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Abstract: The effects and possible mechanisms of action of L-
phenylalanine on the growth of Microcystis aeruginosa cells were
explored by cell counting and flow cytometry assays. L-
phenylalanine promoted the growth of Microcystis aeruginosa at
concentrations between 0. 078 and 0. 312 pg/mL, but inhibited
growth at concentrations between 0. 625 and 20 pg/mL in 24 h
exposure. The dose-effect and time-course relationships between
exposure to L-phenylalanine and growth inhibition of Microcystis
aeruginosa were observed. The IC,, value of L-phenylalanine for
growth inhibition of Microcystis aeruginosa was 6. 2 pg/mL
(95% confidence interval was 0. 005 to 16. 76 pwg/mL). The
membrane integrity of the cells showed significant variations after
24 h exposure to L-phenylalanine. Meanwhile, no effects on
esterase activity of the cells were observed until after 48 h
exposure to L-phenylalanine. In conclusion, L-phenylalanine has
hormesis effects and algae control effects on Microcystis
aeruginosa. The latter is closely related to alterations or disorders
in the cell membrane and with variation of esterase activity in the
cells.
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looms of cyanobacteria ( blue-green algae) are wide-
B spread in freshwater lakes and reservoirs throughout the
world, especially during the summer. Algal blooms produce
many toxic substances''. Toxic blooms are known to cause
major problems in water supplies, resulting in growing pub-
lic health concerns'™. A number of restoration technologies
have been applied to control blooms of Microcystis species
and other cyanobacteria'”’. Algicidal bacteria are an impor-
tant part of the structure and function of an aquatic biologi-
cal ecosystem and play a very important role in maintaining
the balance of the algal biomass'. In recent years, it has
been suggested that the sudden disappearance of water
blooms may be related to bacterial infection”'. Therefore,
algicidal bacteria and their algae-lysing bioactive substances
have attracted increasing attention as a biological means to
prevent and treat algal blooms'*”".
A native algicidal bacterium from Taihu Lake with activi-
ty against Microcystis aeruginosa was found in our previous
study. The strain was tentatively identified as Aeromonas
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punctata based on its physiology, biochemical reactions,
and 16S rDNA sequence. The bacterium lyses algal cells by
producing extracellular bioactive substances, one of which
was determined to be L-phenylalanine by LC/MS-IT-
TOF™ . The purpose of the present work is to explore the
characteristics and possible mechanisms of L-phenylalanine-
mediated inhibition of the growth of Microcystis aerugino-
sa.

1 Materials and Methods
1.1 Algal cultures

Microcystis aeruginosa was purchased from the Freshwa-
ter Algal Culture Collection of the Institute of Hydrobiolo-
gy, China. Microcystis aeruginosa was cultured in the BG-
11 medium'. The algal cells were maintained as unialgal
axenic cultures at 28 ‘C and a pH of 7.2, with illumination
at 150 wmol photons per m” per s under a 12-h light/12-h
dark (12L/12D) regimen.

1.2 Effect of L-phenylalanine on the growth of Micro-
cystis aeruginosa

For the detection of growth inhibition by L-phenylala-
nine, algal cells in the logarithmic growth phase (3 x 10°
cells/mL) were inoculated in the BG-11 medium. The stock
solution of L-phenylalanine at 400 pg/mL was used to make
serial twofold dilutions in the BG-11 medium. The final
concentrations of L-phenylalanine in the algal cultures were
0.078 to 20 pg/mL. After 24, 48, and 72 h, the number
of algal cells was counted using a hemacytometer at a mag-
nification of 400 x . Three replicate cultures were used for
every L-phenylalanine concentration.

1.3 Influence factors to the growth of Microcystis aerugi-
nosa

Algal cells in the logarithmic growth phase (3 x 10° cells/
mL) were inoculated in the BG-11 medium and were ex-
posed to L-phenylalanine at the concentration of 10 pwg/mL.
The experimental variables included culture temperatures
(4, 28, or37 C), pH values of the medium (pH was ad-
justed to 5, 7, or 9 by 0. 1 mol/L HCI or 0. 1 mol/L
NaOH) and culture illumination conditions ( light-only,
12L/12D, or dark-only).

1.4 Membrane integrity and esterase activity of Micro-
cystis aeruginosa

Algal cells in the logarithmic growth phase (3 x 10° cells/
mL) were inoculated in the BG-11 medium and were ex-
posed to different concentrations of L-phenylalanine (0,
0.625, 1.25, 2.5, 5, 10, or 20 wg/mL). After 2, 24,
and 48 h, membrane integrity and esterase activity were de-
termined simultaneously using a FACSCalibur Flow Cytom-
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eter (Becton Dickinson, USA) equipped with a xenon-ion
excitation lamp (488 nm). The fluorescence of cells stained
with propidium iodide (PI) was measured to assess changes
in the membrane integrity of cells exposed to L-phenylala-
nine. Esterase activity was interpreted as the mean rate of
fluorescein diacetate (FDA) conversion to fluorescein, ex-
pressed as the mean fluorescein fluorescence. The flow cy-
tometer assay provided fluorescence data for individual
cells, so frequency histograms of these data were used to
define esterase activity states. Stock solutions of PI ( dis-
solved in double distilled water) and FDA (dissolved in ace-
tone) were prepared at concentrations of 100 pmol/L and
1 mmol/L, respectively, and were stored at 4 and —20 T,
respectively. For each algal culture sample, 600 pL of algal
culture was placed in a polystyrene tube with either 10 L
of PI stock solution or 20 uL of FDA stock solution. The
samples were incubated at room temperature for 8 min for
the PI assay and 15 min for the FDA assay.

1.5 Statistical analysis

L-phenylalanine inhibition effects were expressed as an
IC,, value. The IC,, value and 95% confidence interval
were calculated using SPSS 13.0. After testing the data for
normality and homogeneity of variance, single-factor analy-
sis of variance (one-way ANOVA) was used to determine
which treatments (PI or FDA) differed significantly from
the control at a level of significance of 0. 05.

2 Results

2.1 Effect of L-phenylalanine on growth of Microcystis
aeruginosa

The growth of Microcystis aeruginosa was promoted by
L-phenylalanine at concentrations between 0. 078 and 0.312
pg/mL, whereas L-phenylalanine inhibited the growth of
Microcystis aeruginosa at concentrations between 0. 625 and
20 wg/mL in 24 h cultures (see Fig. 1). The lowest effec-
tive concentration to inhibit the growth of Microcystis aerug-
inosa was 0. 625 pg/mL. At 20 wg/mL, L-phenylalanine
inhibited almost 70% of the cell growth of Microcystis
aeruginosa during a 24 h exposure. Therefore, Microcystis
aeruginosa responded to L-phenylalanine in a dose-depend-
ent manner (r =0.99, P <0.01). The IC,, value of L-
phenylalanine for growth inhibition of Microcystis aerugino-
sa in 24 h cultures was 6.2 pg/mL (95% confidence inter-
val was 0. 005 to 16. 76 pwg/mL). It can therefore be as-
sumed that L-phenylalanine had both hormesis effects and
algal control effects on Microcystis aeruginosa.
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Fig.1 Effects of various concentrations of L-phenylalanine on
growth of Microcystis aeruginosa

2.2 Factors influencing the growth of Microcystis aerug-
inosa

The effects of culture temperatures, pH values of the me-
dium, and culture illumination conditions on the growth of
Microcystis aeruginosa exposed to L-phenylalanine at 10
wg/mL are shown in Fig.2. The optimal parameters are as
follows: culture temperature is at 37 C, the medium is at a
pH of 5, and the culture illumination condition is 12-h
light/12-h dark.
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Fig.2 Effects of various factors on the growth of Microcystis
aeruginosa cultures containing L-phenylalanine at 10 pg/mL. (a)
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2.3 Effect of L-phenylalanine on the membrane integri-
ty of Microcystis aeruginosa

The effect of L-phenylalanine on membrane integrity was
measured after 2, 24, and 48 h exposure using PI fluores-
cence detection by flow cytometry (see Fig.3). The “ *”
indicates a significant (P <0.05) difference from the con-
trol. At various concentrations of L-phenylalanine, the per-
centage of the fluorescent cells of Microcystis aeruginosa,
as measured by PI staining, did not show statistically signif-
icant variation (P >0.05) relative to the control after 2 h
exposure. In other words, short exposure to L-phenylala-
nine (2 h) had no effects on membrane integrity. However,
after 24 h and 48 h exposure, cells exposed to L-phenylala-
nine at concentrations between 1.25 and 20 wg/mL showed
statistically significant increases (P < 0. 05), although the
intensity of orange fluorescence decreased after 48 h expo-
sure.
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Fig.3 Membrane integrity of Microcystis aeruginosa after expo-
sure to L-phenylalanine

2.4 Effect of L-phenylalanine on esterase activity of Mi-
crocystis aeruginosa

The esterase activity as an acute toxicity endpoint was as-
sessed over 2 to 48 h exposure to L-phenylalanine (see Fig.
4). At the concentrations of L-phenylalanine tested in this
paper, no effects on the esterase activity of Microcystis
aeruginosa cells were observed after 2 or 24 h exposure
compared to the control (P >0.05). Nevertheless, esterase
activity was significantly suppressed after 48 h exposure to
L-phenylalanine at five of the six concentrations tested.
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Fig.4 Esterase activity of Microcystis aeruginosa after exposure
to L-phenylalanine

3 Discussion and Conclusion

Algicidal bacteria, as a more economical and environ-
ment-friendly solution to controlling algal blooms, are be-
coming a hot topic of research. Recent studies investigated
whether diverse microorganisms were vulnerable to the
growth-inhibitory effects of exogenous metabolites such as
amino acids, even though the endogenous synthesis of the
metabolites was obligatory for growth!"”. It was reported
that lysine could inhibit the growth of Microcystis aerugino-
sa significantly at a concentration of 5 pg/mL'"", and ala-
nine, leucine, and arginine could be used as the sole nitro-
gen source to support the growth of Microcystis aerugino-
sa?.

The results obtained in our research revealed that L-phen-
ylalanine, one of the algal control compounds extracted
from the native algicidal Aeromonas punctata from Taihu
Lake, displayed a potent ability to inhibit the growth of Mi-
crocystis aeruginosa. The lowest effective concentration of
L-phenylalanine for inhibition of Microcystis aeruginosa was
0.625 pg/mL, which was much lower than that for ly-
sine'"!. Furthermore, L-phenylalanine might have hormesis
effects on the growth of Microcystis aeruginosa because it
promoted growth at lower concentrations and inhibited
growth at higher concentrations. Hence, it would be inter-

esting to know how L-phenylalanine affects the growth of
the cells. This study applied flow cytometry to investigate
the possible effects of L-phenylalanine on the membrane in-
tegrity and esterase activity of Microcystis aeruginosa cells.
The algal cells exposed to L-phenylalanine showed increased
injury (i. e. reduced membrane integrity) under flow cy-
tometry observation, but no variation in cell esterase activity
after 24 h exposure. However, decreased esterase activity in
cells was found after 48 h exposure. It was presumed that
the growth inhibition of Microcystis aeruginosa by L-phen-
ylalanine was caused by dissolution of the algal cell mem-
branes, which is the same as that for L-lysine“‘”.

In conclusion, L-phenylalanine has hormesis effects and
algal control effects on the growth of Microcystis aerugino-
sa. It can efficiently inhibit the growth of Microcystis
aeruginosa by disrupting the cell membrane integrity and the
esterase activity in the cells. These findings are helpful in
the application of algicidal bacteria and L-phenylalanine to
control cyanobacterial blooms in lakes and reservoirs.
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