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ABSTRACT: Algicidal bacteria may play a role in controlling algal blooms. Previously, a Bacillus
cereus strain (CZBC1) was shown to have specificity against harmful Cyanophyta. To elucidate
the characteristics of microalgal and bacterial communities in shrimp culture associated with the
algicidal bacterium CZBC1 and its combined use with the addition of organic carbon, we established a shrimp culture system in which the dominant macroalgal species were Oscillatoria chlorina (Cyanophyta) and Chlorella pyrenoidosa (Chlorophyta). We studied water-column microalgal
and bacterial communities in control (GC), bacteria (GB), and bacteria−carbon (GBC) treatment
groups at the mid-point (Day 28) and end (Day 56) of the experiment. The algicidal bacterium
CZBC1 was able to regulate abundance of Cyanophyta on Days 28 and 56 in GB and GBC. Abundances of Cyanophyta on Days 28 and 56 in GB (< 0.44%) and GBC (< 0.37%) were significantly
lower than that in GC (25.58 to 40.87%), and those of Chlorophyta in GB (86.83 to 92.85%) and
GBC (99.63 to 99.94%) were significantly higher than those in GC (52.52 to 67.35%). Multiple linear stepwise regression analysis showed that the amount of applied algicidal bacterium CZBC1
had the most significant negative correlation with the abundance of Cyanophyta (R = 0.973, p <
0.01). On Days 28 and 56, the average well color development value (Biolog), bacterial count, and
bacterial community structure were relatively stable in GB, while the addition of a carbon source
increased the amount of bacteria and affected the composition of the bacterial community in GBC.
Our findings suggest that algicidal bacteria can be used to regulate microalgal communities and
stabilize the metabolic potential of bacterial communities in aquaculture.
KEY WORDS: Algicidal bacteria · Dominant species of microalgae · Bacterial communities ·
Carbon source · Cyanophyta

Developing a stable and favorable microalgal community (Chlorophyta or Bacillariophyta) is important
for the aquatic environment, particularly for maintaining good water quality (Primavera 1993, MullerFeuga 2000) and ensuring optimal growth and survival of aquaculture animals (Burford 1997). Notably,
Cyanophyta are less desirable than Chlorophyta or

Bacillariophyta (Boyd 1989), because excessive
growth of Cyanophyta may result in toxins that are
harmful not only for aquaculture animals but also
with respect to seafood safety for humans (Niedzwiadek et al. 2012, Harke et al. 2016). In recent
years, many researchers have shown that algicidal
bacteria can control harmful algae and regulate the
microalgal biomass of red tide species (Imai et al.
2001, Mayali & Azam 2004, Sun et al. 2016). Yang et
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al. (2013) isolated the algicidal bacterium SK-5,
which can inhibit the growth of the diatom Skeletonema costatum. Amaro et al. (2005) identified algallytic marine bacteria strongly associated with the
toxic dinoflagellate Alexandrium catenella. However, the application of algicidal bacteria in aquaculture has not been extensively studied.
Algicidal bacteria isolated from marine environments have been assigned to the genera Alteromonas, Bacillus, Cellulophaga, Cytophaga, Flavobacterium, Micrococcus, Planomicrobium, Pseudoalteromonas, Pseudomonas, Saprospira, Vibrio, and Zobellia, among others (Mayali & Azam 2004). Mu et al.
(2007) isolated the algicidal bacterium B5, identified
as Bacillus fusiformis, and showed that this bacterium has algal-lysing effects on Microcystis aeruginosa, Chlorella sp. and Scenedesmus sp. Li et al.
(2015) isolated an algicidal bacterial strain, Bacillus
sp. Lzh-5, with strong algicidal activity against M.
aeruginosa. The algicidal bacterium CZBC1, Bacillus
cereus, was isolated from the phycosphere of Microcystis flosaquae in ponds and was shown to have
algicidal effects on Oscillatoria sp. and Microcystis
sp. (Wang et al. 2016), making it promising for applications in aquaculture.
Bacterial communities can distribute dissolved organic matter (DOM), increase nutrient availability,
and affect many other environmental and ecological
processes (González et al. 2000, Hu et al. 2017a). The
structure of bacterial communities can reflect aquatic
ecosystem status and is an important indicator in mariculture ecosystems (Yoza et al. 2007, Zhang et al.
2014). Furthermore, the function and metabolic characteristics of a culturable bacterial community can be
characterized by analyzing sole carbon source utilization patterns (Weber & Legge 2011). In recent years,
biofloc technology has been developed as an environmentally friendly and sustainable approach in aquaculture, making it the focus of many researchers
(Avnimelech 1999). Additional organic carbon sources
are often added to manipulate the carbon/nitrogen ratio in water and promote the growth of heterotrophic
bacteria in aquaculture (Crab et al. 2012). Hu et al.
(2017b) confirmed that the combined use of Bacillus
and molasses increased the diversity of the bacterial
community, effectively inhibited pathogens, and promoted the formation and development of a beneficial
bacterial community structure in high-density, intensive shrimp Litopenaeus vannamei aquaculture. Although the algicidal bacterium CZBC1 also belongs to
the Bacillus genus, the effects of the combined use of
algicidal bacteria and organic carbon on water column
microalgal and bacterial communities remain unclear.

In this study, we aimed to elucidate the influence of
the algicidal bacterium CZBC1, both alone and in
combination with organic carbon, on water column
microalgal and bacterial communities. To this end,
we established a shrimp culture system with water
containing algae, in which the dominant microalgae
were Cyanophyta and Chlorophyta (Lee 2018). We
studied the characteristics of water column microalgal and bacterial communities in control (GC), bacteria (GB), and bacteria−carbon (GBC) treatment
groups at the mid-point (Day 28) and end (Day 56) of
the experiment. Our findings provide useful information regarding the impact of the algicidal bacterium
CZBC1 and its combined use with carbon sources on
microalgal and bacterial communities. These findings could shed light on the potential applications of
algicidal bacteria.

2. MATERIALS AND METHODS
2.1. Experimental shrimp and tank system
This study was conducted at the Shenzhen Experimental Station of South China Sea Fisheries Research
Institute, the Chinese Academy of Fishery Sciences,
China. The experimental system was composed of 12
polyethylene barrels (800 l each). At the start of the
experiment, 500 l of water containing 2.12 × 106 cells
ml−1 algae was injected into the polyethylene barrels.
The dominant species of microalgae were Chlorella
pyrenoidosa and Oscillatoria chlorina, with initial
densities of 7.90 × 105 and 9.40 × 105 cells ml−1, respectively. Shrimp (Litopenaeus vannamei) for the
experiment were obtained from the shrimp ponds of
the Shenzhen Experimental Station. Average shrimp
length was 7.27 ± 1.02 cm; average weight was 3.76 ±
0.31 g. The stocking density was 260 ind. m−3. The
juvenile shrimps from the same shrimp pond were
caught by trap net, and then were domesticated 1 wk
in the barrels before the experiment. During cultivation, the salinity of the water was 32−36 ppt, and water temperature ranged from 19.5−29.5°C. The concentration of dissolved oxygen (DO) was maintained
between 7.27 and 8.85 mg l−1, and the pH was kept
between 7.2 and 7.9. The physicochemical factors of
the water were suitable for L. vannamei.

2.2. Algicidal bacteria
The algicidal bacterium CZBC1, Bacillus cereus,
has been granted a national invention patent in

Hu et al.: Algicidal bacterial effects on macroalgal and bacterial communities

China (patent number ZL201310203745.3. CZBC1
has algicidal effects on harmful cyanobacteria and
does not adversely affect shrimp; the survival rate of
shrimp was 100% at 240 h after adding CZBC1
(Wang et al. 2016, Hu et al. 2017c).
In the experiment, the algicidal bacterium was prepared as a probiotic product which contained 5 × 109
colony forming units (CFU) g−1 of CZBC1. The probiotic product was provided by the Fermentation Engineering Center of South China Sea Fishery Research
Institute, Chinese Academy of Fishery Sciences.

2.3. Experimental design
The experiment began when juvenile shrimp were
stocked into the polyethylene barrels and lasted for
8 wk. A commercial feed (crude protein content:
40.1%; crude lipid content: 7.0%; fiber content:
3.5%; ash content: 14.0%) were fed to shrimps 3
times per day (07:00, 13:00, and 19:00 h) by hand in
equal portions.
The 12 barrels were divided into 3 equal groups
(Table 1). GC was the control group, GB received the
probiotic product of algicidal bacterium CZBC1 once
every 7 d at 5 × 104 CFU ml−1 based on the conventional usage of probiotics in aquaculture (Cao et al.
2014), and GBC received CZBC1 once every 7 d at
5 × 104 CFU ml−1 and brown sugar every day. The
amount of brown sugar added was 30% of the daily
feed amount, and the C/N ratio of the culture water
was 12:1 (Xu et al. 2016).
The experiment was conducted for 56 d. Remnant
bait was removed regularly throughout the culture
period. Initial rations were calculated based on an
assumed growth rate of 1.0 g wk−1, feed conversion
ratio (FCR) of 1.2, and 90% survival. Rations were
later adjusted based on daily observation of slight
excess feeds on feeding trays (1 tray per tank) after
1.5 h of feeding.

Table 1. Experimental treatments examining the effect of
adding algicidal bacteria (CZBC1) and carbon (brown sugar)
on performance of Litopenaeus vannamei (GC: control; GB:
bacteria; GBC: bacteria−carbon). CFU: colony forming units
Algicidal bacterium CZBC1
Amount Frequency
(CFU ml−1)
GC
GB
GBC

−
5 × 104
5 × 104

−
Weekly
Weekly

Brown sugar
Amount Frequency
−
−
−
−
30% of daily Daily
feed amount
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2.4. Sampling
Water samples were collected on Days 28 and 56
for analysis of microalgae, bacteria, and water quality. Mixed samples were taken from each barrel. All
samples were stored at 0°C in a portable freezer and
transported to the laboratory for analysis.

2.5. Determination of shrimp performance
After 56 d, water in the tanks was drained for
shrimp counting and weighing. Survival, growth rate
(expressed as weekly weight gain), and feed conversion ratio (FCR) were calculated by using the following calculations: survival (%) = 100 × (final live
shrimp count/initial stocking shrimp count); growth
rate (g wk–1) = (mean final weight of shrimp – mean
initial weight of shrimp)/culture weeks; FCR = total
weight of feed offered/total shrimp weight gained.

2.6. Analysis of microalgae
The 1 l mixed water samples were collected and
fixed in 5% formaldehyde solution for determination
of the microalgae count. Microalgae were identified
under a light microscope (Olympus CX41), and their
cell densities were evaluated using a hemocytometer
(Cremen et al. 2007). The identification and enumeration of microalgae were performed. The percentage of
Cyanophyta was obtained by the equation: percentage (%) = 100 × (density of Cyanophyta/density of
microalgae). Similarly, the percentage of Chlorophyta
was obtained by the equation: percentage (%) = 100 ×
(density of Chlorophyta/density of microalgae).

2.7. Enumeration of bacteria and
heterotrophic bacteria
Approximately 50 ml of the mixed sample was collected and fixed in 2% formaldehyde solution for determination of the bacterial count in water. The
counting of bacteria was performed by staining with
the DNA-intercalating dye 4′, 6-diamidino-2-phenylindole (DAPI) (General Administration of Quality
Supervision, Inspection and Quarantine of the People’s Republic of China 2008a). Briefly, an appropriate quantity of sample was collected and filtered
through a 0.2 µm black polycarbonate membrane
(Millipore Isopore; 25 mm) under negative pressure
(50 kPa). This helped maintain a wet state, and the
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vacuum was then removed. Using a 0.2 µm sterile filter in a sterile syringe, 1 ml DAPI working liquid
(10 µg ml−1) was added to the filter membrane along
the filter cylinder wall. After staining for 5−10 min,
the liquid was removed under similar negative pressure. The membrane was mounted on a microscopic
slide under immersion oil, and bacterial cells were
counted immediately using a fluorescence microscope (Olympus BX43). DNA−DAPI complex fluorescence appeared as a bright green color. A total of 10
fields with at least 30 bacteria field−1 were counted.
Bacterial number (BN, cells l−1) was determined by
the following equation:
BN = Na × S / [S f × (1 − 0.05) × V]

(1)

where Na is the average bacterial count in the visual
field, S is the actual filtration area of the membrane,
S f is the area of the visual field of the microscope, and
V is the volume of the filtered water sample.
Another set of mixed water samples (about 100 ml)
was collected in sterile sampling bottles and used to
quantify heterotrophic bacteria and the metabolic
potential of bacterial communities. Samples for
heterotrophic bacteria were processed within 2 h
after sampling, and 1 water sample enclosure−1 was
tested, in triplicate, using marine agar 2216 (General
Administration of Quality Supervision, Inspection
and Quarantine of the People’s Republic of China
2008a). CFU were counted after incubation at 28°C
for 120 h.

2.8. Metabolic profiles of bacterial communities
According to the sole carbon source utilization pattern, ECO microplates (Biolog) were used to determine the metabolic potential of water column bacterial communities. Each ECO microplate contained 3
replicate sets of 31 carbon substrates and a control
(Choi & Dobbs 1999). Each sample was inoculated
into a microplate with 150 µl well−1. Samples were
incubated at 30°C, and the absorbance at 590 nm was
measured every 24 h for 168 h with a Biolog Microstation (Lee et al. 2010).
The average well color development (AWCD) indicates the potential utilization of various carbon
sources by bacterial communities. AWCD values represent the overall carbon metabolism of the bacterial
community. The change rate of AWCD reflects the
metabolic activity of the bacteria (Choi & Dobbs
1999). AWCD was calculated to compare controls
and samples based on the optical density at 590 nm
(OD590) of each microplate well:

AWCD = [Σ(c – R)]  n

(2)

where C is the OD590 of each cultured well, R is the
OD590 of the control well, and n is the number of substrates (Garland & Mills 1991).

2.9. Structural characteristics of
bacterial communities
Additionally, 1 l mixed water samples were used to
study the structural characteristics of bacterial communities. The water samples were concentrated
using 0.2 µm membrane filters (Millipore) for DNA
extraction. Genomic DNA was extracted from 1 l of
mixed water from each enclosure using an Omega
EZNA Water DNA Kit (Omega Bio-Tek) according to
the manufacturer’s protocol. DNA was quantified
using a NanoDrop 2000 spectrophotometer (Nano
Drop Technologies) and stored at −80°C until amplification. Then, 16S amplicon sequencing was carried
out by the Beijing Genomics Institute (BGI) for
assignment of microbial species taxonomy in shrimp
pond water samples. The following primers were
used for the amplification of the 16S V4 region: 515 F
(5′-GTG CCA GCM GCC GCG GTA A-3′) and 806 R
(5′-GGA CTA CHV GGG TWT CTA AT-3′) (Caporaso et al. 2012). Polymerase chain reaction products
were recycled to construct the library of amplicons,
and sequencing was then performed on the MiSeq
platform (Illumina). Tags were obtained by joining
the reads according to the overlaps by fast length
adjustment of short reads (FLASH, version 1.2.11;
Mago & Salzberg 2011). Barcode sequences and
primer sequences were removed to obtain raw tags,
and tags less than 200 bp in length were removed to
obtain clean tags, which were clustered into operational taxonomic units (OTUs) at a 97% identity level
with USEARCH version 7.0.1090 (Edgar 2010). Taxonomies were assigned at the phylum, class, and order
levels by comparison of OTU data with the Greengene database release 13.5 (http://greengenes.
secondgenome.com/). Dissimilarity matrices with
weighted UniFrac distances were estimated using
the software package mothur (Schloss et al. 2009).

2.10. Environmental properties
The physicochemical variables of the water samples from each barrel were determined using a YSI
550 system for measurement of in situ salinity, temperature, pH, and DO. Another 1 l of mixed water
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samples was stored in glass bottles for the
analysis of water quality. Concentrations of
nutrients, including total carbon (TC), total
organic carbon (TOC), and dissolved organic
carbon (DOC), were also determined (General Administration of Quality Supervision,
Inspection and Quarantine of the People’s
Republic of China 2008b).
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Table 2. Production performance (mean ± SD, n = 4) of Litopenaeus
vannamei over the 56 d experimental period. See Table 1 for treatment details. Values in the same row with different superscripts are
significantly different (p < 0.05)
Parameters

GC

Survival (%)
Final weight (g)
Growth rate (g wk–1)
Feed conversion rate

GB

GBC

43.5 ± 2.3a
65.2 ± 2.6b
76.3 ± 1.8c
7.84 ± 0.29a 12.05 ± 0.22b 13.60 ± 0.18c
0.64 ± 0.02a 1.04 ± 0.03b
1.23 ± 0.03c
1.89 ± 0.09a 1.56 ± 0.06b 1.47 ± 0.04b

2.11. Statistical analysis
Multiple linear stepwise regression analysis using
SPSS 19.0 software (IBM) was used to analyze the
relationships among Cyanophyta and other factors.
The percentage of Cyanophyta (Cy-QP) was considered the dependent variable, and the other factors,
including the amount of applied algicidal bacterium
CZBC1 (AB-AA), the concentration of DOC, and the
total quantity of microalgae (TM), were considered
independent variables. After standardization, these
data were analyzed by multiple linear stepwise regressions.
A multivariate ordination method was used to analyze the relationships between bacterial community
structures and environmental variables in CANOCO
version 4.5 (Biometris). De-trended correspondence
analysis (DCA) was performed to test whether
weighted-averaging techniques or linear methods
were appropriate. The longest gradient resulting
from DCA was 0.331. Accordingly, redundancy analysis (RDA) (Ter Braak & Šmilauer 2002) was performed to select the environmental predictors that
best explained the variance of bacterial communities.
Data are expressed with standard deviations.
ANOVA was performed using SPSS 19.0 and differences with p < 0.05 were considered significant.

3.2. Dominant species of microalgae
At the beginning of the experiment, the number of
microalgal cells was 2.12 × 106 cells ml−1 (Fig. 1).
The dominant species were Chlorella pyrenoidosa
(37.26%) and Oscillatoria chlorina (44.33%) belonging to the phyla Chlorophyta and Cyanophyta, respectively (Fig. 2). On Day 28, cells in GC, GB, and
GBC numbered 2.80 × 106, 1.50 × 106, and 1.43 × 105
cells ml−1, and on Day 56, 2.90 × 106, 1.26 × 106, and
2.20 × 105 cells ml–1, respectively (Fig. 1). On Day 28,
percentages of Chlorophyta in GB and GBC were
86.83 and 99.63%, respectively, which were significantly higher than that in GC (67.35%; p < 0.05)
(Fig. 2A). In contrast, those of Cyanophyta in GB and
GBC decreased from 44.33 to 0.44 and 0.37%,
respectively; these values were significantly lower
than that in GC (25.58%; p < 0.05) (Fig. 2B). The percentage of Chlorophyta in GC decreased to 52.52%,
whereas in GB and GBC it increased to 92.85 and
99.94%, respectively (Fig. 2A). The percentage of

3. RESULTS
3.1. Shrimp performance
Shrimp survival, final weight, growth rate, and
FCR over the 56 d experimental period are presented in Table 2. Significantly higher survival, final
weight, and growth rate were observed in GBC and
GB than in GC (p < 0.05), while significantly lower
FCR was observed in GBC and GB compared to GC
(p < 0.05), as the same amount of feed was provided
to each group every day. Shrimp in GBC had higher
survival, final weight, and growth rate than in GB
(p < 0.05).

Fig. 1. Number of microalgae cells (mean ± SD) in different
groups (see Table 1) on Days 0, 28, and 56. Different lowercase letters indicate significant differences among treatment
groups at the same sampling time (ANOVA, p < 0.05)
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Fig. 2. Percentages (mean ± SD) of (A) Chlorophyta and (B) Cyanophyta among microalgae in different treatment groups (see
Table 1) on Days 0, 28, and 56. Different lowercase letters indicate significant difference among groups at the same sampling
time (ANOVA, p < 0.05)

Cyanophyta in GC increased to 40.87%, which was
significantly higher than in the other 2 groups (p <
0.05) (Fig. 2B).

(Fig. 3B). The number of heterotrophic bacteria in
GBC was significantly higher than in the other 2
groups (p < 0.05).

3.3. Total bacterial and heterotrophic
bacterial counts

3.4. Metabolic potential of bacterial communities

There were no significant differences in the total
bacterial counts between GC and GB (p > 0.05); the
counts ranged from 3.30 × 108 to 3.68 × 108 cells ml−1
on Days 28 and 56 (Fig. 3A). The total bacterial count
in GBC ranged from 7.70 × 108 to 8.11 × 108 cells ml−1,
which was significantly higher than in the other 2
groups (p < 0.05).
The heterotrophic bacterial count ranged from 3.97
× 107 to 8.00 × 107 CFU ml−1 on Days 28 and 56

After 168 h of incubation, the AWCD of water column bacterial communities in each group maintained sustained growth (Fig. 4). There were no significant differences in AWCD values among the
different groups on Day 28. With the extension of the
culture period, the metabolic activity of the bacterial
community in GC decreased gradually, the value at
168 h decreased from 1.19 on Day 28 to 0.66 on Day
56. In contrast, between Days 28 and 56, the bacterial
communities of GB and GBC maintained relatively

Fig. 3. Number (mean ± SD) of (A) total bacteria and (B) heterotrophic bacteria in different treatment groups (see Table 1) on
Days 28 and 56. Different lowercase letters indicate significant differences among groups at the same sampling time (ANOVA,
p < 0.05)
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Fig. 4. Metabolic activity of the bacterial community in different treatment groups (see Table 1) on (A) Day 28 and (B) Day 56 .
AWCD: average well color development. Data are mean ± SD

stable metabolic activity, with AWCD values at 168 h
between 1.15 and 1.17 and between 0.98 and 1.06,
respectively (Fig. 4).

3.5. Structural characteristics of bacterial
communities
In the GC treatment, the 3 most dominant bacterial
phyla included the Bacteroidetes, Proteobacteria, and
Planctomycetes on Day 28, with relative abundances
of 62.03, 24.30, and 4.48%, respectively (Fig. 5A). Proteobacteria included α-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria, and ε-Proteobacteria, which accounted for 12.05, 7.63, 4.04, and 0.08% of the total
bacteria, respectively (Fig. 5B). On Day 56, the most
dominant bacteria was Proteobacteria, with a relative
abundance of 29.68%; α-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria, and ε-Proteobacteria accounted for 14.88, 9.82, 3.20, and 1.10% of the total
bacteria, respectively. Additionally, Bacteroidetes and
Actinobacteria were detected at relative abundances
of 27.88 and 11.74%, respectively (Fig. 5).
In the GB treatment, the 3 most dominant bacteria
belonged to Bacteroidetes, Proteobacteria, and Planctomycetes on Day 28, with relative abundances of
59.24, 26.20, and 6.01%, respectively (Fig. 5A). Proteobacteria included α-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria, and ε-Proteobacteria, which
accounted for 15.86, 7.18, 2.44, and 0.10% of the total
bacteria, respectively (Fig. 5B). On Day 56, the most
dominant bacteria was Proteobacteria, with a relative
abundance of 30.43%; α-Proteobacteria, γ-Proteobacteria, δ-Proteobacteria, and ε-Proteobacteria ac-

counted for 17.32, 10.00, 1.57, and 0.83% of the total
bacteria, respectively. Additionally, Bacteroidetes and
Actinobacteria were detected with relative abundances of 27.94 and 9.43%, respectively (Fig. 5).
In the GBC treatment, the 3 most bacteria belonged
to the Proteobacteria, Bacteroidetes, and Planctomycetes on Day 28, with relative abundances of 60.78,
23.39, and 9.20%, respectively (Fig. 5A). Proteobacteria included α-Proteobacteria, γ-Proteobacteria,
δ-Proteobacteria, and ε-Proteobacteria, which accounted for 44.26, 11.19, 4.65, and 0.10% of the total
bacteria, respectively (Fig. 5B). Furthermore, Rhodobacterales accounted for 30.06% of the total bacteria
(Fig. 5C). On Day 56, the dominance of Proteobacteria
further increased, with a relative abundance of
76.82% (Fig. 5A). Among these bacteria, γ-Proteobacteria, α-Proteobacteria, δ-Proteobacteria, and ε-Proteobacteria accounted for 60.12, 14.26, 1.72, and
0.14% of the total bacteria, respectively (Fig. 5B). Additionally, Bacteroidetes and Planctomycetes showed
relative abundances of 8.38 and 6.28%, respectively.
Furthermore, Alteromonadales accounted for 53.85%
of the total bacteria (Fig. 5C).

3.6. Beta diversity analysis based on weighted
UniFrac distances
Weighted UniFrac distances were computed to
compare the similarities of the bacterial communities
among different groups on Days 28 and 56 (Fig. 6),
with higher indexes indicating greater differences
between samples (Table 3). GB28 and GC28 (i.e. the
bacteria and control groups on Day 28) clustered
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Fig. 5. Structural characteristics of bacterial communities
at the (A) phylum, (B) class,
and (C) order levels on Days
28 and 56. The x-axis labels
represent treatment and day
combinations (GC: control;
GB: bacteria; GBC: bacteria−
carbon treatment groups on
Day 28 or 56)
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Fig. 6. Beta diversity analysis based on weighted UniFrac distances. Treatment (GC: control; GB: bacteria; GBC: bacteria−
carbon groups) and day (Day 28 or 56) combinations are shown

Table 3. Distance matrix based on weighted UniFrac. Row
and column headers represent treatment and day combinations (see Fig. 6)

GB28
GB56
GBC28
GBC56
GC28
GC56

GB28

GB56 GBC28 GBC56 GC28

GC56

0
0.366
0.380
0.483
0.083
0.355

0.366
0
0.327
0.435
0.389
0.150

0.355
0.150
0.323
0.427
0.372
0

0.380
0.327
0
0.367
0.402
0.323

0.483
0.435
0.367
0
0.512
0.427

0.083
0.389
0.402
0.512
0
0.372

together, indicating high degrees of similarity in the
bacterial communities between GB and GC on Day
28; the UniFrac distance was 0.083. A similar cluster
was observed between GB56 and GC56, with a distance of 0.150. In contrast, the UniFrac distance
between GB56 and GBC56 was 0.367, indicating a
certain degree of similarity between the bacterial
communities.
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Fig. 7. Variations in total carbon (TC), total organic carbon
(TOC), and dissolved organic carbon (DOC) in different
treatment groups (see Table 1) on Days 28 and 56. Different
lowercase letters indicate significant difference among
groups at the same sampling time (ANOVA, p < 0.05). Data
are mean ± SD

3.8. Multiple linear stepwise regression analysis
The multiple regression equation that was used to
illustrate the correlations among Cy-QP, AB-AA, the
concentration of DOC, and the TM is presented in
Eq. (3). The regression coefficient of AB-AA was
−3.634 (p = 0.007), and those of DOC and TM were
−0.043 (p = 0.966) and 0.166 (p = 0.872), respectively.
The relationship between Cy-QP and AB-AA was
analyzed using linear stepwise regression (Eq. 4).
From Eq. (4), the effects of AB-AA on Cy-QP were
the most significant, and a significant negative correlation was observed:
yCy-Qp = −3.61 × 10−5 − 0.925xAB-AA − 0.006xDOC
+ 0.05xTM (R = 0.974, p < 0.01)
(3)
yCy-Qp = −4.101 × 10−5 − 0.973xAB-AA
(R = 0.973, p < 0.01)

(4)

3.9. RDA
3.7. Variations in the carbon content in
water samples
As shown in Fig. 7, carbon levels remained high in
the water samples in the GBC treatment because of
the continuous addition of carbon. In particular, the
concentrations of TC and DOC in GBC were significantly higher than those in the GC treatment on Day
56 (p < 0.05).

RDA ordination was performed to correlate carbon
content with bacterial communities on Days 28 and
56 (Fig. 8). With regard to the variance of the species
data, the first axis explained 71.9% of the total variation, and the first and second axes explained 88.2%
of the total variation. RDA showed that TC was positively correlated with the first axis. The carbon content in water significantly affected the bacterial com-
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1.0
Actinobacteria
GC56

Firmicutes
GB56
Others
Gemmatimonadetes

Axis 2 (16.3%)

Planctomycetes
Verrucomicrobia

Chloroflexi
TC
Proteobacteria
GBC56
GBC28

GC28
Bacteroidetes

GB28
–1.0
–1.0

DOC
Axis 1 (71.9%)

TOC
1.0

Fig. 8. Redundancy analysis of bacterial community structure and carbon content on Days 28 and 56. Labels represent
treatment and day combinations (see Fig. 6); DOC: dissolved
organic carbon; TOC: total organic carbon; TC: total carbon

munity structure in GBC, particularly the dominant
Proteobacteria. The bacterial communities in GC and
GB were less affected by the carbon source.

4. DISCUSSION
Algicidal bacteria can inhibit algal growth or lyse
cells directly by physical contact or indirectly by
excreting active compounds (Guan et al. 2014, Li et
al. 2015). To date, most studies have primarily assessed the algae-lysing characteristics of algicidal bacteria on harmful algae (Lovejoy et al. 1998, Mayali &
Azam 2004) from particular blooms or red tides; the
effects of algicidal bacteria on the dominant species
of algae in aquaculture ponds have not been sufficiently studied. Wang et al. (2016) analyzed the
effects of CZBC1 on the microalgal community in
shrimp aquaculture water using experimental ecology methods. The results showed that, after 15 d of
culture, the percentage of Oscillatoria chlorina in the
control group (81.86%) was significantly higher than
in Group J3 and Group J5 (16.7 and 14.6%); initial
bacterial numbers in these experimental groups with
were 3.0 × 103 and 3.0 × 105 CFU ml−1, respectively.
In contrast, the percentage of Oocystis borgei in the
control group (3.1%) was significantly lower than in
the other 2 bacterial groups (32.4 and 47.1%). In our
study, the algicidal specificity of CZBC1 was also

demonstrated. On Days 28 and 56 in the GB and GBC
groups, the dominant microalgae changed from
Cyanophyta (44.33%) and Chlorophyta (37.26%) to
just Chlorophyta (> 90%). Moreover, the number of
microalgal cells on Days 28 and 56 was lower than
the initial number in GBC. It can be deduced that
microbial bioflocs formed in the experimental tanks
might indirectly control microalgae by regulating
nutrients and/or secreting allelochemicals that inhibited the growth of algae (Wu et al. 2011, 2014, Sun et
al. 2018). The results of multiple linear stepwise
regression analysis showed that AB-AA had a significant negative effect on Cy-QP, indicating that the
algicidal bacterium CZBC1 exhibited strong algicidal effects against harmful cyanobacteria and promoted the growth of Chlorophyta when no organic
carbon was added. When organic carbon was added
(treatment GBC), the absolute number of Chlorophyta actually decreased (although it remained dominant); the biofloc formation could be the cause.
Given the important ecological roles of the bacterial community, the influence of CZBC1 on the bacterial community was analyzed. Our results showed
that there was no significant difference in the total
and heterotrophic bacterial counts between the GB
and GC treatment groups on Days 28 and 56. The
structural characteristics of the bacterial communities in GB and GC indicated high degrees of similarity. Furthermore, the bacterial community of GB
showed relatively stable metabolic activity. From
these results, we concluded that, after the continuous
use of algicidal bacteria, the bacterial count, AWCD
values, and structural characteristics of the bacterial
communities were relatively stable on Days 28 and
56.
Crab et al. (2012) showed that the growth of heterotrophic bacteria in aquaculture was promoted by
adding organic carbon sources. Our results showed
that the amounts of total bacteria and heterotrophic
bacteria in GBC were significantly higher than those
in GC and GB on Days 28 and 56. Avnimelech et al.
(1994) and Browdy et al. (2001) found that manipulating water quality via the addition of carbon could shift
the system from autotrophic to heterotrophic. Heterotrophic bacterial growth is stimulated, and nitrogen
uptake occurs through the production of microbial
proteins in response to the addition of carbohydrates
to the water (Avnimelech 1999). Furthermore, we also
found that the composition of the bacterial community
structure had changed after adding organic carbon,
although the community showed a high degree of
similarity between GB and GC. RDA also showed that
the carbon content in water significantly affected the
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bacterial community structure in GBC, particularly
that of the dominant Proteobacteria. Moreover, Proteobacteria and Bacteroidetes, the dominant bacteria
in GBC, were also the dominant bacteria in shrimp
culture enclosure systems subject to the combined use
of Bacillus and molasses (Hu et al. 2017b). Thus, this
treatment may play a key role in the carbon and nitrogen cycle (Sun et al. 2014). Our findings indicate that
the algicidal bacterium CZBC1 exerts strong algicidal
effects against harmful Cyanophyta (i.e. O. chlorina)
and maintains the dominance of Chlorophyta, such as
C. pyrenoidosa. The addition of the carbon source increased the number of bacteria in the water and altered the bacterial community structure on Days 28
and 56.
Based on these findings, algicidal bacteria show
the potential to alter microalgal communities. Future
gains in any commercial probiotics derived from algicidal bacteria may allow their use within aquaculture
to control harmful algae.
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