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This study investigates the co-cultivation system of Nitzschia palea (FACHB-2263) and Pseudomonas
chlororaphis (ACCC-19853) in the artificial consortium at different concentrations. The algicidal mode
is evaluated using three different full factorial experiments (FFEs) under the following three scenarios:
different bacteria culture cell densities against different diatoms; algicidal activities of bacterial culture
supernatant against the N. palea in different growth phases, such as lag, exponential and stationary
phase; different bacteria and diatom against artificial consortium at different concentrations. For mini-
mizing the effect of random error, three replications of each experimental run of these three FFEs are
used. The influence of bacteria on growth in total chlorophyll is analyzed for all of these three replicates
FFEs. The results demonstrate that: the P. chlororaphis showed high algicidal activity against N. Palea
within 5 days; selected bacteria culture supernatant exhibited strong algicidal activity in the lag phase
while the artificial consortium achieved the algal cell lysis at different concentrations of the bacteria
to the diatom cells and the diatom to the bacteria cell; and the indoor mesocosms confirmed that P.
chlororaphis effectively reduced N. palea cells by over 90% within 5 days. The findings suggest that the
artificial consortia algal-bacterial symbiotic system is thus proven to be an effective and promising sys-
tem for microalgae bloom control treatment algal-bacterial symbiotic system that was extrapolated for
novel algae bloom control treatment.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diatoms are unicellular microalgae with unique, highly struc-
tured silicified cell walls. These unicellular organisms play a crucial
role in the ecosystems of the oceans, waterways, and soils as cen-
tral primary producers. Several environmental factors influence
the frequency of diatom blooms worldwide, such as climate
change, the rapid development of industry and agriculture, and
the constant acceleration of urbanization. The effects of human
activities on the ecosystem are increasingly immediate (Carolina,
2002; Heisler et al., 2008; Wells et al., 2015). According to
Buchan et al. (2014), the phytoplankton bloom is reported as the
dominant free-living bacterial group, but it is currently unknown
if bacteria also plays a vital role in this phenomenon. Nevertheless,
the symbiotic interaction between bacteria and diatoms has gained
much attention in the aquatic ecosystem (Worden et al., 2015;
Seymour et al., 2017). Interactions between diatom and bacteria
are complex and take many forms, including mutually beneficial
symbiosis of mutual utilization of metabolites and competition
and inhibition of nutrients.

Many research analyses on the symbiosis between microalgae
and bacteria or fungi and these multiple symbiotic relationships
applied to many industries. For example, filamentous fungi Asper-
gillus niger (Ted S-OSU) was used to co-culture with microalgae to
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form cell pellets for an easier harvest, which can apply to the
microalgae biofuels industry (Zhang and Hu, 2012). Chlorella vul-
garis were co-cultured with bacteria to form starvation terms for
the wastewater treatment industry, promoting biomass harvesting
and lipid accumulation (Xu et al., 2016). However, in some inci-
dence potentially inhibiting growth phytoplankton population
dynamics or by active lysis of algal cells by using bacteria as an
algicidal agent (Kang et al., 2011; Jung et al., 2012; Yu et al.,
2018). Several studies pointed out the algicidal bacteria attacks
algae by employing a direct or indirect approach (Skerratt et al.,
2002). The existing studies demonstrated a bacterium prohibited
the algicidal activity against the phytoplankton and identified to
date, such as Pseudomonas sp., Vibrio sp. Alteromonas sp. and Bacil-
lus sp. (Kim et al., 2018). In the past decade, management and mit-
igation strategies have attracted considerable attention, and
different methods are regularly tested in practice and applied to
control toxic algae/blooms in freshwater and marine aquatic
ecosystems. Management strategies, such as physical methods,
chemical methods, and biological methods, have advantages and
disadvantages, e.g., physical technology has no secondary pollu-
tion, but the cost is high. Chemical technology has quick results
and low cost, but because of the secondary pollution of benthic
organisms, it may change the food web in the aquatic ecosystem,
and thus continuous improvements are needed (Jeong et al.,
2008). Biological agents provide a new and promising method for
controlling blooms, including bacteria, actinomycetes, viruses, pro-
tozoa, and macrophytes, and microalgae (Balaji Prasath et al.,
2021a; Zhang et al., 2013) that are potent inhibitors for the control
of bloom outbreaks because they use many readily available raw
materials, lower economic costs. They will not produce secondary
pollution (Yang et al., 2014).

N. palea is a microalgae species that belongs to the diatom
group. In addition, it is an environmental indicator; it has a wide
geographical distribution in the environmental monitoring indus-
try used to be a biochemical marker to evaluate stress in the aqua-
tic ecosystem (Trobajo et al., 2009; Branco et al., 2010).
P. chlororaphis are gram-negative bacteria, the optimum growth
temperature is widely distributed in nature and can be detected
in some wastewater. This study investigates the co-cultivation sys-
tem of FACHB-2263 and ACCC-19853 in the artificial consortium at
different concentrations. This paper determines the algicidal mode
of ACCC-19853 and investigates the algicidal activity that is evalu-
ated by applying the following three different experimental condi-
tions. What is the effective dose bacteria culture concentration that
affects the cell density with selected diatom species? How the
selected bacteria and diatom with artificial consortium at different
concentrations composition changes during the co-culture. Finally,
a look is given at the bacterial culture supernatant against N. palea
in different growth phases such as lag, exponential and stationary
phases to determine if these extracts also play a role in potentially
inhibiting the growth of the phytoplankton population. The influ-
ence of bacteria on growth in terms of the total chlorophyll is ana-
lyzed using three replicate experiments that are determined every
12 hrs. The results indicated that N. pale composition and structure
are firmly algicidal activities by the ACCC 19,853 species in meso-
cosm experiments. For clarity, we relegate all the tables and figures
to an appendix.
2. Materials and methods

Microalgae often grow bacteria in long-term laboratory cul-
tures. Bacteria are beneficial to the oxygen, and extracellular sub-
stances produced by microalgae and compensate microalgae with
carbon dioxide and nutrients. This synergistic relationship helps
to establish an effective microalgae-bacteria co-cultivation model.
2

2.1. Microalgae culture

N. palea FACHB-2263 strains were obtained from the Freshwa-
ter Algae Culture Collection at the Institute of Hydrobiology in
China. The diatom was maintained as a unialgal axenic culture at
28 �C and pH 7 under 100 lmol photons m-2s�1 with a 12light:12-
dark cycle. The algae were cultured in a 250 ml Erlenmeyer flask
with a CSI medium. The stock culture was kept in the illumination
incubator at 28 �C. The N. palea culture was maintained in our lab
by transferring 1% of the culture volume to a fresh medium every
two weeks. The lack of contaminating bacteria was checked by
streaking aliquots on nutrient agar plates.
2.2. Bacteria culture

P. chlororaphis ACCC-19853 bacteria co-culture with the
microalgae were purchased from the China Center of Industrial
Culture Collection. The bacterium was axenic maintained on nutri-
ent agar plates containing 1%–5% agar at 30 �C and pH 7. Initially,
the ACCC-19853 bacteria were cultured in the nutrient broth at
30 �C. The stock solution (1 ml) was inoculated in 10 ml of the
nutrient medium incubated for about five days to the exponential
phase at 30 �C with shaking at 120 rpm, and growth was monitored
by determining the optical density of the culture broth at 600 nm
using a UV–visible spectrophotometer (Liu et al., 2018). The bacte-
rial culture was inoculated in 500 ml of the nutrient medium incu-
bated for ten days under the same conditions and used for extract
preparation.
3. Designing the experiments

Experimental design is arguably the most commonly used and
effective tool for understanding the behavior of complex phenom-
ena in industrial and scientific applications by investigating the
effect of input variables (factors) on the response variables (out-
puts) (Elsawah, 2021a). Experimental design is becoming the
cornerstone of many real-world complex phenomena (Elsawah,
2019) for investigating which factors have significant effects and
the conditions (i.e., levels or selected values) under which these
factors should work to optimize the outputs by establishing the
connections between the factors and their responses (Elsawah,
2021b). This technique involves two basic aspects, designing the
experiment (data collection) and analyzing the experiment (data
analysis) (Elsawah, 2018). Designing the experiment is arguably
the most essential part of this approach (Elsawah, 2020). A full fac-
torial design is the best choice for experimenters to design their
experiment for the following two simple reasons: (i) its capability
of estimating all the possible factor effects, i.e., main effects of the
factors and the interaction effects among them; and (ii) its con-
struction is very simple and easy for non-mathematician experi-
menters that are given by conducting the experiment at all the
possible combinations (experimental runs) of levels (all the possi-
ble different values) for all the input factors (Elsawah, 2021c). It is
worth mentioning that if the full factorial designs cannot be used
due to the required large number of experimental runs, optimal
fractional of full factorial designs can be selected based on some
optimality perspectives (Elsawah et al., 2021). Due to the men-
tioned advantages of full factorial designs, three full factorial
designs for three different experiments are used in this study to
test the interaction between the P. chlororaphis and N. palea under
a dual-species co-cultivation system. For minimizing the effect of
random error, the experiment at each condition (experimental
run) will be performed three times, i.e., we have three replicates
for each situation.
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3.1. First-stage experiment: bacteria concentration and time
interactions

The first-stage experiment has two input factors, the time with
five levels (i.e., different values) (0, 12, 24, 48, 96 h) and the bacte-
ria concentration with four levels (control, 104, 106, 108 CFU/ml�1),
and three output factors, the cell density (CD x106 cells/ml), dry
cell weight (DCW g/l) and the total chlorophyll (TC mg/l). The full
factorial design for this experiment with three replicates for each
experimental run is used. The experiment is performed 60 times,
three times for each experimental run (i.e., condition or level-
combination) of all the possible 20 level-combinations among
the five levels of the time and the four levels of the bacteria con-
centration. In this experiment, we cultured different bacterial cell
densities with selected diatoms. The pre-culture of ACCC-19853
is used for co-cultivation experiments. The stationary phase bacte-
ria culture was washed twice by centrifugation at 5000 rpm for
5 min and re-suspended in the medium. The co-culture was
obtained by adding bacterial cells up to a final density of 1 � 108

CFU/ml�1, 1 � 106 CFU/ml�1, and 1 � 104 CFU/ml�1 to the culture
of FACHB-2263 strains immediately after sub-culturing it in a fresh
medium with an initial density of approximately 1 � 106 cells/ml.

Meanwhile, the control group set up an algal culture with blank
sterile NB or CSI medium. The co-culture systems were kept in a
30 �C constant temperature incubator shaker controller. The flask
was incubated in algae culturing conditions for 96 h. Every day,
we measured the chlorophyll and cell concentration of treated
and control groups using a UV–visible spectrophotometer to repre-
sent the symbiotic relationship between algae and bacteria. The
optical density (OD) ratio between the experimental and control
groups is used to evaluate the OD ratio between the experimental
and control groups is used to evaluate the relationship between the
algae and bacteria. The treated samples were kept in an ice bath,
and vital algae cells were measured immediately by counting the
active cells under an inverted microscope (Olympus).
3.2. Second-stage experiment: bacteria concentration and growth
phase interactions

The second-stage experiment has two inputs, the growth phase
with four levels (control, stationary, exponential, lag) and bacteria
concentration with five levels (0, 12.5, 25, 50, 100 ml), and three
outputs, CD (x106 cells/ml), DCW (g/l) and TC (mg/l). The full fac-
torial design for this experiment with three replicates for each con-
dition (experimental run) is used. The experiment is performed 60
times, three times for each level-combination of all the possible 20
level-combinations among the five levels of the bacteria concentra-
tion and the four levels of the growth phase. In this experiment,
ACCC-19853, the crude extract is collected from the bacterial cul-
ture described by Jin et al. (2014). After we added these extracts
to exudates at three different growth phases (lag, exponential
and stationary) of algae cultures, studied in 500 l conical flasks.
Each flask contained 250 ml of freshly inoculated N. palea, with a
CD of 1.85 � 106 cells/ml, 13 � 106 cells/ml and 14.57 � 106

cells/ml, respectively in the sterilized CSI medium. Bacterial super-
natant crude extract dissolved in DMSO is added to a final concen-
tration of 75 lg/ml�1 at a DMSO content of 0.5% (v/v) and the final
crude extract is divided into five values (0, 12.5, 25, 50 and 100 ml)
that are used for the treatment. The control included 0.5% (v/v)
DMSO only. The triplicated flasks for both treatment and control
were incubated for 48 h at 28 �C with 100 lmol photons m-2s�1

and a 12 h light: 12 h dark cycle. Sampling for cell counting by a
spectrophotometer is performed every day until the end of the
experiment.
3

3.3. Third-stage experiment: bacteria-alga ratio concentration and
time interactions

The third-stage experiment has two inputs, the bacteria-alga
ratio concentration with nine levels (10–90, 20–80, 30–70, 40–
60, 50–50, 60–40, 70–30, 20–80, 10–90 ml) and the time with five
levels (0, 24, 48, 72, 96 h), and three outputs, CD (�106 cells/ml),
DCW (g/l) and TC (mg/l). The full factorial design for this experi-
ment with three replicates for each experimental run is used. That
is, the experiment is performed 135 times, three times for each
level-combination of all the possible 45 level-combinations among
the five levels of the time and the nine levels of the bacteria-alga
ratio concentration. In this experiment, a cell suspension of
ACCC-19853 in the growth phase is diluted in nutrient broth med-
ium of the bacterial culture, at final concentrations of 1 � 108 CFU/
ml –1are prepared. Meanwhile, we cultured and inoculated expo-
nentially growing cultures of FACHB-2263 into these bacterial cul-
tures at a final concentration of 1� 106 cells ml. In different ratio of
co-culture species were cultured 90:10, 80:20, 70:30, 60:40, 50:50,
40:60, 30:70, 20:80 and 10:90, respectively. The total volume is
100 ml for each experiment. The mixed cultures are incubated
under the same conditions described above.
3.4. Further preparation for the experiments

The biomass concentration of microalgal strain was determined
by measuring the optical density at a wavelength of 680 nm with a
UV–visible spectrophotometer. The calibration curve demon-
strated that: (i) there is a strong linear relationship between the
concentration of the DCW of the algae and its corresponding OD-
680 that can be expressed as follows DCW = 0.3292 (OD-
680) + 0.0192 with accuracy measured by R2 = 0.9827. (ii) there
is a strong linear relationship between the concentration of the
CD of the algae and its corresponding OD-680 that can be
expressed as follows CD = 19.527(OD-680) �1.1981 with accuracy
measured by R2 = 0.9912.

In order to determine the algicidal activity of strain ACCC-
19853 against FACHB-2263 in all experimental groups, the follow-
ing formula was used (Sankar et al., 2014).
Inhibition rateð%Þ ¼ ðFI � controlÞ � ðFI � experimentÞ
FI � control

� 100%;
where FI-experimental is the fluorescence intensity of the treated
algal culture and FI-control is the fluorescence intensity of the con-
trol algal culture. The CD and TC of all experimental conditions are
measured as indicators for algal growth.

The TC is calculated according to Porra (2005). Briefly, 2 ml of
the N. palea algae sample is centrifuged at 4000�g for five minutes
in a pellet, after that supernatant is discarded, 3 ml of methanol is
added to the pellet, and the tube is boiled for 5 min under dark
conditions. Then, the sample is transferred into a new centrifuge
tube, which covers with aluminum foil and kept on an ice bath,
and the lysate is removed by centrifuging the sample at over
5000�g for six minutes. Chlorophyll absorbance’s at 665.2 nm
and 652 nm are measured by a UV–Visible spectrophotometer
for chlorophyll quantification. Methanol is used as a blank solution.
Chlorophyll concentrations are calculated by the following equa-
tions (Porra, 2005)

Chlorophyll-a = 16.29 (E-665.2) – 8.54 (E-652).
Chlorophyll-b = 30.66 (E-652) – 13.58 (E-665.2).
TC = 22.12(E-652) + 2.71(E-652).
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4. Statistical strategies and the corresponding discussions

In this section, some statistical strategies are used and the corre-
sponding discussions are given for each stage of the above-
mentioned three stages experiments in this work. The bar graphs to
investigate the behaviors of the means with error bars (standard
deviations) for the three output factors CD, DCW, and TC under three
replicates of each level-combination for all the possible level-
combinations of the levels of the two input factors are given for the
first-stage, second-stage and third-stage experiments in Figs. 1A, 2A
and 3B, respectively. Error barsmeasure how far the triplicate values
are spread out from theirmean values. The behavior of the two input
factors and the three output factors, the corresponding linear rela-
tionships among these five factors and the accuracy (via the Pearson
correlation coefficient that is denoted as r) of these linear relation-
ships among the factors are investigated for the first-stage, second-
stageand third-stageexperiments in Figs. 1A, 2Aand3A, respectively.

Since the factors have different scales, standardization (subtrac-
tion of the mean, division by the standard deviation of all the val-
ues) puts the factors on the same scale to give a clear comparison
study among them. A heat map is a graphical representation of the
data that uses a system of color-coding to represent different val-
ues, which provides an immediate visual summary of information.
The ‘‘hot” sections represent high values, and the ‘‘cold” sections
represent low values of a given factor. The heat maps of the first-
stage, second-stage and third-stage experiments are given in
Figs. 1B, 2B and 3C, respectively. The distribution plot investigates
the distribution of the actual (normalized) values of a given factor
about its mean. The dots (normalized values) below zero represent
the actual values that are less than the mean. The dots (normalized
values) above zero represent the actual values that are greater than
the mean. The distribution plots of the first-stage, second-stage
and third-stage experiments are given in Figs. 1B, 2B and 3C,
respectively. Moreover, the relationships between the growth inhi-
bition rates (%) of the CD as a function of the input factors are given
for the first-stage, second-stage and third-stage experiments in
Figs. 1C, 2C, and 3D, respectively. Table 1 gives the analysis of vari-
ance (ANOVA) summary results for the three output factors CD,
DCW and TC productions in FACHB-2263 exposed to different
treatment, concentration and time of ACCC-19853. The factor has
a significant effect on the productivity at p < 0.05. It is worth men-
tioning that statistically significant results of ANOVA (p < 0.05)
indicate that not all of the group means are equal. However,
ANOVA results do not identify which particular differences
between pairs of means are significant. Post hoc tests are used to
explore differences between multiple groups’ means while control-
ling the experiment-wise error rate.

4.1. Results and discussions for the first-stage experiment

The interactions between co-cultures are used to examine the
formation of the growth activities of the diatom under different
bacterial cell concentrations at different time intervals that were
grew well in laboratory culture. The results in Figs. 1A-1C and
Table 1 for this stage demonstrate that:

� The FACHB-2263 grows when increasing the concentration of
the ACCC-19853 (104, 106 and 108 CFU/ml�1). The agreements
to significant (p < 0.05) decreased on the CD, DCW and TC con-
cerning time (12, 24, 48 and 96 h). The lowest means of the CD
and DCW are 0.6889 � 106 cells/ml and 0.0126 g/l, respectively
at time 96 h and concentration 108 CFU/ml�1. The TC produc-
tion generally decreases with increasing the concentrations of
the ACCC-19853 strains from 48 h after exposure to the highest
concentrations of bacterial strain, resulted in complete growth
inhibition.
4

� The CD, DCW and TC are correlated with the bacterial concen-
tration (treatment) and the time during the co-cultivation con-
dition. The CD and the DCW have the same behavior with the
time and the concentration of the bacteria. There is a positive
weak linear relationship ðr ¼ 0:39) between the CD (DCW) and
the time. There is a negative linear relationship (r ¼ �0:63)
between the CD (DCW) and the concentrations of the bacteria.
There is a negative linear relationship (r ¼ �0:63) between the
TC and the concentrations of the bacteria. There is a positive
linear relationship (r ¼ 0:77) between the TC and the CD that
can be given as follows TC = 3.93 + 3.21CD. The accuracy of this
equation is measured by R2 = 0.6. There is a positive linear
relationship (r ¼ 0:77) between the TC and the DCW that can
be given as follows TC = 3.77 + 192.27 DCW. The accuracy of
this equation is measured by R2 = 0.6.

� There is a very low algicidal activity in the concentrations of 104

CFU/ml�1 at 96 h. When the amount-exceeded concentration of
106 CFU/ml�1, the CD intensity in the treatment groups signifi-
cantly decreases compared to the control group, and the algicidal
rates in 12, 24, 48, and 96 h are 9.03, 25.4, 31.5 and 44.3%, respec-
tively for 106 CFU/ml�1, while for 108 CFU/ml�1 are 18.6, 30, 50.3
and 62.8%, respectively. In this co-culture, the bacterial number
increases over a period of 96 h, but the efficiency of the FACHB-
2263 growth decreases based on the analysis of the concentra-
tion of the CD, DCWand TC. The inhabitation efficiency increases
dramatically with increasing the concentrations of the ACCC-
19853 strains, and it reaches the maximum value at 96 h. The
ACCC-19853strainhas algicidal activitywhen the time increases,
the percentage of the CD decreases dramatically. Therefore, we
chose an experimental concentration of 108 CFU/ml�1 as the
ACCC-19853 strain for the follow-up experiments. Follow-up
experiments are needed in many cases to get more information
about the behavior of the studied phenomenon and break the
confounding among the input factors to effectively estimate their
effects (Elsawah, 2016; Elsawah and Qin, 2017).

4.2. Results and discussions for the second-stage experiment

The CD, DCW, and TC content in the FACHB-2263 concerning
the ACCC-19853 extract treatment are investigated. In addition,
all the phases of the FACHB-2263 cell cycle (lag, exponential and
stationary) are treated with the ACCC-19853 strain crude extracted
with different concentrations observed in the control cultures. The
results in Figs. 2A-2C and Table 1 for this stage demonstrate that:

� When compared with the control, the dose-dependent treated
group showed a significant decrease at 24 h after adding the
crude extract under which the CD, DCW, and TC continually
declined for the duration of the experiment. A prompt CD
reduction is observed with the ACCC-19853 extract when
higher concentration (100 ml), at lag, exponential and station-
ary phase the CD contents recorded 0.27, 2.06, and 1.05 � 106

cells/ml, respectively, when compared with the control. For
the DCW and TC, the same effect when higher concentrations
(100 m1) at 24 h exposure of crude extract are recorded 0.01,
0.04, and 0.02 g/l and 7.08, 13.48 and 11.06 mg/l, respectively
when compared with the control.

� There is a strong positive linear relationship (r ¼ 0:96) between
the TC and the CD that can be given as follows TC = 8.53 + 1.7
7CD. The accuracy of this equation is measured by R2 = 0.92.
There is a strong positive linear relationship (r ¼ 0:96) between
the TC and the DCW that can be given as follows TC = 8.4 + 105.
02 DCW. The accuracy of this equation is measured by R2 = 0.92.
The TC has a positive weak linear relation (r ¼ 0:41) with the
growth phase and a negative, weak linear relation (r ¼ �0:38)
with the time.
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� The crude extract at higher concentration (100 ml) inhibited the
growth rate of the FACHB-2263 efficiency by 91.2% at stationary
phase showed highly active followed by lag phase (88.5%) and
exponential phase (82.5%). Whereas the lower concentrations
(12.5 ml) exhibited decreased inhibition at the lag phase
(25.5%) showed a high growth inhibition rate compared with
the stationary and exponential phases, respectively. Bacterial
inhibition is too short, or the algae density is still too low to
occur because some algae bacteria have been shown to kill
senescent algae cells only in the lag phase (Lian et al., 2021).

4.3. Results and discussions for the third-stage experiment

We next examined to understand the ability of the strains
ACCC-19853 and FACHB-2263 to grow successfully under con-
trolled co-cultivation under laboratory conditions. The results of
this stage in Figs. 3A-3D and Table 1 demonstrate that:

� The algicidal activity of the different ratio concentrations of the
cultures is reflected in the intensity of the algal CD even lower
concentration of the ACCC-19853 with a higher concentration
of the FACHB-2263 showed the algicidal activity compared with
the intensity in the control group.

� The CD and DCW have the same linear behavior (r ¼ 1). The CD
and DCW have a negative weak linear relationship (r ¼ �0:32)
with the time. There is a strong positive linear relationship
(r ¼ 0:92) between the CD and the algae that can be given as fol-
lows CD = 0.18–0.55Aalgae. The accuracy of this equation is
measured by R2 = 0.85 and mean square error (MSE) = 3.63.
There is a strong negative linear relationship (r ¼ �0:92)
between the CD and the bacteria that can be given as follows
CD = 17.1–0.18Bacteria. The accuracy of this equation is mea-
sured by R2 = 0.85 and MSE = 3.63. There is a strong positive lin-
ear relationship (r ¼ 0:92) between the DCW and the algae that
can be given as follows DCW = 0.003Algae-0.008. The accuracy
of this equation is measured by R2 = 0.85 and MSE = 0.001.
There is a strong negative linear relationship (r ¼ �0:92)
between the DCW and the bacteria that can be given as follows
DCW = 0.29–0.003Bacteria. The accuracy of this equation is
measured by R2 = 0.85 and MSE = 0.001.

� The means of the CD and DCW are decrease when the concen-
tration of the bacteria increases, the concentration of the algae
increases, and the time increases. The experimental condition
(bacteria 10, algae 90 and time 0 h) has the maximum means
of the CD and DCW. However, the experimental condition (bac-
teria 90, algae 10 and time 96 h) has the smallest means of the
CD and DCW. The experimental condition (bacteria 40, algae 60
and time 0 h) has the maximum standard deviations of the trip-
licate of the CD and DCW, i.e., the triplicate of the CD and DCW
have significant differences.
Table 1
Analysis of variance summary results for CD, DCW and TC production in FACHB 2263 exp
significant effect on the productivity at P < 0.05.

Source CD

F P-value

EXP-1 Treatment 2214.3 1.79E-44
Time 632.3 1.45E-35
Treatment * Time 496.3 1.57E-39

EXP-2 Treatment 16832.7 4.78E-62
Concentration 5747.9 1.307E-54
Treatment * concentration 6187.2 2.2E-61

EXP-3 Treatment 13057.46 2.03E-134
Time 3122.36 1.31E-95
Treatment * Time 58.97 1.12E-47

*EXP-k denotes k-stage experiment

5

� The CD and DCW have the same normalized values. When the
concentration of the bacteria is more than (less than) 50 ml, the
CD will be less than (more than) 8.27. When the concentration
of the algae is more than (less than) 50 ml, the CD will be more
than (less than) 8.27. When the concentration of the bacteria is
more than (less than) 50 ml, the DCW will be less than (more
than) 0.14. When the concentration of the algae is more than (less
than) 50 ml, the DCW will be more than (less than) 0.14.

� The percentage of the CD has positive relations with the concen-
tration of the bacteria and time and negative relations with a
concentration of the algae. That is, when the concentration of
the bacteria increases, the percentage of the CD increases; when
the concentration of the algae increases, the percentage of the
CD decreases; and when the time increases, the percentage of
the CD increases. Growth inhibition efficiency results revealed
that when the concentration of the ACCC-19853 and time
increase, the percentage of the CD decreases. The algicidal rate
of the treatment groups with the concentrations of the bacteria:
algae (90:10, 80:20, 70:30, 60:40, 50:50 40:60, 30:70, 20:80 and
10:90) reached 96.4, 88.7, 79.4, 76.2, 70.5, 24.6, 23.7, 21.2 and
17.3%, respectively,

� The concentration, time and the interaction between them have
a significant effect (significant difference in means) on the CD
and DCW. Post hoc tests show significant differences between
the means of any two hours and any two concentrations.

� Moreover, the TC in the algal cells was significantly decreased
under the effect at different ratio concentrations of algicidal cul-
ture (p < 0.05) from 48 h of treatment, and the maximum inhi-
bitory effect of the bacterial culture is achieved within 96 h
exposure. Most of the diatom cells lysed after adding the
ACCC-19853 strain culture for 48 h and the microalgae culture
faded to white color.
5. Discussions

In recent years, many studies have reported an antagonism or
competitive relationship between bacteria and phytoplankton.
The existence of bacteria will inhibit the growth of microalgae. It
was concluded that the bacteria is a kind of algicide, which can
be used against algae bloom, suggesting they may implement algae
bloom bio-control (Yang et al., 2012) because they have similar
growing conditions, and some natural waters are the best places
for bacterial breeding. However, species specificity of the algicidal
effect will also exist when the bacteria and algae co-cultivation sys-
tem applies to the real algae bloom cases. We should decide the
bacteria species according to the actual situation and choose the
P. chlororaphis harmless bacteria that have the highest inhibition
efficiency and do not influence humans, the environment, and
wildlife (Anderson et al., 2012; Chen et al. 2014; Lee et al. 2013).
osed to different treatment, concentration and time of ACCC 19853. The factor has a

CDW TC

F P-value F P-value

2214.3 1.78E-44 2348.9 9.41E-30
632.3 1.45E-35 51.8 1.97E-9
496.3 1.57E-39 1514.2 1.01E-29

4686.7 5.85E-51 4419.5 1.89E-50
1583.6 1.87E-43 1666.8 6.77E-44
1694.6 3.801E-50 1456.2 7.84E-49

13057.46 2.03E-134 – –
3122.36 1.31E-95 – –

58.97 1.12E-47 – –
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In our investigation, ACCC –19853 strain was added into FACHB –
2263 cultures at different concentrations, phases, and ratios. The
results exhibited high algicidal activity against FACHB –2263 in all
our controlled associate co-cultures experiments through the
observed value of the co-culture were measured to reflect the algal
biomass; cell density and chlorophyll decreased obviously in high
concentrations of the bacterial culture, and extract concentration
were even more efficient (Zhang et al. 2014). Similar to different
algae growth cell cycle experiments with bacterial extract, the mean
of CD, DCW, and TC was significantly lower than that of the control
at the end of the incubation period. The present study indicated that
application of low bacterial extract concentrations (12.5 ml) to
FACHB-2263 cultures was almost identical, and only a small varia-
tion was noted in the exponential and stationary phase but, progres-
sive increases in bacterial crude extract concentration (25, 50, and
100 ml) resulted in the algal growth inhibition rate being signifi-
cantly higher (P < 0.05). Negative effects on algal growth were
detected. To further investigate the artificial microalgal-bacterial
consortium, we explored the bacterial effect on diatom enhanced
with the different combinations of ACCC-19853 and FACHB-2263
at the different ratios described above. CD and DCW are commonly
used to monitor the growth and inhibition rate. The results revealed
that all the combinations and the diatom cells destructed after 96 h
and caused the death of the cells. These co-cultures also exhibited a
more rapid marked difference in diatom cell density than cultures
grown in controls in all our experiments.

From the above discussions, we conclude that the algicidal bac-
terium ACCC-19853 strain induces continuous stressing, making
the significant decrease of chlorophyll in algal cells, leading to the
dysfunction and disruption of the photosynthesis rate can reduce.
Consequently, this will affect the physiological function of the algal
cell because there is no substrate for energy to maintain the life of
the cell growth. These results demonstrated that implied that dys-
function of the photosynthesis system was the most fundamental
reason for algal cell death. (Shunmugam et al., 2014; Vardi et al.,
2009). Therefore, this line of research is of particular interest as it
can challenge conventional views. Additionally, laboratory micro-
cosms revealed a significant decrease in all the experiments, espe-
cially the algae bacterial ratio. In total, there was a decrease in
diatom density with a concomitant increase in bacteria cell growth
and diatom abundances and eventually, cause algal cell death. Nev-
ertheless, in this study, the mechanism by which bacteria inhibit
algae growth has not been explored. Maybe some other metabolites
from selected bacteria reasons were able to cause the algal cell
death. Kim et al., 2018 reported that the allelochemicals urocanic
acid, cytidine 20,30-cyclic phosphate, uridine 20,30-cyclic phosphate
could cause growth inhibition in Phaeodactylum tricornutum. How-
ever, there were some limitations in the process of the experiment.
Initially, we predict that the interaction between P. chlororaphis
ACCC-19853 and N. Palea FACHB-2263 can be mutualistic, antago-
nistic, or shift between both. Using this measurement in the algal
growth curve, there was no mutualistic phase, but we cannot sur-
mise that there was no mutualistic phase in the first days. Besides,
the products of bacteria may have affected the determination of
chlorophyll and cell density concentration.

Thus, this work enhances our understanding of the relationship
between algal cell structures and algicidal substances during
degradation of the diatom N. Palea FACHB-2263 and may provide
a new strategy for controlling harmful blooms of this common
freshwater diatom bloom. Because this bacterial strain inhibits
the photosynthesis rate efficiency while increasing concentration
cause algal cell lysis were identified in our experiment and to
destruct the structures of algal cells. So, put these bacteria directly
or extract them in the affected water ecosystem and control the
6

algae bloom phenomenon. However, the potential applications of
these algicide bacteria to control harmful algae blooms in nature
will require extensive research and ensure collateral damage to
another aquatic organism.

6. Conclusions and future work

P. chlororaphis ACCC-19853 and its extract showed a potent
inhibition effect on N. Palea FACHB-2263. This antagonistic sym-
biosis in the algae and bacterial co-culture systems provides a
new idea for water bloom treatment. As a new kind of algicide,
bacteria have the advantages of strong specificity and no pollution
to water. It can also be used in laboratories to kill specific algae.
Because some bacteria have more strict growth conditions, they
are easier to remove in subsequent treatments. The results indicate
that in the practice of artificial consortia algal-bacterial symbiotic
system, the bacterial activity in the algal community should be
considered. If harmful algae are present, the inoculum where these
bacteria are present decreases the growth of algae cultivation. Even
more interesting, algicide bacterial strains may be supplemented
as a new means to improve active compound and culture stability,
thus proven to be an effective and promising system for microalgae
bloom control treatment algal-bacterial symbiotic system extrapo-
lated for novel algae bloom control treatment. Studying the sym-
biosis of bacteria and algae in nature is a hot topic in
environmental science, it can help people use certain symbiotic
relationships to grow beneficial algae or eliminate harmful algae.

The above-mentioned results show that, the input factors and
responses are often not linearly related and thus, conventional sta-
tistical tools might not be enough to derive functional knowledge.
Recently, Balaji Prasath et al. (2021b) used linear, polynomial,
spline and Kriging models for modeling and optimization of the
effect of abiotic stressors on the productivity of the biomass,
chlorophyll and lutein in microalgae Chlorella pyrenoidosa. Finally,
Vishwakarma et al. (2020) and Vishwakarma et al. (2021) used
neural network techniques to detect the outliers (i.e., observations
that deviates significantly from other data) from the collected data
that is an important step before modeling and analyzing the data.
Therefore, in this future work, some efficient methods from various
perspectives, such as, random forest regression, AdaBoost regres-
sion, spline model, Guassian Kriging model and various neural net-
work techniques, will be employed to detect outliers from the
collected data and develop predictive models for remaining free-
outliers data of this study.
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Fig. 1A. Bar graphs on the left side depict the behaviors of the means with error bars (standard deviations) of the triplicate experiments of each condition from all the 20
combinations of the time (0, 12, 24, 48, 96 h) with each bacteria concentration (control, 104, 106, 108 CFU/ml�1) for the outputs CD (x106 cells/ml), DCW (g/l) and TC (mg/l).
Bars are colored to match with treatment groups. Error bars measure how far the triplicate values are spread out from their mean value. Right hand side graph provides the
linear relationships among the variables, which are measured by Pearson correlation coefficient (r). The sign and value of r describe the direction and the power of the relation
between the variables, respectively.

Fig. 1B. Left: Heat map analysis of the normalized (standardized) values (subtraction of the mean, division by the standard deviation of all the 36 values) of the variables
bacteria concentration (treatment), time, CD, DCW and TC. Standardization is the process of putting different variables on the same scale to give a clear comparison study
between them. A heat map is a graphical representation of data that uses a system of color-coding to represent different values, which provides an immediate visual summary
of information. The ‘‘hot” sections represent high values, and the ‘‘cold” sections represent low values of the given variable. Right: The dots distribute the 36 actual
(normalized) values of the variable about its mean (zero, dashed line). The dots (normalized values) below zero represent the actual values that are less than the mean. The
dots (normalized values) above zero represent the actual values that are greater than the mean.
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Fig. 1C. As a function of different bacterial concentration on the growth of FACHB 2263 culture growth inhibition efficiency (%). Percentages are averages with the standard
deviation (error bars) of the triplicates of each experimental condition.

Fig. 2A. Bar graphs on the left side depict the behaviors of the means with error bars (standard deviations) of the triplicate experiments of each condition from all the 20
combinations of the bacteria concentration (0, 12.5, 25, 50, 100 ml) with each growth phase (control, stationary, exponential, lag) for the outputs CD (x106 cells/ml), DCW (g/l)
and TC (mg/l). Bars are colored to match with treatment groups. Error bars measure how far the triplicate values are spread out from their mean value. Right hand side graph
provides the linear relationships among the variables, which are measured by Pearson correlation coefficient (r). The sign and value of r describe the direction and the power
of the relation between the variables, respectively.
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Fig. 2B. Left: Heat map analysis of the normalized (standardized) values (subtraction of the mean, division by the standard deviation of all the 60 values) of the variables
bacteria concentration (treatment), growth phase, CD, DCW and TC. Standardization is the process of putting different variables on the same scale to give a clear comparison
study between them. A heat map is a graphical representation of data that uses a system of color-coding to represent different values, which provides an immediate visual
summary of information. The ‘‘hot” sections represent high values, and the ‘‘cold” sections represent low values of the given variable. Right: The dots distribute the 60 actual
(normalized) values of the variable about its mean (zero, dashed line). The dots (normalized values) below zero represent the actual values that are less than the mean. The
dots (normalized values) above zero represent the actual values that are greater than the mean.

Fig. 2C. Growth inhibition rate (%) of FACHB 2263 as a function of different ACCC 19,853 bacterial extract concentrations (ml). Percentages are averages with the standard
deviation (error bars) of the triplicates of each experimental condition.
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Fig. 3A. Left: The behaviors of the actual variables of CD (�106 cells/ml) abundance as a function of time in bacteria and algae ratio co-cultures of ACCC 19,853 (blue lines),
FACHB 2263 (red line), time (green line) and bar plot (black) depicts increases in CD growth rate due to the presence of each strain ratio. Right hand side graph provides the
linear relationships among the variables, which are measured by Pearson correlation coefficient (r). The sign and value of r describe the direction and the power of the relation
between the variables, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3B. Bar graphs depict the behaviors of the means with error bars (standard deviations) of the triplicate experiments of each condition from all the 45 combinations of the
time (0, 24, 48, 72, 96 h) with each growth algae and bacterial ratio concentration (10:90) for the outputs CD (x106 cells/ml) and DCW (g/l) and TC (mg/l). Bars are colored to
match with treatment groups. Error bars measure how far the triplicate values are spread out from their mean value.
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Fig. 3C. Heat map analysis of the normalized (standardized) values (subtraction of the mean, division by the standard deviation of all the 135 values) of the variables bacteria
concentration, algae concentration, time, CD and DCW. Standardization is the process of putting different variables on the same scale to give a clear comparison study
between them. A heat map is a graphical representation of data that uses a system of color-coding to represent different values, which provides an immediate visual summary
of information. The ‘‘hot” sections represent high values, and the ‘‘cold” sections represent low values of the given variable. Right: The bars distribute the 135 actual
(normalized) values of the variable about its mean (zero, dashed line). The bars (normalized values) below zero represent the actual values that are less than the mean. The
bars (normalized values) above zero represent the actual values that are greater than the mean.

Fig. 3D. The relationships between growth inhibition rate (%) of CD as a function of different concentration Algae: Bacteria and Time. Percentages are averages with the
standard deviation (error bars) of the triplicates of each experimental condition.
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