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Abstract

Streptococcosis is a bacterial disease in tilapia that produces economic losses, caused
mainly by Streptococcus agalactiae and S. iniae. It is treated using oxytetracycline and
florfenicol, which when inappropriately used promotes the selection of antibiotic resis-
tance genes (ARGs). The disease has been mainly associated with stress events such as
variations in temperature. The aims of the present study were (1) to detect by molecular
methods two species of Streptococcus sp. in a tilapia farm, (2) to relate their presence to
physicochemical parameters in the culture system, and (3) to detect the presence of ARGs
in tilapia tissues and/or ponds. Tilapia grow-out ponds (n = 30) were sampled, collecting
15 individuals per pond. The physicochemical parameters of water were measured in
each pond. Per pond, organs such as the liver, spleen, brain, and eyes were collected from
each individual. Then, each organ type was pooled with the respective organ of the other
individuals, processed for DNA extraction, and used for PCR analyses to determine the
presence of S. agalactiae and S. iniae and for the detection of ARGs (fetM, tetO, fexA,
and ermB). The correlations between the presence of S. agalactiae and water physico-
chemical parameters were determined. Sixty percent of the ponds and 46% of the organ
pools were positive for S. agalactiae, whereas S. iniae was not detected. The positive
samples showed the following resistance genes: tet(O) (29.1%), tet(M) (12.7%), and
erm(B) (1.8%). A moderate but significant positive correlation was found between
temperature and the presence of S. agalactiae. This work reported the molecular detection
of two species of Streptococcus and ARGs, providing information that allows fast and
effective control of these pathogens in tilapia farming. In addition, a future complemen-
tary study on Streptococcus sp. serotype distribution and antibiotic resistance genes from
tilapia cultured in Costa Rica could also contribute to increase the knowledge of
S. agalactiae infections in tilapia farming worldwide.
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Introduction

Streptococcosis is a bacterial disease in tilapia (Oreochromis niloticus) that has caused
economic losses of around 400 million US dollars in China (Chen et al. 2012), one of the
largest producers of tilapia in the world. In Costa Rica, tilapia is the farmed species with the
greatest commercial importance (Sanchez and Cambronero 2016), of which production was
17,923 metric tons in 2020 (INCOPESCA 2020).

Because of increased intensification of fish aquaculture, the stocking densities have in-
creased, causing different types of stress and promoting the proliferation of a great diversity of
microorganisms that cause diseases such as streptococcosis (Pradeep et al. 2016). In 2005, an
outbreak caused losses of 2.5 million US dollars to farmers in the Northern Pacific region of
Costa Rica. At that time, the causative agents were not determined with certainty (D. Salas,
personal communication, 2018; MAG 2007). The greatest difficulty in combating this disease
is that producers lack access to suitable diagnostic methods to accurately determine the
pathogen species affecting their cultures. Overcoming this hurdle may help to apply specific
and effective treatments.

Different Streptococcus species have been found as causative agents of streptococcosis,
mainly S. agalactiae and S. iniae in Thailand (Kayansamruaj et al. 2014b; Suanyuk et al.
2008), China (Chen et al. 2012; Li et al. 2014; Ye et al. 2011), Indonesia (Anshary et al. 2014),
and Malaysia (Najiah et al. 2012). In the Americas, these species have been reported in Brazil
(Pretto-Giordano et al. 2010; Salvador et al. 2005) and Mexico (Huicab-Pech et al. 2017,
Ortega et al. 2018). In addition, the complete genome of an isolate of S. agalactiae obtained
from tilapia grown in Costa Rica has been reported (Jaglarz et al. 2018) and in 2019, a
molecular diagnostic analysis detected the presence of Streptococcus sp. in seven tilapia
aquaculture farms in Costa Rica (Lopez-Porras et al. 2019).

Both bacterial species are gram positive and have been characterized as (3-hemolytic
(Locke et al. 2007; Rahmatullah et al. 2017). In terms of serological classification,
S. agalactiae belongs to Lancefield Group B (GBS) (Evans et al. 2002; Engelbrecht et al.
2017; Lancefield 1933), while S. iniae is not assigned to any of the groups.

Outbreaks of Streptococcus sp. have been associated with high stocking densities and sub-
optimal water quality, such as high temperatures, elevated levels of ammonium and nitrites,
and low concentration of dissolved oxygen (Amal et al. 2015; Ismail et al. 2016). These factors
cause stress and affect the immune response, increasing the susceptibility to opportunistic
pathogens (Amal et al. 2015; Evans et al. 2003; Ndong et al. 2007).

The most widely used antibiotics for the treatment of streptococcosis are florfenicol (de
Oliveira et al. 2018; Zhang et al. 2020) and oxytetracycline (Sidhu et al. 2018; Younes et al.
2019). However, continuous exposure to low doses of antibiotics favors the selection of
bacteria that are resistant to multiple drugs (Rodriguez-Mozaz et al. 2015; Wu et al. 2013).
This is caused by the presence of genes that confer phenotypic resistance to antibiotics,
commonly referred to as antibiotic resistance genes (ARGs) (Pei et al. 2006). However,
despite the importance of this phenomenon, no studies have been carried out in Costa Rica
to characterize antimicrobial resistance in bacteria from aquaculture production systems and in
diseased tilapia.

Currently, highly specific molecular techniques such as PCR make it possible to amplify
specific fragments of the genome of pathogens of interest to determine their presence in
commercial cultures (Asencios et al. 2016; Cui et al. 2019; Deng et al. 2019). The PCR
analysis can be carried out with isolated strains, but the main advantage is that it allows direct
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molecular detection of infected tissues, water samples, and sediments, among others (Ortega
et al. 2018; Seyfried et al. 2010).

The aim of the present study was to detect two species of Streptococcus sp. and antimi-
crobial resistance genes present in tilapia cultures using molecular techniques, and to associate
them to physicochemical parameters present in commercial tilapia production systems, pro-
viding information that allows effective control of the pathogen.

Materials and methods
Sampling area

A commercial tilapia farm with 233 intensive culture ponds, located in the Northern Pacific region of
Costa Rica, was sampled. Here, 30 ponds were randomly selected to collect fish during the months of
July, November, and December of 2017, and February of 2018. In this farm, streptococcosis is treated
with chemical antibiotics oxytetracycline and florfenicol (D. Salas, personal communication, 2018). In
each pond, 15 individuals of 800-900 g were randomly collected and evaluated for health and
presence of clinical signs of streptococcosis. All the collected fish were subsequently anesthetized
with a clove oil solution poured in a bucket filled with pond water. Fish were sacrificed and dissected
for organ collection. Per pond, pools of the following organs corresponding to 15 individuals were
done: liver, spleen, brain, and eyes. The organ samples were accordingly stored in hermetically sealed
bags containing 10-20 mL of SSS (sterile saline solution 0.85% NaCl, pH 7). The organs were
macerated to homogenize the sample. The bags were transported at 4°C and stored at —20°C at the
Genomic Analysis Laboratory (LAGEN), Universidad Nacional, Costa Rica, for subsequent molec-
ular analyses. Positive controls of S. agalactiae (ATCC® 12386™) and S. iniae (isolation EQ188-17)
were used. The S. iniae—positive control was provided by the Laboratory of Medical Bacteriology of
the School of Veterinary Medicine of the Universidad Nacional of Costa Rica.

Isolation of total DNA from specific tissues

Total DNA extraction was carried out using 25 mg of each of the organ pools (eyes, spleen,
brain, liver) using the NucleoSpin® Tissue commercial kit (Macherey-Nagel) according to the
manufacturer’s recommendations; RNase A (100 pg/mL) treatment was used for the removal
of RNA from genomic DNA samples. The concentration of DNA extracted from each tissue
was determined using a UV-visible microvolume spectrophotometer (NanoDrop 2000, Ther-
mo Scientific, Waltham, MA, USA). The purity of the nucleic acids was evaluated by A260/
A280 and A260/A230 ratios. To assess the integrity of the DNA, a 1% w/v agarose gel
electrophoresis was done. Electrophoretic mobility was performed at 80 V for 60 min in 0.5X
TBE, and DNA staining was performed with the GelRed (Biotium). The gel was documented
using a UV light transilluminator (ENDURO, Labnet).

Detection of S. agalactiae, S iniae, and antimicrobial resistance genes by endpoint
PCR

Detection and identification of S. agalactiae were carried out by endpoint PCR amplification
of the 16S rRNA gene using F1 and R1 primers (Azad et al. 2012), generating amplicons with
a size 0f 220 base pairs (bp). In the case of S. iniae, identification was performed by amplifying
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a region of the lactate oxidase enzyme gene (IctO gene) with LOX-1 and LOX-2 primers
(Rahmatullah et al. 2017) with an expected size of 870 bp. The primers ACTB-S1 and ACTB-
Al were used as internal control, which recognize the tilapia (3-actin gene by amplifying a
fragment of 217 bp (Yang et al. 2013).

Presence of the fet(M) and fet(O) genes (genes with the highest prevalence in aquaculture),
which confer resistance to tetracyclines, was molecularly detected (Dangwetngam et al. 2016;
Higuera-Llantén et al. 2018; Nguyen et al. 2017; Seyfried et al. 2010). Additionally, presence
of the erythromycin resistance gene erm(B) and the fex(A) gene that confers the florfenicol
resistance phenotype (Kehrenberg and Schwarz 2006) was analyzed (Table 1).

Each PCR reaction was performed using Dream Taq PCR Master Mix 2X (Thermo
Scientific), 0.2 uM (16S, tetM), 0.3 uM (tetO), or 0.4 uM (LOX, ermB) of each primer,
and approximately 30 ng (bacterial detection) or 100 ng (ARG detection) of template DNA.
PCR amplification was carried out in a ProFlex thermocycler (Applied Biosystems®). The
amplification profile consisted of an initial denaturation of 4 min at 94°C, followed by 35
alternating cycles of 94°C for 1 min, primer alignment for 1 min, and extension at 72°C for 2
min, and a final extension at 72°C for 10 min. Duplex PCR was also optimized for the
simultaneous detection of S. agalactiae and S. iniae. PCR reactions were carried out main-
taining the concentration of recipe and thermal profile was performed with a thermal gradient,
in order to determine the optimal annealing temperature. The PCR products were resolved by

Table 1 Primer sequences used for molecular approach by endpoint PCR of Streptococcus sp. and antimicrobial
resistance genes in different tissues (eyes, spleen, brain, liver) of O. niloticus

Bacterial species or Target  Primer Sequence Target Reference
antibiotic gene size (bp)
Streptococcus 16S F1 GAGTTTGATCATGG 220 (Azad et al. 2012)
agalactiae CTCAG
R1 ACCAACATGTGTTA
ATTACTC
Streptococcus iniae  IlctO LOX-1 AAGGGGAAATCGCA 870 (Rahmatullah et al.
AGTGCC 2017)
LOX-2 ATATCTGATTGGGC
CGTCTAA
Oreochromis B-actin  ACTB-S1 TGGTGGGTATGGGT 217 (Yang et al. 2013)
niloticus CAGAAAG
ACTB-Al CTGTTGGCTTTGGG
GTTCA
Tetracyclines tetM) F GTGGACAAAGGTAC 406 (Warsa et al. 1996)
AACGAG
R CGGTAAAGTTCGTC
ACACAC
Tetracyclines tet(O) F AACTTAGGCATTCT 515 (Levy et al. 1999)
GGCTCAC
R TCCCACTGTTCCAT
ATCGTCA
Florfenicol fex(A)  fexA-fw  GTACTTGTAGGTGC 1272 (Kehrenberg and
AATTACGGCTGA Schwarz 2006)
fexA-rv CGCATCTGAGTAGG
ACATAGCGTC
Macrolides erm(B)  Fw GAAAAGGTACTCAA 639 (Sutcliffe et al. 1996)
(erythromycin) CCAAATA
Rv AGTAACGGTACTTA
AATTGTTTAC
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1.5% w/v agarose gel electrophoresis and staining with GelRed (Biotium). Bands with an
expected molecular size were considered positive, taking as a reference the positive controls
and GeneRuler 1 kb DNA ladder molecular weight marker (Thermo Scientific).

Sequencing and taxonomic placement

The identity of the amplicons obtained by PCR was confirmed by Sanger sequencing in two
directions (forward and reverse) on a 3500 Genetic Analyzer, using BigDye Terminator™
V3.1 chemistry (Applied Biosystems). Purification of the amplicons obtained by endpoint
PCR was carried out by precipitation with absolute ethanol and sodium acetate 3M. Subse-
quently, PCR reactions for sequencing were purified to remove unincorporated dye termina-
tors, following the manufacturer’s recommendations using the BigDye XTerminator
Purification Kit. The sequences obtained were edited in Geneious v.R9 program (Biomatters),
and were then analyzed using the BLASTn online program (Altschul et al. 1990) available
from the NCBI and compared with sequences obtained from GenBank database (http://www.
ncbi.nlm.nih.gov/genbank) to achieve their preliminary identity. A molecular taxonomy
analysis was performed by multiple sequence alignment using the MAFFT 7.0 program
(http://mafft.cbre.jp/alignment/server), with the iterative refinement method (FFT-NS-i) and
parameter 1PAM k = 2. Finally, blocks conserved with GBlocks v0.91b were selected
(Castresana 2000).

The best-fit nucleotide substitution model was determined using the jModelTest v2.1.10
program (Darriba et al. 2012) by the Akaike information criterion (AIC). Taxonomic place-
ment trees were created based on the maximum likelihood (ML) algorithm of the raxmlGUI
v.1.3 program (Stamatakis et al. 2005), using the general time reversible model (GTR-
GAMMA). The positioning topology was obtained by editing with the FigTree v1.4 program
(Rambaut 2009).

Water quality

For all ponds, the following were determined: temperature (°C), turbidity (cm), pH, dissolved
oxygen (mg/L), alkalinity (mg/L), ammonia (mg/L), nitrates (mg/L), nitrites (mg/mL), potas-
sium (mg/L), iron (mg/L), calcium (mg/L), magnesium (mg/L), and hardness (mg/L). A
portable multi-parameter device (Hanna instruments HI9828) was used to determine oxygen,
temperature, and pH, while the remaining parameters were measured by a photometer
(LoviBond MD 200). All parameters were measured each time organ samples were obtained.
The water samples were collected at a depth of 0—20 cm below the surface in sterile 600-mL
bottles (APHA 1989). The determination of all the physicochemical parameters was carried
out in situ.

Statistical analysis

A linear correlation was performed at a confidence level of 95% using the R statistical
program, to determine if there was a relationship between the presence of S. agalactiae per
pond determined by molecular detection and physicochemical parameters (temperature, pH,
and dissolved oxygen). In addition, the Spearman correlation coefficient () was used to
determine the strength of the correlation, since the data analyzed were not normally distributed.
The criteria for interpreting the strength of correlations were as follows: 0.00—0.39 no
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correlation to weak correlation; 0.40—-0.70 moderate correlation; and 0.70-1.00 strong corre-
lation (Abdullah et al. 2017; Amal et al. 2015).

To extract highly correlated variables from the data of physical-chemical parameters
(temperature, pH, and dissolved oxygen) and presence of S. agalactiae, a principal component
analysis (PCA) was performed using the R statistical program and plots were generated using
the same program.

Results
Clinical signs of tilapia

During sampling, external clinical signs related to streptococcosis were observed in some
individuals, including erratic swimming, lethargy, unilateral and bilateral exophthalmia,
melanosis of the skin, hemorrhagic lesions on the body and fins, granulomas in the brain,
and fibrinous layer covering internal organs such as the heart. The signs varied in severity,
depending on the stage of the disease in the fish collected (Fig. 1).

Isolation of total DNA in samples obtained from tilapia

The concentration of extracted DNA ranged from 2.9 to 591.8 ng/uL; the eyes were the organs
with the lowest concentrations followed by the liver. In contrast, the spleen was the organ with
the highest DNA concentrations obtained. The values of the two ratios obtained for the
samples were homogeneous, with purity values of 1.8 (260/280) and 2.0 (260/230) for brain
and spleen tissues, as well as values close to the standards (1.7-2.0 for 260/280 and 1.7-2.2 for
260/230) for the eyes and liver. By carrying out electrophoresis of the total DNA extracted of
the tissues, in organs such as the brain and spleen, high molecular weight bands without

Fig. 1 The most common clinical signs compatible with streptococcosis observed in tilapia sampled. a, b
Exophthalmia. ¢ Hemorrhagic lesions on the skin. d Lesions and hemorrhages on fins. Arrows point to the
specific injuries
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degradation were visualized, representing complete and highly concentrated DNA. Likewise,
the presence of degraded DNA was observed in the cases of the eyes and liver.

Detection of S. agalactiae and S. iniae by endpoint PCR

The endpoint PCR assay was found to be highly sensitive, with a detection limit of 0.001 ng of
S. agalactiae DNA (positive control ATCC® 12386™ added to total DNA from uninfected
tilapia tissue). The detection limit in tilapia organs (liver, spleen, brain, and eyes) was
approximately 0.01 ng of total DNA from samples infected with S. agalactiae (Supplementary
Material: Figures S1 and S2), with the liver showing the clearest positive amplification
products.

The detection of S. agalactiae was achieved by a partial amplification of the 16S rRNA region by
PCR, showing amplicons with an approximate size of 220 bp. The optimal annealing temperature for
duplex PCR detection was 53.2-56.8°C, because both products were strong and clear (Supplementary
Material, Figure S3). Of all the ponds analyzed, 60% (18/30) were positive, of which 33.3% (10/30)

Table 2 Endpoint PCR evaluation of the presence of S. agalactiae by amplifying a partial region of the 16S
rRNA gene in samples from different organs of tilapia (O. niloticus)

Pond number Organ
Eyes Spleen Brain Liver

49 + + + +
51 + - + +
53 + - +
56 - - - -
57 - - - -
129 + + + +
133 + + + +
134 - - - -
135A + + + +
135B + - + -
136A + - - -
136B + - - -
137 + + — _
138A + + + +
138B - - -

140 - - - -
141A + + + +
141B - - - -
142 - - - -
143A + - + +
143B - - - -
144 - - - -
145A + + + +
145B - - - -
146A + + + +
146B - + - -
147A + + + +
147B - - - -
148A + + + +
148B - - - -
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were found to have the bacteria in all four organs sampled, and the remaining 26.6% (8/30) were
positive for at least one of the organs (Table 2).

All the 120 tissue samples obtained were analyzed, showing that 45.8% (55/120) were
positive for S. agalactiae DNA. Of these, 30.9% (17/55) corresponded to the eyes, 23.6% (13/
55) to the liver, 23.6% (13/55) to the brain, and 21.8% (12/55) to the spleen. In contrast, all the
samples were negative for S. iniae, since no amplicons of the expected molecular weight were
visualized, only amplified the positive control.

The house-keeping tilapia gene (3-actin), used as an internal control, verified the integrity of the
total DNA obtained. It was visualized in all the samples with the expected molecular size (217 bp).

Taxonomic sequencing and positioning of Streptococcus sp.

The BLASTn analysis revealed that sequences derived from the PCR products obtained from the
molecular detection of the partial gene 16S rRNA showed a 99% similarity with the S. agalactiae
strains accessed in the GenBank (for example, accession MH628242), while the strain used as a
positive control for the detection of S. iniae showed a 99% similarity with a sequence of the S. iniae
IctO gene (accession EU086702). The sequences obtained were deposited in the GenBank: 16S
ribosomal RNA, partial sequence (MT560220 to MT560224), tetracycline resistance zet(O) gene,
partial cds (MT563160 to MT563163), and tet(M) gene, partial cds (MT569432).

The identity of the specific amplified products of the partial 16S rRNA gene was confirmed
by taxonomic placement analysis, which grouped the sequences of this study with the partial
sequences of S. agalactiae: MF113269, MH497587, and MH628242. The topology showed
that the strains analyzed are in the cluster containing the S. agalactiae sequences, with a branch
support value of 74% (Fig. 2).

NR_028664 (Streptococcus mitis)
L: GTR+G [ NR_028665 (Streptococcus pneumoniae)

M
16S ARNr = NR_117504 (Streptococcus suis)
MF1132689 (Streptococcus agalactiae)
MH497587 (Streptococcus agalactiae)
l ¢ MHG628242 (Streptococcus agalactiae)

M16_Pond 135 .
Pyogenic group

M38_Pond 133

87

M3_Pond 53
96

ap13o0[pbDp S 13ISN|)

M43_Pond 138

M4_Pond 53

NR_112088 (Streptococcus pyogenes)

99 I NR_113594 (Streptococcus equinus)
NR_044904 (Streptococcus gallolyticus)

NR_042778 (Streptococcus thermophilus) | Outgroup

Fig. 2 Taxonomic placement topology using maximum likelihood (ML) between sequences of this study and
partial sequences of the 16S ribosomal RNA gene obtained from the GenBank. The number on branches is the
bootstrap value (5000 repetitions). Streptococcus thermophilus is defined as an external group. Accession
numbers of the database sequences are shown in the terminal nodes of each branch
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AY660532 (Enterococcus faecalis)
CP022601 (Streptococcus pluranimalium)
CP021773 (Streptococcus agalactiae)
M25_Pond 49

71Q KC915030 (Staphylococcus aureus)
CP019978 (Streptococcus agalactiae)
KF514877 (Streptococcus uberis)

100 NGO048255 (Streptococcus pneumoniae)
ML: GTR+G NG048261 (Streptococcus pyogenes)
tet(0) / tet(M) M37_Pond 133

M16_Pond 135
M24_Pond 147
KY994102 (Streptococcus suis)

(0)122 @2ue3sisads aulpAdens]

5ok MH784364 (Streptococcus salivarius)
GU318222 (Streptococcus agalactiae)
=1 AY057894 (Staphylococcus aureus)
MG029528 (Enterococcus faecalis)
M25_Pond 49

EF016118 (Streptococcus suis)

Tetracycline resistance tet(M)

02

Fig. 3 Taxonomic placement topology using maximum likelihood (ML), between sequences of this study and
GenBank partial sequences of the antimicrobial resistance genes fe(O) and fef(M) of different bacterial sources.
The number in the branches is the bootstrap value (5000 repetitions). Accession numbers of the database
sequences are shown in the terminal nodes of each branch

Detection of antimicrobial resistance genes by endpoint PCR and taxonomic
placement analysis

Of the 55 samples positive for S. agalactiae, 29.1% (16/55) showed the presence of the tet(O)
gene, 12.7% (7/55) for tettM) (Supplementary Material: Figure S4, Tables S1 and S2), and
1.8% (1/55) for the gene erm(B), while fex(A) was not detected in any sample. The sequences
obtained from the detection of the ARG fet(O) were compared with reference sequences in the
GenBank, finding 97.45 to 100% identity with sequences from the tetracycline resistance
protein (fetO) gene, complete cds (for example, accessions MT383669, MH837959,

Table 3 Mean and standard deviation (SD) values for the water quality parameters analyzed and their correlation
with the presence of S. agalactiae

Parameter Value Spearman’s correlation Correlation P value
coefficient strength

Mean + SD Min. Max.

Temperature 25.54 + 23.01 27.26 0.6291 Moderate 0.00027##*
(°C) 1.28

pH 740+0.11 7.19 7.66 —0.0275 Weak 0.8851

Oxygen (mg/L) 6.39+1.79 3.83 10.16 —0.2477 Weak 0.1870

Asterisks (***) indicate significant correlation: ***P<0.001

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2346 Aquaculture International (2021) 29:2337-2355

MT176412). On the other hand, the amplicon generated from molecular detection of the partial
gene fet(M) shows 100% identity with the accession MT383666, corresponding to the
tetracycline resistance protein (tefM) gene, complete cds.

Because the analysis for the detection of ARGs was carried out directly on tilapia tissues, a
taxonomic positioning tree was constructed to confirm the identity and bacterial source of the
sequenced fef(O) and fet(M) genes. The topology of the tree showed that the M25 sequence,
obtained from pond 49 for te#(M), was grouped in the clade that includes S. agalactiae, with a
branch support value of 59%. However, the identity of the fetf(M) gene is more related to other
species of the genus Streptococcus. This also occurred with the sequences obtained for fet(M),
which were grouped with different species of the Streptococcus genus including S. agalactiae,
with a bootstrap support value of 71%. The partial fe#(O) and tet(M) sequences of sample M25
and the fet(M) sequence of samples M16, M24, and M37 revealed the molecular identity of
traces of antimicrobial resistance genes (ARGs), which suggests their presence within tilapia
culture ponds identified as 49, 133, 135, and 147 (Fig. 3).

Water quality and statistical analysis

The average values of temperature, dissolved oxygen, and median pH are shown in Table 3. A
moderate but significant positive correlation was obtained at a 95% confidence level (r =
0.6291, n =30, P = 0.0002) between temperature and the presence of S. agalactiae, whereas a
weak and non-significant negative correlation was found between the presence of S. agalactiae
and pH, and S agalactiae - dissolved oxygen (Table 3). The mean values and standard
deviations of the remaining parameters were as follows: ammonia (0.20 + 0.06 mg/L),
alkalinity (35.61 + 18.04 mg/L), potassium (1.75 £+ 1.20 mg/L), nitrite (0.01 £ 0.01 mg/L),
hardness (28.17 + 2.06 mg/L), phosphate (0.17 = 0.05 mg/L), and nitrate (1.56 + 0.61 mg/L).

The PCA results showed that the first component (dissolved oxygen) explained 50.61%
of the total variance in the data set, while the second component (pH) explained a further
32.65%. Altogether, both components explained 83.27% of the variance. The eigenvalues
were 2.02 and 1.30 for components 1 and 2, respectively. Figure 4 graphically shows the
correlation between the vectors corresponding to temperature and the presence of bacteria
(r=0.6291).

Discussion

Clinical signs of tilapia individuals

The clinical signs displayed by the tilapia used in this study correspond to those caused by
streptococcosis. These signs included lethargy, anorexia, curvature of the body, distended
abdomen, corneal opacity (unilateral or bilateral), exophthalmia, petechial hemorrhage of the
skin, discolored liver, enlarged spleen, and pallored gills (Abuseliana et al. 2011; Al-Harbi
2016; Anshary et al. 2014).

Isolation of total DNA in samples obtained from tilapia

The DNA extraction method successfully provided optimal DNA purity, except for some
samples taken from the eyes and liver. These variations can be attributed to the composition of
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1.0-
pH

05-

-05-

-1.0-

-1.0 -05 0.0 0.5 1.0
PC1(50.6)

Fig. 4 Principal component analysis of the correlations between physicochemical variables and presence of
S. agalactiae. Graphical representation of the main components (PC1): dissolved oxygen and (PC2): pH, which
explain 83.27% of the variance. T, temperature; B, presence of S. agalactiae; pH, power of hydrogen; O,
dissolved oxygen

the organs. The eye has a large amount of pigmented epithelium—a tissue with high content of
melanin granules (King-Smith et al. 2014). Also, teleost eyes have been reported to contain
significant amounts of lipids such as triacylglycerols and phospholipids, which can interfere
with the DNA purity (Stoknes et al. 2004). These components in the eye may have contributed
to the decreased quality of DNA obtained in some samples. In the liver, nucleic acids are
exposed to rapid degradation due to high levels of nucleases and other circulating enzymes,
and are susceptible to contamination by bile salts, affecting DNA stability and purity (Wong
et al. 2012). Some degradation of liver DNA may have occurred during dissection; nonethe-
less, for most of the samples, an adequate DNA isolation procedure and lack of inhibitors were
observed since the amplification of the fish internal control gene was successful.

PCR detection of S. agalactiae and 8. iniae
The PCR technique for the detection of S. agalactiae was highly sensitive to amplify a partial

region of the 16S rRNA gene, to a concentration of 0.01 ng of infected tilapia DNA and
0.001 ng of bacterial DNA mixed with total DNA from a healthy tilapia (Supplemental
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Figure S1 and S2). A lower detection limit (0.0001 ng) was reported by Rodkhum et al. (2012)
for the diagnosis of S. iniae and S. agalactiae in tilapia tissues by duplex endpoint PCR.

The bacterium S. agalactiae DNA was efficiently detected in tissues of the eyes, spleen,
brain, and liver through amplification of the 16S rRNA gene. This agrees with other studies
that successfully identified S. agalactiae in the brain, kidney, and spleen from farmed red
tilapia (Oreochromis sp.) (Abuseliana et al. 2011). Furthermore, diagnosis of S. iniae and
S. agalactiae isolated from the liver, spleen, brain, eyes, and kidney of tilapia has been
reported through the use of multiplex PCR, by amplification of the /cfO gene and the 16S
rRNA gene, respectively (Dangwetngam et al. 2016). The /ctO gene has also been used to
directly detect the presence of S. iniae in infected tilapia tissues (Rahmatullah et al. 2017).
Strains of S. iniae have also been identified and characterized directly from heart, kidney, and
spleen tissues in infected tilapia by PCR amplification of the 16S rRNA gene, followed by
sequencing (Ortega et al. 2018). The 16S rRNA gene has also been used for the identification
and molecular characterization of both species (Jantrakajorn et al. 2014).

Hernandez et al. (2009) showed that S. agalactiae has preference for infecting certain
organs, such as the brain, eyes, and heart (71.2%, 43.7%, and 37.1%, respectively). The brain
and eyes have been reported as target tissues, with the optic nerve identified as a transport
route between these organs (Su et al. 2017). This agrees with the present results, where the
highest percentage of positives (30.9%) was obtained from the eyes, followed by the brain and
liver (23.6%), and, to a lesser extent, the spleen (21.8%). That is, it was detected in all sampled
organs.

Taxonomic placement of Streptococcus sp. and detection of antimicrobial resistance
genes

The genus Streptococcus has been divided into six taxonomic groups, based on the similarity
of the 16S rRNA gene: pyogenic, anginosus, mitis, mutans, salivarius, and bovis. The species
S. agalactiae is classified within the pyogenic group (Kawamura et al. 1995; Lal et al. 2011).
The same result was found with the taxonomic positioning topology of this study, in which
S. agalactiae and S. pyogenes were found to be phylogenetically closer to each other than to
any of the remaining species.

The taxonomic placement tree based on the 16S ribosomal RNA gene is very useful to
distinguish the different species of the genus Strepfococcus, positioning them in well-
supported taxonomic clusters, except for S. pneumoniae and S. mitis species, which both have
a high similarity for this gene and are consistently grouped together (Al-Harbi 2016; Figuei-
redo et al. 2012; Lal et al. 2011; Piamsomboon et al. 2020). The findings of the present study
agree with those of other works, taxonomically locating the 16S rRNA gene of S. agalactiae
by means of tissue-directed analyses. The present study made the taxonomic placement
analysis of S. agalactiae from tissues of farmed tilapia using molecular techniques in the
Northern Pacific region of Costa Rica.

On the other hand, the presence of genes that confer tetracycline resistance was found in
ponds that have been treated with the antibiotics oxytetracycline and florfenicol. The propor-
tion of samples showing the presence of the fef(O) gene (29.1%) was higher than the
proportion of samples (12.7%) containing the zef(M) gene. In contrast to the results obtained
in this study, Zeng et al. (2006) found a considerably higher percentage: 80.7% (413/512) of
S. agalactiae isolates with the fet(M) gene, while only 4.9% (25/512) contained the fet(O)
gene. Likewise, various authors have confirmed the presence of tetracycline resistance genes in

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Aquaculture International (2021) 29:2337-2355 2349

aquaculture farms, with a higher prevalence of tef(M) (Dangwetngam et al. 2016; Higuera-
Llantén et al. 2018; Liang et al. 2018; Nguyen et al. 2017; Suanyuk et al. 2008; Tamminen
et al. 2011; Zeng et al. 2006). It is possible that this gene has global distribution since it is
frequently associated with mobile elements such as transposons and plasmids (Higuera-
Llantén et al. 2018). It is worth to notice that tetracycline resistance genes persist in aquacul-
ture environments and do not disappear in the long term, long after use of antibiotics was
stopped (Tamminen et al. 2011).

Similarly, studies have identified the presence of other antibiotic resistance genes such as
erythromycin (erm genes) and macrolides (mef genes) in aquaculture (Zeng et al. 2006).
Nguyen et al. (2017) reported 6.3% (5/79) of isolates carrying the erm gene (B), while Zeng
et al. (2006) reported a similar proportion, 6.6% (25/512). The present study detected the
presence of erm(B) in only one sample (1.8%), a lower proportion with respect to the fet genes
found. This was probably due to the selection of these genes by the application of oxytetra-
cycline, while erythromycin was not used. However, it is possible to find bacteria carrying
resistance genes despite they have not been exposed to antibiotics, by acquiring plasmids or
other extrachromosomal elements with ARGs (Allen et al. 2010). Also, a direct positive
correlation has been shown between the concentration of residues of applied antibiotics such
as oxytetracycline, tetracycline, and florfenicol in tissues of tilapia and resistance to multiple
drugs (Monteiro et al. 2016; Rodriguez-Mozaz et al. 2015). This shows that the continuous use
of antibiotics reduces their efficacy and promotes the selection of ARGs (Rodriguez-Mozaz
et al. 2015). Also, reports of the presence of florfenicol resistance genes (fex genes) have been
done in aquaculture farms (Zhang et al. 2020). Nonetheless, in the present study, resistance
genes for that antibiotic were not detected in the analyzed samples. In the present study, it was
not possible to confirm by molecular methods that the tetracycline resistance genes detected in
tilapia tissues infected with S. agalactiae were identical to partial fragments of ARGs from
S. agalactiae. This could be explained because aquaculture environments have been described
as reservoirs of ARGs, due to the constant application of antibiotics (Harnisz et al. 2015) and
the presence of other opportunistic bacteria such as Flavobacterium columnare, Edwardsiella
sp. (Huicab-Pech et al. 2017), Aeromonas sp. (Liu et al. 2020), Francisella sp. (Mauel et al.
2007), and Mycobacterium sp. (Wamala et al. 2018), which are also carriers of ARGs in tilapia
ponds (Preena et al. 2020; Wamala et al. 2018). These pathogens can be detected in internal
organs of infected tilapia (brain, heart, liver, reproductive organs, spleen, kidney) (Huicab-
Pech et al. 2017; Preena et al. 2020), some of them cause symptoms similar to streptococcosis,
such as exophthalmia and granulomas (Mauel et al. 2007; Wamala et al. 2018). In addition,
other frequent bacterial communities that promote the dispersal of ARGs, through mobile
genetic elements available in aquaculture environments, are Bacillus sp. (Yuan et al. 2019),
Acinetobacter sp., Enterobacter sp., Escherichia coli (Harnisz et al. 2015), and Staphylococcus
sp. (Mahmoud and Abdel-Mohsein 2019). The most frequent ARG subtypes in aquaculture
are tetracycline resistance genes (fef) (Harnisz et al. 2015; Mahmoud and Abdel-Mohsein
2019).

Water quality and statistical analysis

The results showed a positive correlation between the presence of S. agalactiae and water
temperature, which is consistent with reports that have shown that temperature is the main
factor positively correlated with the presence and virulence of Streptococcus sp. (Al-Harbi
2016; Amal et al. 2015; Suanyuk et al. 2008).
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Water temperature affects the metabolic profile of the fish, reducing their capacity to
survive infection (Zhao et al. 2015), and induces an increase in hemolytic activity and viability
of group B Streptococcus (GBS), which are determining factors during the infection process. It
has also been reported that many virulence factors are over-expressed at high temperatures
(Kayansamruaj et al. 2014a). Another factor positively correlated with temperature is antibiotic
multi-resistance. However, the cause of this correlation has not yet been established and it may
also be influenced by multiple factors (Reverter et al. 2020).

A similar study determined the association between water quality in tilapia culture ponds
and the presence of S. agalactiae. 1t found a significant positive correlation between the
temperature, clarity and pH of the water, and presence of bacteria in cultured fish (Amal et al.
2015). In the present study, only temperature was strongly correlated with bacterial presence,
while the other two parameters had only a moderate correlation. These results can be attributed
to the type of sampling carried out in a single farm and within a short time interval (July of
2017 to February of 2018). These sampling characteristics hamper the probability of finding a
significant association between the physicochemical parameters and presence of bacteria.

In conclusion, the present study determined the presence of S. agalactiae and the absence of
S. iniae in samples of tilapia in the Northern Pacific region of Costa Rica. Based on the
analysis of various tissues (liver, spleen, brain, and eyes), S. agalactiae was most frequent in
ocular tissue. The statistical analyses showed that temperature was the main physicochemical
parameter positively correlated with the presence of S. agalactiae in tilapia culture ponds.
Molecular analyses from infected tissues taxonomically placed S. agalactiae within the
pyogenic group, providing molecular identity. The presence of tetracycline resistance genes
from tilapia tissues identified with S. agalactiae DNA was recorded in a single farm located in
the Northern Pacific region of Costa Rica. However, as future prospects, complementary
studies on Streptococcus sp. serotype distribution and antibiotic resistance genes from tilapia
cultured in Costa Rica could contribute to the knowledge of S. agalactiae and S. iniae
infections in tilapia farming worldwide.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s10499-021-00751-0.

Acknowledgements To Hanzel Sanabria Arroyo and Karolina Ramos Jiménez for their assistance in molecular
assays. Also to Rebeca Rojas Alfaro for her support in microbiological approach. To the Vicerrectoria de
Investigacion of Universidad Nacional for their support in the English language editing.

Availability of data and material The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability Not applicable

Author contribution The authors contributed to the study as follows:
Karen Oviedo-Bolaiios: designed study, collected material, analyzed data, and drafted paper.
Jorengeth Abad Rodriguez-Rodriguez: collected material, analyzed data, and drafted paper.
Carolina Sancho-Blanco: obtained economic funds, collected material, analyzed data, and drafted paper.
Juan Esteban Barquero-Chanto: obtained economic funds, collected material, and drafted paper.

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Aquaculture International (2021) 29:2337-2355 2351

Nelson Pefia Navarro: obtained economic funds, analyzed data, and drafted paper.

Cesar Marcial Escobedo-Bonilla: designed study, analyzed data, and drafted paper.

Rodolfo Umaia-Castro: obtained economic funds, designed study, analyzed data, and drafted paper.

The first draft of the manuscript was written by Karen Oviedo-Bolafios, and all authors commented on
previous versions of the manuscript. All authors read and approved the final manuscript.

Funding This work was financed by Fittacori funds # F33-17: “Determination of water quality and the presence
of opportunistic pathogenic bacteria that affect the productivity of aquaculture systems in Costa Rica.”

Declarations

Ethics approval The animals used for this study were handled according to the Animal Welfare Law # 7451 of
the Republic of Costa Rica.

Consent to participate Not applicable
Consent for publication Not applicable

Conflict of interest The authors declare no competing interests.

References

Abdullah A, Ramli R, Ridzuan MSM, Murni M, Hashim S, Sudirwan F et al (2017) The presence of
Vibrionaceae, Betanodavirus and Iridovirus in marine cage-cultured fish: role of fish size, water physico-
chemical parameters and relationships among the pathogens. Aquaculture Reports 7:57-65. https://doi.org/
10.1016/j.aqrep.2017.06.001

Abuseliana AF, Daud HHM, Aziz SA, Bejo SK, Alsaid M (2011) Pathogenicity of Streptococcus agalactiae
isolated from a fish farm in Selangor to juvenile red tilapia (Oreochromis sp.). ] Anim Vet Adv 10(7):914—
919

Al-Harbi AH (2016) Phenotypic and genotypic characterization of Streptococcus agalactiae isolated from hybrid
tilapia (Oreochromis niloticus % O. aureus). Aquaculture 464:515-520. https://doi.org/10.1016/J.
AQUACULTURE.2016.07.036

Allen HK, Donato J, Wang HH, Cloud-Hansen KA, Davies J, Handelsman J (2010) Call of the wild: antibiotic
resistance genes in natural environments. Nat Rev Microbiol 8(4):251-259. https://doi.org/10.1038/
nrmicro2312

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol Biol
215(3):403-410. https://doi.org/10.1016/S0022-2836(05)80360-2

Amal MNA, Saad MZ, Zahrah AS, Zulkafli AR (2015) Water quality influences the presence of Streptococcus
agalactiae in cage cultured red hybrid tilapia, Oreochromis niloticus x Oreochromis mossambicus. Aquac
Res 46(2):313-323. https://doi.org/10.1111/are.12180

American Public Health Association (APHA) (1989) Standard method for examination of water and wastewater,
17th edn. American Public Health Association, Washington, DC

Anshary H, Kurniawan RA, Sriwulan S, Ramli R, Baxa DV (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(627):1-11. https://doi.org/10.1186/2193-1801-3-627

Asencios YO, Sanchez FB, Mendizabal HB, Pusari KH, Alfonso HO, Sayan AM et al (2016) First report of
Streptococcus agalactiae isolated from Oreochromis niloticus in Piura, Peru: molecular identification and
histopathological lesions. Aquaculture Reports 4:74—79. https://doi.org/10.1016/j.aqrep.2016.06.002

Azad IS, Al-Marzouk A, James CM, Almatar S, Al-Gharabally H, Qasem JA (2012) Outbreak of natural
Streptococcosis in hatchery produced silver pomfret (Pampus argenteus Euphrasen) larvae in Kuwait.
Aquaculture 330:15-20. https://doi.org/10.1016/j.aquaculture.2011.12.010

Castresana J (2000) Selection of conserved blocks from multiple alignments for their use in phylogenetic
analysis. Mol Biol Evol 17(4):540-552. https://doi.org/10.1093/oxfordjournals.molbev.a026334

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2352 Aquaculture International (2021) 29:2337-2355

Chen M, Li LP, Wang R, Liang WW, Huang Y, Li J et al (2012) PCR detection and PFGE genotype analyses of
streptococcal clinical isolates from tilapia in China. Vet Microbiol 159(3-4):526-530. https://doi.org/10.
1016/J.VETMIC.2012.04.035

Cui M, Zhang H, Li J, Liu R, Wu M, Xu D, Zhang Q (2019) Differential PCR detection of Streptococcus
agalactiae and Streptococcus iniae in tilapia (Oreochromis niloticus) by a single primer pair. J Fish Dis
42(8):1211. https://doi.org/10.1111/jfd.13014

Dangwetngam M, Suanyuk N, Kong F, Phromkunthong W (2016) Serotype distribution and antimicrobial
susceptibilities of Streptococcus agalactiae isolated from infected cultured tilapia (Oreochromis niloticus) in
Thailand: nine-year perspective. ] Med Microbiol 65(3):247-254. https://doi.org/10.1099/jmm.0.000213

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods 9(8):772-772. https://doi.org/10.1038/nmeth.2109

de Oliveira TF, Queiroz GA, Teixeira JP, Figueiredo HCP, Leal CAG (2018) Recurrent Streptococcus agalactiae
infection in Nile tilapia ( Oreochromis niloticus ) treated with florfenicol. Aquaculture 493:51-60. https://
doi.org/10.1016/j.aquaculture.2018.04.037

Deng L, Li Y, Geng Y, Zheng L, Rehman T, Zhao R et al (2019) Molecular serotyping and antimicrobial
susceptibility of Streptococcus agalactiae isolated from fish in China. Aquaculture 510:84-89. https://doi.
org/10.1016/j.aquaculture.2019.05.046

Engelbrecht F, Moyo SR, Maposa I, Mukesi M, Khan S (2017) The antimicrobial susceptibility and gene based
resistance of Streptococcus agalactiae (Group B Streptococcus), in pregnant women in Windhoek (Khomas
region), Namibia. Medical Technology SA 30(2):9-14

Evans JJ, Klesius PH, Gilbert PM, Shoemaker CA, Al Sarawi MA, Landsberg J et al (2002) Characterization of
beta-haemolytic Group B Streptococcus agalactiae in cultured seabream, Sparus auratus L, wild mullet,
Liza kiunzingeri (Day): in Kuwait. J Fish Dis 25(9):505-513. https:/doi.org/10.1046/j.1365-2761.2002.
00392.x

Evans JJ, Shoemaker CA, Klesius PH (2003) Effects of sublethal dissolved oxygen stress on blood glucose and
susceptibility to Streptococcus agalactiae in Nile tilapia Oreochromis niloticus. J Aquat Anim Health 15(3):
202-208. https://doi.org/10.1577/H03-024

Figueiredo HCP, Nobrega Netto L, Leal CAG, Pereira UP, Mian GF (2012) Streptococcus iniae outbreaks in
Brazilian Nile tilapia (Oreochromis niloticus L:) farms. Braz J Microbiol 43(2):576-580. https://doi.org/10.
1590/S1517-83822012000200019

Hamisz M, Korzeniewska E, Gota$ I (2015) The impact of a freshwater fish farm on the community of
tetracycline-resistant bacteria and the structure of tetracycline resistance genes in river water.
Chemosphere 128:134—141. https://doi.org/10.1016/j.chemosphere.2015.01.035

Hemandez E, Figueroa J, Iregui C (2009) Streptococcosis on a red tilapia, Oreochromis sp., farm: a case study. J
Fish Dis 32(3):247-252. https://doi.org/10.1111/j.1365-2761.2008.00981.x

Higuera-Llantén S, Vasquez-Ponce F, Barrientos-Espinoza B, Mardones FO, Marshall SH, Olivares-Pacheco J
(2018) Extended antibiotic treatment in salmon farms select multiresistant gut bacteria with a high preva-
lence of antibiotic resistance genes. PLoS One 13(9):¢0203641. https://doi.org/10.1371/journal.pone.
0203641

Huicab-Pech ZG, Castaneda-Chavez MR, Lango-Reynoso F (2017) Pathogenic bacteria in Oreochromis
niloticus var. Stirling tilapia culture. Fish Aquac J 8(2):1-7. https://doi.org/10.4172/2150-3508.1000197

INCOPESCA (Instituto Costarricense de Pesca y Acuicultura) (2020) Produccion acuicola segun especie
cultivada por periodo. 2016-2020 [Aquaculture production according to species cultivated by period.
2016-2020]

Ismail NIA, Amal MNA, Shohaimi S, Saad MZ, Abdullah SZ (2016) Associations of water quality and bacteria
presence in cage cultured red hybrid tilapia, Oreochromis niloticus * O. mossambicus. Aquaculture Reports
4:57-65. https://doi.org/10.1016/j.aqrep.2016.06.004

Jaglarz A, Gurgul A, Leigh WJ, Costa JZ, Thompson KD (2018) Complete genome sequences of three fish-
associated Streptococcus agalactiae isolates. Genome Announcements 6(6):¢00025-e00018. https://doi.org/
10.1128/genomeA.00025-18

Jantrakajorn S, Maisak H, Wongtavatchai J (2014) Comprehensive investigation of Streptococcosis outbreaks in
cultured Nile tilapia, Oreochromis niloticus , red tilapia, Oreochromis sp., of Thailand. J World Aquacult
Soc 45(4):392-402. https://doi.org/10.1111/jwas.12131

Kawamura Y, Hou XG, Sultana F, Miura H, Ezaki T (1995) Determination of 16S rRNA sequences of
Streptococcus mitis and Streptococcus gordonii and phylogenetic relationships among members of the
genus Streptococcus. Int J Syst Bacteriol 45(2):406-408. https://doi.org/10.1099/00207713-45-2-406

Kayansamruaj P, Pirarat N, Hirono I, Rodkhum C (2014a) Increasing of temperature induces pathogenicity of
Streptococcus agalactiae and the up-regulation of inflammatory related genes in infected Nile tilapia
(Oreochromis niloticus). Vet Microbiol 172(1-2):265-271. https://doi.org/10.1016/J.VETMIC.2014.04.013

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Aquaculture International (2021) 29:2337-2355 2353

Kayansamruaj P, Pirarat N, Katagiri T, Hirono I, Rodkhum C (2014b) Molecular characterization and virulence
gene profiling of pathogenic Streptococcus agalactiae populations from tilapia (Oreochromis sp.) farms in
Thailand. J Vet Diagn Investig 26(4):488—495. https://doi.org/10.1177/1040638714534237

Kehrenberg C, Schwarz S (2006) Distribution of florfenicol resistance genes fexA and cfr among
chloramphenicol-resistant Staphylococcus isolates. Antimicrob Agents Chemother 50(4):1156-1163.
https://doi.org/10.1128/AAC.50.4.1156-1163.2006

King-Smith C, Vagnozzi RJ, Fischer NE, Gannon P, Gunnam S (2014) Orientation of actin filaments in teleost
retinal pigment epithelial cells, the effect of the lectin, Concanavalin A, on melanosome motility. Vis
Neurosci 31(01):1-10. https://doi.org/10.1017/S0952523813000618

Lal D, Verma M, Lal R (2011) Exploring internal features of 16S rRNA gene for identification of clinically
relevant species of the genus Streptococcus. Ann Clin Microbiol Antimicrob 10(1):28. https://doi.org/10.
1186/1476-0711-10-28

Lancefield RC (1933) A serological differentiation of human and other groups of hemolytic streptococci. J Exp
Med 57(4):571-595. https://doi.org/10.1084/JEM.57.4.571

Levy SB, McMurry LM, Barbosa T M, Burdett V, Courvalin P, Hillen et al (1999) Nomenclature for new
tetracycline resistance determinants. Antimicrob Agents Chemother 43(6):1523—1524. http://www.ncbi.nlm.
nih.gov/pubmed/10348788

Li YW, Liu L, Huang PR, Fang W, Luo ZP, Peng HL et al (2014) Chronic streptococcosis in Nile tilapia,
Oreochromis niloticus (L.): caused by Streptococcus agalactiae. J Fish Dis 37(8):757-763. https://doi.org/
10.1111/fd.12146

Liang J, Huang L, Wei M, Ma S, Li S, Wen Y, Meng W, Huang S, Huang J (2018) Detection of antibiotics
resistance and tetracycline resistance genes in Streptococcus agalactiae from tilapia in Guangxi. Journal of
Southern Agriculture 49(10):2077-2086. https://doi.org/10.3969/j.issn.2095-1191.2018.10.26

Liu S, Zhou A, Xie S, Sun D, Zhang Y, Sun Z et al (2020) Immune-related genes expression analysis of Western
mosquitofish (Gambusia affinis) challenged with Aeromonas hydrophila. Fish & Shellfish Immunology
102(2020):9-100. https://doi.org/10.1016/).£51.2020.04.009

Locke JB, Colvin KM, Varki N, Vicknair MR, Nizet V, Buchanan JT (2007) Streptococcus iniae [3-hemolysin
streptolysin S is a virulence factor in fish infection. Dis Aquat Org 76(1):17-26. https://doi.org/10.3354/
dao076017

Lopez-Porras A, Elizondo C, Chaves AJ, Camus AC, Griffin MJ, Kenelty K et al (2019) Application of
multiplex quantitative polymerase chain reaction methods to detect common bacterial fish pathogens in
Nile tilapia, Oreochromis niloticus, hatcheries in Costa Rica. J World Aquacult Soc 50(3):645-658. https://
doi.org/10.1111/jwas.1257

MAG (2007) Tilapia. MAG biblioteca virtual [MAG virtual library]. http://www.mag.go.cr/bibliotecavirtual/
E70-9313.pdf

Mahmoud MA, Abdel-Mohsein HS (2019) Hysterical tetracycline in intensive poultry farms accountable for
substantial gene resistance, health and ecological risk in Egypt- manure and fish. Environ Pollut 255:113039.
https://doi.org/10.1016/j.envpol.2019.113039

Mauel MJ, Soto E, Moralis JA, Hawke J (2007) A piscirickettsiosis-like syndrome in cultured Nile tilapia in
Latin America with Francisella spp. as the pathogenic agent. J Aquat Anim Health 19(1):27-34. https://doi.
org/10.1577/H06-025.1

Monteiro SH, Garcia F, Gozi KS, Romera DM, Francisco JG, Moura-Andrade GCR, Tornisielo VL (2016)
Relationship between antibiotic residues and occurrence of resistant bacteria in Nile tilapia ( Oreochromis
niloticus ) cultured in cage-farm. Journal of Environmental Science and Health 51(12):817-823. https://doi.
org/10.1080/03601234.2016.1208457

Najiah M, Aqilah NI, Lee KL, Khairulbar Z, Mithun S, Jalal KCA et al (2012) Massive mortality associated with
Streptococcus agalactiae infection in cage-cultured red hybrid tilapia Oreochromis niloticus in Como River,
Kenyir Lake, Malaysia. J Biol Sci 12(8):438-442. https://doi.org/10.3923/jbs.2012.438.442

Ndong D, Chen YY, Lin YH, Vaseeharan B, Chen JC (2007) The immune response of tilapia Oreochromis
mossambicus and its susceptibility to Streptococcus iniae under stress in low and high temperatures. Fish
and Shellfish Immunology 22(6):686—694. https://doi.org/10.1016/}.51.2006.08.015

Nguyen TTT, Nguyen HT, Tsai MA, Byadgi O, Wang PC, Yoshida T, Chen SC (2017) Genetic diversity,
virulence genes, antimicrobial resistance of Streptococcus dysgalactiae isolates from different aquatic animal
sources. Aquaculture 479:256-264. https://doi.org/10.1016/J.AQUACULTURE.2017.06.002

Ortega C, Garcia I, Irgang R, Fajardo R, Tapia-Cammas D, Acosta J, Avendafio-Herrera R (2018) First
identification and characterization of Streptococcus iniae obtained from tilapia ( Oreochromis aureus )
farmed in Mexico. J Fish Dis 41(5):773-782. https://doi.org/10.1111/jd.12775

Pei R, Kim SC, Carlson KH, Pruden A (2006) Effect of river landscape on the sediment concentrations of
antibiotics and corresponding antibiotic resistance genes (ARG). Water Res 40(12):2427-2435. https://doi.
org/10.1016/J.WATRES.2006.04.017

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2354 Aquaculture International (2021) 29:2337-2355

Piamsomboon P, Thanasaksiri K, Murakami A, Fukuda K, Takano R, Jantrakajorn S, Wongtavatchai J (2020)
Streptococcosis in freshwater farmed seabass Lates calcarifer and its virulence in Nile tilapia Oreochromis
niloticus. Aquaculture 523:735189. https://doi.org/10.1016/j.aquaculture.2020.735189

Pradeep PJ, Suebsing R, Sirthammajak S, Kampeera J, Jitrakorn S, Saksmerprome V et al (2016) Evidence of
vertical transmission and tissue tropism of Streptococcosis from naturally infected red tilapia (Oreochromis
spp.). Aquaculture Reports 3:58-66. https://doi.org/10.1016/j.aqrep.2015.12.002

Preena PG, Dharmaratnam A, Jayadradhan Rejish Kumar V, Swaminathan TR (2020) Plasmid-mediated
antimicrobial resistance in motile acromonads from diseased Nile tilapia (Oreochromis niloticus). Aquac
Res 2020:1-12. https://doi.org/10.1111/are.14886

Pretto-Giordano LG, Miiller EE, Freitas JC, da Silva VG (2010) Evaluation on the pathogenesis of Streptococcus
agalactiae in Nile tilapia (Oreochromis niloticus). Braz Arch Biol Technol 53(1):87-92. https://doi.org/10.
1590/S1516-89132010000100011

Rahmatullah M, Ariff M, Kahieshesfandiari M, Daud HM, Zamri-Saad M, Sabri MY et al (2017) Isolation and
pathogenicity of Streptococcus iniae in cultured red hybrid tilapia in Malaysia. J Aquat Anim Health 29(4):
208-213. https://doi.org/10.1080/08997659.2017.1360411

Rambaut A (2009) FigTree v1. 3.1: Tree figure drawing tool. In: Institute of Evolutionary Biology. University of
Edinburgh, Edinburgh Retrieved from http://tree.bio.ed.ac.uk/software/figtree/

Reverter M, Sarter S, Caruso D, Avarre J-C, Combe M, Pepey E et al (2020) Aquaculture at the crossroads of
global warming and antimicrobial resistance. Nat Commun 11(1):1-8. https://doi.org/10.1038/s41467-020-
15735-6

Rodkhum C, Kayansamruaj P, Pirarat N, Wongtawatchai J (2012) Duplex PCR for simultaneous and unambig-
uous detection of Streptococcus iniae and Streptococcus agalactiae associated with streptococcosis of
cultured tilapia in Thailand. The Thai Journal of Veterinary Medicine 42(2):153—-158 https://he01.tci-
thaijo.org/index.php/tjvi/article/view/10942

Rodriguez-Mozaz S, Chamorro S, Marti E, Huerta B, Gros M, Sanchez-Melsio A et al (2015) Occurrence of
antibiotics and antibiotic resistance genes in hospital and urban wastewaters and their impact on the
receiving river. Water Res 69:234-242. https://doi.org/10.1016/J.WATRES.2014.11.021

Salvador R, Muller EE, de Freitas JC, Leonhadt JH, Pretto-Giordano LG, Dias JA (2005) Isolation and
characterization of Streptococcus spp. group B in Nile tilapias (Oreochromis niloticus) reared in hapas nets
and earth nurseries in the northern region of Parana State, Brazil. Ciéncia Rural 35(6):1374-1378. https://doi.
org/10.1590/50103-84782005000600023

Sanchez A, Cambronero P (2016) Diagndstico sobre el mercado de la carne de pescado en Costa Rica [Diagnosis
of the fish market in Costa Rica]. http:/reventazon.meic.go.cr/informacion/estudios/2016/pescado.pdf

Seyfried EE, Newton RJ, Rubert KF, Pedersen JA, McMahon KD (2010) Occurrence of tetracycline resistance
genes in aquaculture facilities with varying use of oxytetracycline. Microb Ecol 59(4):799-807. https://doi.
org/10.1007/500248-009-9624-7

Sidhu PK, Smith SA, Mayer C, Magnin G, Kuhn DD, Jaberi-Douraki M, Coetzee JF (2018) Comparative
pharmacokinetics of oxytetracycline in tilapia (Oreochromis spp.) maintained at three different salinities.
Aquaculture 495:675-681. https://doi.org/10.1016/j.aquaculture.2018.06.044

Stamatakis A, Ludwig T, Meier H (2005) RAXML-III: a fast program for maximum likelihood-based inference
of large phylogenetic trees. Bioinformatics 21(4):456-463. https://doi.org/10.1093/bioinformatics/bti191

Stoknes IS, @kland HMW, Falch E, Synnes M (2004) Fatty acid and lipid class composition in eyes and brain
from teleosts and elasmobranchs. Comp Biochem Physiol B: Biochem Mol Biol 138(2):183-191. https://
doi.org/10.1016/j.cbpc.2004.03.009

Su Y, Feng J, Liu C, Li W, Xie Y, Li A (2017) Dynamic bacterial colonization and microscopic lesions in
multiple organs of tilapia infected with low and high pathogenic Streptococcus agalactiae strains.
Aquaculture 471:190-203. https://doi.org/10.1016/j.aquaculture.2017.01.013

Suanyuk N, Kong F, Ko D, Gilbert GL, Supamattaya K (2008) Occurrence of rare genotypes of Streptococcus
agalactiae in cultured red tilapia Oreochromis sp. and Nile tilapia O. niloticus in. Thailand—relationship to
human isolates? Aquaculture 284(1—4):35-40. https://doi.org/10.1016/j.aquaculture.2008.07.034

Sutcliffe J, Grebe T, Tait-Kamradt A, Wondrack L (1996) Detection of erythromycin-resistant determinants by
PCR. Antimicrob Agents Chemother 40(11):2562-2566. https://doi.org/10.1128/aac.40.11.2562

Tamminen M, Karkman A, Lohmus A, Muziasari W1, Takasu H, Wada S et al (2011) Tetracycline resistance
genes persist at aquaculture farms in the absence of selection pressure. Environ Sci Technol 45(2):386-391.
https://doi.org/10.1021/es102725n

Wamala SP, Mugimba KK, Mutoloki S, Evensen @, Mdegela R, Byarugaba DK, Serum 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):6. https://doi.org/10.1186/
s41240-017-0080-x

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Aquaculture International (2021) 29:2337-2355 2355

Warsa UC, Nonoyama M, Ida T, Okamoto R, Okubo T, Shimauchi C et al (1996) Detection of tet(K) and tet(M)
in Staphylococcus aureus of Asian countries by the polymerase chain reaction. The Journal of Antibiotics
49(11):1127-1132. https://doi.org/10.7164/antibiotics.49.1127

Wong PBY, Wiley EO, Johnson WE, Ryder OA, O’Brien SJ, Haussler D et al (2012) Tissue sampling methods
and standards for vertebrate genomics. GigaScience 1(8):1-12. https://doi.org/10.1186/2047-217X-1-8

Wu'Y, Gong Q, Fang H, Liang W, Chen M, He R (2013) Effect of Sophora flavescens on non-specific immune
response of tilapia (GIFT Oreochromis niloticus) and disease resistance against Streptococcus agalactiae.
Fish and Shellfish Immunology 34(1):220-227. https://doi.org/10.1016/j.£51.2012.10.020

Yang CG, Wang XL, Tian J, Liu W, Wu F, Jiang M, Wen H (2013) Evaluation of reference genes for
quantitative real-time. RT-PCR analysis of gene expression in Nile tilapia (Oreochromis niloticus). Gene
527(1):183-192. https://doi.org/10.1016/J.GENE.2013.06.013

Ye X, LiJ, Lu M, Deng G, Jiang X, Tian YQ et al (2011) Identification and molecular typing of Streptococcus
agalactiae isolated from pond-cultured tilapia in China. Fish Sci 77(4):623-632. https://doi.org/10.1007/
s12562-011-0365-4

Younes AM, Gaafar AY, Abu-Bryka AE, Mohamed LA, Bayoumy ESM (2019) Genotyping and pathogenicity
of Streptococcus iniae strains recovered from cultured Oreochromis niloticus at Kafr El-Sheikh governorate,
Egypt. Egyptian Journal of Aquatic Biology and Fisheries 23(3):467-474. https://doi.org/10.21608/EJABF.
2019.51630

Yuan K, Wang X, Chen X, Zhao Z, Fang L, Chen B et al (2019) Occurrence of antibiotic resistance genes in
extracellular and intracellular DNA from sediments collected from two types of aquaculture farms.
Chemosphere 234:520-527. https://doi.org/10.1016/j.chemosphere.2019.06.085

Zeng X, Kong F, Wang H, Darbar A, Gilbert GL (2006) Simultaneous detection of nine antibiotic resistance-
related genes in Streptococcus agalactiae using multiplex PCR and reverse line blot hybridization assay.
Antimicrob Agents Chemother 50(1):204-209. https://doi.org/10.1128/AAC.50.1.204-209.2006

Zhang Z,LiY, Hu M, Yu A (2020) Comparative transcriptome profiling reveals a mechanism of Streptococcus
agalactiae resistance to florfenicol. Microb Pathog 142:104098. https://doi.org/10.1016/j.micpath.2020.
104098

Zhao XL, Han Y, Ren ST, Ma YM, Li H, Peng XX (2015) L-proline increases survival of tilapias infected by
Streptococcus agalactiae in higher water temperature. Fish and Shellfish Immunology 44(1):33-42. https:/
doi.org/10.1016/.£51.2015.01.025

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Affiliations

Karen Oviedo-Bolafos' - Jorengeth Abad Rodriguez-Rodriguez? «
Carolina Sancho-Blanco' - Juan Esteban Barquero-Chanto - Nelson Pefia-Navarro® -
Cesar Marcial Escobedo-Bonilla* - Rodolfo Umaiia-Castro’

>4 Rodolfo Umana-Castro
rodolfo.umana.castro@una.ac.cr

Laboratorio de Analisis Genomico, Escuela de Ciencias Biolégicas, Universidad Nacional, Campus Omar
Dengo, Heredia 83-3000, Costa Rica

Laboratorio de Biotecnologia Microbiana, Escuela de Ciencias Bioldgicas, Universidad Nacional, Campus
Omar Dengo, Heredia 83-3000, Costa Rica

Area de Investigacion/Sede del Pacifico, Universidad Técnica Nacional (UTN), Puntarenas, Costa Rica

Departamento de Acuacultura, CIIDIR Unidad Sinaloa, Instituto Politécnico Nacional, Blvd. Juan de Dios
Batiz Paredes 250. Col. San Joachin, 81101 Guasave, Sinaloa, Mexico

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Terms and Conditions

Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center
GmbH (“Springer Nature”).

Springer Nature supports a reasonable amount of sharing of research papers by authors, subscribers
and authorised users (“Users”), for small-scale personal, non-commercial use provided that all
copyright, trade and service marks and other proprietary notices are maintained. By accessing,
sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of
use (“Terms”). For these purposes, Springer Nature considers academic use (by researchers and
students) to be non-commercial.

These Terms are supplementary and will apply in addition to any applicable website terms and
conditions, a relevant site licence or a personal subscription. These Terms will prevail over any
conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription (to
the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of
the Creative Commons license used will apply.

We collect and use personal data to provide access to the Springer Nature journal content. We may
also use these personal data internally within ResearchGate and Springer Nature and as agreed share
it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not otherwise
disclose your personal data outside the ResearchGate or the Springer Nature group of companies
unless we have your permission as detailed in the Privacy Policy.

While Users may use the Springer Nature journal content for small scale, personal non-commercial
use, it is important to note that Users may not:

1. use such content for the purpose of providing other users with access on a regular or large scale
basis or as a means to circumvent access control;

2. use such content where to do so would be considered a criminal or statutory offence in any
jurisdiction, or gives rise to civil liability, or is otherwise unlawful;

3. falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association
unless explicitly agreed to by Springer Nature in writing;

4. use bots or other automated methods to access the content or redirect messages

5. override any security feature or exclusionary protocol; or

6. share the content in order to create substitute for Springer Nature products or services or a
systematic database of Springer Nature journal content.

In line with the restriction against commercial use, Springer Nature does not permit the creation of a
product or service that creates revenue, royalties, rent or income from our content or its inclusion as
part of a paid for service or for other commercial gain. Springer Nature journal content cannot be
used for inter-library loans and librarians may not upload Springer Nature journal content on a large
scale into their, or any other, institutional repository.

These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not
obligated to publish any information or content on this website and may remove it or features or
functionality at our sole discretion, at any time with or without notice. Springer Nature may revoke
this licence to you at any time and remove access to any copies of the Springer Nature journal content
which have been saved.

To the fullest extent permitted by law, Springer Nature makes no warranties, representations or
guarantees to Users, either express or implied with respect to the Springer nature journal content and
all parties disclaim and waive any implied warranties or warranties imposed by law, including
merchantability or fitness for any particular purpose.

Please note that these rights do not automatically extend to content, data or other material published
by Springer Nature that may be licensed from third parties.

If you would like to use or distribute our Springer Nature journal content to a wider audience or on a
regular basis or in any other manner not expressly permitted by these Terms, please contact Springer
Nature at

onlineservice@springernature.com



mailto:onlineservice@springernature.com

