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ABSTRACT

Arapaima gigas is an important and strategic species for

aquaculture in South America, carrying significant economic and

social impacts, especially in the Amazon region. However, sanitary

challenges can limit its productivity. This study carried out the

isolation, characterization, and identification of autochthonous

bacteria from the intestine of A. gigas from Amazonian aquaculture,

aiming to identify bacterial isolates with probiotic potential. A total

of 120 initial isolates were obtained, of which 25 representative

strains were subjected to in vitro screening, including tolerance to

acidic pH and bile salts, hemolytic activity, autoaggregation, biofilm

formation, and antagonism, followed by in vivo safety tests. The

results revealed promising and harmless strains, including Bacillus

cereus, Enterococcus faecalis, Enterococcus gallinarum, and

Lactococcus lactis subsp. lactis. Notably, Enterococcus faecium

stood out for its physiological robustness and antagonistic activity

against the pathogen Aeromonas jandaei (MT02). In contrast,

Enterobacter cloacae, although isolated from healthy hosts,

exhibited acute virulence in in vivo assays, resulting in 100%

mortality. This is the first record of this bacterium as an opportunistic

pathogen in A. gigas, with the reproduction of the disease

confirmed through controlled experimental infection. This study also

provides perspectives on biotechnological innovations through the

identification of autochthonous strains with probiotic potential that

may contribute to sustainable health management in A. gigas

farming. However, in vivo validation remains essential to ensure

microbial safety before their application in aquaculture.

Keywords: Arapaima gigas; aquatic probiotics; fish health; microbial

safety; pathogenicity.



RESUMO

O “Arapaima gigas” é uma espécie importante e estratégica para a

aquicultura na América do Sul, gerando impactos econômicos e

sociais significativos, especialmente na região amazônica. No

entanto, desafios sanitários podem limitar sua produtividade. Este

estudo realizou o isolamento, a caracterização e a identificação de

bactérias autóctones do intestino de “A. gigas” provenientes da

aquicultura amazônica, visando identificar isolados bacterianos com

potencial probiótico. Um total de 120 isolados iniciais foi obtido;

destes, 25 cepas representativas foram submetidas a uma triagem

"in vitro", incluindo testes de tolerância a pH ácido e sais biliares,

atividade hemolítica, autoagregação, formação de biofilme e

antagonismo, seguidos por testes de segurança "in vivo". Os

resultados revelaram cepas promissoras e inócuas, incluindo

"Bacillus cereus", "Enterococcus faecalis", "Enterococcus gallinarum"

e "Lactococcus lactis" subsp. "lactis". Destaca-se "Enterococcus

faecium", que sobressaiu pela sua robustez fisiológica e atividade

antagonista contra o patógeno "Aeromonas jandaei" (MT02). Em

contrapartida, "Enterobacter cloacae", embora isolada de

hospedeiros saudáveis, exibiu virulência aguda em ensaios "in vivo",

resultando em 100% de mortalidade. Este é o primeiro registro dessa

bactéria como patógeno oportunista em "A. gigas", com a

reprodução da doença confirmada por meio de infecção

experimental controlada. O estudo também apresenta perspectivas

de inovações biotecnológicas através da identificação de cepas

autóctones com potencial probiótico, as quais podem contribuir

para o manejo sanitário sustentável na criação de "A. gigas".

Contudo, a validação "in vivo" permanece essencial para garantir a

segurança microbiana antes de sua aplicação na aquicultura.

Palavras-chave: Arapaima gigas; probióticos aquáticos; saúde de

peixes; segurança microbiana; patogenicidade.



1. INTRODUCTION

Arapaima gigas is one of the most important species for aquaculture

production in South America (Valladão et al., 2018; Ferreira et al.,

2020). The adaptability of this species to intensive production

systems has been the subject of several studies, with promising

results obtained even outside the Amazon biome. A notable

example is its cultivation in California, USA (Ohs et al., 2021), which

highlights its potential for diversifying aquaculture on a global scale.

Currently, pirarucu production has gained prominence in Brazil,

reaching approximately 1,947,305 kg in 2023 and showing steady

growth over recent decades (IBGE, 2024). However, several

challenges such as reproduction, nutritional aspects, diseases, and a

scarcity of species specific inputs still limit the development of the

production chain (Escudero et al., 2024; Gonçalves et al., 2024).

In this context, using biotechnology such as developing probiotics to

enhance the fish production chain can provide significant sanitary

and productive benefits. These additives aim to improve the

nutritional quality of diets, optimize feed efficiency, and promote

reproductive performance (Eissa et al., 2024; Enzeline et al., 2024).

Furthermore, probiotics are defined as live microorganisms that can

minimize stress, stimulate the immune system, and increase fish

resistance to various diseases (Wuertz et al., 2021; Hoseinifar et al.,

2023; Torres-Maravilla et al., 2024).

Despite these general benefits, the effectiveness of probiotic

supplementation depends directly on the ability of the

microorganisms to colonize and persist in the gastrointestinal tract.

Recent studies indicate that using autochthonous probiotics

(isolated from the host itself) offers significant advantages over



allochthonous or commercial strains, as these microorganisms are

already adapted to the physiological and immunological conditions

of the target species (Rwezawula et al., 2025). This biological

compatibility promotes greater adhesion to the intestinal mucosa

and more efficient competitive exclusion of pathogens, making the

bioprospecting of native strains a promising strategy to maximize

health and zootechnical performance in intensive farming systems

(Doan et al., 2019; Fachri et al., 2024). For this reason, the study of

autochthonous strains derived from this Amazonian fish deserves

particular attention.

Both in vitro and in vivo tests are routinely employed to select

bacteria with probiotic potential. These assays aim to confirm

essential characteristics such as resistance to adverse

gastrointestinal conditions including low pH and the presence of

bile salts (Hrabar et al., 2025) and to evaluate autoaggregation

capacity, the inhibition of intestinal pathogenic bacteria,

antimicrobial resistance, and benefits to host health (Kotzent, 2017).

Additionally, efforts are made to confirm the absence of

pathogenicity in the isolates and guarantee bacterial stability during

storage (Sanson et al., 2020). Considering the importance of A. gigas

for national and international trade, this study aimed to isolate,

characterize, and identify autochthonous bacteria from the

intestines of A. gigas reared in aquaculture systems in Amazonas,

Brazil. For this purpose, the strains were subjected to in vitro tests

and in vivo safety assays to prospect for potential probiotics for the

species.

2. MATERIALS AND METHODS

2.1. Ethics Statement



The experimental procedures were approved by the Animal Ethics

Committee (CEUA) of Nilton Lins University (Protocol No. 010/2021)

and conducted in accordance with the guidelines of the Federal

Council of Veterinary Medicine (CFMV).

2.2. Isolation And Initial Characterization Of Autochthonous

Bacteria

For the isolation process, 25 healthy juvenile A. gigas of varying sizes

and weights (mean ± SD: 562.26 ± 982.88 g) were used. These fish

were obtained from five distinct fish farms located across the

following municipalities in the state of Amazonas: Iranduba,

Itacoatiara, Manacapuru, Manaus, and Presidente Figueiredo.

For sample collection and bacterial isolation, the fish were

euthanized in a benzocaine solution (0.3 g/L) following the protocol

described by Wang et al. (2024). Prior to necropsy, the external body

surface was sterilized using water, neutral soap, 70% alcohol, and 1%

iodized alcohol to ensure aseptic access to the coelomic cavity. The

intestines were then removed and dissected, and the fecal content

was washed out with sterile PBS. Subsequently, the washed

intestinal fragments were homogenized in a sterile saline solution

(0.65%) at a 1:1 ratio (w/v) to preferentially isolate resident bacteria

(adhered to the mucosa) rather than transient ones. Serial dilutions

(10-1 to 10-6) were prepared in PBS (pH 7.0) using 100 μL of the

homogenate. Aliquots of 100 μL from each dilution were plated

using the spread plate technique onto Man, Rogosa, and Sharpe

agar (MRS, Sigma-Aldrich) and tryptic soy agar (TSA, Neogen Culture

Media). The simultaneous use of these media was intended to select

potential probiotic lactic acid bacteria (LAB) on the MRS medium

and to quantify total cultivable heterotrophic bacteria on the TSA



medium. The plates were then incubated at 35 °C for 24 h for colony

isolation and the enumeration of colony-forming units (CFU).

2.3. Microbiological And Biochemical Characterization

The bacterial isolates were screened based on morphology using the

Gram staining technique (Beveridge, 2001) and examined under a

light microscope (Bel Photonics) with a 1000× objective lens using

immersion oil. Initial biochemical characterization included catalase

(Abdou et al., 2018) and oxidase (Kovács, 1956) tests.

2.4. Identification Of Bacteria

Following preliminary screening using biochemical methods

(catalase and oxidase), pure bacterial cultures were provisionally

identified via Matrix-Assisted Laser Desorption Ionization Time-of-

Flight Mass Spectrometry (MALDI-TOF). Mass spectrometer

calibration was performed with the Bruker bacterial test standard

(Bruker Daltonics), following the method detailed by Assis et al.

(2017).

Molecular identification was carried out by extracting total genomic

DNA using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA)

according to the manufacturer’s protocol for Gram-positive and

Gram-negative bacteria. The universal primer sets described by

Corinaldesi et al. (2005) were used to amplify and sequence the 16S

rRNA genes: 16S-F (5’ prime - AGA GTT TGA TCC TGG CTC AG- 3’

prime) and 16S-R (5’ prime - GGT TAC CTT GTT ACG ACT T – 3’ prime).

Sequencing of the amplified and purified products was conducted

at the Center for Biological Resources and Genomic Biology

(CREBIO) at São Paulo State University (UNESP, São Paulo, Brazil).



3. IN VITRO TESTS

3.1. Hemolytic Activity

The biological safety of the isolates was assessed by evaluating

hemolytic activity on blood agar plates supplemented with 5%

sheep blood, as described by Kuebutornye et al. (2022). The plates

were incubated at 35 °C for 24 h, and hemolysis was evaluated based

on erythrocyte lysis around the colonies. Isolates were classified as β-

hemolysis (clear halo, total lysis), ɑ-hemolysis (greenish halo, partial

lysis), or ƴ-hemolytic (absence of a halo). This screening step is

crucial for distinguishing pathogenic isolates from safe probiotic

candidates; hemolytic activity is a primary virulence factor

associated with tissue destruction and anemia in fish, making it a

standard exclusion criterion for probiotic selection (Fachri et al.,

2024). However, strains exhibiting hemolytic activity in this study

were not excluded from subsequent evaluations. This approach was

adopted to investigate whether in vitro conditions influence the

expression of traits that could be suppressed or induced in vivo,

thereby avoiding the premature exclusion of potential probiotic

candidates.

3.2. Tolerance To Bile Salts

Tolerance to bile salts is a fundamental prerequisite for probiotic

selection, as bile constitutes a stressful physicochemical barrier

within the gastrointestinal tract (Mohammed et al., 2025).

Consequently, the ability to survive physiological bile concentrations

(approximately 0.3%) is essential for viable microorganisms to reach

the intestine, enabling their colonization and metabolic proliferation

(Kuebutornye et al., 2022). The previously characterized isolates



(based on Gram staining, catalase, oxidase, and hemolysis) were

subjected to a bile salt tolerance test according to Kusada et al.

(2021) and Sreepathi et al. (2023). The strains were incubated at 35 °C

for 24 h in MRS broth supplemented with 0.3% and 1.0% bile salts

(Sigma-Aldrich), alongside a bile-free control. Growth was monitored

by measuring optical density at 600 nm (OD), and the survival rate

was calculated using the following equation:

Survival (%) =ODTreatment
ODControl

X 100

3.3. Low PH Tolerance

Tolerance to acidic pH was evaluated according to the protocol

described by Mazlumi et al. (2022). Washed bacterial suspensions in

PBS were inoculated at 2% (v/v) into TSB broth adjusted to pH 3.0

and 5.0, alongside an unadjusted control, and incubated at 35 °C.

Growth was monitored by measuring the optical density at 600 nm

(OD) after 3 and 24 h, and the tolerance rate was determined using

the following equation:

Tolerance (%) =ODTreatment
ODControl

X 100

3.4. In Vitro Antagonistic Activity

Isolates that demonstrated tolerance to low pH and bile salts were

subjected to an antagonism assay. The pathogenic strain

Aeromonas jandaei (MT-02), provided by the Laboratory of

Microbiology Applied to Aquatic Organisms (Nilton Lins University),

was used in this assay. This pathogen was selected due to its

epidemiological relevance in A. gigas farming, as it is the etiologic

agent responsible for hemorrhagic septicemia outbreaks associated



with high mortality rates (Proietti-Junior et al., 2021). The assays were

based on protocols described by Hütt et al. (2006) and Balouiri et al.

(2016), employing three complementary methodologies: agar block

diffusion, co-culture competition, and well diffusion with

supernatant (bacterial metabolites).

3.5. Evaluation Of Autoaggregation Capacity

The autoaggregation capacity of the preselected isolates (following

the pH, bile salts, and antagonism assays) was evaluated as

described by Zuo et al. (2016). Bacterial cultures grown in TSB (24 h,

35 °C, 170 rpm) were harvested by centrifugation (3,000 × g, 10 min, 4

°C), washed with PBS, and adjusted to an optical density at 600 nm

(OD) corresponding to 108 cells/mL. Aliquots of 5 mL were incubated

at 35 °C under static conditions, and the absorbance of the upper

suspension was measured after 1, 2, and 4 h. The percentage of

autoaggregation was calculated using the following equation:

Autoaggregation (%)=(1−At​/A0​)×100

where AtA_tAt​ is the absorbance after 1, 2, or 4 h, and A0A_0A0​ is the

absorbance at time 0.

3.6. Biofilm Production

Biofilm production was evaluated in all 25 isolates using the Congo

red agar method (Freeman et al., 1989). The bacterial strains were

plated onto Mueller-Hinton agar (pH 7.0) supplemented with 0.8 g/L

of the dye (INLAB) and incubated at 35 °C for 24 h. The development

of black colonies was used as the criterion for positive biofilm

production.



3.7. In Vivo Safety Evaluation

In vivo safety was evaluated for nine selected autochthonous isolates

(Bacillus cereus, Bacillus vietnamensis, Enterobacter cloacae,

Enterococcus faecalis, Enterococcus faecium, Enterococcus

gallinarum, Lactococcus petauri, Lactococcus lactis subsp. lactis, and

Lactococcus lactis). The bacterial inocula, cultivated in TSB (35 °C, 24

h) and washed with PBS, were adjusted to a concentration of 108

cells/mL. Juvenile A. gigas (10.48 g ± 2.26) were acclimated for 7 days,

anesthetized with benzocaine (0.1 g/L), and inoculated via the

intraperitoneal route at a dose of 0.1 mL/10 g of body weight (n = 7

fish per aquarium), alongside a control group injected solely with

PBS. The experimental design considered the aquarium as the

experimental unit and the individual fish as the sampling unit,

thereby mitigating pseudoreplication (Ruohonen, 1998; Zar, 1999;

Knud-Hansen, 2017). Commercial feed was provided twice daily, and

clinical signs and mortality were monitored for 14 days.

4. RESULTS

From the five sampled farms, 120 intestinal bacterial isolates from A.

gigas were obtained, distributed among approximately 10 genera.

Primary screening prioritized the morphological diversity of the

colonies. Following purification and preliminary biochemical

characterization (catalase and oxidase), 25 representative strains

were selected for subsequent assays, as shown in Tables 1 and 2.

As detailed in Table 1, of the 25 selected strains, 10 were characterized

as Gram-positive and 15 as Gram-negative. Regarding their

biochemical profile, 18 isolates were catalase-positive and 24 were

oxidase-negative. Concerning hemolytic activity, the majority of the



isolates (n = 18) were classified as ƴ-hemolytic, while ɑ-hemolysis and

β-hemolysis were observed in only four and three isolates,

respectively.

Regarding tolerance to bile salts, most strains exhibited high viability

at 0.3%, with survival above 80%. The increase to 1.0% caused a dose-

dependent and species-specific reduction in viability for some

strains; however, survival generally remained ≥ 50%. E. gallinarum

stood out, with rates of 167% (0.3%) and 146% (1.0%), suggesting

proliferation under bile stress. Enterococcus faecalis, Lactococcus

lactis subsp. lactis, and Laribacter hongkongensis also demonstrated

robustness, maintaining 100% viability at 0.3%. In contrast, the lowest

survival rates at 1.0% were recorded for Lactococcus petauri (33%)

and Lactococcus garvieae (34%).

As presented in Table 2, the exposure of the strains to pH 3.0 for 24 h

proved to be a stringent selective barrier, resulting in total lethality

for all isolates. In contrast, most species showed high viability at pH

5.0, with notable resilience observed in Enterococcus gallinarum

(100%), Enterobacter cloacae (96%), and Aeromonas jandaei (93%).

The autoaggregation indices indicate that the bacteria possess

proteins or polysaccharides that facilitate the association of identical

cells. This adhesion capacity is crucial, as it enables cellular

attachment and prevents the microorganisms from being cleared

by intestinal flow, ensuring their persistence within the host (Zhao et

al., 2024; Pepoyan et al., 2025).

All evaluated strains demonstrated some degree of

autoaggregation, which increased progressively over the 4-h

incubation period. Notably, Aeromonas jandaei exhibited the



highest aggregation capacity among all isolates, with values of

33.61%, 43.2%, and 53.7% at 1, 2, and 4 h, respectively. A slightly lower

degree of autoaggregation (< 50%) was observed for the remaining

strains.

Although the autoaggregation indices were relatively low, the

literature emphasizes that intestinal colonization is not solely

determined by this parameter. According to Zuo et al. (2016),

adhesion to the host can occur independently of cellular

aggregation, mediated by specific adhesins that facilitate direct

interaction between the bacterium and intestinal mucosal receptors.

Furthermore, autoaggregation is also associated with biofilm

formation in microorganisms. Among the tested strains,

Enterobacter asburiae, Enterobacter cloacae, Escherichia coli,

Enterococcus faecalis, Enterococcus faecium, Enterococcus

gallinarum, and Lactococcus lactis subsp. lactis exhibited a positive

phenotype for this trait.

The 25 strains were evaluated for antagonistic activity using three in

vitro methodologies: agar block diffusion, co-culture competition,

and well diffusion (using supernatant containing bacterial

metabolites). Among the tested strains, Acinetobacter pittii,

Enterococcus faecium, Klebsiella pneumoniae, and Proteus mirabilis

demonstrated antagonism against Aeromonas jandaei (MT-02). This

activity was observed exclusively in the agar block diffusion assay; no

inhibition of the pathogen was detected in the co-culture

competition or well diffusion assays.

Table 1. Results of the initial in vitro tests of the selected A. gigas

strains.



⚠ Esta tabela possui muitas colunas e foi cortada para impressão. Para visualizá-la

completa, acesse o artigo original em: https://revistatopicos.com.br/artigos/screening-

of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-

enterobacter-cloacae?noblockage

(Cat = catalase. Oxi = oxidase). (*ND = Not determined) (NT = Not

tested in vivo in this study). (Aj = Aeromonas jandaei).

Table 2. Results of the in vitro tests of tolerance to low pH,

autoaggregation, biofilm production, antagonism and in vivo assays.

https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage
https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage
https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage


⚠ Esta tabela possui muitas colunas e foi cortada para impressão. Para visualizá-la

completa, acesse o artigo original em: https://revistatopicos.com.br/artigos/screening-

of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-

enterobacter-cloacae?noblockage

(Cat = catalase. Oxi = oxidase). (*ND = Not determined) (NT = Not

tested in vivo in this study). (Aj = Aeromonas jandaei).

4.1. In Vivo Safety Test

The strains Bacillus cereus, Bacillus vietnamensis, Enterococcus

faecalis, Enterococcus faecium, Enterococcus gallinarum,

Lactococcus petauri, and Lactococcus lactis were harmless to

juvenile A. gigas. By contrast, Enterobacter cloacae (CRBP111) caused

100% mortality, accompanied by clinical signs that included gill

lesions, fin erosion, diffuse hemorrhages, and cutaneous petechiae

(Fig. 1). Pathogenicity was confirmed by experimental reinfection,

with the identity of the agent verified by MALDI-TOF following

reisolation from the kidney, brain, and liver. Cumulative mortality

(Fig. 2) showed progressive deaths up to 14 days post-infection.

Figure 1. Juvenile A. gigas showing gill lesions (white arrows) fin

erosion, diffuse hemorrhages and petechiae along the body (black

arrows) caused by E. cloacae. Source. Author’s personal archive.

Figure 2. Cumulative mortality (%) of A. gigas affected by E. cloacae.

https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage
https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage
https://revistatopicos.com.br/artigos/screening-of-probiotic-bacteria-for-arapaima-gigas-and-first-report-of-disease-caused-by-enterobacter-cloacae?noblockage


5. DISCUSSION

This study enabled the isolation, characterization, and identification

of autochthonous bacteria from the intestinal tract of A. gigas to

select strains with probiotic potential. For this purpose, 25 strains

were subjected to an initial screening that included in vitro assays:

Gram staining, enzymatic profiling (catalase and oxidase), biological

safety testing via hemolysis assays, antagonism against Aeromonas

jandaei (MT-02), and autoaggregation capacity. The physiological

robustness of the strains was also evaluated under low pH and bile

salt conditions, alongside in vivo safety assays for the selected

strains.

One of the fundamental criteria for probiotic selection is the

absence of hemolytic activity, a characteristic that reinforces the

biological safety profile of the isolates. This requirement aligns with

FAO/WHO guidelines, which aim to ensure that the introduction of

these strains does not pose a pathogenic risk to the host (Elsegeny

et al., 2025). Despite this, in the present study, strains exhibiting α-, β-,

and γ-hemolytic patterns were retained for subsequent analyses.

This decision was made to avoid the premature exclusion of isolates

that, although showing hemolytic activity in vitro, may still possess



relevant probiotic potential without necessarily compromising fish

health.

Our results indicated that the evaluated strains exhibited bile

tolerance, with survival rates exceeding 60% when exposed to 0.3%

bile salts for 24 h, corroborating the findings of Al-Noor et al. (2023).

Exposure to a higher concentration (1.0%) resulted in reduced

viability, with an average decrease in survival of approximately 40%.

Notably, Enterococcus gallinarum stood out by maintaining viability

above 100% at both concentrations, suggesting not only resistance

but also an ability to proliferate under prolonged bile stress

conditions. The evaluation of tolerance to low pH (pH 5.0 for 3 and 24

h) suggests that these isolates possess traits that may allow them to

survive the physiological stresses associated with gastrointestinal

transit, indicating a potential for colonization, albeit possibly at

reduced population levels (Shija et al., 2025).

The autoaggregation capacity of the strains ranged from 10% to 39%.

Regarding antagonistic potential, the isolates Acinetobacter pittii,

Enterococcus faecium, Klebsiella pneumoniae, and Proteus mirabilis

demonstrated inhibitory activity against the pathogen Aeromonas

jandaei (MT-02), reinforcing their potential as biological control

agents in aquaculture. These properties are associated with the

ability of the strains to adhere to the intestinal epithelium, thereby

promoting the competitive exclusion of pathogenic microorganisms

(Hussain et al., 2025; Palusiak, 2022; Bello-López et al., 2024).

Nevertheless, these bacteria require careful further investigation, as

they include species with known pathogenic potential in humans.

Regarding biofilm formation capacity, 8 of the 25 studied isolates

exhibited a positive phenotype. This trait may enhance the probiotic



potential of these candidates in aquaculture, as biofilms act as

protective matrices that facilitate adhesion to the intestinal

epithelium, thereby increasing strain persistence. According to

Liaqat et al. (2025), biofilm production by beneficial bacteria in fish

can contribute to competitive exclusion by creating a physical

barrier that limits the attachment of opportunistic pathogens.

The in vivo safety assays evaluated 9 of the 25 preselected strains,

chosen based on the in vitro tests and an extensive literature review.

Among the tested isolates, only Enterobacter cloacae (CRBP 111),

although originally isolated from the intestinal tract of healthy A.

gigas, proved harmful to juveniles of the same species. This finding

highlights the risk of opportunistic pathogenicity, reinforcing that an

autochthonous origin alone does not guarantee the safety of a

microorganism. As noted by Elsegeny et al. (2024), in vivo validation

is a decisive step, as strains demonstrating probiotic potential in vitro

may exhibit virulence when interacting with the host immune

system under farming conditions

Although in vitro and in vivo assays provide important evidence, the

bioprospecting of autochthonous bacteria and the understanding of

their functional benefits for the productivity and health of A. gigas

remain insufficiently explored. This knowledge gap underscores the

need for further studies to validate the use of native microorganisms

as a sustainable strategy for Amazonian aquaculture.

In vitro probiotic tests pose significant challenges, particularly in

selecting and applying methodologies that accurately reflect the

interactions between microorganisms and their hosts. Byakika et al.

(2019) argue that many existing tests may require updated validation

methods to reliably produce conclusive results regarding bacteria–



fish interactions. Furthermore, Vinderola et al. (2017) provide a

critical, in-depth discussion of the correlation between in vitro and in

vivo assays, highlighting approaches that minimize methodological

biases and offer a more comprehensive assessment for probiotic

validation.

In the present study, bacterial genera widely documented in the

literature as potential probiotics were isolated, including Bacillus,

Enterococcus, Lactobacillus, and Lactococcus. A notable finding,

however, was the pathogenicity of Enterobacter cloacae (CRBP 111) in

A. gigas. The detection of E. cloacae in the intestinal tract of healthy

specimens, followed by the manifestation of acute virulence under

experimental conditions (during in vivo safety assays), reveals the

opportunistic nature of this pathogen in A. gigas. The observed

clinical signs of hemorrhagic septicemia and fin erosion are

consistent with reports of mortality in other fish species, such as

Pangasianodon hypophthalmus in the rivers of Thailand and

Vietnam (Kumar et al., 2013) and Mugil cephalus in coastal waters of

tropical and subtropical regions (Sekar et al., 2008). These findings

establish the Enterobacter cloacae (CRBP 111) strain as a reemerging

pathogen (Mabrok et al., 2024), representing the first official record

of its pathogenicity in A. gigas in the state of Amazonas, Brazil.

This finding highlights a critical limitation of conventional screening

protocols, as the pathogenic strain did not exhibit hemolytic activity

in vitro, which would theoretically classify it as safe (Proietti-Junior et

al., 2021). This discrepancy reinforces the premise that an

autochthonous origin or the absence of hemolysis does not

guarantee safety, making in vivo validation a mandatory step to

distinguish true probiotic candidates from hidden epidemiological

risks.



In light of the identification of opportunistic pathogens in A. gigas,

the strain Enterococcus faecium stands out as the most promising

probiotic candidate in this study. It was the only isolate to

simultaneously demonstrate in vivo safety and antagonistic activity

against Aeromonas jandaei (MT-02). Notably, its biological safety in

the host contrasts with the partial hemolysis phenotype observed in

vitro, suggesting that traditional exclusion criteria may be overly

conservative.

The potential of Enterococcus faecium in aquaculture is well

supported in the literature (Van Doan et al., 2019; Suphoronski et al.,

2021), particularly regarding its inhibitory action against Aeromonas

spp. (Gopalakannan e Arul, 2011; Mao et al., 2020). In Amazonian fish,

E. faecium has already been associated with improvements in

zootechnical performance and parasitic resistance (Sousa et al.,

2019), fulfilling the biotechnological prerequisites proposed by

Vinderola et al. (2017). This strain also exhibited important traits in in

vitro assays, including tolerance to bile salts and acidic pH, as well as

moderate autoaggregation and biofilm formation capabilities that

are essential for persistence in the gastrointestinal tract.

Although they did not exhibit significant results in the in vitro assays,

particularly regarding bacterial antagonism, the strains Bacillus

cereus, Enterococcus gallinarum, Lactococcus lactis subsp. lactis,

Lactococcus lactis, and Enterococcus faecalis proved safe for A. gigas

under the evaluated conditions. These species already have

documented probiotic potential in other fish (Sorroza et al., 2013;

Yang et al., 2021; Torres-Maravilla et al., 2024; Enzeline et al., 2024).

This scenario reinforces the premise that more detailed in vivo

studies are essential, as complex interactions with the host can

trigger beneficial responses not reproduced in laboratory settings.



Caution is warranted, however, since some strains within these

genera are described as opportunistic pathogens (Krawczyk et al.,

2021). Furthermore, most research has focused on allochthonous

microorganisms, highlighting a considerable knowledge gap

regarding the biotechnological potential of the autochthonous

microbiota of A. gigas (Pereira et al., 2019; Proietti-Junior et al., 2021).

CONCLUSION

The study revealed that the strains Bacillus cereus, Enterococcus

faecalis, Enterococcus gallinarum, and Lactococcus lactis subsp.

lactis showed promising results in in vitro assays, indicating

potential as probiotic candidates for A. gigas. Among these, the

strain Enterococcus faecium emerged as the most promising,

demonstrating physiological robustness, biofilm-forming ability, and

specific antagonism against Aeromonas jandaei (MT-02). This

research also provides the first report of Enterobacter cloacae as an

emerging pathogen for this species in Brazil, underscoring the need

for rigorous in vivo validation to complement laboratory assays.

Overall, the results provide a solid foundation for developing native

probiotic additives aimed at promoting sustainability and health in

the intensive production of this important Amazonian fish.
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