. 29~84 0.01~0.02 Chemostat Rhee (1978)
M  Oceanic algal species 0.1~0.7 - Batch Eppley et al. (1969)
M Prorocentrum minimum 0.05~0.31 3.37~5.30 Pulsed chemostat Sciandra(1991)
M Fragilaria pinnata 0.62 Batch Carpenter and Guillard (1971)
M Chattonella antiqua 2.81,3.14 0.91,0.78 Batch Nakamura and Watanabe (1983)
M Dunaliella tertiolecta 0.25 0.04 Chemostat Sciandra and Ramani (1994)
NO,  F Chlamydomonas reinhardhii 50 0.06 Chemostat Cunningham (1984)
NH4s* F  Microcystis novacekii 0.5 0.09+£0.01** Chemostat Watanabe and Miyazaki (1996)
F  Scenedesmus quadricauda 5.0 0.42+0.04** Chemostat Watanabe and Miyazaki (1996)
M Chattonella antiqua 2.194+0.57 2.02+0.20 Batch Nakamura (1985b)
125 4.0
A B
3 __35F
100 !
= 8 = 30
S 8-
g 75f 23 25
E» gg 2.0t A
]
g (‘Dm;l 15F
[ > o i (0]
0.5
0 1 1 1 1 1 O'O 1 1 1 1
0 10 20 30 40 50 60 0 25 50 75 100

Time after NO5~ addition (min)

NO;™ concentration (uM)

Fig. 5. Continuous NO3™ disappearance in the short-term nitrogen uptake experiment (A). Uptake rate of chemostat-
cultured Microcystis aeruginosa against NO3z~ concentration. Two lines represent uptake curves of cells at steady
state growth rate 0.25 day ' (@-e) and 0.75day ' (A-A), respectively (B).
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Fig. 6. Long-term variation of abundance of total phyto-
plankton (solid lines) and cyanobacteria Microcystis
species (gray-shade areas) in the lower parts of the
Naktong River (Gupo Bridge) and the Seonakdong
River (Gimhae Bridge).
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Fig. 7. Coordinate summary to show the seasonal variations of inorganic nutrient concentration - NH,*, PO,%, SiO; - in
the lower parts of the Nakdong River. Sp: Spring, Sm: Summer, At: Autumn, Wn: Winter.
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