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SUMMARY

Cage aquaculture in Lake Victoria Tanzania has expanded rapidly
increasing from 460 in 2021 to over 1000 in 2025, yet disease outbreaks
remain a major constraint to productivity and farmer livelihoods. A cross-
sectional study was conducted to investigate bacterial pathogens affecting
Nile tilapia (Oreochromis niloticus) in cage farms across six districts in
the Lake Victoria Basin (LVB), Tanzania. A total of 90 moribund fish
were collected from thirty cage fish farm purposively and from each fish
liver and Kidney were sampled. Bacterial isolates were identified using
biochemical profiling and 16S rRNA gene sequencing. Three pathogenic
bacteria namely Citrobacter freundii, Pseudomonas aeruginosa, and
Streptococcus agalactiae were isolated and identified. Pathogenicity trials
demonstrated that P. aeruginosa exhibited the highest mortality rate
(86.7%), followed by C. freundii (53.3%) and S. agalactiae (40%).
Clinical and post-mortem findings from the trials showed symptoms
consistent with haemorrhagic septicaemia, scale loss, fin rot, skin ulcer,
Popeye, and eye loss. Phylogenetic analysis grouped sequences of each
pathogen into a single cluster, regardless of their geographical origins,
suggesting a common source and subsequent dispersal to various
locations. The study calls for farmer training and harmonized efforts to
strengthen disease control strategies, as farmers are likely dealing with the
same bacterial strains.
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Fish diseases pose a serious constrain to the expansion
and development of sustainable aquaculture (Mukaila et
al., 2023). In global aquaculture, the emergence of
previously uncharacterized pathogens linked to novel
and unknown diseases has become an emerging trend
(Haenen et al., 2023). These pathogens typically spread
rapidly, often transcending national boundaries, and
cause major production losses approximately every 3—
Syears (El-Barbary & Hal, 2016; Haenen et al., 2023).
The management efforts on the health of aquatic
organisms have significantly increased during the last
three decades (Haenen et al., 2023). However, such
efforts have not kept pace with the rapid growth of the
aquaculture sector (FAO, 2023). Many of the most
serious infectious disease agents affecting cultured
species in aquaculture are bacteria (Haenen et al., 2023).

Bacteria rarely act as primary pathogens and are more
commonly opportunistic  pathogens in already
immunocompromised hosts  (Ndashe et al., 2023).
Nevertheless, bacteria can cause significant losses in fish
farming (Haenen et al., 2023).

Cage fish farming was introduced in Lake Victoria (LV)
in 2005, and since then, the region has seen a rapid
increase in the number of cages, with over 8,024 now
installed in the LVB (Opiyo et al., 2018). This method
has become more intensive, with stocking densities
reaching up to 150 kg/m3, compared to traditional pond
systems and other aquaculture methods in the region,
which yield between 0.2 and 100 kg/m?3 (Rutaisire et al.,
2009). However, this expansion has been linked to
significant losses from fish disease outbreaks, leading to
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fish morbidity and mortality. Morbidity results into poor
growth, reduced market price of the produce, and high
costs for treatment and preventive measures (Rutaisire et
al., 2009). According to the (World Bank & GAA,
2014), global revenue losses attributed to fish diseases
were estimated at 6 billion USD in the past ten years. In
developing countries, over 50% of fish production is lost
due to diseases, with China, a leading aquaculture
producer, reporting 15% loss of total fish production due
to diseases (Leung et al., 2013; Ndashe et al., 2023).

In Tanzania, less attention has been given to fish diseases
in cage-farmed fish. Often, bruises, abrasions, and
hemorrhages are incorrectly attributed to only
overstocking rather than microbial infections. As a
result, the use of salt (NaCl) treatments has become a
common practice (Emam et al., 2024). A few studies
focusing on bacteria are limited to the identification of

MATERIALS AND METHODS
Study area

The study was conducted in the LVB, Tanzania,
involving the collection of diseased fish samples from six
districts along the Tanzanian shoreline: Nyamagana,
Sengerema, Busega, Rorya, Musoma Municipal Council
(MC), and Musoma District Council (DC) (Fig. 1). These
districts were purposively selected due to their high
concentration of cage fish farming activities, collectively
hosting over 1,000 active fish cages (URT, 2023). The
rapid expansion and intensification of cage aquaculture
in these districts have resulted in high stocking densities

pathogens at the genus level (Walakira et al., 2014). This
has left the status of fish bacterial pathogens and the
associated diseases in cage fish farms poorly understood,
increasing the likelihood that many fish diseases remain
undiagnosed and continue to affect production. This
knowledge gap leads to guesswork, with farmers often
employing treatments that are incorrect or insufficient,
thereby failing to address the actual causes of the
diseases (Opiyo et al., 2018). The delayed detection of
diseases further compounds the issue, hindering the
implementation of effective control measures (Mwainge
et al., 2021). This deficiency accelerates the occurrence
and spread of fish diseases within the cage fish farms of
the Lake Victoria Basin (LVB) (Akoll & Mwanja, 2012),
leading to high mortality and discouraging farmers due
to the increased economic loss. This study aimed to
identify and characterise the different bacterial
pathogens causing infectious diseases in cage-farmed
fish in the Lake Victoria, Tanzania.

and close proximity of cages, increase the likelihood of
disease occurrence and facilitate the spread of infectious
pathogens within and between farms. The Lake Victoria
shoreline in these districts is characterized by warm
tropical conditions, with surface water temperatures
ranging between 24-30°C, which favour pathogen
survival and proliferation (Njiru et al., 2019).
Additionally, biosecurity challenges such as limited
routine disease screening, poor disposal of fish
mortalities, inadequate cage spacing, and sharing of farm
equipment without disinfection persist in the area,
increasing the risk of disease transmission in cage-based
aquaculture systems (Rhodes et al., 2023).
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Figurel. Map of the study area showing locations where bacterial samples were collected from infected fish. The
map was created using QGIS software version 3.28 and shapefiles from the Database of Global Administrative Areas
(GADM) (https://gadm.org/maps/TZA.html, accessed on 27th February 2025).

Animal ethics

The handling of fish and all the experimental protocols
were carried out according to the guidelines of the
Animal Ethics, established by the Sokoine University of
Agriculture Research and Ethical Committee permits
number SUA/DPRTC/R/126/CONAS/15/2023/14. To
alleviate suffering during sampling fish were initially
treated with MS-222 (Tricaine Methanesulfonate).

Fish sampling in the LVB cage fish farming systems

A total of ninety Nile tilapia were sampled from cage
farms between November and December 2024.
Sampling was conducted in six study districts, with
fifteen fish collected per district. In each district, three
cage farms were selected, and five clinically diseased
fish were sampled from each farm, giving a total of 30
cage farms. A purposive sampling strategy was
employed, targeting fish exhibiting clinical signs of
disease, including ulcerations, haemorrhages,
exophthalmia, corneal opacity, eye loss, and scale loss
according to (Algammal et al., 2020). Fish were
carefully netted and handled to minimize stress, then
humanely euthanized using tricaine methanesulfonate
(MS-222) prior to sampling. Sterile swabs from liver,
and kidney were placed in Stuart Transport Medium to
preserve bacterial viability as applied by (Abdou et al.,

2023). Samples were transported in insulated cooler
boxes maintained at 4-8 °C and delivered to Sokoine
University of Agriculture, Morogoro, within 72 hours,
with temperature monitored throughout.

Isolation and identification of bacterial pathogens

Swabs collected from fish with clinical signs were
directly placed onto Buffered peptone water and
incubated at 37 °C for 24 hours for enrichment. Then, a
loopful of incubated samples was taken and inoculated
on Blood agar, Pseudomonas Lab agar, Mac Conkey
agar, and Tryptic soy agar from Oxoid Itd media, UK
and incubated at 37 °C for 24 hours, for isolation and
identification of bacteria according to (Algammal et al.,
2020). Presumptive colonies were selected based on
distinct colony morphology, including size, shape, color,
margin, elevation, hemolytic pattern on blood agar,
pigmentation, and odor where applicable. All suspected
colonies were purified by subculture for phenotypic and
biochemical characteristics according to (Abdallah et al.,
2024). All isolates were identified morphologically
using Gram’s stain and biochemically using various
biochemical tests, including enzyme tests such as
catalase test and series of profiles of sugars such as
Sulphide, indole, and motility test (SIM test), and Triple
sugar iron (TSI) (Abu-Elala et al., 2019). All laboratory
procedures were conducted under biosafety level 2
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(BSL-2) conditions, with appropriate use of personal
protective equipment (laboratory coats, gloves, and
masks) to ensure safety and prevent cross-
contamination.

Molecular characterization of the isolated bacteria

The genomic DNA of the isolated Gram-negative
bacteria was isolated using FlaPure Bacteria Genomic
DNA Extraction Kit (Genesand Biotech Co., Ltd,
Beijing, China) following the manufacturer’s
instructions. For the isolated Gram positive, the genomic
DNA was isolated using the thermal extraction method
in accordance to (Carriero et al., 2016). A 1.0 mL of the
Tryptic broth culture was pelleted, washed, and
resuspended by vortexing in nuclease free water
(Sourced from Ingaba biotech, Hatfield, South Africa),
placed in a water bath at 95 °C for 5 min and
immediately transferred to the ice for 5 min. This
procedure was repeated, and the suspension was
centrifuged at 10,000 rpm for 10 min (Ripanda et al.,
2023). The quality of DNA extracts was checked on a 1
% agarose gel (ABM, Richmond, Canada) prior to
subsequent analysis.

This was followed by amplification of the fragments of
16S rRNA (about 1,450 base pairs) in a T100
thermocycler using the universal primers 27[F:5'-
AGAGTTTGATCATGGCTCAG-37] and 1492 [R: 5'-
TACGGYTACCTTGTTACGACTT-37 (Mzula et al.,
2020). PCR was performed in a total volume of 35uL
containing 12.7 pL H20 (RNase-free), 17.5uL master
mix, 1.75uL BSA, and 1.05 uM of each primer and 1.0
pL DNA template according to (Ripanda et al., 2023).
The amplification was done as follows; Initial
denaturation steps at 95 °C for 3 min and followed by 35
cycles of denaturation at 95 °C for the 30 s, annealing at
58 °C for 30 s and extension at 72 °C for 1 min followed
by terminal extension at 72 °C for 3 min (Mzula et al.,
2021; Ripanda et al., 2023). The agarose gel (1.5%)

stained with safe view (ABM, Richmond, Canada) was
used to analyse PCR products by electrophoresis, the
DNA ladder 100kb was used to confirm size of DNA
(Figure  2). Subsequently,  successful  PCR
amplifications were sequenced using Sanger’s Dideoxy
sequencing technology, (Microgen lab Amsterdam,
Netherlands). The obtained 16S rRNA sequences were
edited using BioEdit ver. 7.7.1. High-quality sequences
were then aligned using MEGA ver.11 (Tamura et al.,
2021). Using the Basic Local Alignment Search Tool
(BLAST), each edited 16S rRNA sequence were
compared to 16S rRNA barcode records published in the
GenBank nucleotide database to confirm the taxonomic
identity of each bacterium and the sequences that
showed identity above 98.7% were used in subsequent
analysis. Confirmed sequences were submitted to the
National Center for Biotechnological Information
(NCBI) under accession numbers PX171334-PX171387
and PX735952-PX735963 sequences were then
collapsed using Ver 1.61. Additionally, three reference
sequences of S. agalactiae isolated from Nile tilapia in
China (accession numbers KF111293.1), C. freundii
isolated from Nile tilapia in Japan (accession numbers
AB548828) and P. aeruginosa isolated from Nile tilapia
in China (accession numbers FJ194518.1) were retrieved
from the GenBank Nucleotide database and aligned with
sequences generated by this study to produce a multiple
alignment of 607 base pairs.

Subsequently, the phylogenetic tree was constructed
using BEAST ver 2.5 (Bouckaert et al., 2019), to assess
the evolutionary relationships among bacteria species.
The analysis employed a relaxed uncorrelated log-
normal molecular clock and a general time- reversible
evolutionary model, running for 10 million generations.
The phylogenetic tree was annotated using
TreeAnnotator ver 1.10 (Helfrich et al., 2019) and
visualized using FigTree ver 1.4 (Sauvage et al., 2018).

Figure 2. The agarose gel (1.5%) stained with safe view containing plasmid DNA of the indicated strains. Lane M
is DNA size marker (100 bp DNA ladder). Lane 1, A positive control of P. aeruginosa; lanes 2-3 P. aeruginosa
strains; lane 4, A positive control of S. agalactiae strains; lanes 5-6 S. agalactiae strains; lane 7, A positive control

of C. freundii strains; lanes 8-9 C. freundii strains.
Pathogenicity test
Acclimation period

A total of 200 healthy Nile tilapia weighing 200 g with
no history of previous infections were collected

randomly from Blue Economy Research Center,
Sokoine University of Agriculture, Tanzania, and left
acclimated in a clean round concrete tank of 3m3
holding capacity for seven days prior to pathogenicity
experiments. Tanks were filled with underground well
water with an average salinity of 0.02+0.003 g/L,
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dissolved oxygen was monitored at 61 mg/L, while the
water temperature was maintained at 27+0.52 °C. The
fish were fed two times daily (09:00 and 16:00 h) until
visual satiety on a commercial pellet of 35% crude
protein (Skretting, Alexandria, Egypt) according to
(Algammal et al., 2020). The organic wastes and other
debris were siphoned and 30% of the water was
replaced daily to reduce the toxicity of ammonia. Fish
that showed normal reflexes with no apparent lesions
were selected pathogenicity assessment.

Pathogenicity assessment

A total of 180 acclimated Nile tilapia was randomly
distributed into twelve concrete tanks, with 15 fish per
tank. Each treatment was performed in triplicate. The
fish of the first group (C) were injected with 0.5 mls of

RESULTS

Clinical and postmortem findings of fish collected in
cage fish farms

The clinical inspection revealed that most of the infected
fish shared the similar clinical signs, including
hemorrhages on external body surfaces, mainly at the
ventral aspect of the abdomen and around the vent.
Others showed fins erosions, skin darkness, ulcers, eye
loss, scale loss and detached scales. Internally, the
infected fish showed typical signs of hemorrhagic
septicemia, pale liver, necrotic gills, and empty
gastrointestinal (GIT).

Bacteriological assay

This study identified three key fish pathogens
Citrobacter spp., Pseudomonas spp., and Streptococcus
spp., across Nyamagana, Rorya, Musoma MC,
Sengerema, Musoma DC, and Busega districts. Five
non-pathogenic genera were also detected: Enterobacter
spp., Escherichia spp., Pantoea spp., Leclercia spp., and
other Enterobacteriaceae. Pathogenic isolates showed
distinct colony morphologies: Pseudomonas spp.
formed large, irregular, fruity-scented colonies with
yellow-green fluorescence on Pseudomonas Agar;
Citrobacter spp. appeared yellowish, opaque, and round

sterile saline water and served as a control, while the
fish of the other groups (T1, T2 and T3) were injected
with 0.5 mls of the overnight culture of virulent C.
freundii, P. aeruginosa, and S. agalactiae respectively
at a concentration of 3x107 cellsmL™ cultured on
tryptic soy broth (Oxoid) at 37 °C for 24 h accordance
to (Algammal et al., 2020). The pathological clinical
signs and cumulative deaths were recorded daily among
experimental groups for two weeks post-treatment.
Sample from moribund and freshly dead fish were
collected, examined immediately to verify the cause of
death.

Statistical Analysis

Statistical analysis was performed using RStudio
(v4.2.3) and Microsoft Excel. Chi-square tests assessed
survival differences and pathogen distribution across
districts, with significance set at P < 0.05.

on Tryptic Soy Agar; Streptococcus spp. formed small,
translucent colonies of non-motile, Gram-positive cocci
in chains. Escherichia spp., showed medium, dry, round
pink colonies; Pantoea spp. had yellow-pigmented,
convex colonies on nutrient agar; Leclercia spp. formed
circular, smooth colonies with variable pigmentation.
Other Enterobacteriaceae exhibited motile, oxidase-
negative, Gram-negative rod morphology typical of
facultative anaerobes. Biochemical profiles are
summarized in Table 1.

Molecular characterization of bacteria isolates from
cage farmed Nile tilapia

Analysis of sequenced 16S rRNA gene confirmed that
the 25 bacteria isolates were: Citrobacter freundii,
Pseudomonas aeruginosa, and Streptococcus agalactiae
(Table 2). In addition, eleven non-pathogenic were
identified as Enterobacter mori, Enterobacteriaceae
bacterium, Pantoea  agglomerans, Leclercia
adecarboxylata, Enterobacter ludwigii, Pseudomonas
geniculate and Escherichia coli. The BLAST results
showed percentage identities ranging from 98.29% to
100%, with expected values of 0 for all sequences.
Maximum scores ranged from 745 to 1109, while query
coverage was 100% for each blasted sequence.
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Table 1: Biochemical characteristics of bacterial isolates from cage farmed Nile tilapia

Isolates

Characteristics Pseudomonas Aeromonas Streptococcus Psychrobacter Escherichia |[Enterobacter Pantoea Leclercia

sp. sp. sp. sp. sp. Sp. sp. sp.
Gram stain - - + - - - - -
Motility + + - - + + + +
Catalase + + - + + + + +
Oxidase + + - + - - - -
NR + + - - + + + +
GH + + - - - - - -
CuU - + - + + + + +
MF + + - - + + + +
H-S - - - - - - - -
Urease + + - - + - - -
Indole - + - - + - - -
Methyl red - + - - + - - -
VP - + - - - + + +

Note: Abbreviations: MR, methyl red; VP, Voges—Proskauer; MF, Mannitol fermentation; CU, Citrate utilization;
GH, Gelatin hydrolysis; NR, Nitrate reduction; H>S, Sulphide

Table 2: BLAST results obtained after comparing the 16S rRNA sequences of isolated bacteria samples from the
Lake Victoria cage fish farms, with those in the NCBI database.

Accession Bacteria Species Base pair Maximum  Query E-value %
number size score cover (%) Identity
PX171350 P. aeruginosa* 600 1109 100 0.0 100
PX171365 S. agalactiae* 600 1109 100 0.0 100
PX171334 C. freundii* 600 811 100 0.0 100
PX171381 E. mori 600 745 100 0.0 100
PX171380 E. bacterium 600 774 100 0.0 100
PX171385 P. agglomerans 600 889 100 0.0 100
PX171386 L. adecarboxylata 600 1000 100 0.0 100
PX171384 E. ludwigii 600 1064 100 0.0 100
PX171383 P. geniculate 600 1064 100 0.0 100
PX171387 E. coli 600 1070 100 0.0 100

Note: Isolates indicated with asterisks have been previously reported as fish pathogens.

Distribution of pathogenic bacteria isolated from
cage fish farms

The distribution of P. aeruginosa, S. agalactiae, and C.
freundii across six cage fish farming districts revealed no
statistically significant variation in species proportions
(Chi-square test with Monte Carlo simulation: P.
aeruginosa, p = 0.112; S. agalactiae, p = 0.078; C.
freundii, p = 0.378). However, Poisson regression
indicated a significant overall effect of district on total

bacterial counts (p = 0.016). Nyamagana district
exhibited the highest prevalence of P. aeruginosa
(42.9%) and C. freundii (36.4%), while S. agalactiae
was most dominant in Musoma MC (40.0%). In contrast,
Musoma DC and Sengerema showed minimal bacterial
presence (figure 3). Non-pathogenic isolates collectively
accounted for a modest proportion of the microbial
community (n =8, 14.3%) (Table 3).
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Figure 3: Geographic distribution of pathogenic bacterial species across six districts in LVB

Table 3: Overall Distribution of Bacterial Isolates from Cage Fish Farms (N = 56)

Bacterial Species N (%)
Pseudomonas aeruginosa 14 (25.0%)
Streptococcus agalactiae 10 (17.9%)
Citrobacter freundii 11 (19.6%)
Enterobacter mori 5 (8.9%)
E. bacterium 1(1.8%)
Pantoea agglomerans 1 (1.8%)
Leclercia adecarboxylata 1(1.8%)
Enterobacter ludwigii 1 (1.8%)
Providencia geniculate 1(1.8%)
Escherichia coli 1 (1.8%)

Pathogenicity assessment

Tanks Water Monitoring

All the tested physical-chemical parameters (total
dissolved salts, salinity, temperature pH, and dissolved

oxygen) were within the standard range for the
production of Nile tilapia in freshwater throughout the

challenge trial

significant variations in water
experimental groups and control group (p > 0.05).

period (Table4). There were no

parameters in all

Table 4. Tanks water physical-chemical parameters characteristics determined in experimental setup throughout the

study period (14 days).

Groups TDS (mg/L) S (PSU) T (°C) PH DO (mg/L)
Treatment 1 (C. 2335+1.4 0.02+0.003 26.89+0.07 8.31+0.1 7.10+£0.3
freundii)

Treatment 2 (P. 27.02+1.4 0.02+0.003 26.74+£0.07 7.94+0.1 8.30+£0.3
aeruginosa)

Treatment 3 (S. 2545+1.4 0.02+0.003 26.99+0.07 7.82+0.1 7.40+0.3
agalactiae)

Control 30.10+1.4 0.03+0.003 27.08+0.07 7.94+0.1 8.20+£0.3
Standard range <500 0-8 25-32 7-9 5-15

Note: TSD = total dissolved solids; S = salinity; T = temperature; DO = dissolved oxygen; Exp = experiment.
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Clinical Signs and Pathological Findings

The clinical signs as well as fish morbidity and mortality
were recorded in all experimental groups for two weeks
post-challenge. The results demonstrated that the fish of
the control group did not reveal any mortalities or
pathological lesions, while those of the other groups
displaying high mortalities and pathological lesions of
hemorrhagic septicemia. Fish exposed to P. aeruginosa,
showed ragged fin, gill erosion, pectoral fin hemorrhage
(Figure 6)., white pectoral fin, redding of the fin that
develop to white patches, detached scales and scattered
hemorrhagic spots. Those exposed to C. freundii,
showed skin hemorrhage, fin rot, and skin ulcer which
ended up into open sore (Figure 7) while those exposed
to S. agalactiae, showed scale loss, eye hemorrhage, fin
rot (Figure 8a), bulging of the eye, cloudy eye, eye loss,
white color to the base of openings and fins, (Figure 8b).

Survival Analysis

Fish challenged with Pseudomonas aeruginosa
exhibited the lowest survival probability, with rapid
mortality observed within the first 10 days. The control
group maintained 100% survival throughout the study
(figure 4). Survival differences among groups were
statistically significant (log-rank test: > =28.4, df=3,p
< 0.001), with pairwise comparisons confirming
significantly reduced survival in the P. aeruginosa group
compared to all others. No significant difference was
observed between C. freundii and S. agalactiae (p =
0.3907). Median lethal time (LTso) was shortest for P.
aeruginosa (4 days), followed by C. freundii (8 days)
and S. agalactiae (>10 days) (Table 5). Final cumulative
mortality at day 14 was 87% for P. aeruginosa, 53.3%
for C. freundii, and 40% for S. agalactiae (Table 5).
Bacteriological examination confirmed successful re-
isolation of P. aeruginosa, S. agalactiae, and C. freundii
from skin ulcers and internal organs of dead and
moribund fish.

—_
o
o

o
\'
o

Survival Probability
o o
o 3

=
o
o

= C. freundii =+ Control

10 15

Days

- P. aeruginosa =+ S. agalactiae

Figure 4: Probability of survival of Nile tilapia inoculated intraperitoneally with 0.5 ml of isolated bacteria at a
concentration of 3x107cfu mI~*in comparison to control group fingerlings.

Table 5: Mortality outcomes and survival metrics of Nile tilapia (Oreochromis niloticus) following 14-day

exposure to bacterial pathogens.

Cumulative mortality

Pathogen (%) LTso (days, 95% CI) Pairwise log-rank p-value
Control 0 - Reference

C. freundii 53.3 6 (5-8) 0.0031

S. agalactiae 40 8 (6—>10) 0.0105

P. aeruginosa 86.7 5 (4-6) <0.001
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Phylogenetic analysis

The phylogenetic tree of 16S rRNA gene clustered the
analysed sequences together for each species of bacteria
whose taxonomic identity is reliable (Figure 5),
indicating accurate species identification through the
amplified barcode. Similarly, bacteria of the same

species clustered together irrespective of their
geographical origin (Figure 4) demonstrating strong
genetic conservation within bacterial species across
sampling sites in cage fish farms within Lake Victoria.
This finding suggests that geographical separation has
minimal impact on the genetic structure of these
bacterial populations.

PX171364 Pseudomonas aeruginosa - Nyamagana
PX171360 Pseudomonas aeruginosa - Nyamagana
PX171351 Pseudomonas aeruginosa - Rorya

HM186911.1 Escherichia coli

0.04

PX171362 Pseudomonas aeruginosa - Nyamagana
PX171358 Pseudomonas aeruginosa - Busega
PX171361 Pseudomonas aeruginosa - Nyamagana
PX171363 Pseudomonas aeruginosa - Nyamagana
PX171359 Pseudomonas aeruginosa - Nyamagana
FJ194518.1 Pseudomonas aeruginosa - China
PX171356 Pseudomonas aeruginosa - Musoma MC
PX171350 Pseudomonas aeruginosa - Rorya
PX171357 Pseudomonas aeruginosa - Musoma DC
PX171352 Pseudomonas aeruginosa - Rorya
PX171378 Streptococcus agalactiae - Nyamagana
KF111293.1 Streptococcus agalactiae - China
PX171375 Streptococcus agalactiae - Musoma MC
PX171374 Streptococcus agalactiae - Musoma MC
PX171365 Streptococcus agalactiae - Rorya
PX171376 Streptococcus agalactiae - Nyamagana
PX171377 Streptococcus agalactiae - Nyamagana
PX171373 Streptococcus agalactiae - Musoma MC
_l PX171367 Streptococcus agalactiae - Rorya
PX171366 Streptococcus agalactiae - Rorya

PX735956 Citrobacter freundii - Nyamagana
AB548828 Citrobacter freundii - Japan
PX735959 Citrobacter freundii - Sengerema
{ PX735961 Citrobacter freundii - Busega
PX735954 Citrobacter freundii - Nyamagana
'l PX735957 Citrobacter freundii - Nyamagana
PX735958 Citrobacter freundii - Sengerema
PX735960 Citrobacter freundii - Sengerema
PX735953 Citrobacter freundii - Rorya
PX735955 Citrobacter freundii - Nyamagana
PX735963 Citrobacter freundii - Musoma MC
'l PX735962 Citrobacter freundii - Musoma MC
PX735952 Citrobacter freundii - Rorya

Figure 5. Bayesian phylogenetic tree showing the evolutionary relationships among 16S rRNA haplotypes of
pathogenic bacteria isolated from Nile tilapia sampled from cage fish farms in the Lake Victoria.
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Figure 6: Fish exposed to P. aeruginosa showing scattered hemorrhagic spots. Figure 7: Fish exposed to C. freundii
exhibiting ragged fin hemorrhage, skin hemorrhage, and fin erosion. Figure 8: Fish exposed to S. agalactiae showing

(a) scale loss, ulcers, and fin erosion, and (b) eye loss.

DISCUSSION

The study identified P. aeruginosa, C. freundii, and S.
agalactiae as the major bacterial species affecting fish in
cage fish farms in the LVB, Tanzania. Notably, P.
aeruginosa was predominantly isolated from
Nyamagana, Rorya, Musoma MC, Musoma DC, and
Busega, and accounted for 25% of the bacterial isolates,
making it the most common pathogen, followed by C.
freundii (19.6%) and S. agalactiae (17.9%). Although
descriptive differences in prevalence were observed
across districts, chi-square analysis showed no
statistically significant variation in species proportions
among districts, indicating that these pathogens are
broadly distributed throughout the LVB rather than
being localized to specific farming areas which is
consistent with (Wamala et al., 2018). This finding is
further supported by Poisson regression results, which
revealed a significant effect of district on overall
bacterial abundance but not on individual pathogen
dominance.

This high prevalence of P. aeruginosa not only confirms
earlier findings from cage fish farming but also
demonstrates a concerning emergence of P. aeruginosa
as a dominant threat in Tanzania cage aquaculture
marking one of the first molecular confirmations of its
dominance in Tanzanian cage farms. This high
prevalence aligns with previous studies that reported P.
aeruginosa as a major contributor to bacterial infections
in fish farms, accounting for over 50% of such cases
from tilapia and channel catfish cultured in Indonesia
(Hardi et al., 2018; Karimi et al., 2022; Wamala et al.,
2018). The widespread presence of P. aeruginosa in the
LVB can be attributed by common risk factors inherent

to cage aquaculture, including inadequate biosecurity
practices, frequent movement of fish and fingerlings
between farms, and the use of similar production
systems and cultured species across districts which may
promote the persistence and dissemination of
opportunistic pathogens such as P. aeruginosa within
interconnected cage farming networks (Hardi et al.,
2018; Wamala et al., 2018). Symptoms observed in fish
exposed to P. aeruginosa included ragged fins, gill
erosion, hemorrhages, and white patches, consistent with
findings from previous studies (Haenen et al., 2023;
Mohamed et al., 2023). Importantly, P. aeruginosa
induced the highest mortality rate (86.7%) and the
shortest median lethal time (LTso = 5 days), reinforcing
its pathogenic potential. These findings align with
previous reports describing P. aeruginosa as a highly
virulent opportunistic pathogen capable of causing rapid
systemic infections under stressful rearing conditions
(Gotas et al., 2019; Shams Eldeen et al., 2024).

Citrobacter freundii was isolated in samples collected
from all districts except Musoma DC, indicating their
widespread prevalence. Infections caused by C. freundii
are known to result in severe conditions such as
haemorrhagic septicaemia, oedema, epizootic ulcerative
syndrome (EUS), haemorrhagic enteritis, and red body
disease, affecting a variety of finfish species, including
common carp, goldfish, eel, catfish, and tilapia which are
consistent to this study (Hardi et al., 2018; Sayulti et al.,
2021). This marks one of the few reports of C. freundii
with confirmed pathogenicity in Tanzanian tilapia
aquaculture, underlining its emerging significance.
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Although C. freundii caused significant fish mortality
following the pathogenicity assessment (53.3%), the
progression of the disease was somewhat slower with a
longer LTso compared to P. aeruginosa. Its ability to
persist across diverse farming environments suggests an
adaptive resilience that could complicate future control
efforts if left unaddressed.

Streptococcus agalactiae was isolated in 17.9% of the
samples and was primarily limited to Musoma MC,
Rorya, and Nyamagana. This pattern reflects differences
in farm management practices, stocking densities, or fish
movement rather than environmental limitation,
especially given the absence of significant spatial
structuring in the phylogenetic analysis (Padua et al.,
2014). Symptoms associated with S. agalactiae
infections included scale loss, eye haemorrhage, and fin
rot, consistent with other findings which evaluated the
clinical and histopathological lesions associated with the
bacteria (Ferrari et al., 2024; Noraini et al., 2013; Pretto-
Giordano et al., 2010). Despite a lower mortality rate of
40%, over 60% of fish infected with S. agalactiae
recovered, though often with permanent eye damage.
This vision impairment likely affects feeding behaviour,
reduces feed efficiency, and contributes to increased
feed waste further exacerbating environmental
degradation around cage sites (Evans et al., 2004;
Noraini et al., 2013). Uneaten feed can further
deteriorates water quality, potentially causing economic
losses for cage farmers and exacerbating environmental
issues (Evans et al., 2004; Noraini et al., 2013). Although
P. aeruginosa remains the most prevalent and
problematic pathogen, this study underscores the
multifaceted nature of disease risks in Tanzanian cage
aquaculture. Both C. freundii and S. agalactiae present
significant challenges that demand targeted control
strategies tailored to their biological behaviours and
environmental triggers.

The clustering of S. agalactiae, P. aeruginosa, and C.
freundii isolates into distinct phylogenetic groups across

CONCLUSION

This study revealed the presence of three pathogenic
bacteria in cage fish farming systems in Lake Victoria,
with P. aeruginosa being the most prevalent and
problematic pathogen, affecting fish across all sampled
districts except Sengerema districts. Citrobacter freundii
and S. agalactiae also pose significant threats, with P.
aeruginosa causing the highest mortality rates and S.
agalactiae impairing fish recovery and growth. These
pathogens exhibit distinct clinical manifestations, yet
collectively contribute to substantial health challenges in
the study area. Phylogenetic analysis showed that the
clustering of S. agalactiae, P. aeruginosa, and C.
freundii isolates into distinct phylogenetic groups across

multiple districts suggests the circulation of genetically
similar strains a pattern indicative of shared infection
sources. These results align with findings from previous
studies emphasizing the role of interconnected
aquaculture practices and environmental factors in
disease transmission. For instance, the genome-based
analysis of multidrug-resistant E. coli in Lake Victoria
(Baniga et al., 2020) illustrated how shared water
systems can serve as reservoirs for pathogens,
facilitating their dissemination across districts.
Similarly, studies on S. agalactiae, and P. aeruginosa in
fish farms in Brazil (Abdallah et al., 2024) and
Indonesian (Anshary et al., 2014) reveal the genetic
uniformity of strains within localized outbreaks,
suggesting common sources of infection, such as
contaminated feed, equipment, or water. This study
provides molecular evidence that supports the
hypothesis of pathogen movement through shared
supply chains and water exchange systems among cage
farms in the LVB (Barony et al., 2017; Lusiastuti et al.,
2013). A particularly novel insight is that despite
geographical separation, the pathogens identified in this
study do not cluster by district but by species
highlighting that the same pathogenic strains are likely
being transmitted across multiple farming sites. This
points to a pressing need for coordinated regional
interventions. Implementation of unified, cross-district
biosecurity protocols such as standardized quarantine
procedures, improved waste management, and routine
pathogen screening could reduce the spread and re-
emergence of these bacterial diseases. Moreover, the
molecular identification and pathogenicity confirmation
of these pathogens provide policymakers and
aquaculture managers with crucial data to prioritize
resources and inform antimicrobial stewardship
programs (Anshary et al., 2014; Baniga et al., 2020).
Given the genetic similarity of pathogens across the
LVB, individual farm-level interventions are unlikely to
be sufficient. Instead, an integrated basin-wide approach
could mitigate disease outbreaks more effectively and
sustainably.

different districts highlights the potential for a shared
source of infection among fish farms. These findings
emphasize the urgent need for harmonized management
practices in the LVB and biosecurity measures in cage
fish farming to mitigate the impact of bacterial
infections. ~ Strengthening  biosecurity  protocols,
improving water quality, and implementing robust
disease monitoring systems are also crucial in reducing
pathogen prevalence and their harmful effects.
Similarly, routine screening for pathogenic diseases in
cage fish farms and hatcheries should be enforced to
ensure biosecurity compliance and disease control.
Further research should be conducted to track the root
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cause of bacterial diseases in the LVB by investigating
environmental reservoirs, transmission routes, and the
role of wild fish species in pathogen dissemination.

FUNDING

This study was supported by the Tanzania Commission
for Science and Technology (COSTECH) through the
DigiFish project (Digitizing fish-farming value chains
for enhanced productivity and food security in the Lake

CONFLICT OF INTEREST

The author has declared that no competing interests exist.

REFERENCES

Abdallah, H., Metwally, W. G. M., Bayoumi, S. A. L.
H., Abdel Rahman, M. A. M., & Mahmoud, M.
M. (2024). Isolation and characterization of
Streptococcus  agalactiae  inducing  mass
mortalities in cultured Nile tilapia (Oreochromis
niloticus) with trials for disease control using zinc
oxide nanoparticles and ethanolic leaf extracts of
some medicinal plants. BMC Veterinary
Research, 20(1), 468.
https://doi.org/10.1186/s12917-024-04298-z

Abdou, M., Gamal, A., Saif, A., Bryka, A., & Zaid, A.
(2023). A Field Study of Some Bacterial Causes
of Mass Mortality Syndrome in Nile Tilapia Fish
Farms with a Treatment Trial. Alexandria
Journal of Veterinary Sciences, 77(2), 117.
https://doi.org/10.5455/ajvs.148115

Abu-Elala, N. M., Samir, A., Wasfy, M., & Elsayed,
M. (2019). Efficacy of Injectable and Immersion
Polyvalent Vaccine against Streptococcal
Infections in Broodstock and Offspring of Nile
tilapia (Oreochromis niloticus). Fish and
Shellfish Immunology, 88(October 2018), 293—
300. https://doi.org/10.1016/j.fsi.2019.02.042

Akoll, P., & Mwanja, W. W. (2012). Fish health status,
research and management in East Africa: Past and
present. African Journal of Aquatic Science,
37(2), 117-129.
https://doi.org/10.2989/16085914.2012.694628

Algammal, Mahmoud, Sivaramasamy, E., Youssef, F.
M., Atwa, M. H., El, A. W,, Hetta, H. F., &
Hozzein, W. N. (2020). Emerging MDR -
Pseudomonas aeruginosa in fish commonly
harbor opr L and tox A virulence genes and bla
TEM , bla CTX - M , and tet A antibiotic -
resistance genes. Nature Research, 10(15961), 1—
13. https://doi.org/10.1038/s41598-020-72264-4

Addressing these issues will not only improve fish health
but also minimize the economic losses faced by farmers
in cage fish farming systems in the Lake Victoria.

Victoria basin, Tanzania) and The Rufford foundation
through the Savecichlids project (grant number- 45091-
1). The funder had no say on the design, data collection
and analysis, writing of the manuscript and decision to
submit the manuscript for publication consideration

Anshary, H., Kurniawan, R. A., Sriwulan, S., Ramli,
R., & Baxa, D. V. (2014). Isolation and molecular
identification of the etiological agents of
streptococcosis in Nile tilapia (Oreochromis
niloticus) cultured in net cages in Lake Sentani,
Papua, Indonesia. SpringerPlus, 3(1), 1-11.
https://doi.org/10.1186/2193-1801-3-627

Baniga, Z., Hounmanou, Y. M. G., Kudirkiene, E.,
Kusiluka, L. J. M., Mdegela, R. H., & Dalsgaard,
A. (2020). Genome-Based Analysis of Extended-
Spectrum PB-Lactamase-Producing Escherichia
coli in the Aquatic Environment and Nile Perch
(Lates niloticus) of Lake Victoria, Tanzania.
Frontiers in Microbiology, 11(February), 1-11.
https://doi.org/10.3389/fmich.2020.00108

Barony, G. M., Tavares, G. C., Pereira, F. L., Carvalho,
A.F., Dorella, F. A., Leal, C. A. G., & Figueiredo,
H. C. P. (2017). Large-scale genomic analyses
reveal the population structure and evolutionary
trends of Streptococcus agalactiae strains in
Brazilian fish farms. Scientific Reports, 7(1), 1-
10. https://doi.org/10.1038/s41598-017-13228-z

Bouckaert, R., Vaughan, T. G., Barido-Sottani, J.,
Duchéne, S., Fourment, M., Gavryushkina, A.,
Heled, J., Jones, G., Kihnert, D., De Maio, N.,
Matschiner, M., Mendes, F. K., Muller, N. F.,
Ogilvie, H. A., Du Plessis, L., Popinga, A.,
Rambaut, A., Rasmussen, D., Siveroni, I., ...
Drummond, A. J. (2019). BEAST 2.5: An

advanced software platform for Bayesian
evolutionary analysis. PL0oS Computational
Biology, 15(4), 1-28.

https://doi.org/10.1371/journal.pcbi.1006650

Carriero, M. M., Mendes Maia, A. A., Moro Sousa, R.
L., & Henrique-Silva, F. (2016). Characterization
of a new strain of Aeromonas dhakensis isolated
from  diseased pacu  fish  (Piaractus
mesopotamicus) in Brazil. Journal of Fish

25



Diseases, 39(11),
https://doi.org/10.1111/jfd.12457

El-Barbary, M. I., & Hal, A. M. (2016). Isolation and
molecular characterization of some bacterial
pathogens in El-Serw fish farm, Egypt. Egypt
Jornal of Aquaculture, 20(4), 115-127.
https://doi.org/10.7868/s0869565216210155

Emam, W., Zantioti, C., Prah, J., Monckton, V., Craig,
S., & Lambert, H. S. (2024). A review of Kenyan
inland aquaculture with an eye to the status of
animal welfare in the sector. Discover
Agriculture, 2(70).
https://doi.org/10.1007/s44279-024-00092-5

Evans, J. J., Klesius, P. H., & Shoemaker, C. A. (2004).
Efficacy of Streptococcus agalactiae (group B)
vaccine in tilapia (Oreochromis niloticus) by
intraperitoneal and bath immersion
administration. Vaccine, 22(27-28), 3769-3773.
https://doi.org/10.1016/j.vaccine.2004.03.012

1285-1295.

FAO. (2023). Aquaculture growth potential in Eastern
Africa (Issue December).
https//www.fao.org/3/cc9231en/cc9231en.pdf

Ferrari, N. A., Favero, L. M., Facimoto, C. T., Dall
Agnol, A. M., Gaeta, M. L., de Oliveira, T. E. S.,
Gongalves, D. D., Lopera-Barrero, N. M.,
Pereira, U. de P., & Di Santis, G. W. (2024).
Clinical and Histopathological Evolution of
Acute Intraperitoneal Infection by Streptococcus
agalactiae Serotypes Ib and Il in Nile Tilapia.
Fishes, 9(7).
https://doi.org/10.3390/fishes9070279

Gotas, 1., Szmyt, M., Potorski, J., Lopata, M.,
Gotkowska-Plachta, A., & GlinZska-Lewczuk,
K. (2019). Distribution of Pseudomonas
fluorescens and Aeromonas hydrophila bacteria
in a recirculating aquaculture system during
farming of European grayling (Thymallus
thymallus L.) broodstock. Water (Switzerland),
11(2). https://doi.org/10.3390/w11020376

Haenen, O. L. M., Dong, H. T., Hoai, T. D., Crumlish,
M., Karunasagar, I., Barkham, T., Chen, S. L.,
Zadoks, R., Kiermeier, A., Wang, B., Gamarro,
E. G., Takeuchi, M., Azmai, M. N. A., Fouz, B.,
Pakingking, R., Wei, Z. W., & Bondad-Reantaso,
M. G. (2023). Bacterial diseases of tilapia, their
zoonotic potential and risk of antimicrobial
resistance. Reviews in Aquaculture, 15(S1), 154—
185. https://doi.org/10.1111/raq.12743

Hardi, E. H., Nugroho, R. A., Saptiani, G., Sarinah, R.,
Agriandini, M., & Mawardi, M. (2018).
Identification of potentially pathogenic bacteria
from tilapia (Oreochromis niloticus) and channel
catfish (Clarias batrachus) culture in Samarinda,

East Kalimantan, Indonesia. Biodiversitas, 19(2),
480-488.
https://doi.org/10.13057/biodiv/d190215

Helfrich, P., Rieb, E., Abrami, G., Licking, A., &
Mehler, A. (2019). Treeannotator: Versatile
visual annotation of hierarchical text relations.
LREC 2018 - 11th International Conference on
Language Resources and Evaluation, February,
1958-1963.

Karimi, R. D., NGERANWA, J. J. N., NJAGI, E. N.
M., & KARIUKI, S. (2022). The bacterial flora of
Oreochromis niloticus and Clarias gariepinus
from earthen ponds in Sagana and Masinga,
Kenya. International Journal of Bonorowo
Wetlands, 12(2), 63-73.
https://doi.org/10.13057/bonorowo/w120202

Leung, T. L. F., Bates, A. E., Leung, T. L. F., & Bates,
A. E. (2013). food security Linked references are
available on JSTOR for this article : More rapid
and severe disease outbreaks for aquaculture at
the tropics: implications for food security.
Journal of Applied Ecology, 50(1), 215-222.
https://doi.org/10.1111/1365-2644.12017

Lusiastuti, M. A., SEEGER, H., INDRAWATI, A., &
ZSCHOCK, M. (2013). The Comparison of
Streptococcus agalactiae Isolated from Fish and
Bovine using Multilocus Sequence Typing.
HAYATI Journal of Biosciences, 20(4), 157-162.
https://doi.org/10.4308/hjb.20.4.157

Mohamed, D. S., Ragab, A. M., Ibrahim, M. S., &
Talat, D. (2023). Prevalence and antibiogram of
Pseudomonas aeruginosa Among Nile Tilapia
and Smoked Herring, with an Emphasis on their
Antibiotic Resistance Genes (blaTEM, blaSHV,
blaOXA-1 and ampC) and Virulence
Determinant (oprL and toxA). Journal of
Advanced Veterinary Research, 13(6), 1166-
1172. https://cabidigitallibrary.org

Mukaila, R., Ukwuaba, I. C., & Umaru, I. 1. (2023).
Economic impact of disease on small-scale
catfish farms in  Nigeria. Aquaculture,
575(January).
https://doi.org/10.1016/j.aquaculture.2023.73977
3

Mwainge, V. M., Ogwai, C., Aura, C. M., Mutie, A.,
Ombwa, V., Nyaboke, H., Oyier, K. N., &
Nyaundi, J. (2021). An overview of fish disease
and parasite occurrence in the cage culture of
Oreochromis niloticus : A case study in. Aquatic
Ecosystem Health & Management, 24(1), 43-55.
https://doi.org/10.14321/aehm.024.01.08

Mzula, A., Wambura, P. N., Mdegela, R. H., &
Shirima, G. M. (2020). Virulence pattern of

26



circulating aeromonads isolated from farmed Nile
tilapia in Tanzania and novel antibiotic free
attenuation of Aeromonas hydrophila strain
TZR7-2018. Aquaculture Reports, 17(November
2019), 100300.
https://doi.org/10.1016/j.aqrep.2020.100300

Mzula, A., Wambura, P. N., Mdegela, R. H., &
Shirima, G. M. (2021). Present status of
aquaculture and the challenge of bacterial
diseases in freshwater farmed fish in Tanzania ; A
call for sustainable strategies. Aquaculture and
Fisheries, 6(3), 247-253.
https://doi.org/10.1016/j.aaf.2020.05.003

Ndashe, K., Mudenda, B., Changula, K., Yabe, J.,
Samutela, M. T., Songe, M. M., Kefi, A. S,
Chilufya, L. N., & Sukkel, M. (2023). An
Assessment of the Risk Factors Associated with
Disease Outbreaks across Tilapia Farms in
Central and. Fishes, 8(49).
https://doi.org/10.3390/
fishes8010049%0AAcademic

Njiru, J. M., Aura, C. M., & Okechi, J. K. (2019). Cage
fish culture in Lake Victoria: A boon or a disaster
in waiting? Fisheries Management and Ecology,
26(5), 426-434.
https://doi.org/10.1111/fme.12283

Noraini, O., Jahwarhar, N. A., Sabri, M. Y., Emikpe,
B. O., Tanko, P. N., Latifah, M. H., & Jamil, S.
(2013). The effect of heat stress on
clinicopathological changes and
immunolocalization of antigens in experimental
streptococcus agalactiae infection in red hybrid
tilapia (oreochromis spp.). Veterinary World,

6(12), 997-1003.
https://doi.org/10.14202/vetworld.2013.997-
1003

Nyamweya, C., Lawrence, T. J., Ajode, M. Z., Smith,
S., Achieng, A. O., Barasa, J. E., Masese, F. O.,
Taabu-Munyaho, A., Mahongo, S., Kayanda, R.,
Rukunya, E., Kisaka, L., Manyala, J., Medard,
M., Otoung, S., Mrosso, H., Sekadende, B.,
Walakira, J., Mbabazi, S., ... Nkalubo, W.
(2023). Lake Victoria: Overview of research
needs and the way forward. Journal of Great
Lakes Research, 49(6), 102211.
https://doi.org/10.1016/j.jglr.2023.06.009

Opiyo, M. A., Marijani, E., Muendo, P., Odede, R.,
Leschen, W., & Charo-karisa, H. (2018).
International Journal of Veterinary Science and
Medicine A review of aquaculture production and
health management practices of farmed fi sh in
Kenya. International Journal of Veterinary
Science and Medicine, 6(2), 141-148.
https://doi.org/10.1016/j.ijvsm.2018.07.001

Padua, S. B. De, Marques, D. P., Sebastido, F. A,
Pilarski, F., Martins, M. L., & Ishikawa, M. M.
(2014). Isolation , Characterization and
Pathology of Citrobacter freundii Infection in
Native Brazilian Catfish Pseudoplatystoma.
Brazilian Journal of Veterinary Pathology, 7(3),
151-157.
https://www.researchgate.net/publication/26941
1245%0Alsolation,

Pretto-Giordano, L. G., Mlller, E. E., de Freitas, J. C.,
& da Silva, V. G. (2010). Evaluation on the
Pathogenesis of Streptococcus agalactiae in Nile
tilapia  (Oreochromis niloticus). Brazilian
Archives of Biology and Technology, 53(1), 87—
92. https://doi.org/10.1590/S1516-
89132010000100011

Rhodes, L. D., Parrish, K. L., & Willis, M. L. (2023).
Review of Best Practices for Biosecurity and

Disease Management for Marine (Issue
February).
https://doi.org/https://doi.org/10.25923/b4qp-
9e65

Ripanda, A. S., Rwiza, M. J., Nyanza, E. C., Miraji, H.,
Bih, N. L., Mzula, A., Mwega, E., Njau, K. N,
Vuai, S. A. H.,, & Machunda, R. L. (2023).
Antibiotic-resistant microbial populations in
urban receiving waters and wastewaters from
Tanzania. Environmental Chemistry and
Ecotoxicology, 5(October  2022), 1-8.
https://doi.org/10.1016/j.enceco.2022.10.003

Rutaisire, J., Char-Karisa, C., Shoko, A., & Nyandat,
B. (2009). Agquaculture for increased fish
production in East Africa. African Journal of
Tropical Hydrobiology and Fisheries, 12(1), 74—
77. https://doi.org/10.4314/ajthf.v12i1.57379

Sauvage, T., Plouviez, S., Schmidt, W. E., & Fredericq,
S. (2018). TREE2FASTA: A flexible Perl script
for batch extraction of FASTA sequences from
exploratory phylogenetic trees. BMC Research
Notes, 11(1). https://doi.org/10.1186/513104-
018-3268-y

Sayuti, A.-M., Ina-Salwany, M. Y., Zamri-Saad, M.,
Annas, S., Yusof, M. T., Monir, M. S., Mohamad,
A., Muhamad-Sofie, M. H. N., Lee, J. Y., Chin,
Y. K., Amir-Danial, Z., Asyiqin, A., Lukman, B.,
Liles, M. R., & Amal, M. N. A. (2021).
Comparative pathogenicity of aeromonas spp. In
cultured red hybrid tilapia (oreochromis niloticus
x 0. mossambicus). Biology, 10(11), 1-14.
https://doi.org/10.3390/biology10111192

Shams, E. M. A., Elsaid, R. E., Salem, H. S. A., Eisa,
E. A., & Shalaby, R. E. (2024). LasB, ExoS and
Nanl genes as potential predictors of site-specific

27



Pseudomonas aeruginosa pathogenicity in
nosocomial isolates. Microbes and Infectious
Diseases, 5(2), 770-780.
https://doi.org/10.21608/mid.2024.271713.1809

Tamura, K., Stecher, G., & Kumar, S. (2021).
MEGA11l: Molecular Evolutionary Genetics
Analysis Version 11. Molecular Biology and
Evolution, 38(7), 3022-3027.
https://doi.org/10.1093/molbev/msab120

Teplitz, E. M., Mwainge, V. M., Wacira, T. N., Ogwai,
C., Mayianda, M. J., Ochieng, L., Patel, E.,
Getchell, R. G., Aura, C. M., & Fiorella, K. J.
(2025). Disease and Antimicrobial Resistance
Surveillance for Nile Tilapia Pathogens in Lake
Victoria, Kenya. Journal of Fish Diseases, July.
https://doi.org/10.1111/jfd.70022

URT. (2023). Report of the Ministry of Livestock and
Fisheries.
https://www.mifugouvuvi.go.tz/uploads/speeche
s/docs/sw1683014791-Speech by the Ministry of

Livestock and Fisheries may_ 2023 (1).pdf

Walakira, J., Sserwadda, M., Nkambo, M., Namulawa,
V. T., Akoll, P., Engole, M., Sserwadda, M.,
Nkambo, M., Namulawa, V. T., & Kityo, G.
(2014). Common fish diseases and parasites
affecting wild and farmed tilapia and catfish in
central and western Uganda. Uganda Journal of

Agricultural  Sciences,  15(2), 113-125.
https://www.ajol.info/index.php/ujas/article/view
/126198

Wamala, S. P., Mugimba, K. K., Mutoloki, S.,
Evensen, O., Mdegela, R., Byarugaba, D. K., &
Sgrum, H. (2018). Occurrence and antibiotic
susceptibility of fish bacteria isolated from
Oreochromis niloticus (Nile tilapia) and Clarias
gariepinus (African catfish) in Uganda. Fisheries
and  Aquatic  Sciences, 21(1), 1-10.
https://doi.org/10.1186/s41240-017-0080-x

World Bank, & GAA. (2014). REDUCING DISEASE
RISK (Issue 88257). http://www.copyright.com/.

28



