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ARTICLE INFO ABSTRACT

Keywords: The transport of live fish is a major sanitary issue for aquaculture. This study addresses two critical steps
Bacteriosis regarding natural recurrent mortality outbreaks after transport of tambaqui Colossoma macropomum. At first,
fishdisease five post-transport mortality outbreaks of juvenies showing clinical signs suggestive of columnaris were investigated.
Eﬂﬂ:ﬂ%ﬂ Flavobacterium columnare was ascertained as the etiological agent in all outbreaks, causing massive mortality

salt up to 72 h after transport. Based on these findings, the next step of consisted of a trial to investigate the use of

three additives (8 g/L sodium chloride, 11.12 mg/L Melaleuca alternifolia essential oil and 60 mg/L oxytetracycline)
in the water of transport, simulating fish farmers' practices to prevent disease outbreak. Juveniles (y 8 cm) were
transported for 3 h under trade-mimicking conditions, then transferred to 20 tanks (5 groups, 4 replicates) and
monitored for 30 days for analysis of health status. Zootechnical parameters (weight gain, total feed intake, feed
conversion, specific growth rate and growth analysis) were evaluated on days 1, 15 and 30. The best health
status was attributed to the group transported with 0.8% NaCl, which showed 100% survival , in addition to

being the only group that did not show behavioral changes and clinical signs, indicating the absence of any
infectious biological source after transport. A poly-infection (Aeromonas jandaei and F. columnare) was detected
in fish from all other groups (M. alternifolia, oxytetracycline and control). Furthermore, fish exposed to sodium
chloride showed better weight gain and feed conversion compared to those transported with oxytetracycline (p ¥ 0.05).
Then, the pathogenicity of the two isolated strains (A. jandaei and F. columnare) was ascertained by Koch's
Postulate assay, which established two emerging pathogens for C. macropomum. This study addresses
fundamental information for the development of fish farming and suggests the addition of saltat 0.8% in the

water of transport to prevent columnaris and motile Aeromonas septicemia (MAS) associated disease.

1. Introduction

In fish farming, consistent management practices are important
indicators of a successful industry. The intensive procedures must be
carefully monitored and performed in a controlled environment, to not
compromise the health and survival of fish (Martos-Sitcha et al., 2020),
due to subsequent disease outbreaks (Baldissera et al., 2020a). Transport
and intensive handling are the most common causes of stress in juvenile
fish; therefore, the conditions imposed on organisms at this critical stage
of production raise great concerns (Sampaio and Freire, 2016). In an
attempt to improve welfare and reduce mortalities, transport practices
should be the target for industry-academic efforts.

Tambaqui Colossoma macropomum is a Neotropical fish of major
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E-mail address: silviaugallani@gmail.com (SU Gallani).
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economic importance in artisanal fisheries and aquaculture. Recently, this
fish has reached the milestone of the most produced Amazonian native
species in continental aquaculture of South America (Vallad'ao et al.,
2018; FAO, 2020); due to its unique features, tambaqui was also
introduced in regions outside its native range and, currently, the production
of tambaqui has spread to most countries in South and Central America,
some Caribbean countries, and various countries in Asia: particularly
China, Indonesia , Malaysia, Myanmar and Vietnam (\Woyn arovich and
Van Anrooy, 2019). Since aquaculture production is much higher than
inland capture fisheries, the development of sanitary protocols is
necessary. Recent investigations carried out by Barbas et al. (2020),
Costaet al. (2020), Santos et al. (2020) and Silva et al. (2020) have been
highlighting the importance of using additives in the
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water of transport, as a strategic measure to improve production rates.
Most of the time, fish farmers transport a thousand tambaqui juveniles in
60 L plastic bags with the addition of pure oxygen. However, during the
process, there is a common lack of standardization in the density and
period for transport, as well as a limited control of water quality and the
health status of the batch.

Among the pathogens associated with fish handling and transport,
Flavobacterium columnare, which is the etiological agent of columnaris,
stands out as the bacterium that causes one of the greatest impacts on
fish productivity (Lange et al., 2017), causing mortalities of up to 100%
within 24 h (Pradhan et al., 2019). It is suggested that larvae and ju
veniles are highly susceptible to columnaris (Seghouani et al., 2017) and
other opportunistic pathogens, like Aeromonas spp. (Hayakijkosol et al.,
2017; Shirajum Monir et al., 2020), which overlaps the period when
handling and transportation conditions are intensively imposed, from
larviculture to fattening farms (Chockmangmeepisan et al., 2020).

Considering the negative effects of stress on transported fish, the
search for practical-effective additives in the water of transport is one of
the best choices for fish farmers to combine feasibility, efficiency and
safety. Akinola and Olakunbi (2019) demonstrated that 1% of salt in the
water for 30 min was effective to control columnaris of African catfish
Clarias gariepinus juveniles (11 weeks old), without causing environmental
mental or public health damage. Santos et al. (2020) found that the
addition of tea tree and clove essential oils (EO) at 10.4 mg/ L in the water
of transport (up to 36 h) of C. macropomum juveniles (65.2 + 1.20 g)
reduces fish stress and ensures water quality. However, in the fish farm,
many producers make empirical or inadequate use of antimicrobials. Leal
et al. (2019) highlight the disseminated use of oxytetracycline (OTC) in
aquaculture because they are water-soluble, with a broad spectrum
against pathogens and low toxic to fish. These features please its
inappropriate use as prophylactic measure by fish farmers in the fish
transport. The authors emphasize that the incorrect use of OTC raises
concerns due to effects on human and animal health, the environmental
contamination and the consequences arising therefrom, such as the risk
of selection of resistant pathogens.

Disease outbreaks after transport are a threat to fish farming. Thus,
applied studies are encouraged for aquaculture development. In view of
the need and urgency of fundamental knowledge for growth of C.
macropomum production, the aim of this study was to investigate the
etiological agent responsible for several mortality outbreaks in Ama zona,
Brazil, after the transport of C. macropomum juveniles and also to
investigate the use of additives in the water of transport, providing a
practical strategic measure that enhances production parameters and
prevent disease outbreaks caused by emergent pathogens after transport.

2. Material and methods

This study addresses two critical steps regarding natural recurrent
mortality outbreaks after fish transport.

2.1. Step 1: Investigation of mortality in five batches after transport

2.1.1. History of transport and clinical signs

Four natural mortality outbreaks were monitored after transport of
4000 juveniles of C. macropomum from different fish farms in Amazonas,
located in the cities of Presidente Figueiredo (n of fish farms = 1; average
travel time: 108 min) , Iranduba (n = 1; 52 min) and Rio Preto da Eva (n =
2; 76 min), to Manaus.

Fish were sold in batches of 1000 fingerlings (+ 0.5 to 10 g). Fish from
each batch were placed in 1 to 2 plastic bags of 60 L, according to lot size
(batches with larger fish were divided into 2 plastic bags for transport,
while batches with small fish were transported in a single plastic bag).

The bags were filled with 1/3 of pond water and 2/3 of 100% O2 and then
transported directly to Manaus. Immediately after transport, fish were
acclimatized in quarantine tanks (150 L of water,
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310 L of capacity — D xdxh = 0.97 x 0.68 x 0.60 m), where infectious
disease was manifested.

Fish were assessed with regard to clinical signs and disease
progression (daily monitoring, twice a day) and non-specific bacteria were
identified through routine microbiological examination (item 2.1.2.). The
experimental procedures of the following step were approved by the
Animal Use Ethics Committee (CEUA) of Nilton Lins University under
protocol 003/2019 and were carried out in accordance with ethical
principles of animal use adopted by the Brazilian College of Animal
Experimentation (COBEA, Brazil) and the Federal Council of Veterinary
Medicine (CFMV, Brazil).

2.1.2. Bacteria identification

At least 20 diseased fish from each mortality outbreak were sampled
(brain, kidney and muscle) for bacterial isolation. The diseased fish
showed lethargy, erratic swimming, anorexia, fins corrosion and saddle
shaped lesion in focal areas, skin melanosis, depigmentation, and
extensive ulcerative lesions, mainly in fins and muscle of the dorsal
region. Moribund fish were stablished as predetermined humane endpoint
for euthanizing the animals (overdose in 0.3 g/L of benzocaine; E1501
Sigma-Aldrich, China). Recently dead fish (natural mortality) were also
included in this analysis. First, fish were subject to antisepsis (peeling,
then washed with neutral detergent, 0.1% iodinated alcohol and 70%
alcohol, respectively). In a microbiological safety cabinet, the brain and
kidney were streaked on tryptone soy agar (TSA) and incubated at 28 yC
for up to three days. Meanwhile, muscle fragments were streaked on Hsu-
Shotts (HSM) or tryptone soy agar with yeast extract (TYES) and incubated
at 25 yC for up to five days. Pure stock isolates were stored at §¥ 20 yC in
sterile HSM broth, supplemented with 15% glycerol for further analysis.
For bacterial species identification, each strain obtained was analyzed
using Matrix Assisted Laser Desorption-lonization - Time of Flight (MALDI-
ToF) mass spectrometry with a Bruker Microflex MALDI Biotyper 2.0
(Bruker Daltonics, USA), according to Assis et al .
(2017). The criteria of real-time identification (RT) were based on the
score recommended by the manufacturer: score y 2000 indicates
identification at the species level, score ¥ 1700 and < 2000 indicates

identity at the genus level, and score < 1700 indicates that there is no
reliable identification.

2.2. Step 2: Search for practical-effective additives in the water of
transport: Influence on production performance

2.2.1. Animal use ethics statement

The experimental procedures of the following step were approved by
the Animal Use Ethics Committee (CEUA) of Nilton Lins University under
protocol 009/2021 and were carried out in accordance with ethical
principles of animal use adopted by the Brazilian College of Animal
Experimentation (COBEA, Brazil) and the Federal Council of Veterinary
Medicine (CFMV, Brazil).

2.2.2. fish

A total of 480 apparently healthy tambaqui juveniles (8 cm; 6.89 +
0.94 g), previously monitored for the presence of parasites and bacteria,
were obtained from the same pond of a commercial fish farm in Ama
zona. Parasite disease was ascertained as negative through routine
analysis of gills and integument scrap in optical microscopy (100x and
400x magnification). Bacterial disease was ascertained as negative
through culturing of brain, kidney and muscle fragments in TSA and HSM,
incubated at 28 yC for up to three days and 25 yC for up to five days,
respectively.

2.2.3. Transport and experimental conditions

For transport, live fish were placed in 20 plastic bags of 5L (1 L of
water from the pond, supplemented with 100% O2). In each bag, 25 fish
(6.89 £ 0.94 g) were transported, simulating the density of 175 kg/m3
adopted by fish farmers, from which the four batches of fish were



Machine Translated by Google

TD Mielke et al.

purchased in Amazon. The bags were divided into five treatments, with
four replicates: control group of the water of transport (C1, transported
with the fish farming water); control of alcohol, indicated as solvent for EO
of M. alternifolia (C2, 100.08 mg of absolute alcohol, corresponding to
nine parts of EO); group transported with commercial EO of M. alternifolia
(EO, added at the dose of 11.12 mg/L, diluted in absolute alcohol at 1:9
ratio); group transported with non-iodized salt (S, with NaCl added ata
dose of 8 g/L or 0.8%); and group transported with oxytetracycline (OTC,
at the dose of 85.71 mg of the commercial product TM700®, equivalent
to 60 mg/L of the active principle). The chosen doses of EO, S and OTC
were based on doses recommended by Santos et al. (2020), Gomes et
al. (2003a) and Pavanelli et al. (2008), respectively.

The additives had the following composition: sodium chloride (NaCl)
with purity ¥99.0% (Sigma-Aldrich, S3014), oxytetracycline TM700® with
70% purity (700 g of terramycin for each 1000 g of the product).

The composition of the commercial EO of M. alternifolia was verified by
high-performance gas chromatography, with y-terpinene and terpinen 4-
ol as the main constituents (supplementary Table 1).

After three hours of transport, the fish from each bag were transferred
to a corresponding tank (24 fish per 60 L of water; tanks with 84 L of
capacity - wxIxh = 0.60 x 0.40 x 0.35 m), totaling 20 tanks, without using
additives in the water). The fish were kept for 30 days in this static system,
supplied with continuous aeration and daily partial water changes (30%
of volume) for two weeks. Afterwards, the water change was carried out
every three days, until the end of the experiment. The water quality
parameters (oxygen, temperature, pH, conductivity) were measured with
a multiparameter probe (AKSO AK87) infish farms, in the transport water
and every 15 days in the experimental tanks. The water supply for the
experimental tanks was from artesian well. The quality parameters (pH,
02 and temperature) were ascertained within ideal ranges for the fish
species according to Correa et al. (2018) (5-7; 4-8 mg/L; 28-30 yC,
respectively).

2.2.4. Production performance: Zootechnical parameters and survival

After transport, the fish from the five treatments (with four replicates
each) were fed for 30 days with commercial feed (2.5 mm, specific for
omnivores, 42% crude protein, AcquaLine®), previously analyzed (in
triplicate) regarding constituents by methodology described in Brazilian
compendium of animal feed (BCAF, 2017) in moisture (drying in an oven
at 105 yC), crude protein (bp, Kjeldahl method), ether extract (Soxhlet
method) and mineral matter (determination of ash in a muffle furnace at
550 yC), showing values (in %) of 6.22 + 0.29, 44.8 + 0.08, 7.15 + 0.29
and 9.37 +0.67, respectively (supplementary Table 2).

Fish were fed once a day, until apparent satiety. The leftover of each
experimental unit was collected after 20 min of the offer for weighing after
drying in an oven at 50 yC/24 h. Fish from each experimental unit were
individually weighted and measured (total and standard lengths) for
biometry analysis on days 1, 15 and 30. With biometry and feed intake
data, weight gain (WG), total feed intake (TFI), feed conversion (FC) and
specific growth rate (SGR) and growth (G) were calculated as follows:
WG (g) = final weight (g) — initial weight (g); TFI (g) = this measure was
ascertained for each tank (g) by previous weighing (daily) of feed supplied
and withdrawn (after drying in oven at 50 yC /24 h); FC (g) = total feed
consumption per fish/weight gain; SGR (%/day) =100 x (In average final
weight — In average initial weight)/experimental period; G (cm) = final
length — initial length. Fish mortality was twice a day. Dead fish were
discounted for the calculations of production performance, and the data
for survival estimation were attributed as follows: survival (%) = 100 x
(surviving fish/ total).

2.2.5. Bacteriological exam: Natural mortality outbreak of fish after
transport

Fish were monitored continuously throughout the experimental period
for description of the following natural infection. In order to identify
potential bacterial pathogens during disease outbreak after

Aquaculture 558 (2022) 738406

transport, each recently dead fish (natural mortality) was subjected to the
same procedures described above for bacteria isolation (brain, kid ney,
liver and muscle), followed by identification using MALDI-ToF mass
spectrometer and storage.

2.2.5.1. Molecular detection of F. columnare from tissue and mucus. A
PCR was implemented as an additional tool to diagnose F. columnare in
natural diseased fish after transport. First, mucus from integument were
sampled for Gram staining to allow a fast detection of long and thin rods,
stained by Gram-negative, suggestive of F.columnare. Then, an aliquot
of mucus was scraped from the integument of diseased fish, and then the
sample was stored in sterile Eppendorf® (with and without absolute
alcohol). For recently dead fish (natural mortality), this procedure was
repeated, adding muscle (aseptic sampling of tissue fragment from the
dorsal region). At the end of the experimental trial, one fish from each
tank was euthanized in benzocaine overdose (0.3 g/L E1501, Sigma
Aldrich, China) for the same tissue sampling. All collected samples were
stored in ultra-freezer (y 80 yC), until DNA extraction.

The DNA was extracted with ZR genomic DNA Il kit, according tothe
manufacturer's recommendations, despite the following modifications: 50
yL of proteinase K, activated in dry bath at 37 yC/5 min. The extracted
DNA was analyzed in a Nanodrop spectrophotometer (approximately 10
ng) and then multiplex PCR was performed, according to LaFrentz et al.
(2019) with some modifications. Briefly, PCR reaction was performed with
Platinum Taq Kit (Invitrogen), corresponding to a reaction volume of 25
yL composed of: 2.5 yL of PCR Buffer (10x); 2.5 pL of MgCI2 (25 uM);
1.0 yL dNTP (10 pM); 1.5 yL of Tag polymerase (5 U /yL); 11 yL of
ultrapure water and 2 yL of DNA template (50 ng). The reaction used 5
primers, as shown in Table 1.

The reaction was amplified inthe Veriti AB thermal cycler, following
the cycle conditions of: 1 x 95 yC for 15 min; 40 x 94 yC for 30 s, 56 yC
for 20 s and 72 yC for 60 s; 1 x 72 yC for 10 min. A volume of 9 yL of
each amplicon plus 1 yL of dye (100 yL of the loading dye 10x + 10 L of
Nancy 520, Sigma Aldrich) were analyzed by electrophoresis on agarose
gel (1%, without additive dye). The electrophoresis voltage, amperage,
power and time factors were: 100v, 200 mA, 70 W and 35 min,
respectively. The bands were visualized in Alpha Imager Mini trans
illuminator (Biolab Tec). A 100 bp marker was used as a molecular weight
standard. AM-FCO08 strain (Baldissera et al., 2020b) and ultrapure water
were used as a positive and a negative control, respectively.

2.2.5.2. Pathogenicity ascertainment of isolated strains. To identify the
causative agent of both natural diseases (Steps 1 and 2), a Koch's
Postulate assay was carried out. Bacteria were considered the etiological
agents of the disease when the same pathological manifestations were
observed, along with re-isolation and identification of the microorganism,
as described in item 2.1.2.

2.2.5.2.1. Fish and experimental conditions. Healthy C. macropomum

Table 1
Primer sequences used in this study.

Primer (10 yM) Sequencing (5'Yy 3') bacterial target

GG-F ACRGGRGATAAAGCAGAASA* Flavobacterium columnare
GG1R GACTTTTGTGTTGAAACGG F. columnare
GG2-R AAGAAAATAGGGGGAGAGG F. columnare
GG3-R CAAGTTTCGTTATGATGAGG F. columnare
GG4-R TCCAAAAAAGTCCGMAATC* F. columnare
QyB-F GGGGTCTACTGCTTCACCAA Aeromonas spp.
gyiB-R CTTGTCCGGGTTGTACTCGT Aeromonas spp.
recA- F AGAACAAACAGAAGGCACTGG Aeromonas spp.
recA- R AACTTGAGCGCGTGTACCAC Aeromonas spp.
1poD- F GAAGGCGAAATCGACATCGC Aeromonas spp.
1poD- R ATGCCTCATGCGRCGGTTGAT* Aeromonas spp.

* Degenerate primers. GG: genetic group of F. columnare. GG primers were
designed according to LaFrentz et al. (2019); gyrB: DNA gyrase, subunit b; recA:
recombinase A; rpoD: RNA polymerase sigma factor; F: forward; A: Reverse.
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(juveniles, approximately 1-3 g) were acquired from commercial fish
farms. Fish were acclimated in tanks (150 L of water, 310 L of capacity —
D xdxh =0.97 x 0.68 x 0.60 m) with continuous aeration and water flow.
In order to ascertain the absence of bacterial disease in experimental
fish, 7 fish from the same batch were analyzed according to routine
microbiological procedures, as described in item 2.1.2. After verification,
fish were distributed randomly in 30 L glass aquariums (7 fish/aquarium,
wxIxh = 0.30 x 0.30 x 0.30 m). Each aquarium contains a target-bacteria
(2 groups of potential pathogens, besides control group, challenged with
the sterile inoculum suspension).

The aquariums were provided with constant aeration (air compressor-
60 Hz, until complete saturation) and static water system.

Partial water changes were performed (30% of the volume) every day.
Water parameters (pH, oxygen and temperature) were measured weekly
and showed average values within the normal range for the species.
During the experimental period, fish were fed once a day until apparent
satiety. The commercial diet was specific for omnivores, with 45% crude
protein content.

2.2.5.2.2. Bacterial inoculum. Based on the pathogenic potential, two
strains were selected for Koch's Postulate: F. columnare AM-FC30 and
Aeromonas jandaei AM-AE70. The isolates were selected because they
represent the main pathogens detected in natural mortality outbreak of
fish after transport in step1 (100% of analyzed fish diagnosed with F.
columnare) and step 2 (100% of molecular-analyzed fish diagnosed with
F. columnare and 43% diagnosed with Aeromonas spp. in Maldi-ToF),
respectively.

The inoculum of F. columnare was identified at species level by MALDI-
ToF mass spectrometer, as described in 2.1.2. However, ac cording to P
“erez-Sancho et al. (2018), the technique of identification of Aeromonas
by MALDI-ToF may not be effective at species level. There fore, additional
analysis of the isolates with molecular amplification techniques of multiple
genes such as rpoD, gyrB and recA, indicated by Beaz-Hidalgo et al.
(2013) was performed to ensure a reliable diagnosis.

By that means, A. jandaei DNA was extracted using a Maxwell 16 Tissue
DNA purification kit (Promega, USA) according to the manufacturer's
instructions, quantified using a Nanodrop spectrophotometer (Thermo
Scientific, USA) and stored at § 20 yC until use . PCR reactions were
performed using primers (Table 1) for amplification of housekeeping
genes (gyrB, recA and rpoD) according to Martino et al. (2011) and
Martinez-Murcia et al. (2011), with some modifications. These primers
were synthesized and purified at Integrated DNA Technologies (IDT,
USA). PCR for each gene was performed with a HotStart Taq polymerase
kit (Qiagen, USA) in a final reaction of 25 yL. The reaction mixture was
composed of 2.5 yL 1x PCR buffer, 1 yL dNTPs, 1.5 yL mM MgCI2, 1 yL
primer forward, 1 yL primer reverse, 1 yL tag DNA polymerase, and 50 ng
template DNA. The PCR conditions were performed according to
manufacturer's instructions (HotStart Taq polymerase kit; Qiagen, USA)
as follows: an initial step of 94 yC for 15 min, followed by 35 cycles of 94
yC for 15 s, 55 yC for 30s , 72 yC for 45 s; final elongation was carried
out at 72 yC for 3 min. Amplification was performed in a Veriti 96-well
Thermal Cycler, and PCR amplicons were separated in the QlAxcell
Advanced using QX DNA Screening Kit (Qiagen). The PCR amplicons
were purified using Agencourt AMPure XP (Beckman Coulter, Pasadena,
USA) according to the manufacturer's instructions. Sequencing re actions
were performed using a BigDye™ Terminator Cycle Sequencing kit
(Applied Biosystems, Carlsbad, USA), with the same primers of the gyrB,
recA and rpoD PCR protocols, and evaluated with an ABI 3500 Genetic
Analyzer (Life Technologies, Carlsbad, USA). Forward and reverse
sequencing products were used to generate contigs using BioEdit Software
(Ibis BioSciences, Carlsbad, USA) version 7.2. The contigs were then
compared to existing sequences from the NCBI database using the
BLAST webserver (http://www.ncbi.nlm.nih.gov/BLAST).

The strains (stored at ¥ 20 yCin TSB and HSM enriched with 15%
glycerol) were reactivated on the respective agar (A. jandaei in TSA and
F. columnare in HSM) and incubated according to suitable conditions (28
yC for 24 h and 25 yC for 72 h, respectively).
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To prepare F. columnare inoculum, the colonies were added into
sterile TYES broth medium and incubated under shaking (100 rpm at 28
yC/24 h). Then, TYES broth was washed by centrifugation (y 4 yC/ 3000G/
10 min) with sterile saline solution (PBS). The bacterial pellet was
resuspended in PBS until reaching 0.500 at OD600. For A. jandaei, the
colonies were inoculated into sterile PBS, until reaching the same optical
density conditions.

2.2.5.2.3. bacterial challenge. For experimental infection, the fish were
previously anesthetized by immersion in benzocaine (0.1 g/L, Sigma-
Aldrich E1501, China). After weighing, each individual was intraperitoneally
inoculated with 0.1 mL of the respective inoculum for each 10 g of live
weight (109 CFU/fish).

The challenged fish were monitored (twice a day) for 15 days for
analysis of behavioral changes, clinical signs and mortality. The bacteria
were re-isolated from recently dead fish (natural mortality due to bacterial
infection), following procedures mentioned above for bacterial identification.

2.3. statistical analysis

The groups were compared at the end of the experimental period with
One-way ANOVA, followed by the Tukey test. The values of the
zootechnical parameters and survival were expressed as mean * stan
dard deviation. All data were normal and homoscedastic and did not
require transformation for statistical analysis. Values of p y 0.05 were
considered significant.

3. Results

3.1. Step 1: Investigation of mortality in five batches after transport

3.1.1. History of transport and clinical signs

In less than 24 h after the transport, it became evident it was an
infectious disease of easy and rapid transmission. Within 72 h, almost
100% mortality was ascertained, which resulted in the loss of five thousand
fingerlings. Just a few fish from each batch survived and due to disease
weakening, they were euthanized (humane endpoints according to
described in item 2.1.2).

All infection outbreaks first produce massive lethargy, frayed and
ragged fins and characteristic saddle-shaped lesion in the fish's back.
Anorexia and erratic swimming were also common batch behavior,
besides integument melanosis. Grayish wounds on the fins and focal skin
discoloration on fish's back were noted, followed by scale loss, fin
corrosion and deep wounds in the integument caused by F. columnare

(Fig. 1).

3.1.2. Bacteria identification

In HSM agar, there was growth of rhizoid yellowish colonies,
suggestive of F. columnare. In TSA, there was no significant bacterial
growth besides the colonies like those ascertained in HSM. Gram-negative
rods with long and thin morphology were visualized under microscope
(1000 x magnification) (Fig. 2). MALDI-ToF analysis confirmed F.
columnare as involved pathogen in the outbreaks.

3.2. Step 2: Search for practical-effective additives in the water of
transport: Influence on production performance

3.2.1. Production performance: Zootechnical parameters and survival
The results of production performance (weight gain (g), total feed
intake (g), specific growth rate (%/day), feed conversion (g), growth (cm)
and survival (%)) obtained at the end of the experimental trial (30 days)

are shown in Table 2.

3.2.2. Bacteriological exam: Natural mortality outbreak of fish after
transport
Fish transported with oxytetracycline, M. alternifolia EO and both
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Fig. 1. Colossoma macropomum juvenile batch showing mortality outbreak by Flavobacterium columnare within 24 h after transport (A) Saddle-shaped lesion, showing
focal areas of skin melanosis and depigmentationwith extensive ulcerative lesions, mainly in fins and muscle of the dorsal region of C. macropomum (B, C and D). Bar
=1lcm.

Fig. 2. Morphological characteristics of Flavobacterium columnare (strain AM-FC30) isolated from disease outbreak in Colossoma macropomum cultured in Brazil.
Representative yellowish and adherent colonies on Hsu-Shatts medium (A). Long and thin rods, Gram-negative stained, under a light microscope 1000 X (B); isolated
colonies achieved by streak plate procedure, showing the rhizoid morphoogy (C) and the yellow star-shaped center (D), under a light microscope 40x and 100x,
respectively. (For interpretation of the referencesto color in this figure legend, the reader is referred to the web version of this article.)

control groups showed behavioral changes such as anorexia, extensive ulcerative lesions, mainly in the dorsal and caudal regions,
hyporexia, lethargy, erratic swimming, dyspnea and clustering on the which started in the ends and progressed to extensive areas of
water surface in the first three days after transport. Additionally, musculature. These changes were not observed in fish transported

moribund fish showed prominent yellowish-white lesions and fin erosions, foliitvedIbg-ig. 3).
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Table

2 Comparison of survival, total feed intake per experimental unit (TFI); feed
conversion (FC); growth (G); weight gain (WG) and specific growth rate (SGR)
between both control groups transported with water of transport (C1) and diluent
alcohol (C2) and with the additives of Melaleuca alternifdia essential oil (EO),
oxytetracycline (OTC) and salt ( S).

Treatment  Survival (%) TFI (g) FC (g) G (cm) WG (g) SGR (%/ day)
. 90.63 + 90.10 * 104 + 0.92 459 + 5.06 +
ab ab
C1 (water) 18.75 5.58 0.22 +0.37 0.60 0.42
. 88.54 + 98.20 + 120 + 122 400 + 454 +
ab ab
C2 (alcohol) 2.08 11.63 0.25 +0.23 1.05 0.9
979 + 105.46 + 135 + 125 352 + 383 +
ot ab
5.24 17.61 ab 0.70 +0.55 177 1.88
89.58 + 116.95 + 181 + 127 314 + 375 +
ore 8.68 671 045 +0.27 b0.72 071
118.68 + 0.89 + 1.66 5.62 + 572 +
s 100 + 0
6.23 b 0.10 +0.22 089 " 0.54

Values are presented as mean + standard deviation. Different superscript letters
indicate statistical difference between treatments (p y 0.05). The absence of
letters indicates no statistical difference between treatments.

Fig. 3. Recently dead (natural mortality) of Colossoma macropomum juveniles,
at day 4 post-transport, showing a diffuse ulcerative lesion, mainly in the caudal
region. Grayish wounds are prominent and the fin was almost completely
corroded. The muscle showed focal skin discoloration with yellowish fungus
like patches at the edges and above the deep ulcerative wounds, suggestive of
Flavobacterium columnare colonies (A). Recently dead (natural mortality)

C. macropomum juveniles from the group with Melaleuca alternifolia essential
oil added in the water of transport, showing diffuse hemorrhage, suggestive of
the coinfectionby Aeromonas spp. (B). Bar=1cm.

Itis worth noting that hemorrhagic lesions in the fins and tegument
could be noted during microbiological analysis (Fig. 3). Also, from day 4
after transport, it was possible to observe the acclimatization of most of
the fish in the system.

The group transported with salt was the only one to show voracious
eating behavior, inwhich the individuals ingested the food immediately,
requiring additional amount of food until satiety. This behavior was not
observed in the other groups.

Sporadic mortality (Fig. 4) remained until the end of the second week
after transport. Then, stability was observed. From this period, the fish
remain without signs of illness.

A set of 39 diseased fish (9, 11, 9 and 10 recently-dead individuals
(natural mortality) from groups C1, C2, EO and OTC, respectively) were

subjected to bacteriological examination and the majority of isolates obtained
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from both HSM and TSA showed bright cream colony. Those isolates
were subsequently identified as Aeromonas spp. Besides this pathogen,
Chryseobacterium spp., Citrobacter freundii and Plesiomonas shigelloides
were also ascertained by MALDI-ToF. There was no growth of

Flavobacterium columnare in HSM agar, up to5 days of incubation at 25 yC.

3.2.2.1. Identification of F. columnare from tissue and mucus by PCR. All
fish that showed clinical signs suggestive of columnaris were ascertained
with long Gram-negative bacilli and were diagnosed by PCR using DNA
samples extracted from mucus and/or tissue. In addition, fish analyzed at
the end of the experimental period (n = 10) also showed positive results
for F. columnare.

3.2.2.2. Pathogenicity assessment of isolated strains

3.2.2.2.1. bacterial challenge. Healthy fishinoculated with Aero
monas jandaei (species confirmed by sequencing of housekeeping
genes) and F. columnare developed the same clinical signs and behavioral
changes as diseased fish from both natural outbreaks after transport
(Steps 1 and 2).

Fish infected with F. columnare displayed the highest mortality rates
(100% of the challenged group) in a short period (up to the fourth day
post-infection). Meanwhile, infection of fish with A. jandaei resulted in the
loss of 86% of juveniles in less than 48 h (Fig. 5).

Colossoma macropomum infected with F. columnare showed mainly
lethargy, erratic swimming in the water surface and anorexia. Some
infected fish showed the saddle-shaped lesion on the back; however,
most individuals had focal ulcerative and depigmented lesions, which
were related to the region of inoculum application at the ventral region
(A). Hemorrhage was the major clinical sign of C. macropomum infected
with Aeromonas jandaei, which also show the same behavioral changes
of columnarosis, associated with septicemia (Fig. 6).

The validation of reisolated bacterial identities using MALDI-ToF and
combined technique with gene sequencing allowed the confirmation of F.
columnare and A. jandaei, respectively, fulfilling the Koch's Postulate.

4. Discussion

The transport of fishin aquaculture trade is a neglected critical step in
fish farming, which can cause mass mortalities and economic loss due to
exposure of fish to multiple stressors. Based on recurrent disease
outbreaks after transport, we found that F. columnare must be recognized
by epizootic mortality in Colossoma macropomum, especially infinger
lings, affecting a very large proportion of the batch with dramatic decline
within a few hours after stress induction.

Seghouani et al. (2017) highlight columnaris under non-standard
conditions during transport. Since the ideal density for transport of C.
macropomum is 78 kg/m3 (Gomes et al., 2003b), the high density adopted
by producers in Amazonas (175 kg/m3), simulated in our study, was
probably the main factor that favors columnaris outbreak. Whereas fish
bacteria are opportunistic pathogens, stress is a major factorin columnaris
disease, causing infection in hosts that face atypical environmental
conditions or impaired immune function (Derome et al., 2016). So,
transport practices such as excessive handling and thermal variations
between locations are also associated with risk factors for this
disease (Sebastiao et al., 2013). It is noteworthy that, according to Gallani
etal. (2021), when C. macropomum are infected by bacteria, they exhibit
lower expression of the HSP70 heat shock genes, which makes them
even more susceptible to environmental stress and infections. So, it
seems that C. macropomum is highly sensitive to environmental
conditions and, thereby, highly predisposed to columnaris infection after
stress of transport.

Although F. columnare has already been isolated from several fish
species in Brazil (Figueiredo et al., 2005; Pilarski et al., 2008; Sebasti"ao
etal., 2013; Barony etal., 2015), little is known regarding its virulence (Li
et al., 2017); however, due to outbreaks of mortality of 100% of



Machine Translated by Google

TD Mielke et al. Aquaculture 558 (2022) 738406
50
45 f—*—o—f—#—v—f—o—v—r—f—v—v—v—f—r—v—v—v—t—r—v—f—o——v—v—ﬂ
40

Cumulative mortality (%)
[ 3%)
n

20
15
10
5
0
0 5 10 15 20 25 30
Days

—o—Cl ——C2 ——EO

OTC ——S

Fig. 4. Data of 30-day cumulative mortality (%) of fish transported with the additives in the water of fish farming. The groups were compared as follows: control
groups corresponding to fish transported with the water of fish farming (C1) and with 100.08 mg/L of absolute alcohol used as diluent (C2); and three groups of fish
transported with additive in the water of transport, as follows: 11.12 mg/L of Melaleuca alternifolia essential oil, diluted in absolute alcohol 1:9 (EO); non-iodized
sodium chloride at 8 g/L or 0.8% (S); and 60 mg/L of oxytetracycline, the equivalent to 85.71 mg/L of TM700®.
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Fig. 5. Cumulative mortality (%) of fish infected with Aeomonas jandaei and Flavobacterium columnare. After intrapertoneal infection (0.1 mL/ 10 g live weight), fish
were monitored for 15 days. Control group was inoculated with sterile PBS (same dose) and did not show mortality or clinical signs and behavioral changes until

the end of the experimental trial.

batches in less than 72 h, our study suggests that the bacterium is highly
virulent and pathogenic.

Due to the high pathogenicity and virulence of F. columnare
(Chockmangmeepisan et al., 2020), the prevention of disease seems to
be the best choice to avoid massive mortalities. According to Suoma
Lainen et al. (2005), the use of salt in the water is not effective when the
aim is to treat the host. The authors assert that this occurs because,

it is known that F. columnare is highly sensitive to salt and inhibits
bacteria growth (Akinola and Olakunbi, 2019), if the bacteria penetrate
the host, the substance does not exert the desired microbicidal effect.
Therefore, disinfection of water containing F. columnare cells eliminated
by infected fish is the best alternative for disease control (Suomalainen
et al., 2005), which corroborates the use of additives in the water of
transport. Furthermore, the transmission of columnaris occurs through

after infection, the bacteria are located below the mucus surface. even thoughthe water column, without the need for contact between individuals
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Fig. 6. Fish challenged with Flavobacterium columnare showing grayish focal
wound. The muscle shows focal skin discoloration with scale loss. Hemorrhagic
yellowish area can be noted at the ventral region (fin and muscle). The eye
shows hemorrhagic lesion (A). Fish challenged with Aeromonas jandaei
showing diffuse hemorrhagic lesions in the muscle (B). Bar =1 cm.

(Seghouanietal., 2017). Bacteria infectthe fish mainly through the gills
(Chettri etal., 2018) and skin lesions (Klesius et al., 2008), therefore,
the need for biosecurity practices must be highlighted, since the
presence of a single infectedindividual is an important risk factor for
columnaris, which threatens with the loss of the entire batch.

Based on these findings, the search for additives in the water of
transport showed that 8 g/L of sodium chloride combines efficiency,
practicality and sustainability and proves to be the bestchoice for fish
farmers to prevent disease outbreak after transport. It is known that the
stressful condition caused by transportation can increase the loss of
ionsin freshwater fish because of a blood flow increase in the gills and
consequent changes in cell permeability (Cech Jr etal., 1996; Santos
etal., 2020). Indeed, it has been hypothesized thatsalinity affects the
energy budgetin fish (Tavares-Dias, 2022). So, fish transported with
0.8% of saltin the water of transport may spent less energy on osmotic
regulation. Thus, thefindings regarding the improvement of zootechnical
parameters in this group would also be explained. The group transported
with salt was the only one with 100% of fish survival, with sanitary
integrity certified by absence of clinical signs, behavioral changes and
lack of bacteria in microbiological and PCR analysis. These findings
represent a relevant biological accomplishment, proving that salt
prevents juveniles frombeing infected by F. columnare due to stress of
transport. Meanwhile, allthe other groups display fish mortality by
columnaris after environmental stress, indicating thatfish farmers who
opt forthese methods may be subject to greateconomic losses.

In this study, one of the groups with the greatest negative effects
related to the use of the additive in the water of transport was OTC.
According to Limbu et al. (2020), the side effects of the inappropriate
use of OTC impair fish performance in terms of weight gain, feed
efficiency and survival rate. Since these were the same parameters that
differed this group from the group transported with salt, OTC was
pointed out as a substance that might negatively influence zootechnical
parameters of fish. In the other groups, the energy from the ingested
food may have been diverted towards the control of infectionand the
side effects of the drug. Also, when the batch of fish is infected by
columnaris, survival and growth may have been compromised as a
result of the disease (Loch and Faisal, 2015). Furthermore, as weight
gain directly interferes with feed conversion, the better conversion of
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individuals transported with salt, when compared to the group
transported with OTC, is justified. Xuan et al. (2009) also pointed out
that photolysis can be the dominantdegradation pathway of OTC in
environments with transparentand low amounts of water (like in plastic
bags used fortransport), so decrease of the drug activity during
transport should be considered. The preventive use of antimicrobials
can resultin negative effects forteleost. The depression of the cellular
(Rijkers etal., 1980) and humoral (Rijkers et al., 1981) immune
response, hepatotoxicity (Limbu et al., 2020), enhancement of cortisol
and pathological tissue damage, inducing oxidative stress (Nakano et
al., 2020)al., 2018), are some of the side effects already described in
fish, which in crease the susceptibility of fish to stressors and pathogens.

Although essential oils have been described as antibacterial, immu
nostimulant and antioxidantfor fish and thus used as additive in the
water of transport, the EO of M. alternifolia recommended by Santos et
al. (2020) forthe transport of C. macropomum was not effective to
mitigate F. columnare and associated infection by A. jandaei. The prop
erties of EO interfere with the antimicrobial activity, but since y-
terpinene and terpinen-4-ol were the main active principle, the low
effectiveness may be relatedto specific features oftarget-pathogens.
In fact, it seems that EOs are more effective against Gram-positive than
Gram-negative bacteria (Chandra etal., 2017), and that is a great
concern, since most fish pathogens are Gram-negative (Van Doanet
al., 2021).

With the exception of fish transported with salt, all other groups
showed focal wounds suggestive of columnaris, besides hemorrhagic
lesions. In fact, F. columnare can release proteolytic enzymes and
degrade the fish tissue, causing the extensive lesions (Chockmangmee
pisan etal., 2020), corroborating our findings. However, F. columnare
bacteria were notisolated from these fish by routine microbiological
examinations. We assumed thatcolumnaris lesions potentially play a
key role for pathogenicity of opportunistic bacteria, predisposingthe
juveniles to co-infection by Aeromonas spp. aftertransport. Due to the
competitive ness with this bacterium, the growth of F. columnare is
compromised (Tekedar, 2020), which may have inhibited its growth in
HSM agar and resulted in false-negative diagnoses.

In this study, F. columnare was presumed to be a majorissue for C.
macropomum juvenile transport, as wellas A. jandaei. The motile
Aeromonas septicemia (MAS)is a hemorrhagic septicemia disease,
caused by a group of bacteria of greatrelevance in aquaculture.
Although MAS is considered one of the main diseases of tropical fish
(Valladao “etal., 2018; Gallaniet al., 2020; Gallaniet al., 2021), only
recently Gallanietal. (2020) determined the pathogenicity of the first
bacteriosis for C. macropomum, caused by A. hydrophila. Dong et al.
(2017) highlight that diseases caused by MAS in freshwater fish have
been generally assumed to be linked mainly to A. hydrophila, while
other species were probably overlooked. In this study, we certify A.
jandaeias an emerging bacterial pathogen of C. macropomum in Brazil
that causes acute infection associated with MAS. Since larvae and
juveniles are highly susceptible to columnaris (Seghouanietal., 2017)
and MAS (Abdelhamed etal., 2019), theuse of salt as additives in the
water of transport is highlighted as an important strategy measure to
reduce the risk of these emerging diseases.

5. Conclusion

Recurrent mortality outbreaks by columnaris were identified as a
major threat for C. macropomum farming and this is the first report of
two key-pathogens for this fish species: F. columnare (columnaris) and
A. jandaei (MAS - columnaris associated disease). Also, the use of salt
at 8 g/L (0.8%) in the water of transport is highlighted as the best choice
forfish farmers as an effective input for biosecurity practices during the
critical stage of fish transport, since it prevents the introductionand
spread of emerging transport-related pathogens andresults in 100% of
fish survival, besides improvement of the zootechnical parameters in
relation to OTC-transported group.
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