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Abstract The present study was conducted to evaluate the
in vitro and in vivo antiparasitic efficacy of active compounds
from the bacterial extracellular products of Streptomyces
griseus SDX-4 against Ichthyophthirius multifiliis. Bioassay-
guided fractionation and isolation of compounds with antipar-
asitic activity were performed on n-butanol extract of
S. griseus yielding a pure bioactive compound, nystatin
(Nys), identified by comparing spectral data (EI-MS, 'H
NMR, and '*C NMR) with literature values. Results from
in vitro antiparasitic assays revealed that Nys could be
100 % effective against 1. multifiliis theronts and encysted
tomonts at the concentration of 6.0 mg L™, with the median
effective concentration (ECs) values of 3.1 and 2.8 mg L
for theronts and encysted tomonts (4 h), respectively. Results
of in vivo test demonstrated that the number of 1. multifiliis
trophonts on the gold fish treated with Nys was markedly
lower than the control group at 10 days after exposed to
theronts (p<0.05). In the control group, 85.7 % mortality
was observed owing to heavy 1. multifiliis infection at 10 days
after the exposure. On the other hand, only 23.8 % mortality
owing to parasite infection was recorded in the groups treated
with the Nys (4.0 and 6.0 mg L"). In addition, our results
showed that the survival and reproduction of 1. multifiliis
tomont exited from the fish were significantly reduced after
treated with the 6.0 mg L' Nys. The median lethal dose
(LDsg) of Nys for goldfish was 16.8 mg L™". This study firstly
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demonstrated that Nys has potent antiparasitic efficacy against
1. multifiliis, and it can be a good candidate drug for chemo-
therapy and control of 1. multifiliis infections.
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Introduction

Ichthyophthirius multifiliis (Ich) is a holotrichous protozoan
that invades the gills and skin surfaces of freshwater fish caus-
ing the disease ichthyophthiriosis, commonly referred to as
ich or white spot. It can cause severe morbidity and high
mortality in most species of freshwater fish worldwide and
can result in heavy economic losses for aquaculture (Traxler
et al. 1998). The life stages of the parasite include an infective
theront, a parasitic trophont and a reproductive tomont
(Dickerson 2006; Matthews 2005).

Chemical treatment and vaccination have been used to con-
trol outbreaks of Ich. The most effective control of Ich infec-
tions has been achieved by use of malachite green, a com-
pound that has been banned on fish farms due to its confirmed
carcinogenicity in most countries (Alderman 1985; Wahli
et al. 1993). Other chemotherapeutants, such as formalin
(Rowland et al. 2009), chlorophyllin (Wohllebe et al. 2012),
chloramine-T (Rintamiki-Kinnunen et al. 2005), copper sul-
fate (Rowland et al. 2009), potassium ferrate (VI) (Ling et al.
2011), potassium permanganate (Straus and Griffin 2002),
tricaine methanesulfonate (Xu et al. 2008), and bronopol
(Shinn et al. 2012) have been evaluated for their antiparasitic
efficacy. However, the threats of antiparasitic resistance, risk
of residues, environmental contamination, and toxicity to fish
caused by the frequent use of these chemicals have led to the
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need of other alternative control methods (Goven et al.
1980; Klinger and Floyd 2002). Vaccination against the
parasites may provide an alternative to chemical treat-
ment, but it costs highly and this cannot be ignored for
fish farmer, restraining its widespread use. There is still
an urgent need to develop newly antiparasite agents used
in management of Ich disease.

Recently, there have been increased research activities
into the utilization of environment-friendly products to
control 1. multifiliis infection (Yao et al. 2010, 2011; Yi
et al. 2012). Effective compounds of natural original ex-
pected to be more advantageous than synthetic antipara-
sitic agent, as they have generally a lower environmental
impact and are easily biodegradable. Thus, a great num-
ber of biological control microorganisms have been
screened and researched, including fungi (Crump et al.
1983; Chen and Dickson 1996), bacteria (Becker et al.
1988), ray fungi, and protozoan (Chen and Liu 2005;
Sun et al. 2006). Streptomyces are distributed widely in
terrestrial and marine habitats (Pathom-aree et al. 20006)
and are of commercial interest due to their unique capac-
ity to produce novel metabolites. The genus Streptomyces
was classified under the family Streptomycetaceae, which
includes gram-positive aerobic members of the order
Actinomycetales and suborder Streptomycineae within
the new class Actinobacteria (Anderson and Wellington
2001). They produce approximately 75 % of commercial-
ly and medically useful antibiotics and 60 % of antibi-
otics used in agriculture (Watve et al. 2001). In our pre-
vious study, we investigated the anti-/. multifiliis efficacy
of extracellular products of Streptomyces griseus SDX-4
against I. multifiliis and found that the n-butanol extracts
of S. griseus (NBu-E) was effective against I multifiliis
(Yao et al. 2014). The present study was conducted to
assess the antiparasitic properties of NBu-E and isolate
active constituents responsible for the activity using
in vitro antiparasitic assay associated with bioassay-
guided fractionation. Additionally, the acute toxicity of
the active compounds against goldfish (Carassius
auratus) was evaluated.

Materials and methods
Fish and parasites

Parasite-free goldfish were obtained from commercial fish
farm and maintained in a 1-m’ tank supplied with filtered
groundwater. The skin surface and gills of ten randomly sam-
pled fish were examined under a microscope to confirm that
fish were not infected with gill parasites or skin parasites be-
fore the experiments. The fish were fed two times a day at a
feeding rate of 1 % body weight (BW). All fish were
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acclimatized to laboratory conditions for 7 days before the
experiment.

The sources of I multifiliis, its propagation on grass
carp, and collection of the cysts have been described by
Yao et al. (2014). Several heavily infected grass carp
(Ctenopharyngodon idella) obtained from aquatic fry
farm of Zhejiang Institute Freshwater Fisheries in China
were placed into filtered aquarium water for 30-60 min.
Mature trophonts were allowed to dislodge from the host
by body movements of the fish while in close proximity.
Isolated trophonts were randomly divided into two
batches, one was used to assay the activity of the frac-
tion and active compound isolated from NBu-E for kill-
ing the tomonts, and the other placed in plastic beaker
with aerated groundwater filtered and incubated for 24 h
at 23 °C. The water containing the hatched theronts in
the plastic beaker was agitated, and 50 uL of the water
was withdrawn five times. The number of theronts in
each 50 pL of water was counted, and the average num-
ber of parasites per milliliter was calculated to estimate
the total number of hatched theronts.

In vitro antiparasitic efficacy against the theronts and tomonts

Tests against 1. multifiliis theronts were performed as de-
scribed in previous work (Yao et al. 2010; Ling et al. 2012).
Briefly, approximately 100 viable theronts were distributed to
each well of 24-well tissue culture plates (Becton Dickinson
Labware, NJ, USA) and exposed to different concentrations
fractions and active compound from NBu-E. Mortality of
theronts of each well was recorded by microscopic examina-
tion (x100 magnifications) at 10 min, and 1, 2, 3, and 4 h after
exposure. A negative control was included using aerated
groundwater containing the same amount of DMSO as the
maximum concentration test group. The trial was repeated
three times.

For the tomont trials, 30 tomonts were placed into each
well of a 24-well tissue culture plate. One-milliliter solu-
tions with different concentrations of test sample were
added to each well, respectively. A negative control was
included using aerated seawater containing the same
amount of DMSO as the maximum concentration test
groups. The solutions were replaced by aerated groundwa-
ter with no test sample after 4-h exposure. Then, the plates
were incubated at 23 °C throughout the trial. The trial was
allowed to stop until the parasites in the controls reached
the theront stage. At the end of the trial, the dead tomonts
was recorded and the mortality was counted. The parasites
with the absence of internal cell motility or abnormal cell
division and the ones cannot produce the theronts were
considered dead. All treatments and control groups were
conducted with three replicates.
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Bioactivity-guided isolation of pure compound from NBu-E

Strain SDX-4 was inoculated in meat extract (D-glucose
1.0 %, peptone 0.2 %, yeast powder 0.1 %, beef extract
0.1 %, artificial seawater 50 %, pH 7.0-7.2) for 7 days on a
reciprocal shaker water bath at 30 °C. The preparation of the
n-butanol extract of S. griseus (NBu-E) was followed by our
previous study (Yao et al. 2014). The dried NBu-E were sub-
jected to column chromatography on a silica gel and sequen-
tially eluted with ethyl acetate and methanol with increasing
polarity, eventually affording 425 fractions (400 mL each).
Thin-layer chromatography (TLC) analysis was performed
on silica gel using the same solvent system as the mobile
phase. Spots on TLC were visualized under ultraviolet (UV)
light (254 and 365 nm) or by spraying the plates with ethanol-
sulfuric acid reagent, and fractions showing similar chromato-
grams were combined into five fractions (Fr. A, 1~65 frac-
tions; Fr. B, 66~ 128 fractions; Fr. C, 129~230 fractions; Fr.
D, 231~315 fractions; Fr. E, 316~425 fractions). These five
fractions were submitted to in vitro test, and Fr. D was the
most active (median effective concentration (ECsq) for
theronts and tomonts were 25.6 and 32.8 mg L™"). Fr. D was
then applied to macroporous resin HP20 (Lvbaicao Chemical
Co., Ltd., Beijing, China) as determined by preliminary ex-
periments and eluted with 10 % methanol (305-nm wave-
length, 5.0 mL min ' flow rate, 30 °C column temperature ).
A crystal was obtained from Fr. D which was isolated by the
above method. The structure of the compound was elucidated
by comparing spectroscopic data with those reported as nys-
tatin (Thomas 1982; Ling et al. 1986).

In vivo efficacy of Nys against Ich

In vivo test was conducted according to our previous study
(Yao et al. 2014) with slight modifications. Briefly, 120 unin-
fected goldfish, weighing approximately 30 g each, were
transferred to 1000-L tanks and were acclimated to laboratory
conditions for 7 days before the experiment. After acclima-
tion, approximately 600,000 /. multifiliis theronts were put
into the 1000-L tanks; the fish were held in the tank for 24 h
with gentle aeration to promote infection. After exposure, the
fish were divided into four groups: Nys-challenged (2.0, 4.0,
6.0 mg L") and control group (challenged with no chemical).
Each group consisted of three replicates of 100 L groundwater
and ten infected goldfish. The Nys in each tank was replaced
on day 3 and day 5 with a fresh solution at the same
concentration.

On day 5 after exposure, three fish of each group
were placed into 10-L tanks containing filtered aquarium
water with no chemical for 45 min; mature parasites
were quite freely dislodged from the host by body move-
ments of the fish. Ten glass slides were placed in each
tank when fish were transferred to the tanks. Glass slides

were collected from the tank of each group, and the
number of trophonts was counted under the light micro-
scope. For each treatment, ten trophonts were distributed
to each well (N=3) of 24-well tissue culture plate and
allowed to attach. The water in each well was removed
carefully, and 2 mL of filtered aquarium water was added
to each well. Until the parasites in the control groups
reached the theront stage, the mortality and reproduction
of tomonts in all wells were determined and calculated as
described above.

Ten days after exposure to theronts, all remaining fish from
each group were randomly sampled and the number of
trophonts on the gills and fins was examined. The fish were
carefully observed every hour for any signs of distress indic-
ative of erratic behavior, and the fish was pick up to count the
trophonts on the gills and fins as soon as dead. Fish mortality
was recorded daily, and the parasites on the gills and fins of
dead fish were counted.

Acute toxicity of Nys on goldfish

The acute toxicity of Nys was carried out according to the
method of Yao et al. (2010) with slight modifications. The
tests were conducted in 80-L glass tanks, each containing
50 L of test solution, and ten healthy goldfish. Dilutions were
prepared from the stock solution as the following concentra-
tions: 12.0, 14.0, 16.0, 18.0, 20.0, and 22.0 mg L! for Nys.
The tests were conducted in triplicate, as well as controls
(under the same test conditions with no chemicals). Fish mor-
talities in the treatment and control groups were recorded after
48 h of exposure, and median lethal dose (LDsq) was
calculated.

Data analysis

All data in this study were performed using the SPSS 16.0
probit procedure, and the homogeneity of the replicates of
the samples was checked by the Mann—Whitney U test.
Tomont survival and tomont reproduction were compared

1501 EA 10 min
B3 1h
E 2h
[ 3h

100 A 4h

8.0 . 4.0 20 1.0

Concentrations of Nystatin (mg L)

Fig. 1 Antiparasitic efficacy of Nys against /. multifiliis theronts after 4-h
exposure
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Table 1 I multifiliis tomont survival and reproduction after 4-h expo-
sure to Nystatin (mg L")

Concentrations (mg L) Tomont mortality (%) Reproduction
0 (control) 1.3x13a 488.3+25.7 a
1.0 12.442.7b 463.7+343 a
2.0 40.5+4.0 ¢ 325.0+£26.5b
4.0 73.7+4.1d 107.0+18.1 ¢
6.0 100+0.0 ¢ 0.0+0.0d
8.0 100+0.0 e 0.0+0.0 d

The reproduction was represented as number of theronts released by each
live tomont. Each value is expressed as mean+standard deviation of three
replicates, and within a column, values followed by the different letters
are significantly different (P<0.05, only compared with control)

with Student-Newman—Keuls test procedure for multiple
comparisons (x=0.05).

Results

In vitro antiparasitic efficacy of Nys against 1. multifiliis
theronts and tomonts

Nys was separated from Fr. D by bioactivity-guided iso-
lation and was then subjected to in vitro test to determine
the active concentrations. The results of Nys against
1. multifiliis theronts are depicted in Fig. 1. As shown
in Fig. 1, Nys concentrations versus /. multifiliis theront
mortality demonstrated a distinct dose-response and a
time—response relationship. The 10-min and 1-, 2-, 3-,
and 4-h ECsq (95 % confidence interval (CI)) of the
compound against theronts of /. multifiliis were 4.8
(4.4-5.1), 3.9 (3.6-4.1), 3.5 (3.3-3.7), 3.3 (3.1-3.5),
and 3.1 mg L' (2.8-3.3), respectively.

The results of in vitro trial on the effect of Nys against
tomonts are listed in Table 1. All tomonts were dead when
exposed to Nys at 6.0 and 8.0 mg L' concentrations, and no
theronts were released. The mortality of tomonts exposed at
4.0,2.0,and 1.0 mg L ! were 73.7,40.5, and 12.4 %, respec-
tively. Tested compound led to an obvious dose-dependent

lethal effect against tomonts. The 4-h ECs, (95 % CI) against
tomonts was 2.8 mg L' (2.5.0-3.1).

In vivo efficacy of Nys against Ich

In the control group, I. multifiliis on the body and fins of
surviving fish were visible at 3 days and markedly increased
at 6 days after starting the trial and increased over the duration
of the trial. Mortality was recorded after the exposure due to
1. multifiliis infection. After starting the trial, 85.7 % fish died
at 10 days in the control group (Table 2). In contrast, in the
groups treated with Nys, /. multifiliis were observed on the
body and fins of surviving fish at 4 days after starting the trial,
and the number of parasites was significantly lower than that
of the control group (Table 2). Furthermore, the number of
visible 1. multifiliis on the body surface of I. multifiliis in the
group treated with the Nys decreased over time. Among the
remaining fish, 23.8 % mortality was recorded at 10 days after
the exposure (6.0 mg L' Nys) due to 1. multifiliis infection;
the average number of I. multifiliis trophonts on the gills and
fins was 45.7+4.3 (mean+standard deviation). Furthermore,
Nys at concentration of 6.0 mg L' significantly decreased
1. multifiliis tomont survival and reproduction when the
tomonts were collected from infested fish bathed for 5 days,
whereas there was no significant difference in tomont survival
and reproduction between the fish in the control groups and
the fish treated with 2.0 and 4.0 mg L™ Nys.

Acute toxicity of Nys

The fish tolerated Nys at concentration of 12.0 mg L' for 48 h
without visible effects, but exposure to 22.0 mg L' resulted in
an increased opercular movement and erratic behavior of fish
within 4 h; all fish died in tanks treated with 22.0 mg L™" of
Nys. The linear equation y=-10.5+12.6x was derived from
the regression analysis of probit mortality of goldfish in test
solution bioassay, and the calculated LDs, of Nys was
16.8 mg L ™" with the 95 % CI of 16.1-17.3 mg L™". There
was no fish mortality occurred in the control groups during the
experiments.

Table 2 In vivo efficacy of Nystatin against Ich
Concentration (mg L™") Tomonts obtained at day 5 Fish mortality (%) Number of trophonts in each fish
(gills and fins)
Tomont mortality (%) Reproduction
0 (control) 0.0£0.0 a 2545+23.1a 85.7 332.54+43.3 a (no. of fish=13)
Nystatin 2.0 75263 b 247.7+32.0 a 57.1 206.0+38.5 b (no. of fish=15)
4.0 56.844.2 ¢ 228.3+36.2 a 23.8 58.3+£21.2 ¢ (no. of fish=14)
6.0 457443 ¢ 172.6+£22.3 b 23.8 43.0+12.5 ¢ (no. of fish=15)

The reproduction was represented as number of theronts released by each live tomont. Each value is expressed as mean+standard deviation of three
replicates, and within a column, values followed by the different letters are significantly different (P<0.05)
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Discussions

The disease ichthyophthiriasis or “white spot,” caused by a
parasitic ciliate, /. multifiliis, probably accounts for more dam-
age to freshwater fish populations worldwide than any other
eukaryote pathogen (Matthews 2005). Currently there is no
chemotherapeutant available to treat Ich effectively and eco-
nomically. There is an urgent need to discover effective and
safe parasiticides to control ichthyophthiriasis. In the present
study, an anti-I. multifiliis compound was separated from the
n-butanol extracts of S. griseus by bioactivity-guided isolation
and identified as Nys. In vitro tests exhibited that Nys were
100 % effective against 1. multifiliis theronts and encysted
tomonts at concentrations of 6.0 mg L™'. The in vivo test
showed that bath treatments with Nys resulted in a significant
reduction in the 1. multifiliis burden of gold fish. Consequent-
ly, the parasite-induced mortality of the fish host was signifi-
cantly reduced. To the best of our knowledge, it seems to be
the first report demonstrating the protection efficacy of Nys
from parasite infection for fish. This result extended the gen-
eral knowledge about the antiparasitic activity of Nys to con-
trol fish parasite. It also highlights a new way to explore novel
active compounds from bacterial extracellular products to
combat fish disease.

Nys, produced by Streptomyces noursei, was the first poly-
ene macrolide antifungal antibiotic to be discovered (Hazen
and Brown 1950). Nys possesses a broad spectrum with both
antifungal and fungistatic activity (Recamier et al. 2010) being
effective against azole-resistant strains of Candida and
amphotericin B-resistant strains of Candida albicans
(Ellepola and Samaranayake 1999). Nys is indicated for treat-
ment of cutaneous and mucocutaneous fungal infections
caused by Candida species, the main yeast capable of infect-
ing the oral mucosa, being C. albicans the most common
species isolated (Campos et al. 2012). The antifungal activity
of'polyene antibiotics is related to their ability to form micelles
with ergosterol molecules present in the cell membranes of
fungal cells. This bonding causes structural damage and mem-
brane permeabilization leading to the loss of electrolytes and
other cytoplasmatic components like proteins. As a conse-
quence of which the fungal cells die (Coutinho and Prieto
2003). Thus, it is postulated that the antiparasitic mechanisms
of action of Nys might also be attributed to these factors;
however, the exact mechanism of action regarding its antipar-
asitic efficacy remains to be further investigated.

Theront stage is external elements in the life cycle of
1. multifiliis (Buchmann et al. 2001). Killing the parasite at
this stage will prevent its invasion of fish. It is therefore rele-
vant to assess the susceptibility of free-living theronts to alter-
native substances. Most theronts (95.3 %) can survive in water
for 48 h (Shinn et al. 2012) and possess an increased propen-
sity to infect fish, especially when fish are raised at a high
density. Rapidly eliminating theronts can prevent Ich

infestation of host fish. This study showed that Nys could
100 % kill the theront at the concentration of 6.0 mg L.
The exposure duration of Nys was much shorter than garlic
extract which required 15 h to eradicate all theronts at a con-
centration of 62.5 mg L™ (Buchmann et al. 2003) and shorter
than potassium ferrate, which took 30 min to eliminate all
theronts at a concentration of 24 mg L' (Ling et al. 2010).
The ECs( of two active compounds were also lower than some
plant compounds, such as dihydrosanguinarine
(13.299 mg L") and dihydrochelerythrine (18.231 mg L)
(Yao et al. 2011). Thus, Nys could effectively eradicate
theronts in water.

Tomonts are another free-living stage of the /. multifiliis life
cycle, and each tomont reproduces hundreds to thousands of
infective theronts (Matthews 2005; Dickerson 2006).
1. multifiliis infection can be easily amplified under practical
fish farming conditions. So, it is important to prevent infesta-
tion of Ich via termination of the reproduction of tomonts.
Therefore, a 4-h exposure time for mortality of tomonts was
employed in the present study. The results revealed that Nys
could be 100 % effective against 1. multifiliis encysted
tomonts at the concentration of 6.0 mg Lfl, with the ECs
values of 3.1 and 2.8 mg L' for theronts and encysted
tomonts (4 h). Buchmann et al. (2003) revealed that for
1. multifiliis, tomonts were more resistant to the parasiticides
than theronts. This conclusion was supported by other studies
(Yietal. 2012; Ling et al. 2012). But interestingly, in contrast
to their findings, we found that ECs, value of the Nys against
tomonts was closed to theronts. This may because the action
site of Nys on tomonts and theronts is coordinate. However,
the exact mechanism remains to be further investigated.

Under practical fish farming conditions, it would be neces-
sary to apply drugs repeatedly because tomocysts release new
infective theronts continuously over the course of several
days. Li and Buchmann (2001) reported that the mean time
between tomocyst formation and the release of theronts was
found to be 18 h at 25 °C, so Nys was administrated every
2 days in the present study. In vivo test showed that fish
treated with Nys at the concentrations of 6.0 mg L™" carried
significantly fewer parasites than the control. The observed
reduction of parasites in the test groups could be attributed
to the effects of the plant extracts because similar reduction
in parasite burden was not observed in the control groups.
These results suggest that continuous immersion with Nys at
the concentration of 6.0 mg L' every 2 days for three times is
suitable for controlling /. multifiliis infection.

In the present study, #-butanol extract of extracellular prod-
ucts of S. griseus was provided for bioactivity-guided isola-
tion. The Fr. D from NBu-E with the most promising activity
was subjected to further separation and purification, and the
active compound was isolated and identified as Nys. The other
extract or fractions with lower antiparasitic activity were not
further isolated, although they may contain compounds that
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have high activity but present in low concentration. So, further
phytochemical studies toward the isolation and separation of
the plant are recommended in our future research.

In conclusion, using the strategy of bioactivity-guided iso-
lation monitoring the chromatographic separation, a com-
pound showing promising anti-I. multifiliis activity were ob-
tained from NBu-E and elucidated as Nys. It can be chosen as
a lead compound for the development of new antiparasitic
agents against /. multifiliis. Also, further studies are required
for field evaluations in the practical system and the mecha-
nism of the antiparasitic activity remains to be performed.
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