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a b s t r a c t

A Microcystis aeruginosa which produced high content of microcystin-LR (MC-LR) but no microcystin-RR
(MC-RR) was isolated from Dianchi Lake in China. In the molecular structure of MC-LR, glutamic acid,
aspartic acid, leucine, alanine and arginine are the constitutional components which are abundant in
natural water. In this paper, effects of six amino acids at their natural concentrations on the growth of the
vailable online 11 April 2008

eywords:
icrocystis aeruginosa
rowth
roduction

M. aeruginosa and the microcystin (MC) production were studied in batch culture. M. aeruginosa could
assimilate alanine, leucine and arginine as sole nitrogen sources for growth and MC production. However,
glutamic acid, aspartic acid and lysine could not be assimilated quickly, although they could pass the cell
membrane and enter into the cell rapidly. Our experiment demonstrated that the possible reason of such
phenomenon was that different amino acids had different effects on the process of metabolism through
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. Introduction

Toxic cyanobacterial algal blooms frequently occur in eutrophic
akes, ponds and reservoirs all over the world [1–3]. It is well known
hat causative cyanobacteria (Microcystis aeruginosa, Anabaena, and
scillatoria) produce microcystins (MCs) or other cyclic hepatotox-

ns [4,5]. Among the toxic cyanobacteria, M. aeruginosa is commonly
bserved in highly eutrophic lakes [6,7]. The MCs produced by M.
eruginosa have been the cause of several poisonings of domes-
ic animals and wildlife around the world, and they also pose a
ealth hazard for humans through the use of water for drinking
nd recreation [3,8].

Certain environmental factors, such as nitrogen, phosphorus,
H and temperature, seem to affect the production of MCs and
xtensively to be studied in both batch and continuous cultures
9–12]. It is well known that nitrogen is not only a main nutrient
or cyanobacterial growth but also a key element in the molecular
f MCs. Therefore, many scientists have focused on the effects of
itrogen, especially dissolved inorganic forms of nitrogen (DIN) on

Cs production using the M. aeruginosa species [11,13–16].
In summer-temperature waters, DIN has declined to minima

hile dissolved organic nitrogen (DON) rise to a maximum [17].
change in the nutrient regime may enable M. aeruginosa capa-
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within the cells.
© 2008 Elsevier B.V. All rights reserved.

le of utilizing organic forms of nitrogen to become dominant [18].
ariable nitrogenous forms are in eutrophic water; however, one
f the most available forms of DON are dissolved free amino acids
DFAAs), such as alanine, arginine, leucine, lysine, glutamic acid,
spartic acid and so on. It is possible that when nitrogen-deprived,
. aeruginosa may also develop the ability to take up DFAAs and uti-

ize them to synthesize the MCs [19]. However, comparative studies
n MCs production by M. aeruginosa have been limited to investi-
ate the effects of inorganic nitrogen. The role of dissolved organic
itrogen (DON) has not been paid much attention.

Microcystins, a family of hepatotoxins produced by M. aerug-
nosa, are monocyclic heptapeptides constituted by five constant
nd two variable amino acids. When the variable amino acids are
eucine and arginine, the MC is indicated as microcystin-LR (MC-
R) [20]. As we all known, the molecular structure contains alanine,
eucine, arginine, glutamic acid and aspartic acid as the consti-
utional components. These amino acids are the most abundant
ompounds in natural water [21,22]. Therefore, they may be respon-
ible for the growth and toxin production of M. aeruginosa.

Xu and Zeng [23] pointed out that M. aeruginosa could take
p amino acids and utilize them to synthesize protein. Yan et al.
19] used leucine and arginine as nitrogen source which described
eucine and arginine both inhibited the MC production, although
eucine slightly promoted the growth; however, in such growth

xperiments nitrogenous compounds are usually 1000× more con-
entrated than in natural waters (mM rather than �M). The ability
f M. aeruginosa to use amino acids as nitrogen sources at high
oncentrations does not necessarily provide any insight into their
otential significance at low concentrations. Moreover, they could

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jhqu@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2008.04.015
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ot explain the reason of different response with different amino
cids further. In the present study, the aims were to investigate the
bility of M. aeruginosa to utilize DFAAs as nitrogen sources at natu-
al concentrations, and to determine whether DFAAs can influence
ts growth and MC production in axenic culture.

. Materials and methods

.1. M. aeruginosa and cultures

An axenic strain of M. aeruginosa which was isolated from
ianchi Lake in China was obtained from Institute of Hydrobi-
logy, Chinese Academy of Science. The M. aeruginosa produced
icrocystin-LR (MC-LR) only [24].
M. aeruginosa was maintained in BG11 medium. Initial pH of

he medium was adjusted to 8.5 using 1.0 mol/L hydrochloric acid
nd sodium hydroxide solutions. The medium and all experimen-
al utensils were kept at 121 ◦C for 30 min in order to sterilize the
acteria. Cultures in exponential phase were concentrated by cen-
rifugation and washed three times with sterile distilled water and
hen inoculated in the same growth medium, but without a nitro-
en source for a week to exhaust the nitrogen in the cells. The M.
eruginosa were then added to a series of 2.5 L flat-bottomed bottles
hich contained 2 L medium and supplemented with 100 �mol/L

f nitrogen of one of the following: glutamic acid, aspartic acid,
eucine, alanine, lysine and arginine. Control bottles were incubated

ith the same algal inoculums in NO3–N medium.
All samples were run in triplicate bottles at 26 ◦C and a light

ntensity of 400–650 lx with a 12 h photoperiod. Subsamples were
aken through sterilized tube at predetermined intervals after inoc-
lation to count the cell number, extract the MC and amino acids

n cells during the incubation period.

.2. Measurement of cell number

After straining with Lugol’s Iodine solution, the population of
. aeruginosa cells was twice counted under a microscope using a

emocytometer. Cell counts were performed to a minimum preci-
ion of 20%, or the third cell count was needed. At the same time,
he medium was inspected to certify whether M. aeruginosa was
ontaminated by extraneous bacterium.

.3. Determination of MC within the cells

50 mL cyanobacterial culture solution was taken at 12 h, 24 h,
8 h, 96 h, 120 h, 180 h and 240 h after inoculation. The samples
ere centrifuged at 8000 rpm for 10 min and then the supernatant
as discarded. The cell pellet was frozen under −20 ◦C over 24 h.
0 mL 50% methanol–water solution was added to the cell pellet
o extract MC within cyanobacterial cells. The extraction solution
as disrupted using Ultrasonic Cell Disruptor (JY92-2D, SCIENTZ,
hina) for 30 min and then was put in boiling water for 20 min to
xtract MC. The solution was centrifuged at 8000 rpm for 10 min
nd the supernatant was filtered through 0.22 �m membranes. The
ltration was enriched to 1 mL by mild nitrogen gas with Nitro-
en Evaporator (KL512, Kanglin Co., China) and measured for MC
n HPLC. The MC content was calculated from the ratio between
he concentration of MC in the extraction solution (�g/L) and the
ry weight in the subsamples (mg/mL). The data presented here
as the average values of three parallel samples with the standard

eviation.

Standard microcystin-RR (MC-RR) and microcystin-LR (MC-LR)
ought from sigma (98% purity) and samples of MC-RR and MC-LR
ere analyzed by HPLC (Hitachi L-2000) with a reverse ZOR-
AX SB-C18 column (4.6 mm × 250 mm, Agilent Co., USA) and a

b
a
b
a
(
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iode Array Detector at 238 nm. The mobile phase was 35% (v/v)
cetonitrile–water solution containing 0.05% (v/v) of frozen acetic
cid. The flow rate was 1.0 mL/min and the injection amount was
0 �L.

.4. Determination of amino acids within the cells and in the
ulture

The contents of amino acids in culture and uptake rates were
easured at 12 h, 24 h, 48 h and 96 h during growth on batch cul-

ure. For each measurement, 10 mL cultures were harvested to
entrifuge the cells. The concentration of amino acids was analyzed
n the supernatant. Uptake rates were computed from the decrease
er hours in the supernatant samples, and are presented as V (nitro-
en taken up h−1 cell−1):V = �mol Ni−�mol Nf

l×m where Ni and Nf were
he initial and final concentration of amino acids, respectively, l was
he interval time, and m was the number of M. aeruginosa cells.

Intracellular amino acids were extracted as following procedure.
t 48 h, 100 mL cyanobacterial culture solution was centrifuged
t 8000 rpm for 10 min and then the supernatant was discarded.
fter adding some distilled water to resuspend the pellets, the solu-

ion was centrifuged and the supernatant was also discarded. This
pproach was repeated for three times in order to rinse the amino
cids out of the pellets. 2 mL 0.1 mol/L hydrochloric acid was added
nto the pellets and the solution was disrupted using Ultrasonic Cell
isruptor (JY92-2D, SCIENTZ, China) for 30 min to extract the amino
cids. After that, the solution was centrifuged for 10 min. The super-
atant was poured into centrifugal tube. This process was repeated
wo times and all the supernatant were mixed in the centrifugal
ube. Following that, 1 mL 9% 5-sulfosalicylic acid dihydrate was
dded into the centrifugal tube to deposit the protein (in ice-jar
or 30 min), and then the solution was centrifuged at 8000 rpm for
0 min in 4 ◦C. At last, the supernatant was put into the centrifugal
ube with scale and was diluted to 10 mL with 0.1 mol/L hydrochlo-
ic acid. The amino acids were measured with amino acid analyzer
SYKAM, Germany).

. Results

.1. Effects of DFAAs on the growth of M. aeruginosa

In summer, when DIN was exhaust, M. aeruginosa might assim-
late DFAAs to support their growth. As shown in Fig. 1, different
mino acids had different effects on the growth of M. aeruginosa.
t was shown that M. aeruginosa could grow well in the medium
ontaining alanine, arginine, and leucine, respectively, and could
ot grow in lysine (Fig. 1(b)). However, at the presence of glutamic
cid and aspartic acid, M. aeruginosa grew faster than that of other
mino acid until 96 h and then became yellow soon. Fig. 1 indi-
ated that the growth of M. aeruginosa in the medium containing
rginine, leucine and alanine reached exponential phases at the
20 h and late-exponential phases at the 240 h and their growth
as a typical example of batch culture growth. Cells of Microcystis

reugniosa grown on alanine, arginine and leucine attained maxi-
um numbers of 15.78 × 106, 13.84 × 106 and 13.18 × 106 cells/mL,

espectively. Correspondingly at the presence of aspartic acid and
lutamic acid the maximum cell numbers was up to 10.9 × 106,
.45 × 106 cells/mL at 96 h, respectively, and exceeded the cell num-

er of alanine at the same time (Fig. 1). However, the growth ceased
fter 96 h and the appearance of culture became yellow and tur-
id. Lysine in the medium could not sustain the growth of M.
eruginosa at all and the biomass was lower than that of blank
Fig. 1(b)).
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ig. 1. Effects of amino acids on the growth and the production of MC-LR of Micro-
ystis aeruginosa. (a) Alanine, leucine and glutamic acid; (b) Arginine, aspartic acid
nd lysine.

.2. Effects of DFAAs on the production of MC

The above study demonstrated that M. aeruginosa could take
p alanine, leucine and arginine, and could not absorb glutamic
cid, aspartic acid and lysine. However, whether those amino acids
ould promote microcystins production was more important. Fig. 1
howed the microcystin content with different amino acids as
itrogen source. It was noticeable that the MC content at the
resence of alanine, arginine and leucine gradually enhanced and
btained the maximum at 192 h from late-lag phase to exponential
hases; moreover, the MC content declined at the late-exponential
hases as shown in Fig. 1(a) and (b). These results agreed with lit-
ratures [14,15,19]. Fig. 1(a) and (b) also showed alanine promoted
igher production of MC-LR than that of arginine and leucine. The
aximum content of MC-LR in alanine could reach 0.199 mg/g dry
eight at 192 h. The MC production of leucine and arginine ranked

he second and the third places with 0.171 mg/g dry weight and

.173 mg/g dry weight at 192 h, respectively.

As shown in Fig. 1, glutamic acid and aspartic acid, which hugely
romoted the growth of M. aeruginosa at the beginning of incuba-
ion, did not promote the production of MC-LR. Their maximum MC
roduction was 0.064 and 0.0682 mg/g dry weight at 12 h, respec-

g
i
t
u
r

ig. 2. The graph of M. aeruginosa assimilation amino acid in axenic culture. (a) The
oncentration of amino acids in medium at different time; (b) the uptake rates of
mino acids at 12 h.

ively, and less than that of blank (0.105 mg/g dry weight). The
edium containing lysine did not increase the growth and the pro-

uction of MC-LR (Fig. 1(b)). Its MC production was always lower
han that of blank in the whole batch experiments.

.3. Uptake of amino acids of M. aeruginosa

In order to know whether those amino acids were utilized and
hich amino acids were assimilated quickly, the concentrations of

mino acids in cultures were studied. Fig. 2(a) showed the con-
entration of amino acids in the cultures at 12 h, 24 h and 48 h
nd Fig. 2(b) was the uptake rates at 12 h in axenic cultures. The
bility of M. aeruginosa to accumulate different amino acids from
ow concentrations was different. When cells were transferred to

rowth medium, they took up the amino acids in the medium
mmediately. M. aeruginosa showed very rapid uptake of aspar-
ic acid and glutamic acid, while alanine and leucine were taken
p slowly as shown in Fig. 2(a). During the first 12 h, the uptake
ates of M. aeruginosa at the presence of aspartic acid and glutamic
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ig. 3. The contents of intracellular dissolved free amino acids with different amino
cids as nitrogen source at 48 h in axenic culture.

cid were up to 2.10 and 2.01 pmol N cell−1 h−1, respectively. The
ptake rates at the presence of lysine and arginine were 0.93 and
.37 pmol N cell−1 h−1, respectively. The uptake rates of M. aerug-
nosa with alanine and leucine as nitrogen source were lower. At
4 h, glutamic acid, arginine and aspartic acid all disappeared from
he medium. However, until 48 h, alanine, lysine and leucine did
ot disappear.

.4. Intracellular dissolved free amino acids in the cells

Fig. 3(a) and (b) showed that the intracellular dissolved free
mino acids in cells with sodium nitrate, alaine, leucine, arginine,
lutamic acid, aspartic acid and lysine. Fig. 3 demonstrated that in
he normal cells of M. aeruginosa glutamic acid and aspartic acid are
he most abundant dissolved free amino acids, especially the glu-

amic acid. Its concentration is up to about 1.44 �g/g. When gutamic
cid or aspartic acid was used as nitrogen source, dissolved free
lutamic acid or aspartic acid within the cells were largely accu-
ulated and their concentrations were higher than that of normal

ells (NO3–N as nitrogen source). Fig. 3(b) also showed that the con-

a
a
d
t
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entrations of dissolved free lysine and histidine in cells were much
igher, while the concentrations of glutamic acid and aspartic acid
ere lower than that of normal cells.

.5. SEM images

The SEM images of M. aeruginosa in the presence of alanine,
lutamic acid and lysine were shown in the Fig. 4(a), (b) and (c),
espectively. It is obvious that normal cells (Fig. 4(a)) are round
nd plump and have a spherical shape with a smooth exterior. In
omparing with the normal M. aeruginosa cells, the cells in the pres-
nce of glutamic acid or aspartic acid had some changes. The cells
ere distorted from their normal spherical shape and appeared
attened. Moreover, some of cells were cracked and their inclu-
ion leaked out. At the presence of lysine, most of the cells cracked
everely and much inclusion was released.

The MC-LR content in glutamic acid, lysine and aspartic acid
ulture medium was measured, but it was under the detection limit.

. Discussion

Our results clearly demonstrated that alanine, leucine and argi-
ine could be used as sole nitrogen source to support the growth of
. aeruginosa and promote the MC production. M. aeruginosa could

ot utilize amino-N of glutamic acid, aspartic acid and lysine to sup-
ort the natural and sustaining growth, even though it can take up
hose dissolved free amino acids rapidly. Especially, M. aeruginosa
bsolutely failed to grow on lysine. Therefore, glutamic acid, aspar-
ic acid and lysine could not stimulate M. aeruginosa to produce

C.
Dissolved free amino acids could provide an additional source

f nitrogen for the growth of microalgae [17]. In the present study,
t is interesting to find that different amino acids have differ-
nt effects on the algal growth and MC production. Ahluwalia
25] described that growth inhibition caused by amino acids
ould be due to the feedback inhibition of biosynthetic enzymes.
ifferent responses of some amino acids are also attributed to
hanges in permeability and uptake process [25]. In this exper-
ment, the axenic culture was required to ensure that amino-N
s being used directly by the M. aeruginosa rather than via bac-
erial regeneration of ammonium. No extraneous bacterium was
bserved during all the culture period. The uptake processes of
icroalgae were reported in many studies. Amphidinium spp. has

hown to assimilate amino-N by the use of cell-surface amino
xidase activity [26]. Chlorella was reported to possess both gen-
ral and specific amino acid transport system [27]. The uptake
f amino acid in M. aeruginosa may be by the special transport
ystem, the amino oxidase or other unknown process. The rea-
ons of different amino acids having different effects on the algal
nd MC production may be that different amino acids had differ-
nt responses to normal physiological metabolism, biosynthetic
nzymes, uptake process and so on. We discussed the reason
rom the aspect of normal physiological metabolism through the
ntracellular dissolved amino acids and the exterior shape (SEM
mages).

Turner [28] reported that algae could directly take up amino acid
rom medium if the algae just needed the amino acid. With respect
o our experiments, as shown in Figs. 2 and 3(a), it is apparent that
. aeruginosa could take up alanine, leucine and arginine and then
ssimilate them rapidly and directly. When alanine, leucine and
rginine were as sole nitrogen source in the medium, M. aeruginosa
ecompounded these amino acids by decarboxylation, deamina-
ion or transamination to absorb them and had them support its
rowth. During these processes, M. aeruginosa could assimilate this
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Fig. 4. The SEM images of M. aeruginosa at the presence of different am

mino-N which was similar with the normal process. It is clearly
vident from the data of Fig. 3(a).

The SEM image, as shown in Fig. 4(a), demonstrated that cells
f M. aeruginosa in presence of alanine were round and plump as
he normal cells. Fig. 3(a) clarified the kinds and concentrations of
ntracellular dissolved free amino acids in the cells with alanine,
eucine and arginine as nitrogen source were similar with that of
ormal cells (NaNO3 as nitrogen source). This result agreed with
ig. 4(a) and they both showed that extra alanine, leucine, argi-
ine in the growth culture could support the normal physiological
etabolism.
Alanine, leucine and arginine are the constitutional components

n the molecular structures of MC and promoted MC production and

rowth. It is possible that these amino acids were directly utilized
o synthesize MC-LR or participated in the process of MC synthesis.
f these amino acids exist in natural water, they may stimulate the
ater bloom of M. aeruginosa and give rise to the MC production.

an et al. [19] described that leucine and arginine all inhibited the

o
a
A
s
m

ids. (a) alanine (5000×); (b) glutamic acid (5000×); (c) lysine (5000×).

C production, although leucine slightly promoted the growth. The
ifferent concentration of amino acid which we used (100 �M) and
an (mM rather than �M) used may lead to the conflicting result.

As shown in Fig. 3(a), it demonstrated that in the normal cell of
. aeruginosa glutamic acid and aspartic acid are the most abun-

ant dissolved free amino acids, especially the glutamic acid. This
henomenon may testify that the theory that synthesis of other
mino acids is through the activities of glutamic acid and aspartic
cid [29].

During the metabolism of amino acid, glutamic acid and aspartic
cid are important to nitrogen assimilation, excretion and transfer.
itrogen is transferred from glutamate and aspartate via transam-

nation to valine, isoleucine, leucine, tyrosine, phenylalanine and

ther amino acids [29]. When glutamic acid or aspartic acid is used
s sole nitrogen source, no nitrogen is needed to be transferred.
lthough glutamic acid or aspartic acid could entered the cells as
hown in Fig. 2, they could not be assimilated and could accu-
ulate in the cells. Fig. 3(b) showed dissolved free glutamic acid
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r aspartic acid within the cells were largely accumulated when
sing glutamic acid or aspartic acid as nitrogen source and their
oncentrations were higher than that of normal cells (NO3–N as
itrogen source). This accumulation interfered with the normal
hysiological metabolism of the M. aeruginosa; therefore, glutamic
cid and aspartic acid in the medium made the M. aeruginosa grow
ery rapidly and soon become yellow. This result was testified by
ig. 4(b). The cells were intimidated by glutamic acid or aspartic
cid and were distorted from their normal spherical shape and
ppeared flattened; moreover, some of cells were cracked and the
nclusion leaked out. Glutamic acid or aspartic acid disordered the
ormal metabolism and also the pathway of MC synthesis. There-

ore, the MC production was low.
As shown in Fig. 2, lysine could be taken up rapidly, but it could

ot support the growth of M. aeruginosa and did not promote the
C production. Fig. 3(b) testified that the concentration of dis-

olved free lysine and histidine in cells was much higher than that
f normal cells. Lysine entered the cells of M. aeruginosa quickly, but
t could not be decomposed and utilized effectively. Lysine in the
ells inhibited the normal transmission of amino acids and other
etabolism.
Fig. 4(c) showed most of the cells cracked severely and much

nclusion was released. Lysine may be responsible for causing
evere damage to the cell wall in M. aeruginosa and it further
nhibited new cell wall synthesis, enzymatics, reactions, or pho-
osynthesis. The lack of membrane bound organelles may allow for
greater and more rapid disruption of photosynthesis. Therefore,
. aeruginosa stopped growth at the presence of lysine and stopped

o produce MC also.
Hehmann et al. [30] reported that lysine was used to control

he water bloom containing M. aeruginosa. M. aeruginosa could be
nhibited by lysine at concentration between 0.6 and 5.0 mg/L. In a
imilar report, Yamamoto et al. [31] also described that cell walls
f M. aeruginosa disappeared after lysine treatment. Our results are
onsistent with them.

In theory, any nitrogenous compound which passes the plasma
embrane and enters a biochemical pathway could be considered

o be a nitrogen source. However, the processes of entering the cell
nd of incorporation must proceed rapidly if they are to contribute
ignificantly to growth. For several amino acids tested in this paper
s nitrogen sources for M. aeruginosa, they were all taken up rapidly,
ut not all of them could be assimilated and supported the growth
nd MC production. Alanine, leucine and arginine did not disrupt
he natural metabolism and could be assimilated quickly. They are
ood nitrogen sources for M. aeruginosa. Therefore, they can stim-
late the water bloom with high content of MC. Glutamic acid,
spartic acid and lysine seriously disordered the normal physio-
ogical metabolism of M. aeruginosa and could not promote water
loom and MC production.

These data reported here constitute a basis for investigation into
he metabolites that correlate with increased MC production rates
nd suggest that amino acid assimilation precursors or products
ay be involved in regulation of MC production. Such information
ight shed light on the mature of mechanism of up-modulation

f MC and the amino acid that play a role in this mechanism. In
he present study, individual amino acids were used in medium as
itrogen source. Amino acids supplied together on the growth and
C production will be further studied.
. Conclusions

This paper studied the effects of six amino acids at their natural
oncentrations on the growth of the M. aeruginosa and the micro-
ystin production in batch culture. M. aeruginosa could assimilate

[

[

aterials 161 (2009) 730–736 735

lanine, leucine and arginine as sole nitrogen sources for growth
nd MC-LR production. However, glutamic acid, aspartic acid and
ysine could not be assimilated quickly, although they could pass
he cell membrane and enter the cell rapidly. Alanine promoted
he growth of M. aeruginosa and the production of MC-LR than
hat of arginine and leucine. Leucine could produce more MC than
hat of arginine although its biomass was less. Arginine was bene-
cial for the growth of M. aeruginosa while not for MC production.

n the presence of glutamic acid and aspartic acid, M. aeruginosa
rew quickly and became yellow and died after 96 h. Therefore,
lutamic acid and aspartic acid did not promote the MC-LR pro-
uction. Lysine did not support the growth and MC-LR production.
ur experiment demonstrated that the possible reason of such phe-
omenon was that different amino acids had different effects on
he process of metabolism through the free dissolved amino acids
ithin the cells.
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