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Abstract: Bacteria-derived allelopathic effects on microalgae blooms have been studied with an aim
to develop algicidal products that may have field applications. However, few such studies have been
conducted on macroalgae. Therefore, a series of experiments was conducted to investigate the impacts
of different concentrations of cell-free filtrate of the bacteria Bacillus cereus BE23 on Ulva prolifera.
Excessive reactive oxygen species (ROS) were produced when these cells were exposed to high
concentrations of filtrate relative to f/2 medium. In such conditions, the antioxidative defense system
of the macroalga was activated as shown by activities of the enzymes superoxide dismutase (SOD) and
catalase (CAT) and upregulation of the associated genes upMnSOD and upCAT. High concentrations
of filtrate also inhibited growth of U. prolifera, and reduced chlorophyll a and b, the photosynthetic
efficiency (Fv/Fm), and the electron transport rate (rETR). Non-photochemical quenching (NPQ) was
also inhibited, as evidenced by the downregulation of the photoprotective genes PsbS and LhcSR.
Collectively, this evidence indicates that the alteration of energy dissipation caused excess cellular
ROS accumulation that further induced oxidative damage on the photosynthesis apparatus of the D1
protein. The potential allelochemicals were further isolated by five steps of extraction and insolation
(solid phase–liquid phase–open column–UPLC–preHPLC) and identified as N-phenethylacetamide,
cyclo (L-Pro-L-Val), and cyclo (L-Pro-L-Pro) by HR-ESI-MS and NMR spectra. The diketopiperazines
derivative, cyclo (L-Pro-L-Pro), exhibited the highest inhibition on U. prolifera and may be a good
candidate as an algicidal product for green algae bloom control.

Keywords: Ulva prolifera; Bacillus sp.; allelopathy; photosynthetic system; reactive oxygen species
(ROS); antioxidative system

1. Introduction

Allelopathic interactions are considered to be important factors that affect the growth or survival
of organisms within the same ecological habit. Allelochemicals are secondary metabolites from plants,
algae, or bacteria [1]. They may have positive benefits (positive allelopathy) or may be detrimental
(negative allelopathy) [2]. Allelopathy has been considered to be one potential control mechanism
for harmful algae blooms (HABs) [3]. The inhibition effects of allelopathic compounds on algae
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include destroying the cell structure [4,5], altering production of the reactive oxygen species (ROS) [6],
impacting intracellular enzymatic activities [7], or altering the photosynthesis system [8] and related
gene expression [9]. External stress can induce the production of ROS, i.e., hydrogen peroxide (H2O2)
and superoxide radical (O2

•−), and can induce the regulation of the antioxidative defense or the
photoprotection system [10,11].

A number of bacteria-derived algicidal compounds have drawn wide attention as a control for
HABs [12–14] and the algicidal compounds belonging to the Cytophaga-Flavobacterium-Bacteroides (CFB)
phylum have been identified [15]. Among this phylogenetic profile, the genus of Bacillus shows promise
in controlling HABs, as negative effects have been demonstrated on the diatom Skeletonema costatum,
the raphidophyte Heterosigma akashiwo, the dinoflagellate Prorocentrum donghaiense [16], the prymnesiophyte
Phaeocystis globosa [16,17], and the cyanobacterium Microcystis aeruginosa [18]. The potential allelochemicals
that have been isolated and identified from Bacillus sp. include terpene, steroids, and alkaloids [19,20].
The active compounds and mechanisms remain to be identified due to the species-specific response to
algicidal bacteria [21].

The green tides caused by blooms of Ulva prolifera have occurred in the Yellow Sea of China since
2007 [22–26]. These massive blooms negatively impact the local communities, aquaculture operations,
and tourism, causing great damage to the local ecosystem service and enormous economic loss [27].
The rapid growth of U. prolifera, on the other hand, makes it the strongest competitor for nutrients
and light [28,29] in the bloom area, thereby driving the great impact on the marine biodiversity and
structure of the community [30–32]. There are currently no effective measures to control these blooms.

The Bacillus sp.-derived control of HABs is promising, but limited exploration has been undertaken
in mitigating the green tides. As a complicating factor, the life stage of thalli has been reported to be an
important factor in green tide development [27]. Therefore, a series of experiments were performed
to understand the extent to which bacterial allelopathy may be effective in controlling the thalli of
U. prolifera. Specifically, the following questions were addressed: (1) does the cell-free filtrate of
Bacillus sp. inhibit the growth of U. prolifera and if so, what is the effective dose? (2) What is the
mechanism by which negative allelopathy occurs, particularly with respect to the antioxidative defense
system and the photosynthetic system II (PSII) response? (3) What are the potential allelochemicals in
the filtrate of Bacillus sp. that cause negative effects on U. prolifera?

2. Materials and Methods

2.1. Algal Culture and Identification

Asexual isolates of Ulva prolifera were provided by Zhejiang Xiangshan Xuwen Algal Exploitation
Company, China, in October 2018. Specimens were subsequently transferred to the laboratory on
ice, sterilized with 0.7% potassium iodide (KI) for 5 min, and then rinsed with autoclaved seawater.
The pre-sterilized thalli were maintained in sterilized f/2 medium [33], with salinity of 30, temperature of
20 ◦C, and light of 60 µmol·m2

·s−1 (12/12 h of light/dark cycle). The media were replaced every 5 days.
To minimize the interference of carry-over epiphytic bacteria in U. prolifera, cultures were pretreated

before each exposure experiment by antibiotic mixtures of penicillin (100 mg/L), polymixin (0.75 mg/L),
and neomycin (0.9 mg/L) for 48 h [34].

The macroalga was identified using the method described in Li et al. [35]. Total DNA was extracted
with a commercial Plant DNA Mini Kit (TaKaRa, China). ITS and 5S sequences were amplified by the
corresponding PCR primers (Table 1) and the conducted BLAST analyses in the NCBI database.
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Table 1. Sequences of primer pairs for Ulva prolifera analysis.

Primer Sequence (5′–3′)

5S
F: 5′-GGTTGGGCAGGATTAGTA-3′

R: 5′-AGGCTTAAGTTGCGAGTT-3′

ITS
F: 5′-TCGTAACAAGGTTTCCGTAGG-3′

R: 5′-GCTGCGTTCTTCATCGWTG-3′

2.2. Experiment 1: Bacteria-Derived Allelopathic Inhibition on U. prolifera

2.2.1. Preparation of Cell-Free Filtrate from Bacillus cereus

The bacterium strain Bacillus cereus BE23 was previously isolated from the mangrove area in
Hainan province, China, and maintained in Luria Bertani (LB) broth (peptone 10.0 g/L, yeast extract
5.0 g/L, sea salt 32 g/L, dissolved in dH2O) at 28 ◦C with shaking at 180 rpm/min. The strain was
identified by the 16S rDNA gene and 1439 bp sequence that was acquired by PCR amplification.
The bacteria were transferred from stock culture, with the initial concentration of 1010/mL, in 500 mL
of LB medium. In 5 days, cell density of Bacillus cereus BE23 reached approximately 1 × 1012/mL,
then cell-free filtrates were prepared by centrifuging 450 mL of the culture and filtering the supernatant
through a Millipore™ (Burlington, MA, USA) Membrane Filter, 0.22 µm pore size.

2.2.2. Preparation of the Exposure Treatment

Triplicate intact macroalga thalli (approximately 1.25 g/L) were cultured in bacterial-free conditions
with different ratios of Bacillus cereus BE23 filtrate to total media (filtrate + seawater, in volumes of
0:1, 1:100, 1:80, 1:60, 1:40, 1:20, and 1:10, hereafter identified as Control, T1:100, T1:80, T1:60, T1:40, T1:20,
and T1:10, respectively) to a total of 400 mL each in 500 mL flasks. Then, stock f/2 medium was added
to each flask. All final media were at f/2 levels, assuming that no or low nutrients were carried over by
the filtrate. The concentration of bacteria cells in each treatment was 2.5 × 109, 1.25 × 1010, 1.65 × 1010,
2.5 × 1010, 5 × 1010, and 1 × 1011, respectively. The control treatment of U. prolifera was cultured in
f/2 medium only, without a bacterial filtrate. All experiments were conducted in the same culture
environment under a light intensity of 60 µmol·m2

·s−1, and with a light/dark cycle of 12/12 h, salinity of
30, and temperature of 20 ◦C. The experiments were conducted in 500 mL flasks containing 400 mL of
culture medium. Nutrients (equivalent to the nitrogen and phosphate level in f/2 media) were added
every 48 h to exclude any effects of nutrient limitation, and pH values were monitored simultaneously.
The culture flasks were randomly changed in terms of incubator position every day to balance the
effect of illumination. Sterile conditions were used throughout.

Specimens of macroalga were harvested after 192 h (8 days) of exposure for biomass, photosynthesis,
and antioxidant analysis.

2.2.3. Growth

The wet weight biomass of the macroalga was determined (±0.0001 g) at 0 and 192 h, respectively.
Samples were treated by blotting with 3 layers of filter paper and conditioning for 10 min at room
temperature. The relative growth rates (G) were calculated as

Gx = (Wx −Wc)/Wc

where Wc is the initial wet weight (g) of thalli and Wx is the fresh thalli wet weight (g) after treatment X.
The inhibition rate (IR) by the bacterium filtrates was calculated as

IR = (Gc − Gx)/Gc
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where Gx is the relative growth rate (%) of U. prolifera after treatment X, and Gc is the relative growth
rate (%) after 192 h in control.

2.2.4. The Antioxidant Defense System

Macroalgal samples (0.2~0.3 g wet weight) were homogenized in a bath of liquid nitrogen
and extracted with commercial potassium phosphate buffer (pH = 7.2~7.4, Solarbio, China). Then,
the extract was centrifuged at 10,000 rpm/min for 10 min yielding material for further analysis of
total soluble protein (TSP), H2O2, and the enzymes superoxide dismutase (SOD) and catalase (CAT).
Genes associated antioxidant activity, manganese superoxide dismutase (upMnSOD) and catalase
(upCAT), were also quantified.

The TSP content was measured using the Coomassie blue dye binding assay [36]. Fifty microliters
of extracts was homogenized with the Coomassie blue dye for 10 min and absorbance was measured at
595 nm. The results of TSP were expressed as g protein per liter (prot·g/L). One hundred microliters
was mixed with the reaction reagents and detected at 405 nm. The concentration of ROS was
measured as hydrogen peroxide (H2O2) and measured with a commercial assay kit (Jiancheng, Nanjing,
China) following the manufacturer’s protocols. Concentrations of H2O2 were determined based on the
decomposition of H2O2 by peroxidase and the results were expressed as mmol H2O2 per g of TSP (mmol/g
prot). The activity of SOD was measured according to the method of Sun et al. [37]. Samples (20 µL) and
reaction reagents were mixed in the microliter 96-well flat-bottom plates and put into the plate reader
(Tecan, Switzerland) for incubation at 37 ◦C. After 20 min incubation, the mixtures were detected at 450 nm.
One unit of SOD was defined as the amount of enzyme required to generate 50% inhibition of reduction
of WST-1 [2-(4-lodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt].
The activity of CAT was assayed with the method described by Dhindsa et al. [38]. Briefly, a reaction
mixture was composed of 50 µL extracts, 15 mM hydrogen peroxide, and 50 mM phosphate buffer.
After addition of the enzyme extract, absorbance at 240 nm was recorded for 1 min. One unit of CAT
activity is the amount of enzyme necessary to degrade 1 µmol H2O2 per mg of protein per sec.

The antioxidant enzyme coding genes (upMnSOD and upCAT) were amplified with gene-specific
primer pairs (Table 2). RNA extraction and real-time PCR were performed the same as the
photosynthetic genes.

Table 2. Sequences of primer pairs in Ulva prolifera for real-time PCR.

Primer Sequence (5′-3′) Product Length

Tubulin
F: 5′-CAAGGATGTCAATGCTGCTGT-3′

112R: 5′-GACCGTAGGTGGCTGGTAGTT-3′

PsbS
F: 5′-AACAGGTTCATCCATCACGG-3′

121R: 5′-TTGCCTCAAACTCATCCTCTG-3′

LhcSR
F: 5′-CTATGCGAAGACTCTCAACG-3′

83R: 5′-CCTCGCGGTAGCGCTTAACT-3′

PsbA
F: 5′- CTTTATGGGCTCGCTTTTGT-3′

103R: 5′- TGGAACTACAGCACCAGAAA-3′

PsbD
F: 5′- CAGGAAGTGTTCAACCAGTA-3′

167R: 5′- AGCAGCGATGTGATGAGACG-3′

upMnSOD F: 5′-ATCACCAGGCGTATGTCACC-3′
94R: 5′-TTCAAGTGCCCTCCACCGTT-3′

upCAT F: 5′-CTCTCAAGCCCAATCCTCGT-3′
95R: 5′-AGTTCAGTGGGATGCCAACA-3′

2.2.5. Photosynthesis System

Concentrations of chlorophyll a (Chl a) and b (Chl b) were determined according to Zhao et al. [39].
Macroalgae (0.2 g) were grounded in liquid nitrogen and extracted in 90% v/v) acetone buffer (5 mL)
for 12 h. Then, the mixture was centrifuged at 4 ◦C, 10,000 rpm/min for 10 min. The supernatant was
collected for chlorophyll analyses, and optical densities were measured with an ultraviolet–visible
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spectrophotometer (HITACHI, U2900, Japan) at 663 and 645 nm wavelength. Concentrations of Chl a
and b were then calculated as follows, and reported as units of mg/g fresh weight (mg/g FW):

Chl a = 12.7 OD663 − 2.69 OD645

Chl b = 22.9 OD645 − 4.68 OD663

Parameters associated the photosynthesis system II (PSII) were measured using an Imaging-PAM
(Walz, Germany). These parameters included the effective quantum yield (Y(II)), non-photochemical
quenching (NPQ), relative electron transport rate (rETR), and photochemical quenching (qP). The actinic
light was set to be similar to the cultivation light (56 µmol·m−2

·s−1). Subsamples of U. prolifera were
dark-acclimated for 20 min prior to all measurements. All parameters were calculated according to the
relationships in Table 3.

Table 3. Fluorescence parameters calculated from PAM in Ulva prolifera after exposure.

Parameter Definition Equation

Fv/Fm maximum quantum yield of PSII (Fm − F0)/Fm
Y(II) effective quantum yield of PSII (F’m − Ft)/F’m
NPQ non-photochemical quenching (Fm − F’m)/F’m
rETR relative electron transport rate 0.5 × Y(II) × PAR × IA

qP photochemical quenching (F’m − Ft)/(F’m − F’0)

Four genes were selected for characterization: PsbS, LhcSR, PsbA, and PsbD. PsbS and LhcSR
are associated with photoprotection and non-photochemical quenching (NPQ). PsbA and PsbD are
indicators of the D1 and D2 protein of the PSII apparatus, respectively. The tubulin gene was deployed
as a housekeeping gene to standardize the expression variations of target genes [39].

These genes were amplified with gene-specific primer pairs (Table 2). Samples of U. prolifera
were quickly frozen in liquid nitrogen and stored at −80 ◦C until RNA extraction. Total RNA was
extracted by a commercial MiniBEST Plant Total RNA Extraction Kit (TaKaRa, Dalian, China) and
the reverse transcripts cDNA were analyzed using a Prime Script™ II 1st stand cDNA Synthesis kit
(TaKaRa, Dalian, China). Real-time PCR was performed using the “TB GreenTM Fast qPCR Mix”
kit (TaKaRa, Dalian, China). The amplification program of real-time PCR was set at 94 ◦C for 30 s,
following 40 cycles of 94 ◦C for 5 s and 60 ◦C for 10 s in Light Cycler® 480 System (Roche, Germany).
Dissociation curve analysis of the amplification products was carried out to verify the single PCR
production at the end of each thermal program.

2.3. Experiment 2: Isolation and Identification the Potential Allelopathic Compounds from Cell-Free Filtrate of
Bacillus cereus BE23

2.3.1. Step 1: Solid Phase and Liquid Phase Extraction of Potential Allelopathic Compounds

Cell-free filtrate (10 L; approximately 1 × 1016 bacteria cells) of the Bacillus cereus BE23 culture was
collected after 5 days of growth by centrifuging at 10,000 rpm/min for 10 min and filtering with a 0.22µm
membrane. The filtrate was eluted by solid phase extraction (SPE) with the resin Diaion®HP20 (particle
size of 20–60 mesh) and the remaining residuals were rinsed off by methanol. After resuspending
the residuals in Milli-Q water, they were used for liquid phase extraction (LPE). Three extracting
agents, cyclohexane, ethyl acetate, and 1-butanol, were considered as selection agents for different
polarity fragments. Sub-residuals of LPE were extracted from each agent 3 times and concentrated in a
rotary evaporator (IKA, RV8V, Germany) in a 30~40 ◦C water bath (Figure 1). The sub-residuals were
identified as cyclohexane (Ech), ethyl acetate (Eea), and 1-butanol seriatim (Ebs). These sub-residuals,
Ech, Eea, and Ebs, were weighted with an electron balance (±0.0001 g), dissolved in 20 mL dimethyl
sulfoxide (DMSO), and stored at 4 ◦C for further bioassay experimentation.
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Figure 1. Isolation and bioassay program for potential allelopathic compounds from crude extraction
of cell-free filtrate of Bacillus cereus BE23.

The first U. prolifera bioassay experiment was performed in 6-well plates by filling them with
macroalgae (approximately 0.05 g) and crude extraction (5 mg/L) or DMSO (control) in 10 mL f/2
medium. Each treatment was conducted in triplicate for 192 h under the same environmental conditions
as the primary U. prolifera culture. Growth and inhibition rates were used to determine the potential
allelopathic activities in each treatment (Supplementary Figure S2). Of the three extracting agents,
extractions in cyclohexane (Ech) and in ethyl acetate (Eea) had an inhibition effect (Supplementary
Figure S2), therefore, these extractions were used for further investigation.

2.3.2. Step 2: Open Column Chromatography to Select the Potential Allelopathic Compounds

To further purify the potential allelopathic compounds, Ech and Eea were eluted through an
open silica gel column chromatography (170 × 30 mm in dimension and with a silica particle size of
200–300 mesh), respectively, and the eluents from each mobile phase were collected. As for extractions
in cyclohexane (Ech), the mobile phase was cyclohexane and ethyl acetate with ratios of 200:1, 100:1,
50:1, 25:1, 10:1, 5:1, and 0:1 (hereafter named as Ech1, Ech2, etc.). For extraction in ethyl acetate (Eea),
the mobile phase was dichloromethane and methanol with ratios of 50:1(Eea1), 25:1(Eea2), 10:1(Eea3),
5:1(Eea4), 2:1(Eea5), 1:1(Eea6), and 0:1(Eea7), respectively.

Then, a second bioassay was performed in 6-well plates by adding 0.05 g of U. prolifera (wet weight)
and the corresponding extracted compounds (5 mg/L) in 10 mL of f/2 medium. Each treatment was
conducted in triplicate for 192 h under the same environmental conditions as the primary U. prolifera
culture. The extractions with significant inhibition, Ech5, Eea2, and Eea3 (Supplementary Figure S3),
were collected for further detection.

2.3.3. Step 3: Ultra- and High-Performance Liquid Chromatography to Select the Potential
Allelopathic Compounds

The bioactive fractions were collected separately and analyzed by analytical ultra-performance
liquid chromatography (UPLC, ultimate 3000, Thermo Fisher Scientific, USA) with a C18 column
(250 × 4.6 mm, 5 µm, Agilent, China) at a flow rate of 1 mL/min and the UV detection at 210 nm.
The mobile phase was methanol or acetonitrile/water (10/90, v/v) −100% methanol with an elution
time of 35 min. The dominant components (highest peaks), including 5 components from Ech5,
7 components from Eea2, and 8 components from Eea3, were chosen and the optimal UPLC conditions
were retrieved for a further preparative step.
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The fractions were then purified and collected by preparative high-performance liquid
chromatography (HPLC, Shimadzu, AP20, Japan) with a C18 column (250× 21.2 mm, 5 µm, NanoMicro,
China) at a flow rate of 10 mL/min for different times up to 35 min for Ech5, Eea2, and Eea3, separately,
using the recorded optimized mobile phase (Figure 1).

The third bioassay was conducted with the 20 components. Three compounds, Ech5-4, Eea2-5,
and Eea3-2, were collected at 23.52, 13.43, and 16.25 min in each extraction run (Supplementary Figure S4).

2.3.4. Structure Identification

The three potential allelochemicals, Ech5-4, Eea2-5, and Eea3-2, were preliminarily analyzed by
an Agilent 6230 time-of-flight liquid chromatography–mass spectrometer (TOF LC-MS) (Agilent,
CA, USA) to determine the molecular weight. Then, structures were identified by a pulse Fourier
transform nuclear magnetic resonance spectroscope (NMR, 600 MHz, JNM-ECZR, JEOL, Japan).
Deutero methanol or deutero dimethyl sulfoxide solutions containing trimethylsilyl were used as
reference substances and acted as solvents to record 1H and 13C NMR spectra. All chemical shifts were
exhibited as relative values.

2.4. Statistical Analysis

All data were presented as mean ± standard error and were analyzed by one-way ANOVA with
a significant level of 0.05 (Sigma plot 12.5, Systat Software Inc., London, UK). A phylogenetic tree
was constructed using the neighbor-joining algorithm with the MEGA 7.0 program. Relative gene
expression levels were analyzed following the 2−∆∆Ct method.

3. Results

3.1. Identification of Macroalga and Bacteria

The 5S sequence of the macroalga, 418 bp, was 100% identical to Ulva prolifera (GenBankID:HM584772.1)
and the ITS sequence, 614 bp, was 99% identical to U. prolifera (GenBankID:KF130870.1). Thus, the macroalga
deployed in the present study was identified as U. prolifera.

The 16S rDNA sequence of the bacterial strain BE23 (GenBank accession number: MN814015)
was 100% identical, with few genetic distance differences, to that of Bacillus cereus strain ATCC14597
(Supplementary Figure S1). Thus, bacterial strain BE23 was identified as Bacillus cereus.

3.2. Inhibition on the Growth of U. prolifera

To simplify the treatment and response analysis of U. prolifera, two major treatment groups of B.
cereus filtrates were classified. They are herein separated as high-concentration (HC), i.e., the T1:10 and
T1:20 treatments, and low-concentration (LC), i.e., the T1:40, T1:60, T1:80, and T1:100 treatments.

Cell-free filtrates of Bacillus cereus BE23 were used as the source of the allelopathic compounds
tested on U. prolifera. These cell-free filtrates induced growth of U. prolifera at LC, i.e., T1:100~T1:40

(ANOVA, p < 0.05), with growth rates of 105% ± 11% on average (n = 12), but inhibited growth at HC
treatments (T1:20 and T1:10), with inhibition rates of 67% and 75%, respectively (Figure 2). Values of pH
were monitored during the exposure in all treatments (Supplementary Table S1) and variation of the
pH value was within the optimal range for U. prolifera growth [40].
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Figure 2. Relative growth rates and inhibition rates of Ulva prolifera under the exposure of different
amounts of cell-free filtrate of Bacillus cereus BE23. T1:100, and T1:80~T1:10 indicate the treatments of
volume ratio of cell-free filtrate of Bacillus cereus BE23 to f/2 medium. Values are means ± SD (n = 3).
* indicates a significant difference (p < 0.05) and ** indicates a significant difference (p < 0.001) compared
to control.

3.3. Response of Antioxidant System of U. prolifera

A significant amount of H2O2 (ANOVA, p < 0.001) was produced in the HC treatments,
ranging from 38.21 to 50.33 mmol/gprot (Figure 3) after 192 h of exposure. The production of
ROS was associated with changes in activities of SOD (ANOVA, p < 0.05) and CAT (ANOVA, p < 0.001),
with concentrations of T1:40 eliciting a response in SOD activity (Figure 4a) but only the highest
dosage, T1:10, elicited a response in CAT (Figure 4b). The antioxidant enzyme genes, upCAT and
upMnSOD, were upregulated gradually in response to the increased dosage of cell-free extracts
(Figure 4a,b), indicating the initiation of the antioxidant defense system under the stress of the filtrate
of Bacillus cereus BE23.
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Figure 3. H2O2 content of Ulva prolifera under the exposure of different amounts of cell-free filtrate of
Bacillus cereus BE23. T1:100, and T1:80~T1:10 indicate the treatments of volume ratio of cell-free filtrate of
Bacillus cereus BE23 relative to f/2 medium. Values are means ± SD (n = 3). * indicates a significant
difference (p < 0.05) and ** indicates a significant difference (p < 0.001) compared to control.
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3.4. Response of PSII System of U. prolifera

To investigate the effects of the Bacillus cereus BE23 filtrate on the photosynthetic pigments of the
macroalga, Chl a and b contents were quantified (Figure 5a). No significant changes of either Chl a or b
were observed in the LC treatments, but significant decreases were observed (ANOVA, p < 0.001) in
the HC exposures, from 0.41 to ~0.13 mg/g FW for Chl a, and from 0.57 to ~0.24 mg/g FW for Chl b
(Figure 5a).
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of Ulva prolifera under the exposure of different amounts of cell-free filtrate of Bacillus cereus BE23.
Values are means ± SD (n = 3). ** indicates a significant difference (p < 0.001) compared to control.

The photosynthetic response of U. prolifera under the stress of cell-free filtrate of B. cereus BE23
was significant (Figure 5b, Figure 6, Figure 7). The maximum photochemical quantum yields of PSII
(Fv/Fm) were reduced in the HC treatments, from 0.80 to ~0.29 (n = 6, Figure 5b). Accordingly, values of
Y(II), the effective quantum yield of PSII, were significantly downregulated (ANOVA, p < 0.001),
from 0.22 to 0.15 in the HC treatments (Figure 6a). Similar responses were found in the relative electron
transport rates (rETR), coincident with a sharp reduction in photochemical quenching (qP) (Figure 6b).
A significant enhancement of NPQ activity (Figure 6b) (ANOVA, p < 0.001) was recorded in the LC
treatments, from 0.18 to 0.44. However, high doses of the filtrate of Bacillus cereus BE23 induced a
downregulation of NPQ (ANOVA, p < 0.001), indicating photoinhibition damage.
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Figure 6. Photosynthetic system II parameters of Ulva prolifera under the exposure of different amounts
of cell-free filtrate of Bacillus cereus BE23: (a) quantum yield (Y(II)) and relative electron transport rate
(rETR), and (b) non-photochemical quenching (NPQ) and photochemical (qP). T1:100, and T1:80~T1:10

indicate the volume ratio of cell-free filtrate of Bacillus cereus BE23 relative to f/2 medium in the different
treatments. Values are means ± SD (n = 3). ** indicates a significant difference (p < 0.001) compared
to control.

The expression of the two assayed photoprotection-related genes, PsbS and LhcSR, varied in
response to cell-free filtrate exposure (Figure 7a). The relative expressions of both genes increased with
the bacterial filtrate dosage from 1:100 (T1:100) to 1:40 (T1:40) but were significantly downregulated in
the HC treatments (T1:20 and T1:10). The highest PsbS and LhcSR were in treatments of T1:40, reaching
2.66 and 5.29 times that of the control, and the lowest value was in the T1:10 treatment, at 0.75 and
0.72 of the control (Figure 7a). The response of PsbA and PsbD was not as clear, but a substantial
degradation of PsbA was observed in the HC treatment, with a value of 0.59 of the control in T1:10

(Figure 7b).

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW  10 of 18 

 

Figure 5. (a) The chlorophyll a and b content, and (b) the maximum quantum yields of PSII (Fv/Fm) 

of Ulva prolifera under the exposure of different amounts of cell‐free filtrate of Bacillus cereus BE23. 

Values are means ± SD (n = 3). ** indicates a significant difference (p < 0.001) compared to control. 

 

Figure  6.  Photosynthetic  system  II  parameters  of  Ulva  prolifera  under  the  exposure  of  different 

amounts of  cell‐free  filtrate of Bacillus  cereus BE23:  (a) quantum yield  (Y(II)) and  relative electron 

transport rate (rETR), and (b) non‐photochemical quenching (NPQ) and photochemical (qP). T1:100, 

and T1:80 ~T1:10 indicate the volume ratio of cell‐free filtrate of Bacillus cereus BE23 relative to f/2 medium 

in the different treatments. Values are means ± SD (n = 3). **  indicates a significant difference (p < 

0.001) compared to control. 

The expression of  the  two assayed photoprotection‐related genes, PsbS and LhcSR, varied  in 

response to cell‐free filtrate exposure (Figure 7a). The relative expressions of both genes increased 

with the bacterial filtrate dosage from 1:100 (T1:100) to 1:40 (T1:40) but were significantly downregulated 

in the HC treatments (T1:20 and T1:10). The highest PsbS and LhcSR were in treatments of T1:40, reaching 

2.66 and 5.29 times that of the control, and the lowest value was in the T1:10 treatment, at 0.75 and 0.72 

of  the  control  (Figure  7a).  The  response  of  PsbA  and  PsbD was  not  as  clear,  but  a  substantial 

degradation of PsbA was observed in the HC treatment, with a value of 0.59 of the control in T1:10 

(Figure 7b). 

 

Figure 7. Relative expression of the genes (a) PsbS and LhcSR, and (b) PsbA and PsbD of Ulva prolifera 

under the exposure of different amounts of cell‐free filtrate of Bacillus cereus BE23. T1:100, and T1:80 ~T1:10 

indicate  the  treatments  of  volume  ratio  of  cell‐free  filtrate  of  Bacillus  cereus  BE23  relative  to  f/2 

medium. Values are means ± SD (n = 3). 

3.5. Identification of Allelochemicals from Bacillus cereus BE23 Filtrate 

To isolate the bioactive compounds, five steps of extraction and insolation (solid phase–liquid 

phase–open column–UPLC–preHPLC) were conducted. After each  isolation, the separated groups 

were  tested  for bioactivity  (Figures S2–S4). Three bioactive compounds  in  the cell‐free  filtrates of 

(b)(a)

Figure 7. Relative expression of the genes (a) PsbS and LhcSR, and (b) PsbA and PsbD of Ulva prolifera
under the exposure of different amounts of cell-free filtrate of Bacillus cereus BE23. T1:100, and T1:80~T1:10

indicate the treatments of volume ratio of cell-free filtrate of Bacillus cereus BE23 relative to f/2 medium.
Values are means ± SD (n = 3).

3.5. Identification of Allelochemicals from Bacillus cereus BE23 Filtrate

To isolate the bioactive compounds, five steps of extraction and insolation (solid phase–liquid
phase–open column–UPLC–preHPLC) were conducted. After each isolation, the separated groups
were tested for bioactivity (Figures S2–S4). Three bioactive compounds in the cell-free filtrates of
Bacillus cereus BE23 were identified by high-resolution mass spectrometric data and NMR spectroscopic
analysis. The molecular formula C10H13NO of compound Ech5-4 was deduced from its ion at m/z
164.1072 [M+H]+ (Supplementary Figure S5a, calculated for C10H14NO, 164.1075) and its 13C data.
The 13C-NMR spectrum (600 MHz, DMSO-d6) of Ech5-4 displayed signals at δC 169.5 (C=O), 140.0 (C,



J. Mar. Sci. Eng. 2020, 8, 718 11 of 18

C-1), 129.1 (CH, C-3, C-5), 128.8 (CH, C-2, C-6), 126.5 (CH, C-4), 40.7 (CH2, C-7), 35.7 (CH2, C-8),
and 23.09 (CH3) (Supplementary Figure S5b,c). The 1H-NMR signals were observed at δH 7.92 (1H,
brs, NH), 7.27–7.30 (2H, t, J = 8.0 Hz, Ar-H), 7.18–7.20 (3H, m, Ar-H), 3.22–3.26 (2H, m, H-7), 2.69 (2H, t,
J = 7.5 Hz, H-8), and 1.78 (3H, s, -CH3). Based on these data and the comparison with the reported
data [41], compound Ech5-4 was identified as N-phenethylacetamide (Figure 8a).
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The molecular formula of C10H14N2O2 for compound Eea2-5 was determined based on its m/z
217.0953 [M+Na]+ (Supplementary Figure S6a, calculated for C10H14N2NaO2, 217.0953). The 13C and
1H NMR spectra of Eea2-5 showed signals for the functional groups of carbonyl (δC 168.1), methine
(δC 61.2; δH 4.34, 1H, t, J = 9.0 Hz), and methelene (δC 45.7, 28.2, 23.7; δH 3.45–3.53, 2H, m, 2.25–2.30,
1H, m, 1.99–2.09, 2H, m, 1.91–1.97, 1H, m,) (Supplementary Figure S6b,c). These data and comparison
with the reference data [42] indicated that compound Eea2-5 was cyclo (L-Pro-L-Pro) (Figure 8b).

The compound Eea3-2 has the molecular formula of C10H10N2O2 deduced from its m/z 219.1103
[M+Na] (Supplementary Figure S7a, calculated for C10H10N2NaO2, 219.1109). The 13C-NMR spectrum
(600 MHz, Methanol-d4) of Eea3-2 exhibited 10 carbon signals, resonating at δC172.8 (C, C-1), 167.8 (C,
C-6), 61.8 (CH, C-7), 60.3 (CH, C-2), 46.4 (CH2, C-5), 30.1 (CH, C-8), 29.8 (CH2, C-3), 23.5 (CH2, C-4),
19.1a (CH3, C-10), and 16.9 (CH3, C-9). The 1H NMR spectrum displayed signals at δH 4.20 (1H, t,
J = 8.6 Hz, H-2), 4.05 (1H, br t, H-7), 3.56 (1H, m, H-5a), 3.48 (1H, m, H-5b), 2.48 (1H, m, H-3a), 2.31 (1H,
m, H-8), 2.02 (1H, m, H-3b), 1.91–1.96 (2H, m, H-4), 1.08b (3H, d, J = 7.3 Hz, H-9), and 0.95b (3H, d,
J = 7.3 Hz, H-10). Thus, the compound Eea3-2 was identified as cyclo (L-Pro-L-Val) (Figure 8c) [43].

4. Discussion

Bacteria-derived interactions play important roles in species distribution and abundance [44],
succession of algal blooms [45], and biomass control of microorganisms [46] and macroalgae [47].
Such allelopathic interactions consist of two pathways, direct (bacterial and algal cell contact) and
indirect (release of natural products) [12,32]. The present study demonstrated the potential mechanisms
of allelopathic stress on U. prolifera by products of B. cereus BE23 in indirect ways.

The low dosage (i.e., T1:100~T1:40) of B. cereus BE23 filtrate promoted the growth of U. prolifera,
whereas the high dosage (T1:20 and T1:10) inhibited biomass production (Figure 2). The response of the
macroalgae in the LC treatments may have resulted from a hormesis effect [48] and adaption to the
low concentrations of allelochemicals [49]. The upregulation of physiological activity of U. prolifera
(Figures 4–6) in the LC treatments contributed to the growth-promotive effect. Meanwhile, the nutrients,
including the inorganic nutrient from f/2 + artificial seawater and the nutrient carrying over by the
B. cereus BE23 filtrate (4~40 mL), contributed to the growth of macroalga. Inorganic nitrogen, i.e., nitrate
or ammonium, has been reported to be rapidly taken up by Ulva [28], and within 192 h, the addition
of inorganic nutrient of f/2 medium was calculated to be sufficient to the thalli of U. prolifera [50,51].
The carried-over inorganic nutrient was low (less than 10%), therefore, the effects of nutrients in
B. cereus BE23 filtrate were minimal to the growth of Ulva in the present study.

A general stress response in algae is the production of ROS [52,53] and it can be produced in
response to abiotic and allelopathic stresses [54–56]. Here, ROS was produced in response to BE23
cell-free filtrates (Figure 3). The source of ROS may include two main pathways: the intrinsic oxidization
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by allelochemicals, and inactivation of the electron transport in the PSII systems. The production of
ROS is also a signal of the pressure from the excitation energy collected by the PSII light-harvesting
complex [57,58]. To regulate the extra ROS, algae have a series of antioxidant defense mechanisms,
including the ability to vary antioxidant enzymes or genes. Variations in activities of the enzymes SOD
and CAT are important in alleviating oxidative damage [59,60]. In general, SOD scavenges the cellular
ROS first, catalyzing O2•− to H2O2. Then, the CAT enzyme decomposes H2O2 to O2 and H2O [61].
MnSOD, one of the total SODs, was selected as the representative enzyme; it is mostly detected in the
cytosol and thylakoid membrane [62].

Here, a small amount of ROS (H2O2) was produced in the LC treatments, i.e., T1:60 and T1:40,
but no significant variation was observed in the quantum efficiency of photosynthesis (Fv/Fm),
indicating U. prolifera may activate photoprotection to defend against such allelopathic stress. However,
a significant increase in ROS concentration (ANOVA, p < 0.001) was recorded in the HC treatments,
accompanied by the decline in rETR, indicating normal electron transport in PSII was disturbed and
excess energy likely contributed to the ROS generation in HC treatments. High production of ROS
induced oxidative stress in the algae and finally inhibited the photosynthesis systems. To moderate the
oxidative damage, U. prolifera upregulated the activity of SOD and CAT, supported herein by the gene
expression level of upMnSOD and upCAT in the LC treatments (Figure 5). Similar responses have been
noted in Cylindrospermopsis raciborskii under hyper-salinity or light-stress conditions [63,64], and linoleic
acid stress [65]. The upregulation of the transcript levels of FeSOD and CAT genes in U. prolifera
have also been reported in response to salicylic acid and hyper-temperature [66]. In the present study,
however, the enhanced CAT activities were not sufficient to scavenge the sudden increased H2O2 and
this likely caused extensive oxidative stress in this macroalga.

External stresses, including allelopathic stressors, can alter the algal energy flux of PSII by reducing
the photosynthetic efficiency [67–69], and by enhancing non-photochemical quenching (NPQ) [65].
The maximum quantum yield (Fv/Fm) is an effective indicator of the efficiency of photochemical stress.
In Ulva sp., changes in Fv/Fm have been observed when the algae are exposed to internal or external
stresses [70] such as light [71], desiccation [72], salinity [73], and allelopathy [50].

Significant declines in Fv/Fm (Figure 5b), growth rate (Figure 2), and Chl a and b (Figure 5a) were
shown after 192 h exposure to high concentrations of B. cereus BE23 filtrate, suggesting disruption of the
PSII reaction centers’ (RCs) complexes [67] including the electron transport chain [74]. Reduced rETR
and Y(II) indicate a reduction in the electron transport rate and CO2 assimilative capacity [75]. Therefore,
one mechanism by which U. prolifera responds to allelopathic stress is a lowering of the photosynthetic
performance, which directly impacts carbon fixation and therefore the growth rate [76]. The significant
decreases in the Chl a and b concentrations in the HC treatments may also be considered as an adaptive
strategy which decreases the absorption of photons, thereby leading to less ROS production [67].

The NPQ pathways are photoprotective mechanisms for phototrophs [77]. In the present study,
no significant variation in Fv/Fm (Figure 5b) or rETR (Figure 5a) was observed in the LC treatments;
however, a significant increase in NPQ was recorded as the concentrations of the LC treatments
increased, namely T1:40 and T1:60. Under the HC treatments, a substantial decrease in NPQ was
observed, indicating that allelopathic stress may hinder the operation of photoprotective mechanisms,
and thus the macroalgae dissipated excess energy through non-regulated pathways [78]. At high levels
of bacterial filtrate, U. prolifera was unable to self-protect against photodamage [39]. The significant
decrease in qP in the treatments with high concentrations of filtrate indicated a high level of energy
dissipation and potential damage to the PSII reaction centers. Thus, the decrease in the efficiency
of PSII was associated with a simultaneous decrease in the photochemical and non-photochemical
pathways in the HC treatments, reflecting a complete disruption of normal energy pathways.

Previous studies have suggested that Ulva sp. can modulate NPQ levels by adjusting the copy
number of LhcSR or PsbS and regulation of the xanthophyll cycle [79,80]. It thus appears that low levels
of exposure to B. cereus BE23 filtrate induced an upregulation of LhcSR and PsbS in U. prolifera and
activated the photoprotection mechanism that enables the self-regulation of external allelopathic stress
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without loss of electron transfer efficiency of photosynthesis and growth. An upregulated transcript
level of both selected genes and a triggering of LhcSR-dependent NPQ was also previously reported
in Ulva sp. [80]. High amounts of filtrate, in contrast, inhibited the photosynthetic efficiency and the
capability of self-regulation of U. prolifera, as evidenced by the downregulation of Fv/Fm, qP, and NPQ
activity, and finally the inhibition of growth. Therefore, the low value of NPQ was a result of the loss
of the photoprotection of U. prolifera and a failure of self-regulation under allelopathic stress [81].

Allelopathic damage to the PSII systems is also suggested by the responses of the genes located
in the D1-D2 protein [54,82]. PsbA and PsbD, encoding the D1 and D2 subunits of the PSII complex,
constitute the heterodimeric photochemical reaction center [80]. Here, no clear variation in PsbA and
PsbD gene expression was observed after 192 h exposure in the LC treatments (Figure 7b), suggesting
the excess absorbed electrons (Figure 4a) were dissipated by the upregulated NPQ, together with the
upregulation of LhcSR and PsbS transcript levels (Figure 7a). In contrast, clear downregulation of
PsbA expression levels was recorded in the HC treatments, suggesting that the B. cereus BE23 filtrate
suppressed PsbA expression and may have blocked the elector transport on the PSII receptor side from
QA to QB [81].

In summary, the inhibition effect on the PSII of Ulva due to bacteria-derived stress may go through
two main steps: (1) the inhibition of the electron transport chain, and (2) the deleterious effects on PSII
RCs’ complexes [83,84]. In the present study, the upregulated expression of PsbS and LhcSR under LC
levels of cell-free filtrate might indicate the successful regulation of stress via regulated NPQ [85,86],
but failure in the HC treatments. The depletion of the transcript pools of LhcSR and PsbS contributed
directly to the decrease in NPQ activity and likely inactivated the PSII RCs’ complexes. Downregulation
of Chl a and b corresponded to the downregulation of PsbA expression levels, suggesting the BE23
filtrate degraded the absorption of light energy and blocked the electron transport on the PSII receptor
side [65,80]. Surplus electrons exceeded the electron transport chain capacity of U. prolifera and induced
additional ROS production (Figure 3) that, in turn, damaged the PSII systems [16]. Together, these data
clearly document the photooxidative stress in U. prolifera upon allelopahtic stress in HC treatments.

Using ESI and NMR, three potential allelopathic chemicals were isolated and identified from the
cell-free filtrate of B. cereus BE23. The chemical cyclo (L-Pro-L-Pro) (Figure 8b), extracted from Eea2,
displayed the largest inhibitory effect on U. prolifera (Supplementary Figure S6), and has previously
been shown to yield a strong algicidal effect on Microcystis aeruginosa [55] and Phaeocystis globosa [54] by
inhibiting the operation of the photosynthesis and antioxidant systems of target algae. In the present
study, the diketopiperazine derivatives decreased the gene expression of PsbA [54,87], directly impacting
the PSII electron acceptor sides, resulting in the failure of the photosynthetic process. Given that cyclo
(L-Pro-L-Pro) is easily biodegradable [88], it may be a good candidate as an environmentally friendly
algicide for green algae bloom control.

5. Conclusions

The high concentration of the cell-free filtrate of B. cereus BE23 (approximately 1 × 1011/mL)
yielded significant inhibition of growth of U. prolifera via degradation of the photosynthetic system as
shown by changes in biomass accumulation, photosynthetic responses, gene regulation, and enzyme
activities. The potential allelopathic compounds inhibited growth by means of reduction of Fv/Fm,
rETR, and NPQ, resulting in U. prolifera’s failure to dissipate the excess energy through regulated NPQ
pathways. This alteration of energy dissipation caused excess cellular ROS accumulation and the
antioxidative defense system was generated. This ROS production also inhibited the PSII reaction center
apparatus. The potential allelochemicals were further isolated and identified as N-phenethylacetamide,
cyclo (L-Pro-L-Val), and cyclo (L-Pro-L-Pro). The diketopiperazines derivative, cyclo (L-Pro-L-Pro),
exhibited the highest inhibition effect on U. prolifera and further study on its potential as an algicidal
product for green algae bloom control is warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-1312/8/9/718/s1,
Figure S1. Phylogenetic tree of Bacillus cereus BE23. Figure S2. Relative growth rates and inhibition rates of
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Ulva prolifera of the first bioassay test. Figure S3. Relative growth rates and inhibition rates of Ulva prolifera in the
second bioassay test. Figure S4. Relative growth rates and inhibition rates of Ulva prolifera in the third bioassay
test. Figure S5. High-resolution electrospray ionization mass spectrometry (HRESIMS) spectrum (a), 13C NMR
spectrum (b), and 1H NMR spectrum (c) of compound Ech5-4. Figure S6. High-resolution electrospray ionization
mass spectrometry (HRESIMS) spectrum (a), 13C NMR spectrum (b), and 1H NMR spectrum (c) of compound
Eea2-5. Figure S7. High-resolution electrospray ionization mass spectrometry (HRESIMS) spectrum (a), 13C NMR
spectrum (b), and 1H NMR spectrum (c) of compound Eea3-2. Table S1. Changes of pH values with culture time
in exposed experiments.
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