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Bacterial infectious diseases cause a huge economic loss in aquaculture. Active
biological control that uses bacteriovorous organisms to remove pathogens is an
ecologically friendly approach for the cultural system to counteract the bacterial
infection. The ciliate is one of the main predators of bacteria in aquatic ecosystems, but
whether it can be effectively adopted to protect aquaculture organisms from bacterial
pathogens remains to be investigated. In this study, we optimized the culturing method
for a marine ciliate Strombidium sp. NTOU1 and analyzed its bacteriovorous properties.
Strombidium sp. NTOU1 could feed on a variety of bacteria including pathogenic
species. By controlling the amount of frozen bacteria Erwinia spp. in the medium,
the ciliate grew to the maximum density within 4 days and could reach 1.2 x 10°
cells/mL after the suction filtration enrichment. Ingested bacteria were observed in the
food vacuole of the ciliate, and the average bacterial clearance rate of a single NTOU1
cell was ~300 cells/hr. In the challenge trial which grouper larvae were exposed to
an extreme environment containing a high density of the pathogen Vibrio campbellii,
only 33% of the grouper larvae could survive after 5 days. However, preincubating
with Strombidium sp. NTOU1 for an hour resulted in their survival rate to rise to 93%.
Together, our results demonstrated that Strombidium sp. NTOU1 has the potential to
become a biological control species to actively remove pathogens in aquaculture. In
addition, the technical improvement to culture Strombidium sp. NTOU1 provides an
advantage for this ciliate in the future academic research or biotechnological application.
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INTRODUCTION

As global capture fisheries resources are gradually depleted,
aquaculture has become an important source of high-quality
animal proteins to meet the need of the world’s continuously
growing population (Goldburg and Naylor, 2005; Brander, 2007).
Modern intensive aquaculture improves production, but it also
increases the risk of infectious disease outbreaks, which cause
an economic loss of US$6 billion per year for the aquaculture
industry (Bostock et al., 2010; Oliva-Teles, 2012; FAO, 2018).
Among fish diseases, bacterial infection is the biggest threat.

To date, antibiotics are still the most effective way to fight
bacterial infectious diseases, but their excessive use in aquaculture
has become a serious problem (Cabello, 2006; Defoirdt et al.,
2011). The abuse of antibiotics induces the resistance of bacterial
pathogens in the environment, indirectly causing the prevalence
of super bacteria, which in turn threatens human health (Sapkota
et al.,, 2008; Heuer et al., 2009). In addition, antibiotics also
harm probiotics in the environment and the intestine of animals,
leading to an imbalance in microbial ecology that contributes
to the instability of the aquaculture system (Martinez, 2011).
Many countries have reached a consensus to ban the use
of antibiotics in aquatic animals. Alternative methods, which
can effectively control the infectious disease but also maintain
the ecological balance of the culture, are urgently on demand
(Pérez-Sanchez et al., 2018).

Biological control is using natural enemies of a harmful
organism in the ecosystem to control its population density
and to prevent the occurrence of harm. Passive biological
control in aquaculture is to create an adverse environment
for the pathogen, which, in turn, facilitates the prevention of
the disease. For example, probiotics compete with bacterial
pathogens for the resources needed for their growth (Verschuere
etal., 2000). Probiotics and microalgae have also been reported to
secrete antibacterial and immune-enhancing substances, which
indirectly reduce the damage caused by bacterial pathogens
(Muller-Feuga, 2000; Nayak, 2010). In general, passive biological
control can prevent the growth of bacterial pathogens, but it is
not able to completely avoid the outbreak of the disease. On the
other hand, active biological control is aimed at directly removing
harmful organisms from the environment. For example, the
bacteriophage can be used to infect and destroy pathogenic
bacteria to prevent disease outbreaks (Letchumanan et al., 2016).
Nevertheless, it can only selectively eliminate the specific host,
and it has yet to find a bacteriophage that possesses the ability to
fight against diverse bacterial pathogens in the actual aquaculture
environment (Kalatzis et al., 2018).

In addition to bacteriophages, ciliates are the main predators
of bacteria in the microbial ecosystem (Sherr and Sherr, 2002;
Becks et al.,, 2005). Bacteriovorous ciliates, such as Halteria
grandinella, Paramecium caudatum, Tetrahymena pyriformis, and
Tetrahymena vorax, were reported to have the ability to prey
on microbes not restricted to any type of bacteria through
the non-selective phagocytosis (Gronlien et al., 2002; Ali and
Saleh, 2014). Therefore, ciliates have been applied to lower
the bacterial density in the aquatic environment. For example,
Stentor roeselii was used to control the bloom caused by the

cyanobacteria Microcystis aeruginosa in freshwater (Kim et al.,
2007). In an outdoor algal cultivation system, the Colpoda sp.
was deployed to protect the green algae Chlorella sp. from the
bacterial contamination dominated by Microbacterium sp. (Cho
et al., 2019). However, applying a ciliate to antagonize bacterial
pathogens in aquaculture has not yet been reported. It is probably
because suitable ciliate species, which can be practically cultured
on a large scale and have a property ideal for field utilization in
aquaculture, remain largely underexplored.

An oligotrich ciliate, termed Strombidium sp. NTOU1 hereby,
was isolated from the coastal water of Taiwan (Lee, 2015). As
an ecologically successful species, it may have advantageous
properties potentially adaptable for human utilization, such as a
broad bacteriovorous ability. In this study, we established a robust
and efficient culturing method for the Strombidium sp. NTOU1
and characterized its feeding and ability of bacterial clearance.
The result from pathogen challenging assay demonstrated the
effectiveness to use this ciliate as an active biological control
species for grouper larvae to against Vibrio campbellii.

MATERIALS AND METHODS

Chemicals, Enzymes, and Antibodies

All general chemicals used in this work, including nutrient salts
and antibiotics, were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, United States). PCR related reagents were
provided from Ten Giga Bio (Keelung, Taiwan). Restriction
enzymes were obtained from New England Biolabs (Ipswich,
MA, United States). Immunostaining related reagents were
purchased from Thermo Fisher Scientific Inc. (Wilmington,
DE, United States).

Source of Bacterial Feeds

There are six strains of bacteria used in this study
(Supplementary Table S2). Escherichia coli BL21 strain (DE3)
was purchased from New England Biolabs. Vibrio campbellii and
Vibrio harveyi were provided by Dr. Han-You Lin’s laboratory
at National Taiwan University (Wang et al., 2010; Lam et al,
2011). The Erwinia spp. and Kluyvera spp. were isolated from
the rice medium (see below) made of 5 grains of raw rice in
500 mL of artificial seawater to enrich the natural bacterial
populations. The identification of these bacterial species was
in accordance with the API-20E commercial kit following the
manufacturer’s instructions.

To create the pET-EGFP E. coli strain, the enhanced green
fluorescence protein (EGFP) DNA fragment was amplified by
PCR (Supplementary Table S1) from the pCX-EGFP plasmid
(Addgene, Watertown, MA, United States) and then ligated into
the pET28a vector (Addgene) between the restriction enzyme
sites of EcoRI and Xhol to yield the pET28-EGFP plasmid.
Subsequently, the pET28-EGFP plasmid was transformed into E.
coli BL21 strain to obtain the genetically engineered E. coli pET-
EGFP strain. 0.2 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) was added in the log phase (OD600 = 0.4—0.6) cells for
5 h to induce the production of EGFP recombinant proteins.
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The cell density of each bacterial strain is obtained from
an actual number of colonies after plating. All bacteria frozen
stocks were prepared by overnight cultured bacterial suspension
containing 20% glycerol and then stored in a —80°C refrigerator.

Source and General Maintenance
of the Ciliate

The marine oligotrich ciliate used in this study, termed
Strombidium sp. NTOU1, was initially isolated in Prof. Kuo-
Ping Chiangs laboratory (Lee, 2015). Wild ciliates were
collected using a 20-pwm mesh plankton net from the coastal
waters of northeastern Taiwan (25° 08’ 30" N; 121° 47" 42"
E) on September 8, 2011. A single-cell-isolated strain was
obtained and identified as a Strombidium sp. based on the
morphological analysis using the protargol impregnated method
(Ng and Nelsen, 1977).

The primary culture and general preservation of Strombidium
sp. NTOU1 was carried out with the rice medium at a starting
concentration of 1 cell/mL. The rice medium is an unboiled
infusion filled with naturally grown bacterial feed and was
prepared by adding one grain of raw rice to 100 mL of artificial
seawater (ASW) and standing overnight at 25 °C.

High-Density Culture and Handling
of Strombidium sp. NTOU1

The high-density culture of ciliates took place in 5 liters of
sterile ASW with a starting density of 100 cells/mL. During the
culturing period, ciliate cells were harvested daily for proper serial
dilution and cell counts. The food source, frozen Erwinia spp.,
was daily applied to the culture flask in an amount of 10,000
times the number of ciliates. For the preparation of the frozen
Erwinia spp., ~5.00 x 100 cells were washed twice with sterile
artificial seawater after centrifugation (3,000 g, 10 min, 4°C) and
stored in the form of pellet at —20°C. The bacterial density of
frozen Erwinia spp. was adjusted using sterile ASW. After 5-
day culture, these ciliates were further subjected to the suction
filtration enrichment using the water-jet aspirator pump (A-
1000S, Eyela, Tokyo, Japan) at a pressure of 5 cm/Hg with a pore
size of 10 wM filter membrane (Whatman, Buckinghamshire,
United Kingdom) to further concentrate the ciliate culture
solution to a volume of 500 mL.

To determine the cell density of Strombidium sp. NTOUL, 10
mL of the culture medium were sampled into a six-well plate and
0.5 mL of Lugol’s regent (final concentration 5%) was added for
cell fixation. After the cells were serially diluted to the appropriate
concentration, the total number of ciliates in the well was counted
using a dissecting microscope (ZM-160A, Optima, Taichung,
Taiwan) at a magnification of 40x. The number of ciliates in
per milliliter of culture was calculated according to the counted
numbers in the 10-mL culture and the folds of dilution.

Palatability and Clearance Rate for
Strombidium sp. NTOU1 on Different

Bacteria
Before the experiment, ciliates were moved into the sterile ASW
for 24 h after 5 times of washes. Thereafter, 5 ciliates were

randomly picked and inspected under the microscope to confirm
that no obvious food vacuole was present in the cell.

For measuring the ciliate growth rate when feeding different
bacteria, 100 ciliates were first moved into flasks with 100 mL
sterile ASW using a mouth pipette under a dissecting microscope
(Optima). Each bacteria strain was subsequently added into
the flask to reach the concentration of 2.00 x 107 CFU/mL,
respectively. The cell density of ciliates was calculated every 24 h
during the 3-day culture. Then, the growth rates (j1; day~!) were
calculated as p = In(N¢/Np)/dt (Montagnesa and Lessard, 1999).

In this equation, Ny and Nt are represent the initial
cell number and cell density after culture, where dt is the
time of culture. The above palatability test contained multiple
independent setup groups, which was suitable for analyzing
the differences among population mean values, such as one-
way analysis of variance (ANOVA). Significance was accepted
with p <0.05.

The palatability of frozen bacterial fodder for Strombidium
sp. NTOU1 was carried out in culture flasks with 100 mL
sterilized ASW, with 2.00 x 10’ CFU / mL live Erwinia spp.
or frozen-treatment bacteria, respectively. The initial number of
ciliates added to the culture flask was 100 cells/mL and ciliate
concentrations were counted every 24 h for the next 3 days.
Student’s ¢-test was used to compare the mean of the two groups
(corresponding to the control group) for statistical analysis.

The bacteria clearance rate of Strombidium sp. NTOU1 was
measured using a bacterial strain that emits fluorescence and a
pathogenic species, respectively. To visualize and to quantify the
ingestion of bacteria, 50 and 150 cells of ciliates were inoculated
in 3 mL of sterile artificial seawater and starved for 24 h followed
by adding ~3.75 x 10° cells of the E. coli pET-EGFP strain,
which provided ~3,000 fluorescence intensity. The fluorescence
intensity (excitation/emission: 475/575, sensitivity 100) of
each sample was measured using the SynergyMx microplate
fluorescence reader (Biotek, Winooski, VT, United States) every
hour for 12 h. In the same period, samples from the experiment
with 150 ciliates feeding on fluorescent bacteria were taken at
1, 2, 4, and 6 h for observation using the BX60 fluorescence
microscope (Olympus, Tokyo, Japan) at 1,000 x magnification.

The clearance test of V. campbellii was carried out in a flask
containing 20 mL of sterile ASW with 2.00x10° CFU/mL of
vibrio cells and/or 5,000 cells/mL of Strombidium sp. 100 pl of
the sample containing the ciliate or vibrio was taken every 20 min
for 1 h for plate count to estimate the residual concentration
of the bacteria.

Immunofluorescence Staining

Ciliate samples at the density of 100 cells/mL were washed
5 times with sterile artificial seawater. 200 ciliate cells were
transferred to a coverslip by a mouth pipette under a dissecting
microscope (Optima). An equal volume of 2x  fixatives
regent (8% paraformaldehyde, 0.1% Triton X 100 in PHEM
buffer, pH 6.9) were added and allowed for air drying,
following by soaking the coverslip with cells in PBS-0.1%
Tween (PBST) and blocking solution (3% bovine serum
albumin with PBST). The fixed cells were stained with the
alpha-tubulin monoclonal antibody (DMI1A, 1:1000), Alexa
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Fluor 568-conjugated anti-mouse secondary antibody (1:2000),
and DAPI staining solution (10 ng/mL). The coverslip was
counted with 10 pL of DABCO™ onto the glass slide.
All specimens were stored in a dark box at 4°C and
observed with a fluorescence microscope (Olympus) at a
magnification of 1,000 times.

Strombidium sp. NTOU1 in the

Protection of Grouper Larvae

The grouper Epinephelus coioides larva about 5-8 cm in length
were used to be the protective object in the challenge experiment.
The pathogen V. campbellii was cultured in TSB medium with
3% NaCl to reach an ODggy of 1.00 and washed twice with
aerated seawater before use. At the beginning of the protection
test, three biological combinations were first adapted to a culture
tank with 5 L of aerated seawater at room temperature for an
hour, including a group of without additional bacteria, 3.00x 10
CFU/mL of V. campbellii alone, and the same number of vibrio
co-cultured with 5,000 cells/mL of Strombidium sp. NTOUL.
Next, added 5 grouper larvae to each tank for a 1-h challenge
test. After treatment, each fish was rinsed with 500 mL of aerated
seawater and returned to the culture tank with 8 L of aerated
seawater. These grouper larvae were monitored for 5 days and
fish mortality were calculated every 24 h.

Groupers are high-commercial value fish species in Taiwan
aquaculture and are well-considered challenge trial test species.
To avoid cannibalism in the larva stage, a suitable culture density
<1 fish/L or less was used in the challenge test to mimic the real
culture condition. The same density was used in our challenge
test to mimic the real culture condition. The challenge was
repeated three times to bring up the total number to 15 larvae
for each group, and we realized that under such experimental
settings, individual differences in the immune response of each
batch of grouper larvae did exist and might affect the statistical
results. A nonparametric statistical analysis (Kruskal-Wallis H-
test) was applied in the dataset of 3 challenge experiments. Using
this method to convert the measured values into a ranking
order, the difference in survival rates between three groups
can be analyzed.

RESULTS

Strombidium sp. NTOU1 Feeds
on a Variety of Bacterial Species

in the Laboratory

Strombidium sp. NTOU1 could be cultured in the laboratory
using the unboiled rice medium made of rice grains and artificial
seawater (ASW) (Lee, 2015; Supplementary Figure S1). To
distinguish whether the growth of the ciliate is dependent on
the organic substance released from the rice grain and/or on the
bacteria sustained in the rice medium, an additional preparation
of the same infusion was autoclaved for the comparison. The
ciliate cultured in the rice medium reached a growth rate at
0.215 day~! but it did not grow in the sterilized rice medium
(Figure 1). This result indicates that the bacterium from the rice
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FIGURE 1 | The specific growth rate of Strombidium sp. NTOU1 fed with
different bacteria. The error bar represents the standard deviation (SD) of the
average from three independent experiments. The statistical significance of
the growth rate between each group was analyzed by the ANOVA. Different
letters (a, b, ¢, and d) indicate a significant difference (p <0.05) between
different treatments.

grain and proliferating in the medium is required to provide
Strombidium sp. NTOU1 with nutrients for survival.

Two main bacteria, an Erwinia spp. and a Kluyvera spp.,
were isolated from the rice medium. In order to verify whether
these bacteria could be the nutrient source for Strombidium
sp. NTOUI, the ciliate growth was monitored after either
bacterium was added into the sterile ASW, respectively. The
result confirmed that feeding either of the two bacteria alone was
sufficient to culture the ciliate (Figure 1). To further investigate
the bacteriovorous preference of Strombidium sp. NTOU1, other
bacteria commonly found in the aquaculture environment,
including Escherichia coli, Vibrio harveyi, and Vibrio campbellii,
were also tested as the sole food source. At the initial bacterial
concentration of 2.00x 107 CFU/mL, all the bacteria we tested
were able to sustain the culture of Strombidium sp., but the
growth rate of ciliates was significantly higher when they were
fed with the Erwinia spp. than in other conditions (Figure 1).
Together, these results demonstrated that Strombidium sp. could
utilize a variety of bacterial species as the food source, and the
Erwinia spp. isolated from the rice medium is preferential in our
culturing condition.

Establishment of a Standardized
Procedure to Culture and Enrich
Strombidium sp. NTOU1 in Large Scale

To optimize the utilization of bacterial food to culture
Strombidium sp. NTOU1, Erwinia spp. received a pre-freezing
treatment that allowed its batch-wise preparation and storage to
reduce the possible variation in the nutritional status. As shown
in Figure 2, freeze-treated Erwinia spp., similar to live bacteria,
could be utilized to culture Strombidium sp. NTOU1 although the
growth rate of ciliates was slightly reduced in 3 days (A <0.05).
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FIGURE 2 | Growth of ciliates fed with fresh or frozen Erwinia spp. (A) Cell density of Strombidium spp. NTOU1. Black rectangles, fed with fresh Erwinia spp. fodder;
white circles, fed with frozen bacterial feeds. (B) Average growth rate of Strombidium spp. NTOU1. The asterisk indicates a significant difference between two
groups (Student’s t-test, p <0.05). The error bars represent the standard deviations of the average from three independent experiments.
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FIGURE 3 | Continuous culture of Strombidium sp. NTOU1 with frozen
Erwinia spp. A continuous culture was carried out by adding 10,000 times the
ciliate number of frozen Erwinia spp. as a food source with an initial ciliate
density of 100 cells/mL. The error bar represents the SD of the average from
three independent experiments.

This result indicated that the frozen Erwinia could be adopted as
an amenable alternative of ciliate food.

Based on previous observation, it is noticed that excessive
Erwinia spp. in the culture environment, especially when the
initial ciliate density is low, might affect the growth rate of
Strombidium sp. NTOU1 (Figures 1, 2B). To minimize the
number of environmental bacteria while maintaining enough
nutrients for ciliates, a batch feeding approach was tested using
less initial amounts of bacteria but adding the supplement daily.
When Strombidium sp. NTOU1 was fed the daily bacteria dose
about 10,000-fold of the ciliate number (less than 1/3 of the
initial bacterial amount in the prior experiment), the ciliates
with a starting density of 100 cells/mL were able to be raised to
1.07x10* cells/mL, approximately a hundred folds, through this
batch feeding method in 4 days (Figure 3, . = 1.21 4= 0.033).

In parallel, a suction filtration procedure was tested to enrich
the ciliate density. Through a mild pressure control to effectively
reduce the volume of culture medium, the concentration of
the ciliates could be further increased by about 10 folds to
reach 1.20x10° cells/mL. Microscopy observation showed that
Strombidium sp. NTOU1 remained motile, and they could
continue to grow in the subsequent culturing, suggesting that
the suction filtration caused limited physical damages and the
ciliate could recover from the enrichment process. In the further
assessment, the cells were stained against alpha-tubulin, which
is one of the major cytoskeleton proteins in the ciliate. The
immunofluorescence observation also confirmed that the cilia
structure of Strombidium sp. was not significantly impaired after
our culture and enrichment processes (Figure 4). All these results
demonstrated that we have established a feasible culturing and
handling procedure in the laboratory.

Strombidium sp. NTOU1 Could Ingest
and Remove Bacteria in the Culture
Efficiently

To further characterize the ability of ciliates to ingest bacteria,
the bacterial clearance rate of Strombidium sp. NTOUL. was
estimated using a fluorescent E. coli pET-EGFP strain, in which
an exogenous plasmid carrying the EGFP gene expression cassette
was introduced to overexpress the traceable and quantifiable
green fluorescent protein (GFP). After Strombidium sp. were
starved for 24 h in advance to ensure no residual bacteria inside
the ciliate cell, the ciliates were incubated with 3.75x10° cells of
the E. coli pET-EGFP strain and the GFP fluorescent intensity in
the culture was measured.

Without co-incubation with the ciliate, the fluorescence
intensity of E. coli pET-EGFP strain in the ASW culture did
not markedly change for 12 h (Figure 5A). When 50 or 150
cells of Strombidium sp. NTOUL were added, however, the
fluorescence decreased after 1 hr and the intensity continued to
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Tubulin Nucleus Merge

FIGURE 4 | Immunofluorescent staining of Strombidium sp. NTOU1. The microtubule structure and nucleus of Strombidium sp. NTOU1 were labeled using the
anti-alpha tubulin antibody (red) and DAPI stain (blue), respectively. Scale bar, 50 pm.
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FIGURE 5 | The intensity and localization of the fluorescence from E. coli pET-EGFP strain after its feeding to Strombidium spp. NTOU1. (A) The fluorescent intensity
of the E. coli pET-EGFP strain alone (black square) and E. coli with incubation with 50-cell (gray circle) or 100-cell (white circle) of ciliates at different time points. The
error bar represents the SD of the average from three independent experiments. The black arrow indicates the time point for fluorescent microscopy observation.

(B) Localization of fluorescent bacteria in the ciliate cell after 1, 2, 4, and 6 h of incubation. The white arrow indicates the food vacuole of Strombidium sp. NTOUT.
Scale bar, 50 pm.

drop. Within 6 hrs, 150 cells of the ciliate could eliminate the with 50 ciliate cells also could lower the GFP fluorescence in
fluorescent bacteria to reach an equilibrium state and to reduce  the culture with a slower kinetic change. During this period, the
the fluorescence intensity by ~75.5 % (Figure 5A). Incubation  fluorescent microscopy observation revealed that fluorescence
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signals were accumulated into multiple 2-pm spheres in the
ciliate cell, presumably the food vacuole of Strombidium sp., after
1 hr (Figure 5B). The number of food vacuoles in the ciliate,
along with the vacuolar fluorescent intensity, gradually decreased
within 6 hrs (Figure 5). Together, these results indicated that a
significant fraction of pET-EGFP E. coli has been ingested and
digested by the ciliate and removed from the culture. Calculating
the number of fluorescent bacteria reduced during this period
shows that the average clearance rate of each ciliate for fluorescent
bacteria is 315 cells/hr.

Strombidium sp. NTOU1 Could Markedly
Eliminate Vibrio in a Simulated

Environment

That Strombidium sp. NTOU1 could lower the bacterial density
in the culture prompted us to explore the potential to utilize this
ciliate for biological control of marine pathogens in aquaculture.
In order to verify whether Strombidium sp. NTOU1 possessed
the ability to fight pathogenic bacteria in the actual environment,
the bacterial clearance was measured under a milliliter-scale
condition that mimicked the aquaculture environment. Aerated
aquaculture seawater which contained 3,000-5,000 CFU/mL of
bacteria (Figure 6), was chosen as the assaying background. In
addition, based on the LC50 of the marine vibrio V. campbellii
for grouper larvae reported in previous studies (Lam et al., 2011;
Noor et al., 2019), a condition with a high dose of pathogens was
set up to simulate the extreme situation in which vibrio infectious
diseases have erupted.

In the background environment, the bacterial concentration
was slightly fluctuated but remained at a low level ~10° CFU/mL.
When V. campbellii was inoculated at a starting concentration
of 2.00x10° CFU/mL, the pathogen further increased for more
than one-fold to reach 4.38x10° CFU/mL in the aerated
seawater (Figure 6). Adding 5,000 cells/mL of Strombidium sp.
to such an environment, however, rapidly lowered the bacterial
density within 20 mins and eliminated 80% of the bacteria
in an hour (Figure 6). This result argues that it is possible
to protect aquaculture fish from the vibrio infection using
Strombidium sp. NTOU1.

Incubation With Strombidium sp. NTOU1
Lowered the Fish Lethality Caused

by Vibrio Infection
To investigate whether Strombidium sp. NTOU1 could effectively
alleviate the damage of fish caused by the actual vibrio infection,
a pathogen challenge assay was performed using the grouper
Epinephelus coioides, an economically important aquaculture fish
in Taiwan, as the testing species. No vibrio, a high-dose of vibrio,
or a high-dose of vibrio co-incubated with Strombidium sp. were,
respectively, adapted into a tank with 5 L aerated water for an
hour. 5 grouper larvae were added to those tanks and returned
to normal condition after 1 h of the vibrio infection, and the fish
mortality were monitored for 5 days.

Without challenging with vibrio (the control), grouper larvae
were able to survive in aerated seawater without any mortality
(Table 1). Once infected with V. campbellii at 3x10° CFU/mL,
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FIGURE 6 | Bacterial clearance by Strombidium spp. NTOU1. Black squares
(also shown in the inset using an adjusted scale for clarity) indicate the
number of bacteria in the aerated seawater as the background controlled
group. White circles indicate the cell density of V. campbellii cultured alone.
Gray diamonds represent the bacterial density after 5,000 cells/mL of ciliates
were added. The error bar represents the S. D. of the average from three
independent experiments.

TABLE 1 | Summary of the pathogen challenge assay from grouper larvae infected
by Vibro campbellii with or without the addition of Strombidium sp. NTOU1.

Challenge assay

Sample Assay 1 Assay 2 Assay 3 Sum Average H-test
(n=5) (n=5) (n=5) (n=15) percentage (%)

Control fish 5 5 5 15 100 -

Fish + VC 3 1 1 5 33 *

Fish+VC+STM 5 5 4 14 93 -

VC, Vibro campbellii; STM, Strombidium sp. NTOU1; The asterisk indicates that this
group is significantly different (o <0.05) from the other two groups using Kruskal-
Wallis H-test.
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FIGURE 7 | Survival rate of grouper larvae infected with Vibrio campbellii with
or without the addition of Strombidium spp. NTOU1. Black squares indicate
the control group without either vibrio infection or addition of ciliates. White
circles represent the group of vibrio-infected grouper without the addition of
ciliates. Gray diamonds represent the group with the simultaneous addition of
both vibrio and ciliates. The data is the sum of three independent
experiments. Five fish larvae were used for each set of the experiment.

grouper larvae started to die after the 2nd day even after
they returned to normal aerated seawater. The overall mortality
rate was 66.67% after 5 days (Figure 7). In such an extreme
environment, however, if additional 5,000 cells/mL of ciliates
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were co-cultured with the vibrio for an hour, the residual
pathogen could not effectively infect the grouper larvae. In
three sets of independent assays, only one grouper larva
died on the 5th day after the challenge when they were
protected by Strombidium sp., and the survival rate of groupers
increased to 93.33% (Figure 7 and Table 1). These experiments
demonstrated the potential of Strombidium sp. NTOU1 to
be applied to active biological control of pathogenic bacteria
for grouper larvae.

DISCUSSION

We had established a robust procedure for large-scale culturing
and handling of the marine ciliate Strombidium sp. NTOU1
and characterized its ability to ingest bacteria. The excellent
bacteriovorous properties prompted us to investigate its
potential for active biological control in aquaculture. Our
result demonstrated that it could efficiently remove Vibrio
campbellii from the environment and protect grouper
larvae from infection.

As shown in Figure 1, Strombidium sp. NTOUI could
not survive in the sterilized medium, but it could utilize
different types of bacteria as the nutritional source. Fluorescent
microscopy observation confirmed that the preyed GFP-
expressing bacteria appeared within food vacuoles in the
ciliate, and the subsequent diminishing of the fluorescence
suggested that the bacteria were degraded (Figure 5B). These
results collectively argue that Strombidium sp. may mainly
obtain nutrients from the preyed bacteria, which is similar to
the bacteriovorous ciliate Cyclidium glaucoma (Posch et al.,
2001). The growth rate of ciliates for feeding different
bacteria was not significantly different except for Erwinia
spp. and feeding Strombidium sp. with Erwinia spp. gave
the maximum growth efficiency, indicating that Erwinia spp.
can be used as a suitable nutrition provider in the routine
culture of Strombidium sp. (Figure 1). Furthermore, the
common marine bacterial pathogens in aquaculture, such as
V. campbellii and V. herveyi, also could sustain Strombidium
sp. NTOUI growth, indicating that this ciliate did have
the potential as a biological control species to prey on
pathogens (Figure 1).

To develop an active biological control method for
aquaculture, it is necessary to supply enough ciliate biomass to
affect the pathogen population in the culture pond. Therefore,
methods for improving the culture efficiency of Strombidium
sp. is an important issue. In general, most culture methods
for bacteriovorous ciliates rely on rice/wheat grain medium
containing naturally grown bacteria or an organic medium
rich in a single strain of bacteria (Christaki et al., 1998; Chen
et al, 2013; Schaafsma and Peperzak, 2013; Jiang et al., 2019).
Although the preparation in such methods is simple, the growth
rate of ciliates was fluctuated due to the constant change of
bacterial numbers in the medium (Christaki et al., 1998; Cho
et al., 2019). Not only was it difficult to accurately control the
growth rate of ciliates, but it also took a relatively long time to
reach the maximum density of the culture. Here, we tested an

alternative approach to supply the ciliate with a given amount
of frozen bacteria. As shown in Figure 2, although the growth
rate is slightly lower than that of the fresh bacteria feeding, the
Strombidium sp. did use the frozen Erwinia spp. as a nutrient
source. Another marine ciliate Parauronema acutum could also
survive on dead bacteria-based medium (Soldo and Merlin,
1977; Hamsher et al., 2018), indicating that this method could
be applied to culture other ciliates. Frozen bacteria can be
stored and is convenient to use, and this approach also allows
us to precisely control the total amount of bacterial food in the
medium, making it feasible to consistently culture ciliates for
practical applications.

Previous studies have shown that excess food organisms
in the environment limited the growth of ciliates (Berk
et al, 1976; Taylor, 1977). Ideally, the number of bacteria
should be minimized while sufficient nutrients are provided.
Therefore, a batch feeding approach was conducted to replenish
the frozen Erwinia spp. daily with the cell number at the
10,000:1 ratio to the ciliate numbers during the culture process.
From the bacterial clearance rate of Strombidium sp. for
E. coli and V. campbellii (315/340 bacterial CFU/hr/ciliate;
see Figures 5, 6), the amount of bacterial feeding that we
added was indeed close to the daily bacterial consumption
of the ciliate. Through this optimized culture method, the
growth rate of the ciliate gradually increased within 3 days
and entered the stationary phase on the 4th day. It allowed
ciliates to grow faster and to reach a higher cell density
(1.07x10* cells/mL, Figure 3) than ciliates cultured in the rice
medium (Supplementary Figure S1). Meanwhile, we tested
an enrichment step that the ciliate density could be further
concentrated by suction filtration to reach 1.20x10° cells/mL
without apparent physical damages to the ciliate (Figure 4).
Altogether, we made a critical technical improvement to culture
and handle this ciliate, which lays down the foundation for
utilizing Strombidium sp. NTOU1 strain in future academic
research or biotechnology applications.

Feeding with the fluorescent E. coli confirmed that
Strombidium sp. NTOU1 could rapidly remove bacteria
from the water body by capturing bacteria and digesting them
in food vacuoles (Figure 5). Several lines of evidence argue
that this bacteriovorous property can be adopted for active
biological control. The bacterial clearance rate of Strombidium
sp. NTOU1 (~300 bacteria/hr/ciliate) is slightly higher than that
of other marine ciliates in previous reports (Berk et al., 1976;
Christaki et al., 1998), indicating that this species potentially
has advantages over other reported marine ciliates in biological
protective effects against bacterial infections. In the simulated
extreme environment at the milliliter scale, Strombidium sp.
NTOU1 was able to effectively eliminate 85 % of bacterial
pathogens V. campbellii within an hour (Figure 6). Increasing
the testing scale to 5 L, Strombidium sp. also maintained the
bacterial clearance ability. During three independent trials to
protect grouper larvae from vibrio challenge, the survival rate
was significantly increased to 93%, a striking contrast to 33%
of the no-ciliate group (Figure 7). For the ciliate-protected
group, only one grouper larva died on the last day of the 5-day
observation. Furthermore, we noticed that no typical symptom
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of vibrio infectious was observed in the sole dead larva from
the ciliate-protected group while the other grouper larvae died
from V. campbellii infection showed obvious white wounds (data
not shown), implying that there might be other causes unrelated
to vibrio infection. These results argue that the ability to limit
vibrio growth by Strombidium sp. and its biological protection
was as good as using bacteriophages (Wagner and Waldor, 2002).
Also, utilizing ciliates for biological control of pathogenic bacteria
offers several advantages. First, a bacteriophage may promote
the pathogen to develop and select for antiviral mutations,
and there is a risk of transduction-mediated horizontal gene
transfer between bacteria (Labrie et al., 2010; Keen et al., 2017).
Using ciliates is relatively safer. Second, due to the specificity
between a phage to its host pathogen, it is necessary to evaluate
the bacteria strains in the culture environment before selecting
a suitable phage (Pereira et al, 2011), which limits its usage
and may not be feasible in practical applications. Strombidium
sp. NTOU1 could use different bacteria as the food source in
our experiment (Figure 1), and the average bacterial clearance
efficiency for E. coli and V. campbellii was similar (Figures 5,
6). These results imply that Strombidium sp. NTOU1 has the
potential to combat multiple pathogenic bacteria in the actual
culture environment where the infection source is unknown and
variable from case to case.

As shown in Figure 5, we found that even with the
presence of enough Strombidium sp. NTOUI, bacteria at a
density less than 2.5x10% cells/mL were unable to be further
reduced. This suggests that, unlike the environmental hazard
caused by antibiotics (Cabello, 2006; Martinez, 2011), the
excess Strombidium sp. might not affect the original microbial
population in the culture pond, which helps to maintain the
ecological balance. In addition, while parasitic ciliates such as
Uronema nigricans, Ichthyophthirius multifiliis, or Cryptocaryon
irritans could pose a potential risk to infect aquatic organisms,
to our knowledge, no studies have found that any ciliate in the
genus Strombidium has the potential to affect the health of aquatic
organisms (Montagnesa et al., 1996; Montagnesa and Lessard,
1999; Dolan, 2018; McManus et al., 2018). In fact, several studies
have suggested that Strombidium ciliates are ideal biological
feed for larvae of crustaceans and fish (Maeda and Liao, 1994;
Thompson et al., 1999; Cortes et al., 2013). Strombidium ciliates
feeding on different food sources could accumulate specific
nutrients, such as amino acids and unsaturated fatty acids,
within their cells (Kramhoft et al., 1997; Wallberg et al., 1997;
Fujibayashi et al., 2018). These studies and our results collectively
support that there is great potential to use Strombidium for
versatile applications in aquaculture.

In summary, we successfully overcome the technical
limitations to utilize Strombidium sp. NTOU1 and establish a
standard process for culturing and preparation. The concept
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