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ARTICLE INFO ABSTRACT

Keywords: Infectious diseases have been the main limiting factor for international fish farming, especially saprolegniosis,
Saprolfzgnia parasitica which causes large economic losses. Therefore, this study evaluated the prophylactic and therapeutic effect of a
Mycelium nanocomposite (Silver nanoparticle plus extract of Terminalia catappa) to control Saprolegnia parasitica in tam-
(Z:Z?;si(o)::a macropomum baqui Colossoma macropomum. Two tests were carried out: 1) a therapeutic assay including long and short-term
Prophylaxis baths, containing two concentrations of nanocomposite each, on infected tambaqui and 2) a prophylactic assay

where the zoospore and nanocomposite (four different concentrations) were added at the same time into water
for 72 h. Mortality, prevalence index, hematology, and infected areas with S. parasitica on the fish body were
evaluated in both tests. In the therapeutic test, all fish from the control group (without nanocomposite) had
increased infected area, as well as lethargy and hemorrhage, resulting in 100% mortality. They also had reduced
red blood cells, lymphocytes, neutrophils, monocytes, and thrombocytes. In group exposed to nanocomposite,
higher concentrations affected mycelial growth, especially in the highest concentration (4.33 mg L™1), reducing
infected areas on the fish body by 98.70% and achieving 100% survival. The treatment with long-term bath at
the lowest concentration (0.54 mg L~1) had increased values of neutrophils. In the prophylactic test, fish groups
without handling stress and the methylene blue had no clinical signs or mortality. However, the fish group
submitted to handling stress presented the highest prevalence and infected areas resulting in 100% mortality.
However, the increasing of nanocomposite concentration promoted less oomycete prevalence, pathology in-
tensity, and mortality. The most effective concentration in the prophylactic assay was 0.87 mg L™}, preventing
the infection without blood alterations. Then, the nanocomposite as prophylactic measured at concentration of
0.87 mg L~} is the best strategy to prevent S. parasitica infection in fish.
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Fig. 1. Experimental design of therapeutic test with nanocomposite against Saprolegnia parasitica in infected juvenile C. macropomum.

1. Introduction

Oomycetes present filamentous mycelial growth and were initially
classified as Eumycota (fungi), but have motile biflagellate zoospores
and are currently classified as Stramenopiles or Chromista groups
(fungus-like) (Beakes et al., 2012). Oomycetes are one of the main
problems for fish farming around the world especially Saprolegnia par-
asitica. This is a fungus-like from the Saprolegniaceae family charac-
terized as an opportunistic parasite quickly infesting fish or eggs,
causing saprolegniosis diseases (Zaki and Fawazi, 2015; Sarowar et al.,
2019; Magray et al., 2021).

This fish pathogen has been responsible for worldwide outbreaks in
rainbow trout Oncorhynchus mykiss, Nile tilapia Oreochromis niloticus,
common carp Cyprinus carpio, American catfish Ictalurus punctatus, and
Salmon coho Oncorhynchus kisutch (Hatai and Hoshiai, 1992, 1993; Bly
et al., 1994; Singh et al., 2012; Van Den Berg et al., 2013; Lone and
Manohar, 2018; Ali et al., 2019; Alwash et al., 2021). Reports about the
American catfish estimated a mass mortality of approximately 50% total
production, generating an economic loss in the United States of 40
million dollars (USD) (Bly et al., 1994; Van West, 2006; Bruno et al.,
2011). In Japan, mortality reached above 50% of reared Salmon coho
(Hatai and Hoshiai, 1992).

The Colossoma macropomum is one of the most produced fish species
in South America, totaling over 100 thousand tons in 2020 (FAO, 2022).
Brazil is the largest producer of this species, surpassed only by tilapia
production. This fish presents resistance to hypoxia, easy acceptance for
industrial feed and high market value (Valenti et al., 2021), however is
sensitive to saprolegniosis after handling procedures.

Silver nanoparticles have emerged as an alternative to control
S. parasitica due to their fungicide and fungistatic effect. However, when
only nanoparticles are used, higher concentrations are necessary (1800
mg L™1) to reach the fungicide effect, as observed by Johari et al. (2015)
to control infection of rainbow trout eggs. Despite effectively controlling
the disease, high concentration of silver nanoparticles can cause toxic
effects on the fish and be an environmental problem (Khan et al., 2015).

To minimize the toxic effects, an alternative to control this pathogen
could be the use of nanocomposites (silver nanoparticles plus aqueous
extract of T. catappa). Thus, the present study evaluated the therapeutic
and prophylactic effects of nanocomposite (aqueous extract of T. catappa
plus silver nanoparticles) for controlling S. parasitica in tambaqui
C. macropomum.

2. Material and methods
2.1. Characterization of the nanocomposite

Nanocomposite was prepared and characterized according to Men-
eses et al. (2021) with the following features: silver nanoparticle size
12.97 + 10.90 nm and zeta potential —15.20 + 1.93 mV. The T. catappa
aqueous extract was produced with 25 g of dried leaves powder included
into 500 mL of water at temperature 60 °C during one hour. Afterwards,
its content was filtered and then replaced to another 500 mL of water at
the same temperature (60 °C/1 h), totalizing two hours of extracting
procedure. This aqueous extract presented the following chemical pro-
file: gallic acid (7.36 pg mg™Y), ellagic acid (9.54 pg mg™1), a-punica-
lagin (13.32 pg mg™ 1), and p-punicalagin (22.87 pg mg™!) (Meneses
et al., 2020). The nanocomposite stocking solution contained silver
nanoparticle (AgNPs) and T. catappa extract at concentrations of 1830
and 2500 mg L™}, respectively.

2.2. Zoospores of Saprolegnia parasitica

The Saprolegnia. parasitica was acquired from the laboratory of
aquaculture in the Embrapa Tabuleiros Costeiros. This pathogen was
previously isolated from naturally infected tambaqui and molecularly
identified (gen bank access KY418035) (https://www.ncbi.nlm.nih.
gov/nuccore/KY418035).

The oomycete grown up in Potato Dextrose Agar (PDA) throughout
the 96 h at room temperature (25 °C). After the complete growth, 1-cm?
fragment were placed into a new plate containing only PDA. In addition,
sterile sesame seeds were distributed around the fragment and grown at
room temperature for 24 h. All seeds were removed after 24 h and placed
into specific solution (SS) for an additional 48 h at 25 °C. An air supply
was used to aid the zoospore production in the solution. At the end,
seeds were discarded and then the zoospores were counted using Neu-
bauer Chamber (number of zoospores of 8.85 + 5.38 x 104 mL’l).

The specific solution (SS) contained one liter of distillated water, 0.5
mL of solution 1 (8.7 g KoHPOy, 6.8 g KHoPOy, 6.6 g (NH4),HPO4, and
50 mL of distilled water), and 0.1 mL of solution 2 (5.08 g MgCl,.6H>0,
3.67 g CaCl,.2H50, and 50 mL of distilled water).
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Fig. 2. Measuring infected areas on the fish body using the software image tool.

2.3. Nanocomposite therapeutic test in juvenile Colossoma macropomum
infected with mycelium of Saprolegnia parasitica

This experiment was approved by the ethics committee for animal
use from Tiradentes University (03031R/2018). Initially, for the infec-
tion process 60 juvenile fish (10-12 g) were shaken in a small fishing net
for 20 s to cause stress (handling stress) and mucus remotion. After-
wards, the animals were placed into 20 polyethylene recipients at
stocking density of three fish per unit with final volume of 1 L previously
added with 3 x 10 ° zoospore L~! (Firouzbakhsh et al., 2012). The
procedure to promote stress, the stocking density, the inoculation, and
zoospore concentration was adapted from Firouzbakhsh et al. (2012).

The complete infection on fish were observed 48 h after addition of
zoospores. Afterwards, 50 infected fish were distributed separately into
recipients containing only water for 24 h to ensure the fungal infection
on the fish body. The initial water quality parameters were: temperature
23.35 = 0.26 °C, dissolved oxygen 6.99 + 0.55 mg L%, pH 7.60 + 0.15,
electric conductivity of 155.71 + 26.37 pS cm ™, and toxic ammonia of
0.00 + 0.00 mg L™*

After 24 h, the experiment occurred with different concentrations of
nanocomposite applied in either a long-term bath (infected fish exposed
to T1-LB: 0.54 and T2-LB: 1.08 mg L~! for 96 h) and a short-term bath
(infected fish submitted to T3-SB: 2.16 and T4-SB: 4.33 mg L7 for 60
min once a day for 4 days) and a negative control (infected fish not
exposed to nanocomposite). Each fish was considered a replicate
totaling ten replicates per treatment (control and 4 treatments x 10
replicates = 50 fishes). This test lasted 96 h and the fish received no food
or water exchange to avoid cross contamination (Fig. 1).

Infected fish subjected to a short-term bath were kept in a fishing net
inside the tanks without nanocomposite. Afterwards, the net was
removed from the original recipient and relocated in another tank
containing the nanocomposite concentrations (according to the experi-
mental design) and then exposure for 60 min. After the exposuring time,
the fish returned to the original recipient and the process was repeated
daily for 4 days. The maintenance of the fish inside an internal fishnet
was intended to facilitate the handling of the application of the short-
term bath (Fig. 1).

Mortality was recorded, and infected areas on the fish body were
evaluated after 96 h with the aid of digital photos analyzed using the
software image tool. The fish were evaluated before and after the test to
determine the infected area (cm?) for both sides on the body (left and
right) (Fig. 2). The water quality parameters evaluated daily throughout
the experimental time included temperature, dissolved oxygen (YSI®
55-12FT), pH (AKROM® KR20), and electric conductivity (YSI® 30-
10FT). Toxic ammonia was evaluated before and after the test

(Hanna® professional plus).

2.4. Nanocomposite prophylactic test against zoospores of Saprolegnia
parasitica in juvenile Colossoma macropomum

This experiment was approved by the ethics committee for animal
use from Tiradentes University (03031R/2018). In the prophylactic test,
63 fish (10-12 g) were used. Initially, 54 fish were submitted to the
handling stress procedures (shaking before infection with pathogen ac-
cording to Firouzbakhsh et al., 2012), and nine fish was not shaking or
exposed to nanocomposite.

The fish were distributed into tanks (1 L) at stocking density of 3fish/
recipient with air supply and the animals were not fed throughout the
experimental time. All fish were exposed to zoospores of Saprolegnia
parasitica at a concentration of 3 x 10°L7L

Afterwards, they were immediately submitted to four different con-
centrations of nanocomposite (P0.1, P0.2, P0.4, and P0.8 mg LY and
three control groups, with three fish per replicate, in a completely ran-
domized arrangement in triplicate (7 treatments x 3 fishes x 3 repli-
cates). The control groups were: CS group (CS: Control Shaking)
consisted of fish submitted to handling stress (shaking stress) procedure
according to Firouzbakhsh et al. (2012) but not exposed to nano-
composite; CWS group (CWS: control without shaking or nano-
composite, negative control), the fish were introduced into recipients
without handling stress procedure as previously mentioned; and CMB
group where the fish in this group undergone to shaking stress and then
exposed to methylene blue at concentration of 2 mg L™ (Rahman et al.,
2017). The methylene blue is an effective antifungal commonly used in
the aquaculture to Saprolegnia control and for that was considered as a
positive control.

The experiment lasted 72 h, daily the percentage of fish that
demonstrated fungal infection (prevalence) and mortality were deter-
mined. The intensity of infection was measured through the images
taken of the fish body and analyzed in computer with the aid of a soft-
ware image tool (evaluating digital photos). Water quality parameters
were also measured daily with the aid of a multiparameter professional
plus YSI determining temperature (°C), dissolved oxygen (mg L_l), PH,
electric conductivity (uS cm’l), and toxic ammonia (mg L.

2.5. Hematological parameters analysis

The blood samples were taken by caudal puncture vessel using sy-
ringes containing EDTA 10% from dying fish (demonstrating erratic
swimming, no reaction to stimuli, lethargic and with reduced opercular
beating) and all other fish at the end of experiments, which underwent
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Table 1
Mortality of infected tambaqui with Saprolegnia parasitica and exposure to

different concentrations of nanocomposite applied as long-term or short-term
baths.

Treatments Mortality (% and number of dead fish) Mortality time (hours)
C 100% or 10 dead fish 54.14

T11B 20% or 2 dead fish 48

Toip 20% or 2 dead fish 48

Ts.s8 0 _

T4sB 0 -

C: control group, long-term bath strategy T;: 0.54 mg L™ and T,: 1.08 mg L%,
short-term bath strategy Ts: 2.16 mg L' and T4: 4.33 mg L.

an anesthesia procedure (60 mg L™1). Blood smears were stained using
Panotic Newprov Kit for differential counting of leukocytes and total
thrombocytes (Tavares-Dias and Moraes, 2004; Ranzani-Paiva et al.,
2013). The total counting of erythrocytes (cell x 10° pL ™! according to
Garcia-Navarro, 2005), percentage of hematocrit (Goldenfarb et al.,
1971), hemoglobin concentration (g dL™' using the biochemical
analyzer LAB-TP6000 PLUS), glucose concentration (mg dL ™! using the
Accu Chek Active), and total plasma protein (g Lt using RHC-200/AT)
were also evaluated. Based on these data, hematimetric indexes were
calculated according to Vallada (1999).

2.6. Statistical analysis

Data of the therapeutic test were submitted to t-test for paired
samples by comparing before and after the infected areas on the fish
body. The difference among treatments in infection areas were sub-
mitted to normality and homoscedasticity tests (Shapiro Wilk and Bar-
tlett respectively) following Analysis of Variance (ANOVA) with post
hoc Tukey test (« = 0.05) for mean comparisons. Data of prophylactic
test (prevalence, infected areas and mortality) and blood values were
conducted to premises tests following ANOVA with post hoc Tukey test
(o = 0.05).

3. Results
3.1. Therapeutic assay

Different nanocomposite concentrations did not cause statistically
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changes in water quality parameters among the treatments throughout
experimental time. The water quality parameters were temperature of
23.83 + 0.41 °C, dissolved oxygen of 5.40 + 1.33 mg L™}, pH of 7.95 +
0.26, electric conductivity of 170 + 30 pS cm ™!, and toxic ammonia of
0.02 + 0.01 mg L.

In the therapeutic assay, fish infected with Saprolegnia parasitica in
the control group showed lethargic, petechial hemorrhages and large
areas of fungal cotton-like infection. The control group also suffered the
highest mortality (100% or 10 dead fish), a significant difference
compared to long-term bath treatments, which presented 20% (or 2
dead fish) of mortality. However, the fish that received short-term bath
did not suffer any mortality by the end of the experiment (Table 1).

At the beginning of the experiment, all fish had similar infected area
on their bodies (C: 3.41 +1.71, T1-LB: 1.63 + 1.20, T2-LB: 2.19 + 0.96,
T3-SB: 2.60 + 1.69, and T4-SB: 3.19 4+ 2.16 cmz,p = 0.23). An increase
of infected area (230.5%) was observed in the control group. The
nanocomposite treatments reduced the infected area by 50.30%,
52.05%, 56.15%, and 97.80% for T1-LB, T2-LB, T3-SB, and T4-SB,
respectively (Fig. 3 and 4A, B, C, D e E).

At the end of the experimental time, the infected areas were not
statistically different among the nanocomposite treatments, only the
control group showed the largest infected areas compared to all treat-
ments (Fig. 5).

Fish from the control group had lower glucose values than the
nanocomposite treatments (T2-LB, T3-SB, and T4-SB), as well as reduced
erythrocytes number, hematocrit, mean corpuscular volume, mean
corpuscular hemoglobin, and total plasmatic protein. For defense cells,
the control group presented monocytosis and thrombocytopenia
(Table 2) compared to nanocomposite treatments.

T1-LB and T2-LB presented no difference in glucose, total plasmatic
protein, hematocrit, hemoglobin, erythrocytes, hematimetric indexes,
total leukocytes, lymphocytes, monocytes, and thrombocytes, however,
T1-LB had higher neutrophil value than T2-LB (Table 2).

The nanocomposite treatment, independent of strategy (long-term or
short bath), achieved lower values of monocytes number (2.90 + 1.97a;
2.28 + 1.39a; 2.11 + 0.77a and 4.29 + 1.74a), but high values for
thrombocytes number (39.90 + 2.75a; 29.05 + 2.95a; 31.35 + 3.11a
and 35.23 + 10.72a) compared to the control group. The fish from T2-
LB presented the lowest values for neutrophils (Table 2).
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Fig. 3. Fungal infection area after nanocomposite treatments. *: Statistical difference before and after bath strategy to control the fungal infection using t-test for
paired samples, LB: Long-term bath (96 h) SB: Short-term bath (one bath a day for 60 min, for four consecutive days). C: control group, long-term bath strategy T1-
LB: 0.54 mg L' and T2-LB: 1.08 mg L}, short-term bath strategy T3-SB: 2.16 mg L~ and T4-SB: 4.33 mg L.
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Fig. 4. Fish infected before and after the therapeutic test with nanocomposite. LB: Long-term bath (96 h) SB: Short-term bath (one bath a day for 60 min, for four
consecutive days). C: control group, long-term bath strategy T1-LB: 0.54 mg L' and T2-LB: 1.08 mg L~?, short-term bath strategy T3-SB: 2.16 mg L~ and T4-SB:
433 mg L%
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Fig. 5. Infected areas of short-term and long-term baths with nanocomposite concentrations in the final of experiment. LB: Long-term bath (96 h) SB: Short-term bath
(one bath a day for 60 min, for four consecutive days). C: control group, long-term bath strategy T1-LB: 0.54 mg L™ *and T2-LB: 1.08 mg L~", short-term bath strategy

T3-SB: 2.16 mg L™ and T4-SB: 4.33 mg L.

Table 2
Blood parameters of tambaqui C. macropomum submitted to nanocomposite
therapeutic baths (long and short-term baths).

Parameters C T1-LB T2-LB T3-SB T4-SB
Glu 21.67 + 41.00 + 43.75 + 53.40 + 55.14 +
3.79b 11.95ab 8.46a 7.20a 9.0.8a
TPP 2.86 + 3.84 + 348 + 3.53 + 3.55 +
0.40b 0.54a 0.41ab 0.60ab 0.49ab
Hg 2.25 + 8.40 + 6.51 + 7.67 + 7.26 +
0.94b 3.67a 2.17a 2.74a 2.58a
Ht 11.10 + 25.24 + 28.79 + 25.37 + 25.39 +
5.20b 6.75a 6.53a 5.30a 5.09a
Er 0.54 + 1.28 + 1.10 £ 1.28 + 1.32 £
0.15b 0.19a 0.08a 0.14a 0.32a
MCV 175.85 + 204.59 + 292.44 + 214.39 + 243.33 +
48.97b 23.73ab 62.06a 51.11ab 69.00ab
MCHC 17.38 + 23.39 + 26.76 + 28.87 + 28.53 +
6.34a 5.29a 9.69a 10.48a 14.03a
Leu 42.37 £ 39.71 + 34.84 + 39.19 + 38.15 +
9.32a 6.00a 4.30a 5.28a 11.47a
Lym 27.05 + 29.82 + 28.67 + 31.72 + 31.25 +
5.12a 2.60a 2.80a 4.42a 8.52a
Mon 7.87 + 2.90 + 2.28 + 211 + 4.29 +
2.23b 1.97a 1.39a 0.77a 1.74a
Neu 6.54 + 5.99 + 371 + 4.45 + 4.25 + 1.
1.55b 1.59ab 1.61a 0.97ab 48ab
Thro 3.11 + 39.90 + 29.05 + 31.35+ 35.23 +
0.60b 2.75a 2.95a 3.11a 10.72a

Glu: glucose mg dL ™!, TPP: total plasma protein g dL ™!, Hg: hemoglobin g dL?,
Ht: hematocrit (%), Er: erythrocyte cell x 10° uL~!, MCV: mean corpuscular
volume (fL), and MCHC: mean corpuscular hemoglobin concentration (g dLh.
Different letters in the row means statistical difference by Tukey test (p < 0.05),
LB: Long-term bath (96 h) SB: Short-term bath (one bath a day for 60 min, for
four consecutive days). C: control group, long-term bath strategy T1-LB: 0.54
mg L~! and T2-LB: 1.08 mg L™}, short-term bath strategy T3-SB: 2.16 mg L™ and
T4-SB: 4.33 mg L.

3.2. Prophylactic test

In this test, no statistical difference occurred in the water parameters,
discarding any possible interference of the nanocomposite or methylene
blue among the treatments. The water quality parameters were tem-
perature (23.47 £ 0.39 °C), dissolved oxygen (5.15 + 0.57 mg L’l), pH
(7.52 £ 0.24), electric conductivity (230 + 50 pS cm’l), and toxic

ammonia (0.01 + 0.05 mg L_l).

Fish from the CWS (without handling stress) and methylene blue
treatment did not show saprolegniosis infection throughout the experi-
mental time. However, fish in the CS group (submitted to handling
stress) presented darkened skin, petechial hemorrhage (Figs. 6 and 7),
lethargy, reduced opercular beating, higher fungal prevalence (Fig. 8A),
and large infected area (Fig. 8B), provoking 100% mortality by 72 h
(Fig. 8Q).

A dose-response relationship was observed, where increases in
nanocomposite concentration reduced the infection prevalence, pa-
thology intensity and mortality (Fig. 8A, B and C). Similar results of
prevalence, fungal infection area and mortality among the highest
concentrations (P0.8 mg L™!) and the groups CWS and methylene blue
were found (Fig. 8).

The higher concentration (P0.8 mg L’l) achieved better results of
prevalence (Fig. 8A), infected area (Fig. 8B) and mortality (Fig. 8C)
compared to CS in 72 h. In particular, the highest treatment (P0.8 mg
L 1) obtained 100% fish survival without infection signs, similar result
to the methylene blue treatment (positive control) (Fig. 8C).

At the lowest concentration (P0.1 mg L_l), greater infection
occurred at 24 h compared to the control with shaking procedure (CS)
(Fig. 8B). However, the fungal area on the fish body reduced over time,
unlike the control (CS) in which fish suffered an increased in infection
area (Fig. 8B). In the next concentration (P0.2 mg L’l), in the first 24 h,
an intermediate infection occurred, but it was reduced between 24 and
48 h (Fig. 8B).

The blood parameters, except glucose, showed changes in all nano-
composite treatments as well as groups CS and methylene blue. The CS
group that presented higher values of fungal infection, displayed a
reduction of erythrocytes, hematocrit, hemoglobin, total plasma pro-
tein, MCV, and MCHC (Table 3).

Increasing the nanocomposite concentration, the blood parameters
remained similar to methylene blue (positive control) and CWS groups
(negative control). Fish in the treatment P0.4 mg L' had the highest
values of total plasma protein, hemoglobin, and hematocrit. At the lower
concentrations (P0.1 and P.0.2 mg L’l), the fish presented similar red
blood cells count and biochemical values to the methylene blue group
(intermediate values) (Table 3).

Among the nanocomposite treatments, the P0.8 mg L™} stands out as
the most effective prophylactic concentration and presented interme-
diate blood values compared to the CWS and methylene blue treatment
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Fig. 6. Petechial hemorrhage on the skin of C. macropomum caused by Saprolegniosis infection in the control group with shaking procedure (CS).
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Fig. 7. Fungal infection area of tambaqui in the prophylactic test in different experimental groups. Note the intense mycelial growth in CS group.

(Table 3).

Comparing the CWS and methylene blue treatment, the fish exposed
to methylene blue had higher values of leukocytes, lymphocytes, and
total thrombocytes. Nanocomposite treatments (P0.4 and P0.8 mg L™1)
also altered leukocytes similar to the methylene blue treatment
(Table 3).

There was uncontrolled monocytosis with methylene blue, unlike
observed in the other treatments (Table 3). Neutrophilia was observed in
the CWS and neutropenia in the lowest nanocomposite concentration
(P0.2 mg L™Y). For thrombocytes, the highest values were observed in
the methylene blue, P0.2 mg L™}, and P0.4 mg L™! treatments, while a
reduction of this cell count occurred in the CWS group (Table 3).

4. Discussion

Infected fish in both assays demonstrated lethargic behavior, hem-
orrhage, and hemodilution, which are clinical signs also observed in
other fish infected by Saprolegnia parasitica such as common carp Cyp-
rinus carpio (Singh et al., 2012; Alwash et al., 2021), rainbow trout
Oncorhynchus mykiss (Singh et al., 2012), and tenca Tinca tinca (Shah,
2010).

The hyphae of the oomycete penetrate the epithelial tissue and cause
damage (within 3 to 5 days), provoking hemorrhage and osmotic
imbalance, which result in hemodilution and consequently mortality
(Shah, 2010). Similar physiological issues probably occurred in this
study explaining the mortality of C. macropomum.

Reduced thrombocyte values in infected fish in both tests (Thera-
peutic and prophylactic) could indicate the presence of a hemorrhage

process. Thrombocytes play an important role in cell defense (Tavares-
Dias et al., 2008) and blood coagulation (Rahkonen and Pasternack,
1998).

Different fish can demonstrate different alterations in leukocytes
when infected by S parasitica. In C. carpio (Salih and Mustafa, 2017), a
monocytosis and neutrophilia as well as reduced lymphocytes number
were observed. Salmo trout have similar blood alterations (increased
neutrophil number and reduced lymphocytes number) after saproleg-
niosis (Jamalzadeh et al., 2009). For African catfish C. gariepinus
(Chauhan et al., 2014), monocytes and neutrophil increased throughout
oomycete infection. For tilapia O. niloticus infected with Saprolegnia sp.,
they also have reduced values of lymphocytes as result of infection
(Elgendy et al., 2022).

All these leukocytes alterations allied to alterations in red blood
parameters are common during stressing moments and have been cited
in oomycete infection. The infected tambaqui from control group of
therapeutic assays presented similar response to saprolegnia infection as
observed in other fish species as increased glucose, reduction of eryth-
rocytes, hematocrit, mean corpuscular volume, mean corpuscular he-
moglobin, total plasmatic protein and thrombocytes (Barde et al., 2020).
These factors can allow the rapid development of infection and clinical
signs (cotton-like areas on the fish body) resulting in outbreaks (Phillips
et al., 2008, Lone and Manohar, 2018).

To avoid this problem, the therapeutic strategy evaluated in the
present study has demonstrated a promising reduction of fungal infec-
tion without blood issues and consequently reduction of mortality, with
a97.8% reduction of the infected area using the highest concentration in
a short-term bath (T4-SB).
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Fig. 8. Prevalence (A), fungal infected area (B) and mortality (C) of juvenile C. macropomum infected with Saprolegnia parasitica after nanocomposite treatments in a
prophylactic test over time. Different letters in the columns (24, 48, and 72 h) indicate statistical difference by Tukey test (p < 0.05). CS: shaking control, CWS:
negative control, CMB, methylene blue treatment (positive control), P0.1, P0.2, P0.4, and P0.8 mg L!. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 3

Tambaqui C. macropomum hematologic parameters after exposed to nanocomposite in the prophylactic assay.
Hematologic parameters cs Ccws MB P0.1 mg L} P0.2 mg L~} P0.4 mg L~} PO.8 mg L~}
Glucose (mg dL™) 40.83 + 16.10a 39.00 + 9.66a 52.75 + 13.82a 55.50 + 16.38a 51.00 + 19.08a 48.33 + 18.03a 48.50 + 12.24a
Total plasma protein (g dL.™')  3.10 + 0.72b 4.02 + 0.39a 3.45 + 0.35ab 3.81 + 0.66ab 3.55 + 0.22ab 4.03 + 0.23a 3.76 £+ 0.49ab
Hemoglobin (g dL.™!) 3.34 + 0.95¢ 3.65 + 2.13bc 6.73 + 0.95ab 5.86 + 2.20abc 5.63 + 0.95abc 7.29 + 1.31a 4.46 + 2.17bc
Hematocrit (%) 13.59 + 3.43b 26.65 + 4.00a 15.10 £+ 5.13b 19.52 + 5.75ab 19.92 + 5.13ab 25.62 + 3.42a 23.96 + 6.52ab
Erythrocyte (x10° mL™1) 0.63 &+ 0.19bc 0.60 £ 0.15¢ 1.14 £ 0.31a 0.54 £+ 0.15¢ 0.66 + 0.20bc 0.97 + 0.27ab 0.81 + 0.21abc
MCV (fL) 277.44 + 61.66b 403.68 + 118.05b 134.03 + 31.42a 359.62 + 56.58b 283.11 + 62.11b 263.38 + 25.91b 258.99 + 100.75ab
MCHC (g dL™ 1) 27.68 + 4.62b 28.75 + 8.47b 53.03 + 4.04a 30.44 + 11.67b 29.51 + 7.54b 28.26 + 3.07b 26.15 + 12.89b
Total Leukocytes 10° mL™Y) 35.13 + 5.62ab 34.13 + 5.33ab 53.46 + 11.07a 29.28 + 7.80b 38.06 + 8.75ab 42.88 + 7.42ab 37.06 + 8.78ab
Lymphocyte 10° mL™1) 23.97 + 0.74bc 22.55 + 2.72¢ 42.04 + 9.88a 28.70 + 1.65bc 23.44 £ 1.25¢ 35.20 + 4.39ab 30.95 + 6.53abc
Monocyte (10° mL ™) 1.24 + 0.30b 1.49 + 0.75b 6.02 + 1.79a 0.57 + 0.22b 1.71 + 0.70b 1.53 + 0.52b 1.44 4+ 0.15b
Neutrophil (10° mL™Y) 5.66 + 0.65ab 7.07 £ 1.22a 4.34 £+ 1.47ab 2.90 + 1.05b 6.30 & 2.01ab 6.87 + 3.25ab 5.28 + 1.14ab
Thrombocyte (10° mL™Y) 3.91 + 1.85b 4.90 + 3.06b 14.78 + 2.25a 12.22 + 4.50ab 17.54 + 4.72a 17.57 £+ 5.55a 12.21 + 0.60ab

MCV: mean corpuscular volume, MCHC: mean corpuscular hemoglobin concentration. Different letters in the row means statistical difference by Tukey test (p < 0.05).
CS: shaking control, CWS: negative control, CMB, methylene blue treatment (positive control), P 0.1, P 0.2, P 0.4, and P 0.8 mg L.

The chemical profile of nanocomposite (silver nanoparticles plus
aqueous extract of Terminalia catappa) would explain this beneficial
effect. T. catappa has tannins that inhibit the enzymes and proteins on
the fungal membrane (Cowan, 1999) and phenolic compounds (gallic
acid, ellagic acid, a and f punicalagin) which can cause damage on the
fungal membrane affecting its metabolism (Hili et al., 1997; Meneses
et al., 2021). The silver nanoparticle, in particular, can increase the
permeability of fungal membrane affecting osmoregulation, losing the
ability to replicate DNA (Feng et al., 2000; Yamanaka et al., 2005; Song
et al., 2006).

In the present study, the nanocomposite used in long or short-term
baths were efficient to control Saprolegnia parasitica showing survival
above 90% compared to control group without nanocomposite. Other
chemical products, such as potassium permanganate 100 mg L™ and

hydrogen peroxide 420 mg L™}, demonstrated 70 and 63% of survival,
respectively (Sherif and Abdel-Hakim, 2016). Another study using
copper sulfate at the concentration of 1 mg L' (Sun et al., 2014) ach-
ieved a reduced infection rate as well as 56.67% survival. Despite the
positive result in different fish species, these survival rates reported were
lower compared to the present study, which achieve 90% survival with
lower concentration of nanocomposite in long-term bath.

Furthermore, the short-term baths with 4.33 mg L™! promoted a
reduction of 97.8% of infected area. No more comparison were possible
due to lack of scientific data on the reduction of infected areas in the fish
body, making this the first report using this method of evaluating
infection.

The therapeutic measure is focused on the control of the mycelia
present in the tegument of the fish, however, the scientific literature
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reports that different concentrations of chemical products can affect
different stages of life of S parasitica (zoospore and mycelium). The
infective phase (zoospore) is more sensitive than the mycelium, making
it important to determine which strategy to control this pathogen is most
appropriate (Xue-Gang et al., 2013; Sun et al., 2014). This difference
was verified in prophylactic test of present study, where the concen-
tration of 0.8 mg L™ demonstrated greater effectiveness on zoospores,
preventing the development of myecelia.

For the blood parameters in a prophylactic test, methylene blue
caused physiological alterations such as increased young red cells in
circulated blood (cells with reduced MCV). Methylene blue also pro-
moted high values for monocytes, demonstrating an improved cell im-
mune response. For nanocomposite concentrations, all blood parameters
were similar to the methylene blue treatment indicating no toxic effect.
In addition, the lower glucose values verify that the nanocomposite and
methylene blue do not cause stress for tambaqui (Silbergeld, 1974).

Methylene blue has been widely used to control Saprolegnia parasitica
providing a survival rate similar than our study. According to Rahman
et al. (2017), methylene blue at concentration of 3 mg L' in short-term
baths (four baths a day for 30 min each bath) provided survival of 94.33
+ 4.73% for Labea bata larvae infected with S. parasitica. Another study
also using methylene blue at the lowest concentration (0.2 mg L™1)
provided 50% survival of infected Asian Catfish Heteropneustes fossilis
(Neowajh et al., 2017). Despite the benefits of methylene blue, the
concentration used in prophylactic assay is higher than nanocomposite
concentrations to promote similar efficacy.

For these reasons, nanocomposite used as a therapeutic or prophy-
lactic measure stands out as a promising alternative to control
S. parasitica, being an alternative to methylene blue. However, some
factors must be considered such as its lethal concentration, time of
rearing, the concentration for therapeutic short-term baths, and the
opportunistic behavior of S. parasitica after stress.

Thus, the nanocomposite used as the prophylactic procedure would
be a better alternative than the therapeutic treatment considering the
rearing time, complexity of aquatic environments and the use of lower
concentrations.

The absence of infection and mortalities at the higher concentration
in the prophylactic test corroborate this recommendation to prophy-
lactic use. The prophylactic use of nanocomposite in fish farming to
avoid any infection and to reduce concentrations of therapeutic products
are important points to mitigate environmental impact of chemicals in
water.

An effective product such as nanocomposite plays an important role
to protect the fish at stressing moments, such as transporting and bio-
metric procedures, which cause tissue damage allowing infection. For
this reason, the use of nanocomposite at stressing moments could avoid
the infection without blood alterations as well as reduce the use of other
chemicals, which would be used at high concentrations.

5. Conclusion

The nanocomposite is recommended as a therapeutic treatment at
concentration of 4.33 mg L™! in short-term bath and as a prophylactic
procedure using 0.8 mg L~ without stress effects or blood changes. It
can be used for common procedures during rearing, such as biometric or
transport, since these activities can generate an opening for S. parasitica
infection.
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