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HIGHLIGHTS

® Stable and eco-environmental algicidal extracts were used to HABs-control.

o Algicidal extracts induced cell-death and nuclear damage in Alexandrium tamarense.
® Algicidal process and nuclear damage were confirmed by TEM and CLSM.

® The transcription of rbcS, hsp and PCNA genes were influenced by algicidal extracts.
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Toxicity of algicidal extracts from Mangrovimonas yunxiaonensis strain LYO1 on Alexandrium tamarense
were measured through studying the algicidal procedure, nuclear damage and transcription of related
genes. Medium components were optimized to improve algicidal activity, and characteristics of algicidal
extracts were determined. Transmission electron microscope analysis revealed that the cell structure
was broken. Cell membrane integrity destruction and nuclear structure degradation were monitored
using confocal laser scanning microscope, and the rbcS, hsp and proliferating cell nuclear antigen (PCNA)
gene expressions were studied. Results showed that 1.0% tryptone, 0.4% glucose and 0.8% MgCl, were
the optimal nutrient sources. The algicidal extracts were heat and pH stable, non-protein and less than
1KkD. Cell membrane and nuclear structure integrity were lost, and the transcription of the rbcS and
PCNA genes were significantly inhibited and there was up-regulation of hsp gene expression during the
exposure procedure. The algicidal extracts destroyed the cell membrane and nuclear structure integrity,
inhibited related gene expression and, eventually, lead to the inhibition of algal growth. All the results
may elaborate firstly the cell death process and nuclear damage in A. tamarense which was induced by
algicidal extracts, and the algicidal extracts could be potentially used as bacterial control of HABs in
future.
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1. Introduction

Harmful algal blooms (HABs) caused by rapid propagation of
algae cells under certain conditions, pose a great threat to aquatic
environment and human health [ 1-3]. In recent years, HABs break-
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out frequently with increasing pollution deterioration and climate
change [4], and have brought about huge economic losses [5,6] and
ecological damage [7,8]. Harmful algae often produce toxins to the
environment, and the toxic products jeopardize marine organisms
and destroy marine ecosystem balance [9,10], also endangering the
safety of human life through the food chain [11,12]. Alexandrium
tamarense is a marine toxic dinoflagellate which causes paralytic
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shellfish poisoning (PSP) of both shellfish and fish [13-15]. PSP
is one of the most widely distributed and damaging HAB toxins
[16-18] and, because of its huge impacts on marine fisheries and
people’s health, it has become a research hotspot [19-21].

To control HABs and relieve the damage, many methods have
been proposed to regulate algal bloom development [22-25].
Among the factors that regulate HAB dynamics, algal-bacterial
interactions are increasingly cited as potential regulators [26], and
this has led to the suggestion that algicidal bacteria may play a
major role in regulating HAB dynamics [27-30]. Bacteria can have
an effect on the cell membrane [31], chloroplasts [32] and the
nucleus [33] and thus inhibit algal growth. Bacteria can contact
with the algal cell wall, and break the cell membrane, this algici-
dal effect is direct [34]. The other algicidal effect is indirect, since
without contact with the algal cells, bacteria can produce an algici-
dal compound which causes the cell to lose its membrane integrity,
destroys chloroplasts and results in nuclear degradation. Although
the effects of algicidal extracts on the chloroplast and nuclear func-
tion in algal cells have been reported, the bacterial toxicity on
carbon dioxide fixation (rbcS), heat shock protein (hsp) and prolif-
erating cell nuclear antigen (PCNA)-related gene expressions have
not been studied in A. tamarense. Therefore, we studied the rbcS,
hsp and PCNA-related gene expressions in A. tamarense under the
toxicity of algicidal extracts from marine bacterium.

Our previous research has studied the algicidal activity and
mode of algicidal bacterium and demonstrated that Mangrovimonas
sp. LY01 showed high but indirect algicidal activity on A. tamarense
[35]. Here, the medium components and nutrient concentrations
were optimized, and the heat stability, pH tolerance, molecular
weight range and aqueous solubility of the algicidal extracts were
determined. The algicidal procedure was observed using trans-
mission electron microscopy (TEM), cell membrane integrity and
nuclear structure degradation were monitored using a confocal
laser scanning microscope (CLSM), and the rbcS, hsp and PCNA
gene expressions were studied. The objectives of our study were
to improve bacterial biomass and algicidal activity, characterize
the algicidal extracts, and monitor the algicidal procedure, mem-
brane integrity, nuclear structure degradation and the change of
gene expression under the toxicity of the algicidal extracts.

2. Materials and methods
2.1. Algal cultures and algicidal activity of the algicidal bacterium

A. tamarense ATGD98-006 was supplied by the Algal Cul-
ture Collection, Institute of Hydrobiology, Jinan University
(Guangzhou, China). All cultures were maintained in f/2 medium
[36] (prepared with 0.45pum of filtered seawater) at 20+1°C
under a 12-h light/12-h dark cycle with a light intensity of
50 wmol photons m—2s-1,

Mangrovimonas yunxiaonensis strain LYO1 (GenBank No.
JQ937283) was isolated from a surface sediment sample collected
in November 2011 at a depth of 20 cm from the Yunxiao Mangrove
National Nature Reserve (23°55'N 117°24’E), Fujian Province of
China [28], and the strain was deposited in the BCCM/LMG (Ghent)
Bacteria Collection, which accession number is LMG 27142. Bacte-
ria were cultured using 2216E medium (peptone 5 g, yeast extract
1g, ferric phosphorous acid 0.1 g, agar 10 g, pH 7.6-7.8, in 1 L natu-
ral sea water) followed by incubation for 24 h at 28 °C with shaking
at 120 rpm.

In order to investigate the algicidal activity of strain LYO1, the
algicidal activity was determined according to [35].

The algicidal rate was calculated using the formula:

Nc — Nr

Ne x 100

algicidal rate (%) =

where N¢ represents the number of algal cells in the control group,
and Nt represents the number of algal cells in the treatment group.
Algal cells were counted under microscope after fixed with Lugol’s
iodine reagent. Only intact algal cells were counted. All experiments
were repeated in three biological replicates.

2.2. Optimization of medium components and nutrient
concentrations

Beef extract, tryptone, yeast extract, soybean peptone and bacto
peptone were added to the basal medium (ferric phosphorous acid
0.1g, pH 7.6-7.8, in 1L natural sea water) to determine the opti-
mum nitrogen source; glucose, sucrose and soluble starch were
used as different carbon sources, and added to the basal medium
with the determined optimum nitrogen source in order to deter-
mine the optimum carbon source. To investigate the effects of
Ky;HPOQy4, FeS04-7H,0, MgCl, and CaCl, on the growth and algici-
dal effect of strain LYO1, we added different minerals into the basal
medium. Six samples were sampled every 24 h. Three samples were
used to measure the absorbance value at wavelength of 600 nm, to
indicate the growth rate of the bacterium. Another were used to
investigate the algicidal rate.

Tryptone with concentrations of 0.7, 1.0, 1.5, 2.0 and 3.0% was
added into the basal medium; glucose with concentrations of 0.1,
0.4, 0.8 and 1.2% were added into the basal medium with the tryp-
tone; and MgCl, with concentrations of 0.4, 0.8, 1.2 and 2.0% were
added into the basal medium with tryptone. The bacterial growth
rate and algicidal activity were measured every 24 h as described
above.

2.3. Characterization of the algicidal extracts

LYO1 cultures were grown in the optimum medium at the opti-
mum concentration (as determined above) at 28°C for 24h and
then centrifuged at 6000 x g for 10 min to collect the supernatant.
The supernatant was then incubated at —80, 40, 80 and 120°C for
1 h to test the effects of temperatures on algicidal activity. The pH
of the supernatant was adjusted and maintained at 3,9 and 11 for
1h, and then adjusted to the initial pH to test the pH tolerance of
the algicidal extracts. To make sure whether the algicidal extracts
was protein, 150 mL ethanol was added into 50 mL supernatant,
and centrifuged at 6000 x g for 10 min after standing under nor-
mal temperature, and the supernatant was condensed to repeat
the above steps twice. The supernatant was loaded into dialysis
bags with molecular intercept values of 1 kD and dialyzed in sterile
seawater for 48 h to test the molecular weight range of the algi-
cidal extracts; the seawater was replaced every 12 h, after which
the algicidal activity of the dialyzed supernatant was evaluated
after being adjusted to the original volume with sterile seawa-
ter. The supernatant of LYO1 was mixed with an equal volume of
organic solvent (hexane, methylene chloride, butanol, and ethyl
acetate) with vigorous shaking in a separation funnel for 30 min.
The mixture was allowed to stand for 30 min to collect the organic
phase. The extraction was repeated three times. The organic phases
were combined and evaporated to dryness and weighed to obtain
extracts. All extracts were dissolved in dimethyl sulfoxide (DMSO)
to test the algicidal activity, and fresh algal cells, with the same
volume of DMSO added, acted as a negative control.

2.4. Algicidal procedure with the extracts from strain LYO1

Algal cells were treated with algicidal extracts for 24 h, and were
then prepared for TEM. Samples were fixed overnight at 4°C in
0.1M PBS (NaCl 8g, KCI 0.2 g, NaHPO4 1.44 g, KH,PO4 0.24 ¢, in
1L distilled water, 50 mM, pH 7.4) containing 2.5% glutaraldehyde
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(v/v) and then postfixed in 1% OsO, in the same buffer for 2 h. After
being washed twice with PBS, samples were embedded in araldite
resin. Sections (60-80 nm), obtained with an ultramicrotome, were
stained in 3% acetic acid uranium-citric acid and viewed using TEM
(model JEM-2100HC; JEOL).

2.5. Cell membrane integrity and nuclear structure degradation

After treatment with algicidal extracts, 5 mL of algal cells were
collected at 3000 x g for 5min followed by washing with 1mL
of PBS (50mM, pH 7.4). Next, 800 nL PBS with 100 pL acridine
orange (Beyotime, China) was added together with 100 pL pro-
pidium iodide (Beyotime, China) and they were incubated in the
dark for 20 min. After centrifugation at 3000 x g for 5 min to remove
supernatant, 1 mL PBS was added to resuspend the algal cells. DAPI
nuclear staining was operated after the algal cells were collected
as described above, by adding 200 p.L DAPI (Beyotime, China) to
cover the samples. They were incubated at room temperature in the
dark for 5 min, the algal cells were resuspended in 1 mL of PBS after
washing twice with PBS. A small droplet of algal suspension was
placed on a pre-cleaned glass slide and trapped under a coverslip.
The algae cells were imaged using a CLSM (Zeiss LSM 780) through
a x401.2 N.A. water immersion objective. Acridine orange fluores-
cence was observed through a 530 nm band pass filter; propidium
iodide fluorescence was observed through a 617 nm band pass fil-
ter; DAPI fluorescence was observed through a 435-485 nm band
pass filter and chlorophyll fluorescence through a 650-710 nm
bandpass filter. More than 100 cells from each treatment were
examined under a x40 objective and representative pictures were
taken.

2.6. RNA extraction, reverse transcription and real-time analysis

After treatment with algicidal extracts, 30 mL of algal culture
was centrifuged at 3000 x g at 4°C for 5min. RNA was extracted
as soon as possible using the RNAiso kit (TaKaRa Company, Dalian,
China) following the manufacturer’s instructions. For reverse tran-
scription, 1 g of total RNA was reverse transcripted following the
instructions of the PrimeScript RT reagent kit (TakKaRa Company).
Real-time PCR was carried out using an SYBR Premix EX TaqTM II kit
(TaKaRa Company). The PCR program was: one denaturation step
at 95 °C for 30 s and 40 cycles of 95 °C for 5s and 60 °C for 30s, then
increasing from 60 to 95 °C by 0.5°C each 5s. 18S rRNA was used as
a housekeeping gene to normalize the expression changes. The rel-
ative gene expression among the treatment groups was quantified
using the 2~2ACt method [37].

2.7. Statistics

All data were presented as means =+ standard error of the mean
and were evaluated using one-way analysis of variance followed by
the least significant difference test, with p <0.01 and p < 0.05 (Origin
8.5 for Windows).

3. Results

3.1. Optimization of medium components and nutrient
concentrations for strain LYO1

The results of optimization for the bacterial growth rate and
algicidal activity using different medium components and nutri-
ent concentrations are shown in Figs. 1 and 2. Different nitrogen
sources had significantly different effects on the growth and algi-
cidal activity of strain LYO1 (Fig. 1a). When the bacterium was
cultured with beef extract, soybean peptone and bacto peptone, the
algicidal activities were all high; while the bacterial growth rates
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Fig. 1. Medium component optimization of strain LYO1. The effect of different nitro-
gen sources (a), carbon sources (b) and inorganic salts (c) on the bacterial growth
rate and algicidal activity.

were low. The bacterial growth rate was high when yeast extract
was supplied but, at the same time, the algicidal activity was low.
Among the five nitrogen sources we examined, tryptone led to the
highest biomass and algicidal activity. Among the carbon sources
evaluated, soluble starch and sucrose promoted bacterial growth,
while the algicidal activity did not increase greatly compared to
the glucose (Fig. 1b). Mineral is an integral component in the cell
growth and metabolism of microorganisms, and Fig. 1c showed that
K,HPO4 and CaCl, had no promoting effect on biomass or algicidal
activity, while FeSO4-7H,0 and MgCl; could induce a significant
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Fig. 2. Medium concentration optimization of strain LYO1. Effect of different tryp-
tone concentration (a), glucose concentration (b) and MgCl, concentration (c) on
the bacterial growth rate and algicidal activity.

increase in the bacterial growth rate and algicidal activity, and
MgCl, had an even better effect.

In terms of the optimal nutrient concentrations for bacterial
growth, the results in Fig. 2a indicated that bacterial growth was
kept relatively stable with different concentrations of tryptone,
but when the concentration was 1.0%, the algicidal rate reached
its maximum level. The growth rate increased with increasing
tryptone concentration. The algicidal activity increased when glu-
cose concentrations increased from 0.1 to 0.4%, but decreased
with increasing glucose concentration, whereas the growth rate
decreased continuously with increasing glucose concentration
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Fig. 3. Algicidal rate of supernatant treated with different temperatures (a) and pH
(b); pc represents the positive control where the bacterium was cultured without
any treatment.

(Fig. 2b). The bacterial growth rate and algicidal activity increased
with an increased MgCl, concentration from 0.4 to 0.8%, but
showed a decrease when MgCl, concentration increased above
0.8%.

3.2. Characterization of the algicidal extracts

Different temperature and pH treatments did not have a signif-
icant influence on the algicidal activity of the LY0O1 supernatant,
compared with the positive control (Fig. 3a and b), and all values
were similar to or slightly lower than the controls.

When ethanol was used to change the isoelectric point of the
LYO1 supernatant, the algicidal rate in the precipitates was signifi-
cantly lower, whereas the algicidal rate of the algicidal extracts in
the dissolved phase did not change obviously compared with the
positive control (Fig. 4a).

From the results (Fig. 4b), the extracts outside the dialysis bag
showed a high algicidal rate with a similar effect to the positive
control, while the extracts inside the dialysis bag did not have any
significant algicidal effect on the algal cultures. Among the four
organic solvents used (hexane, methylene chloride, butanol and
ethyl acetate), ethyl acetate extracts showed the strongest algicidal
activity (83.6%) (Fig. 4c), which was similar with the positive control
(89.2%). However, the other three organic solvents showed almost
no algicidal activity.

3.3. Effect of algicidal extracts on subcellular structure

TEM analysis showed obvious alterations in the ultrastructure
of A. tamarense under the effects of the algicidal extracts, with
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loss of the organelles integrity (Fig. 5). In the control, the cell wall
and membrane remained intact, and the cytoplasm was dense and
intact and normal organelles including chloroplast and mitochon-
drion could be clearly seen (Fig. 5a and b). After treatment with
the algicidal extracts for several hours, obvious plasmolysis could
be observed in the algal cells and, at the same time, a large num-
ber of vacuoles appeared, and the structure and morphology of
the cell wall was significantly affected (Fig. 5c and d). After a pro-
longed treatment time, the cell membrane was broken, and the
intracellular substances severely spilled out (Fig. 5e), the chloro-
plasts became sparse, there was disorganization and deformation of
the chloroplasts and the membrane structures of the mitochondria
were obscured (Fig. 5e and f).

3.4. Cell membrane integrity analysis

Acridine orange can pass through the normal cell membrane,
and stain the nucleus with green fluorescence, while propidium

iodide can only pass through a broken cell membrane and emit-
ted red fluorescence after embedded in the double-stranded DNA,
and since the algal cells in the control group only showed red flu-
orescence as a result of both stains (Fig. 6a), this meant that the
propidium iodide did not pass through the cell membrane because
the cell membrane was intact. However, exposed to the algicidal
extracts for 24 h, the algal cells were gradually stained with red
fluorescence, and the red fluorescence intensity increased and the
green one decreased with time (Fig. 6b-d). At the late treatment
time, the green fluorescence intensity had almost disappeared and
the whole algal cells were stained with red fluorescence, indicated
complete breakdown of the cell integrity (Fig. 6e and f).

3.5. Degradation of nuclear structure

After DAPI nuclear staining, CLSM revealed that normal cells
in the control group (Fig. 7a) showed homogeneous DAPI stain-
ing, which was confined to the nuclear area. After exposed to the
algicidal extracts, the cells presented irregular DAPI staining and a
slight degree of chromatin clumping could be observed (Fig. 7b).
Fig. 7c shows that chromatin aggregation occurred in the whole
cell, the DAPI fluorescence was obscure and weak, at the same
time, the cell wall was broken. The chloroplast fluorescence also
decreased greatly during the treatment procedure, and the nuclear
structure was significantly damaged (Fig. 7d and e). After cleavage
of the cell membrane, the cellular inclusions including nucleus and
chloroplast flowed out of the algal cells (Fig. 7f).

3.6. Effect of algicidal extracts on gene expression

The rbcS, hsp and PCNA gene expressions were significantly
influenced by different concentrations of algicidal extracts (Fig. 8).
Within 6h exposure, the transcription of rbcS was inhibited by
0.70 (p<0.05), 0.09 (p<0.01) and 0.57-fold (p<0.01) compared to
the control in the 10, 25 and 50 p.g/mL treatment groups, and the
transcription of rbcS was also inhibited by higher concentration
treatment groups (25 and 50 pg/mL) in the 24 h treatment time.
However, the 10 pg/mL treatment group did not influence the gene
expression within the 24 h exposure (Fig. 8a). The transcription
of hsp was inhibited in the 10 pg/mL treatment group within 6h
exposure, but showed no influence to gene expression in the 24h
exposure; it was increased by 1.34-fold (p <0.01) compared to the
control in the 25 pg/mL treatment group, but there was no effect on
gene expression within the 24 h treatment; and the 50 p.g/mL treat-
ment group showed no effects within 6 h exposure, but after 24 h,
the transcription of hsp was significantly increased by 2.09-fold
(p<0.01) compared to the control in the 50 p.g/mL treatment group
(Fig. 8b). The transcription of PCNA was significantly inhibited by
0.34(p<0.01)and 0.43-fold (p <0.01) compared to the control in the
25 and 50 pg/mL treatment groups within 6 h exposure, and also
inhibited by 0.11 (p<0.01) and 0.34-fold (p <0.01) compared to the
control in the 25 and 50 p.g/mL treatment groups within 24 h expo-
sure, but the 10 pg/mL treatment group did not show any effect on
gene expression during the whole exposure procedure (Fig. 8c).

4. Discussion

Toimprove the algicidal activity of strain LYO1, we optimized the
medium components and nutrient concentrations (Figs. 1 and 2).
Nitrogen is an important nutrient factor for marine bacteria,
and heterotrophic bacteria must obtain nitrogen from additional
sources for normal growth [38,39]. Different nitrogen sources can
influence bacterial growth [40], and Fig. 2a shows the algicidal
activity and growth rate of strain LYO1 cultured under different
nitrogen sources in our studies. Compared with other nitrogen
sources, tryptone was the optimal nitrogen source for bacterial
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Fig. 5. Ultrastructure of A. tamarense after exposure to LYO1 supernatant with a concentration of 50 wg/mL for 24 h. (a) overview of control cell; (b) detailed view of control
cell; (c)—(f) details of treated cells. Abbreviations: CW: cell wall; CM: cell membrane; Chl: chloroplast; M: mitochondrion; V: vacuole; N: nucleus. Bars (a), (c) and (e) 2 um;

(b), (d) and (f) T wm.

biomass and algicidal activity. Wilson et al. and Kientz et al. also
isolated and cultured marine bacteria with tryptone as the nitro-
gen source in their bacterial growth medium [41,42]. Carbon source
and minerals are also essential to marine bacteria [43,44] and bac-
terial cells maintain an osmotic pressure essential for growth and

division, using organic compatible solutes and inorganic ions. We
studied the bacterial biomass and algicidal activity with differ-
ent carbon sources (Fig. 1b), bacterial biomass maintained a high
level when cultured in all three carbon sources (glucose, sucrose
and soluble starch), however the algicidal activity only reached
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€))
St
Fig. 6. Cell membrane integrity of A. tamarense after exposure to LY01 supernatant extracts (50 wg/mL) for 24 h. (a): control cells with green fluorescence staining; ((b)-(f)

cell membrane integrity sabotage when cells with red fluorescence staining appear after exposure to the extr acts for 48 h. Scale bar=20 wm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Degradation of the nuclear structure of A. tamarense after exposure to LYO1 supernatant extracts (50 wg/mL) for 24 h. (a): control cells; ((b)-(f)): degradation of nuclear
structure of algal cells after exposure to extracts for 48 h. Red fluorescence was algal chloroplast fluorescence, which represents the strength of algal vitality; blue fluorescence
represents the nuclear area. Scale bar =20 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a high rate when strain LYO1 was cultured in glucose, and so we
were sure that glucose was the carbon source which strain LYO1
needed. Zhang et al. investigated the response of bacterioplank-
ton to a gradient of carbon (glucose) addition [45], and found that
differences in the extent of stimulation suggested different bacte-
rial life strategies under different nutrient conditions and showed
clear and gradual changes in bacterial community structure along
the gradients of glucose concentrations. Since minerals affect cell
growth and bioactive agent production of bacteria, we determined
the most suitable inorganic salt for strain LYO1, by comparing four
inorganic salts (K;HPO4, FeSO4-7H,0, MgCl, and CaCl,). Of these,
only MgCl, could promote bacterial growth and produce more algi-
cidal extracts. Heldal et al. [43] determined that Mg2* can replace
organic compatible solutes when growing in carbon-limited con-
dition; Mg2* has a major role as osmolyte in marine bacteria; and
the Mg2*/Na2* ratio is related to its physiological condition and
nutritional status. In summary, tryptone, glucose and MgCl, were
the optimal nutrient sources for bacterial growth and algicidal

activity. Nutrient concentrations can influence bacterial growth
and metabolite productivity [46], and low nutrient concentration
limits bacterial growth and keeps the bacterial cells in a starva-
tion situation [47]. High nutrient concentration can result in waste
of resources and production of useless metabolites. Fig. 3 shows
the bacterial biomass and algicidal activity of strain LYO1 with dif-
ferent concentrations of the nutrients. The algicidal rate reached
its maximum level when the tryptone concentration reached 1.0%,
thus implying that higher concentration may be useless in terms of
algicidal extracts production (Fig. 2a). The algicidal rate reached
its maximum level at a glucose concentration of 0.4% with the
decreasing of the bacterial biomass (Fig. 2b). Fig. 3c showed that
bacterial biomass and algicidal activity both reached their highest
level when the MgCl, concentration was 0.8%. After optimization
of the medium components and the nutrient concentrations, the
algicidal extracts production and algicidal rate were higher than
before (data not shown).

To determine the characteristics of the algicidal extracts of strain
LYO01, we studied the influence of different temperature and pH,
ethanol treatment, dialysis treatment and aqueous solubility on
this algicidal extracts (Figs 3 and 4). From the results in Fig. 3,
the algicidal activity was almost unchanged after treatment under
different temperatures and pH, and this implied that the algici-
dal extracts was very stable. After treatment with ethanol, the
dissolved part also maintained high algicidal activity, and the pre-
cipitates lost most of their algicidal activity (Fig. 4a). This showed
that the algicidal extracts was not a protein, which could be aggre-
gated to the precipitates by ethanol [48]. The algicidal activity of
the extracts outside the dialysis bag showed high algicidal activ-
ity, but there showed no algicidal activity inside the dialysis bag.
This confirmed that the algicidal extracts could pass through dial-
ysis, and that the molecular weight of the algicidal extracts was
less than 1 kD. To make sure of the aqueous solubility of the algici-
dal extracts, we compared the different aqueous solubility effects,
and the ethyl acetate extracts showed the highest algicidal rate
compared to the other organic solvents, and therefore the active
extracts was more soluble in ethyl acetate, and so this was used as
the extraction agent to extract the algicidal extracts from the super-
natant. Through characterization of the algicidal extracts, we make
sure that the algicidal extracts were stable and eco-environmental
(Table S1).

The cell membrane acts as a barrier to prevent extracellular
material passing freely through algal cells, and thus ensures a
relatively stable environment within the cell, so that the orderly
operation of the various biochemical reactions can be implemented
[49].1tisreported that algicidal substances could change the mem-
brane permeability and broke cell membrane integrity, inducing
the algal cells to lose intracellular substances [50,51]. Zhang et al.
studied the algicidal supernatant from the marine algicidal acti-
nomycete BSO1 in terms of its action on the algal cell membrane
[30]. The indicator of lipid peroxidation (MDA) increased greatly
after the algal cells were treated by supernatant for 8 h, and this
implied that cell membrane lipid peroxidation is caused by an algi-
cidal compound, and cell membrane integrity is lost. In our study,
we observed that the cell membrane was broken after treatment
by algicidal extracts for 24 h (Fig. 6e). The intracellular contents
(including chloroplast and mitochondrion) left the algal cell, and
large numbers of vacuoles appeared inside the cell. The nucleus of
active algal cells could be stained with green fluorescence by arci-
dine orange, however, dead cells could not [52,53]. On the other
hand, propidium iodide stains algal cells with red fluorescence
only after the cell membrane is broken [54]. Therefore we stained
the algal cells with both acridine orange and propidium iodide, to
observe the procedure of cell membrane breakage. In Fig. 6a, algal
cells are stained with green fluorescence without any red fluores-
cence, which showed that normal algal cells could not combine
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with propidium iodide, and the cell membrane remained intact.
After treatment with the algicide for a period of time, the green
fluorescence began to decrease and, at the same time, the red fluo-
rescence could be observed in the algal cells (Fig. 6b—d). At the last
treatment time, the green fluorescence could almost not be found,
and the whole algal cells were stained with red fluorescence, which
implied that the algal cell membranes were broken, so propidium
iodide could pass into the cells (Fig. Ge and f). Simultaneously, acri-
dine orange could not combine with the dead cells, and the algal
cells lost their activity. Liang et al. also reported that the green alga
Chlorella vulgaris responded to the stress of cetyltrimethyl ammo-
nium bromide (CTAB) and, after algal cells were stained with FDA
and PI, the fluorescence photographs were obtained using CLSM
[55]. At the end of a six-day test, the result of staining the algal
cells with FDA/PI revealed a decrease of viable cell percentage with
an increase of CTAB concentration. From the above results, we con-
cluded that cell membrane integrity was lost after treatment with
algicidal extracts from strain LYO1.

Nuclei can maintain the integrity of genes and influence cell
activity through the regulation of gene expression, and play an
important role in cell metabolism, growth and differentiation [56].
To study whether the nuclear structure was influenced by algicidal
extract, we observed the change of the nuclear structure by staining
with DAPI after different treatments (Fig. 7). In the initial treatment
time, the nucleus was stained by DAPI with blue fluorescence, the
nuclear structure was confined to a certain area, and the blue flu-
orescence was powerful. After exposed to the algicidal extracts,
the blue fluorescence began to spread, and the fluorescence inten-
sity decreased, implying that the nuclear membrane was perhaps
broken, and the nuclear material dispersed in the algal cells. Thus,
the nucleus was influenced by algicidal extracts and the nuclear
structure was damaged. At the same time, the algal chloroplast flu-
orescence intensity became weaker, and could not be seen at the
final treatment time (Fig. 7e), which implied that the chloroplast
structure had also been destroyed by the algicidal extracts.

To study whether the algicidal extracts from strain LYO1 could
influence carbon dioxide fixation, heat shock protein and prolif-
erating cell nuclear antigen gene expressions, the rbcS, hsp and
PCNA genes were chosen to characterize the related-gene expres-
sions (Fig. 8). The family of rbcS nuclear genes encodes the rubisco
small subunits, which can also influence the carboxylation catalytic
efficiency and CO,/0, specificity of the enzyme. The small sub-
units also contain the structural elements responsible for targeting
rubisco to the algal pyrenoid, which is the site where CO, is con-
centrated for optimal photosynthesis [57]. Our results showed that
rbcS was significantly inhibited (p<0.01) by high concentrations
of algicidal extracts (25 and 50 p.g/mL) over the whole treatment
procedure (Fig. 8a). The 10 pg/mL treatment group inhibited gene
expression only in the 6 h treatment time (p <0.05), and showed no
influence on gene expression in the 24 h treatment time. This may
be the function of algal self-repair, since Roegner et al. report that
self-reproduction and self-repair capacity is especially required
for algal cells. In the 6h treatment time, the low concentration
could inhibit gene expression, at the same time, self-repair could
be induced in the algal cells, so that the inhibitory effect of gene
expression would be alleviated in 24h of treatment [58]. How-
ever, the higher concentration treatment groups could produce
more inhibition activity than self-repair effect and, therefore, the
gene expression was always inhibited in the high concentration
treatment groups. The hsp gene is a key component contributed to
survival in the abiotic or biotic stress response, and the hsp gene can
be overexpressed under stress [59,60]. To determine whether the
algicidal extracts could pose a threat to algal growth, we studied hsp
gene expression while the alga was under the effects of the algicidal
extracts (Fig. 8b). In the initial treatment time (6 h), the hsp gene
expression was only up-regulated in the 25 pg/mL treatment group

(p<0.01),and the 50 p.g/mL treatment group did not influence gene
expression, while the 10 wg/mL treatment group inhibited hsp gene
expression. This implied that only the 25 pg/mL treatment group
could induce algal cells to respond. After the 24 h treatment time,
hsp gene expression was up-regulated in the 50 pg/mL treatment
group (p<0.01), but the 10 and 25 pg/mL treatment groups did
not influence gene expression. Thus, high concentration treatment
groups could induce an algal response, and pose a threat to algal
growth. PCNA is a common gene in all eukaryotes as a potential
cell cycle marker for algal growth rate studies [61], and has a close
relationship with DNA synthesis, plays an important role in cell pro-
liferation, and is a good indicator to reflection of cell proliferation
[62].Fig. 8c shows that the PCNA expression was significantly inhib-
ited (p<0.01) by the 25 and 50 p.g/mL treatment groups in both
the 6 and 24 h treatment times, however, the 10 pg/mL treatment
group did not influence PCNA expression over the whole treat-
ment procedure. This implied that the nuclear function could not be
exerted normally under high concentrations of algicidal extracts.
In summary, the transcription of rbcS, hsp and PCNA genes were
influenced by the algicidal extracts.

5. Conclusions

In conclusion, 1.0% tryptone, 0.4% glucose and 0.8% MgCl, were
the optimal nutrient sources for growth and algicidal effect of
Mangrovimonas yunxiaonensis strain LYO1. The algicidal extracts
were heat and pH stable, non-protein and less than 1kD. Ethyl
acetate extracts of the algicidal extracts destroyed cell membrane
integrity, damaged nuclear structure, inhibited rbcS and PCNA gene
expression, and induced up-regulation of hsp gene expression. After
understanding the algicidal procedure, mechanism and optimizing
the algicidal activity, the stable and eco-environmental algicidal
extracts could be used to control HABs for field application in future.
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