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Abstract Bacillus and Pseudomonas are the dominant
groups of bacteria known for their antagonistic potential
against many plant and animal pathogens. Presently, explo-
ration of these genera with antagonistic property for dis-
ease management of aquaculture system is gaining more
importance to overcome the use of antibiotics and related
resistance issues. Rapid screening and identification of
these genera from diverse bacterial populations by con-
ventional methods is laborious, cost-intensive, and time-
consuming. To overcome these limiting factors, in the pre-
sent study, a colony multiplex PCR (¢cmPCR) method was
developed and evaluated for the rapid detection of Bacillus
and Pseudomonas. The technique amplifies the partial 16S
rRNA gene of Bacillus and Pseudomonas with a product
size of ~1,100 and ~375 bp, respectively, using single for-
ward (BSF2) and two reverse primers (PAGSR and BK1R).
Reliability of the cmPCR method was confirmed by screen-
ing 472 isolates obtained from ten different eco-stations,
of which 133 isolates belonged to Bacillus and 32 to Pseu-
domonas. The cmPCR method also helped to identify six
different Pseudomonas spp. and 14 different Bacillus spp.
from environmental samples. Of the total 472 isolates stud-
ied, 46 showed antagonistic activity, among which 63 %
were Bacillus and 17.4 % were Pseudomonas. Thus, the
newly developed molecular approach provides a quick,
sensitive, and potential screening tool to detect novel,
antagonistically important Bacillus and Pseudomonas gen-
era for their use in aquaculture. Further, it can also act as
a taxonomic tool to understand the distribution of these
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genera from wide ecological niches and their exploitation
for diverse biotechnological applications.
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Introduction

Aquaculture is the fastest-growing food production sec-
tor in the world and accounts for approximately 47 % of
the world’s total fish food supply [9]. Disease outbreaks
due to pathogenic bacteria have presented a major chal-
lenge, which adversely affects the development of aqua-
culture-based fish production [12]. The therapeutic options
available in the control of bacterial diseases are the use
of approved antibiotics, chemicals, and vaccination, but
these applications are limited due to the development of
antibiotic resistance and lack of consistency. Nowadays,
the use of antagonistic bacteria such as Bacillus, Pseu-
domonas, Alteromonas, and Flavobacterium are also gain-
ing importance in aquaculture industry to control bacterial
diseases because of its ease in application and absence of
side effects [3, 35, 40]. Our previous studies have clearly
emphasized the importance of the genera Bacillus and
Pseudomonas, with antagonistic activity and its applica-
tion in aquaculture systems [22, 34]. These genera were
also reported for its potential antimicrobial activity against
many plant and human pathogens [23, 29].

Generally, the identification of bacteria by conventional
methods is time-consuming, invariably mono-specific, as
well as laborious, especially when screening a large num-
ber of field samples [6]. The methods like fatty acid methyl
ester (FAME) profiling [4, 33] and the API system-based
identification have been shown to be more useful than
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classical methods [20]. However, these phenotypical proto-
cols are again laborious, time-consuming, and are ineffec-
tive in rapid identification, with many non-specific results
[38]. The disadvantages associated with these techniques
could be overcome by employing alternative DNA-based
detection methods that are generally faster, specific, and
more reliable in identification [8, 24].

The 16S rDNA-based identification of bacteria has been
widely recognized in studying distinct phylogenetic rela-
tionships and is effective in developing numerous taxo-
nomical tools [21, 31]. Uniplex PCR-based assays have
also been reported to be useful in the identification of
bacteria [11, 30]; however, the rapid detection of multiple
bacteria of interest in a single reaction is complicated, as
it requires simultaneous amplification of more than one
locus, and realizing the required specificity [21]. Com-
pared to individual PCR assays, multiplex PCR allows the
amplification and detection of multi-targeted genes in a
single reaction, which minimizes the time, cost, and effort
required for identification of different groups of bacteria,
especially when studying a large number of field samples
[1, 5,25, 26].

Direct colony PCR is a useful approach that can avoid
the difficulties encountered during the isolation of DNA.
This method was found to be a quick, precise, and cost-
effective tool for characterizing a large number of isolates
from environmental samples [16]. Colony PCR was ini-
tially applied in bacteria [14] followed by yeast [37] and
fungi [32], and eventually applied for detection purposes
in higher organisms [36]. Earlier reports about the genus-
specific primers for Bacillus [19, 39] and Pseudomonas
[11, 30], and the 16S rDNA information of these gen-
era obtained from the NCBI database, served as a base
for developing a multiplex PCR assay for the simultane-
ous detection of both the genera. The present work was
intended to develop a multiplex PCR assay in combination
with colony PCR as a molecular screening tool for simul-
taneous identification of the genera Bacillus and Pseu-
domonas in a single reaction, and also to validate the reli-
ability of the method to detect these genera from various
ecological niches.

Materials and methods
Bacterial strains and culture conditions

The bacterial strains used in this study belonged to the
Microbial Culture Collection, Marine Biotechnology Divi-
sion (MCC-MBTD), Central Marine Fisheries Research
Institute (CMFRI), Cochin, India (Table 1). Apart from the
above, 21 reference strains used in this study were obtained
from the Microbial Type Culture Collection (MTCC),
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Chandigarh, India, and Central Institute of Brackish water
Aquaculture (CIBA), Chennai, India (Table 2). Bacterial
strains were preserved in nutrient broth as glycerol stocks
under —80 °C for further use.

Oligonucleotide design/primer selection

Generic level variations existing in 16S rDNA sequences
were utilized for designing specific primers. Genus spe-
cific oligonucleotides were designed for Bacillus and Pseu-
domonas from the 16S rDNA sequences (72 Bacillus spp.
and 92 Pseudomonas spp.) available in the GenBank data-
base, including the submissions from our own collections.
Multiple alignments of 16S rDNA sequences of Bacillus,
Pseudomonas and its phylogenetically related strains were
carried out with ClustalW using BioEdit software (ver-
sion 7.1.3.0) [13]. The conserved sites from the aligned
sequences were identified and the target specific primers
were designed manually with an average length of 18-
22 bp having an annealing temperature range between 55
and 62 °C. The performance of the designed primers was
validated with the published primers as combinations. The
oligonucleotide primers used were synthesized commer-
cially (Sigma, India), and were suspended in sterile milliQ
water and stored at —20 °C until use (Table 3).

DNA extraction

Multiplex PCR optimization was initially carried out with
purified bacterial DNA. Bacterial cells (5 ml) grown (18—
24 h old) were pelletized by centrifugation at 8,000 rpm
for 10 min. The cells were re-suspended in 450 pnl TEG
(25 mM TrisHCI; 10 mM EDTA; 50 mM glucose) buffer
(pH 8) containing lysozyme (5 mg/ml). The suspension
was vortexed thoroughly and mixed with 35 pl of 10 %
SDS. The tubes were then incubated on ice for 10 min,
followed by the addition of 5 pl of proteinase K (20 mg/
ml). This was further incubated at 60 °C in a water bath
for 60 min. After the completion of cell lysis, the DNA
was purified with the standard phenol-chloroform extrac-
tion method [28]. The isolated DNA was quantified using
the Biophotometer (Eppendorf, Germany). Purified bacte-
rial DNA was dissolved in 30 I of TE buffer and stored at
—20 °C for future use.

Uniplex PCR

All the 20 primers were individually tested and optimized
for the conditions to amplify the genus Bacillus and Pseu-
domonas. The total reaction volume (25 pl) comprised of
bacterial DNA (50 ng), 10 pmol each of two oligonucleo-
tide primers, 2.5 mM of each deoxynucleoside triphosphate
(Finnzymes), 1.5 U of Taq polymerase (Sigma), and 2.5 pl
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Table 1 List of various strains used in this study and their identification details by various methods
Species Number of Source Identification
isolates (1)
Biochemical 16S rDNA sequencing cmPCR assay
Pseudomonas aeruginosa 9 Sediment/water Pseudomonas sp. Pseudomonas aeruginosa  Pseudomonas sp.*
Pseudomonas fluorescens 2 Sediment Pseudomonas sp. Pseudomonas fluorescens ~ Pseudomonas sp.”
Pseudomonas mendocina 2 Fish/microalgae Pseudomonas sp. Pseudomonas mendocina ~ Pseudomonas sp.”
Pseudomonas 1 Sediment Pseudomonas sp. Pseudomonas pseudoalca-  Pseudomonas sp.
pseudoalcaligenes ligenes
Pseudomonas putida 5 Sediment/water Pseudomonas sp. Pseudomonas putida Pseudomonas sp.“
Pseudomonas syringae 1 Water Pseudomonas syringae  Pseudomonas syringae Pseudomonas sp.
Pseudomonas sp. 5 Sediment Pseudomonas sp. Pseudomonas sp. Pseudomonas sp.
Bacillus amyloliquefaciens 14 Sediment/water Bacillus amyloliquefa-  Bacillus amyloliquefaciens  Bacillus sp.”
ciens
Bacillus aquimaris 3 Sediment Bacillus aquimaris Bacillus aquimaris Bacillus sp.
Bacillus cereus 6 Fish/sediment Bacillus sp. Bacillus cereus Bacillus sp.*
Bacillus cibi 1 Sediment Bacillus cibi Bacillus cibi Bacillus sp.
Bacillus firmus 1 Sediment Bacillus sp. Bacillus firmus Bacillus sp.®
Bacillus flexus 2 Fish/water Bacillus sp. Bacillus flexus Bacillus sp.
Bacillus fusiformis 1 Fish Bacillus sp. Bacillus fusiformis Bacillus sp.
Bacillus horikoshii 1 Sediment Bacillus sp. Bacillus horikoshii Bacillus sp.
Bacillus licheniformis 2 Fish Bacillus licheniformis Bacillus licheniformis Bacillus sp.*
Bacillus marisflavi 6 Sediment Bacillus marisflavi Bacillus marisflavi Bacillus sp.
Bacillus megaterium 3 Fish/sediment Bacillus sp. Bacillus megaterium Bacillus sp.
Bacillus pumilus 8 Sediment/microalgae  Bacillus pumilus Bacillus pumilus Bacillus sp.®
Bacillus sphaericus 1 Sediment Bacillus sphaericus Bacillus sphaericus Bacillus sp.
Bacillus subtilis 24 Sediment/water Bacillus subtilis Bacillus subtilis Bacillus sp.“
Bacillus sp. 2 Sediment Bacillus sp. Bacillus sp. Bacillus sp.
Acinetobacter baumannii 1 Water Acinetobacter sp. Acinetobacter baumannii  No amplification
Acinetobacter sp. 2 Sediment Acinetobacter sp. Acinetobacter sp. No amplification
Aeromonas veronii 1 Fish Aeromonas veronii Aeromonas veronii No amplification
Aeromonas sp. 1 Sediment Aeromonas sp. Aeromonas aquariorum No amplification
Alcaligenes faecalis 8 Sediment Alcaligenes sp. Alcaligenes faecalis No amplification
Alcanivorax sp. 2 Water Alcanivorax sp. Alcanivorax dieselolei No amplification
Arthrospira maxima 3 Water Arthrospira maxima Arthrospira maxima No amplification
Brevibacterium sp. 2 Fish Brevibacterium sp. Brevibacterium sp. No amplification
Citrobacter freundii 3 Fish Citrobacter sp. Citrobacter freundii No amplification
Enterobacter sp. 3 Fish Enterobacter sp. Enterobacter sp. No amplification
Enterococcus faecium 1 Fish Enterococcus sp. Enterococcus faecium No amplification
Escherichia coli 2 Water Escherichia sp. Escherichia coli No amplification
Halomonas sp. 1 Fish Halomonas sp. Halomonas aquamarina No amplification
Micrococcus sp. 1 Water Micrococcus sp. Micrococcus sp. No amplification
Nocardiopsis sp. 1 Sediment Nocardiopsis sp. Nocardiopsis sp. No amplification
Oceanimonas sp. 1 Sediment Oceanimonas sp. Oceanimonas doudoroffii ~ No amplification
Pedobacter sp. 1 Sediment Pedobacter sp. Pedobacter sp. No amplification
Pseudoalteromonas sp. 2 Fish Pseudoalteromonas sp.  Pseudoalteromonas sp. No amplification
Shewanella sp. 3 Oyster /water Shewanella sp. Shewanella sp. No amplification
Streptomyces sp. 3 Sediment Streptomyces sp. Streptomyces sp. No amplification
Vibrio alginolyticus 6 Water Vibrio sp. Vibrio alginolyticus No amplification
Vibrio cholerae 2 Water Vibrio sp. Vibrio cholerae No amplification
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Table 1 continued

Species Number of Source Identification
isolates (n) - - -
Biochemical 16S rDNA sequencing cmPCR assay
Vibrio fluvialis 8 Sediment Vibrio fluvialis Vibrio fluvialis No amplification
Vibrio sp. Water Vibrio sp. Vibrio sp. No amplification

% An isolate from each of these species was cross-checked by sequencing the cmPCR product. The sequenced results match the results of 16S

rDNA

Table 2 Reference strains used in the study

Species Strain code Source

Identification

Biochemical and 16S rDNA
sequencing

Multiplex PCR assay

Pseudomonas aeruginosa MTCC1688 Microbial type culture Pseudomonas aeruginosa Pseudomonas sp.
P. fluorescens MTCC103 COll.ection, Chandigarh, p Sfluorescens Pseudomonas sp.
Bacillus subtilis MTCC441 India Bacillus subtilis Bacillus sp.
B. amyloliquefaciens MTCC1270 B. amyloliquefaciens Bacillus sp.
B. cereus MTCC430 B. cereus Bacillus sp.
B. licheniformis MTCC6824 B. licheniformis Bacillus sp.
Aeromonas hydrophila MTCC1739 Aeromonas hydrophila No amplification
Vibrio vulnificus MTCC1145, MTCC1146 Vibrio vulnificus
V. alginolyticus MTCC4439 V. alginolyticus
V. parahaemolyticus MTCC451 V. parahaemolyticus
V. anguillarum Ol& Al Central Institute of V. anguillarum No amplification
V. harveyi 101, 102, LB203, LB208, Brackish water V. harveyi

LB166, and LB209 Aquaculture,
V. alginolyticus 101 and 102 Chennai, India V. alginolyticus
of 10x PCR buffer. Annealing temperature was standard-  Multiplex PCR

ized to a range of 48—62 °C. The amplification was carried
out in a Veriti thermal cycler (Applied Biosystems, UK)
with an initial denaturation at 95 °C for 5 min, followed
by 35 cycles of 94 °C for 30 s, 59 °C for 30 s, and 72 °C
for 45 s, and a final extension of 72 °C for 10 min. In each
PCR reaction, a set of negative bacterial control (Aero-
monas hydrophila MTCC1739, Alcaligenes faecalis MBT-
DCMEFRI Af01, Enterobacter sp. MBTDCMEFRI EbOl,
Enterococcus sp. MBTDCMFRI Ec01, Escherichia coli
DHb5alpha, Shewanella sp. MBTDCMFRI Sh02 and Vibrio
vulnificus MTCC1145) and a negative reaction control
(without template DNA) was also maintained. The ampli-
fied products were separated by electrophoresis in 1.5 %
agarose gel and visualized under UV transilluminator by
staining with ethidium bromide. The size (bp) of the ampli-
fied product was calculated by comparing it with a standard
molecular weight DNA marker (Step-up 100 bp DNA lad-
der, Merck, India) using the software Image Lab version 3
(Bio-Rad, Hercules, CA, USA).
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Based on the specificity and product size obtained from
uniplex reactions, two pairs of primers were selected for
multiplex PCR optimization. Variables such as anneal-
ing temperatures (gradient from 48 to 62 °C, with an
interval of 2 °C), MgCl, concentrations (1.5-3 mM) and
primer concentrations were optimized with the ability to
produce good intensity and specific bands with each tar-
geted DNA. The reaction mixture composition and the
amplification conditions are the same as in uniplex PCR
except for the addition of MgCl,, combination of multi-
ple primers, and a change in annealing temperature. A
negative reaction control (without template DNA) and
a positive control (50 ng/pl) of purified DNA of refer-
ence strains (B. subtilis MTCC441 and P. aeruginosa
MTCC1688) were also included in each batch of the
PCR reaction. The amplified products were detected in
1.5 % agarose gel stained with ethidium bromide by gel
electrophoresis.
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Table 3 Genus-specific primers used in this study to identify the genera Bacillus and Pseudomonas spp.

Primers Sequence (5'-3')

Length (nt) Product size (bp) References

Target genus—Pseudomonas

PsF TTA GCT CCA CCT CGC GGC 18 960 Garbeva et al. [11]
PsR GGT CTG AGA GGA TGA TCA GT 20
PA-GS-F GAC GGG TGA GTA ATG CCT A 19 618 Spilker et al. [30]
PA-GS-R CAC TGG TGT TCC TTC CTA TA 20
PSF1 GGT CTG AGA GGATGATCA G 19 Present study
PSF2 ACA CTG GAA CTG AGA CAC GG 20
PSF6 CGG AAT TACTGG GCG TAA A 19
PSR1 CGT GGA CTA CCA GGG TAT CTA 21
PSR6 GCC GTA AGG GCC ATG ATG A 19
PSR7 ATT ACT AGC GAT TCC GAC TTC 21
Target Genus—Bacillus
Bac-F CGG CGT GCC TAA TAC ATG CAA G 22 1,200 Kwon et al. [19]
Bac-R GGC ATG CTG ATC CGC GAT TAC TA 23
B-K1/F TCA CCA AGG CRA CGA TGC G 19 1,114 Wu et al. [39]
B-KI1/R CGT ATT CAC CGC GGC ATG 18
BSF1 ACA CTG GGA CTGAGA CACG 19 Present study
BSF2 TAC GGG AGG CAG CAGTRG G 19
BSF6 GAG GAA CACCAGTGG CGA A 19
BSR1 CCA GGG TAT CTAATC CTGT 19
BSR2 CCG TCA ATT CCTTTG AGTTT 20
BSRS GTT GCG CTC GTT GCG GGA 18
Colony multiplex PCR old) grown on nutrient agar and the bacterial suspensions

This protocol is based on the crude DNA obtained from
boiling water bath method described by Wan et al. [36].
Briefly, the single bacterial colony (18-24 h old) was
picked with an autoclaved toothpick and mixed with 100 .l
of TE buffer. The mixture was heated in a boiling water
bath at 100 °C for 10 min. Cells were vortexed and cen-
trifuged at 10,000 rpm for 2 min. One microliter of super-
natant was used as template for a 10-pl PCR reaction mix.
Thermal cycling conditions and reaction mixture prepara-
tion were similar to that of multiplex PCR conditions.

Sensitivity assay

Sensitivity of the multiplex PCR assay was tested for both
purified and crude DNA obtained from bacterial suspen-
sions. The ability to detect the lowest levels for multiplex
PCR amplification (limits of detection) was performed in
duplicates. Sensitivity of the multiplex PCR assay was evalu-
ated using a series of targeted genomic DNA by decimally
diluting the purified template DNA (concentration 50 ng) in
sterile water. From the dilutions, 1 1 each was used as DNA
template to carry out the multiplex (combinational primers)
assay. Similarly, for detecting the sensitivity with the crude
DNA, a single colony was picked from the cultures (18-24 h

were prepared by dissolving it in 1 ml of sterile saline
(0.85 % NaCl) then serially diluted (up to 1077 fold). These
dilutions (1 w1 per reaction volume) were used to determine
the concentration (count) of each bacterium to get amplified
in cmPCR assay. The concentration of each bacterium was
determined by surface plating (100 1) of appropriate dilu-
tions into nutrient agar plates (Himedia, India). The plates
were kept in incubation at 30 °C for 18-24 h. The counts
were taken from each plate and the corresponding CFU/pl
present in each dilution was calculated for the reaction.

Specificity assay

The specificity of colony multiplex PCR in identification of
the genus Bacillus and Pseudomonas was examined with
purified and crude DNA obtained from bacterial colonies
(separately or in combination) representing different gen-
era. The assay was carried out with the isolates of different
genera obtained from the MCC-MBTD, CMFRI by keeping
Bacillus and Pseudomonas as positive controls (Table 1).

Screening of environmental isolates

To evaluate the usefulness of the developed ¢cmPCR
assay, the protocol was applied to screen the bacteria
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isolated from a wide range of environments. The sedi-
ment samples were collected from eight different sta-
tions (Chettuva, Puthuvype and Mangalavanam—
mangrove-associated  environments;  Edavanakkad,
Mulavukad, Njarakkal, and Andhakaranazhi—fish
farming environments and Perandoor—polluted canal),
water samples from two stations [oyster hatchery (Kri-
shi Vigyan Kendra, Njarakkal) and ornamental fish
hatchery (West coast, Andhakaranazhi)], and also from
oyster (Crassostrea madrasensis) and fishes from farm-
ing environments were used in the study (Fig. 1). The
sample processing and isolation protocols were carried
out as described by Nair et al. [22]. Briefly, bacteria
were isolated by serially diluting the samples and plated
in Zobell’s marine agar. After 24-48 h of incubation,
the colonies with distinct morphology were selected and
purified. The efficacy of the multiplex PCR protocol in
the detection of environmental isolates were confirmed
by performing simultaneous assay using both purified
DNA and colony PCR method. The isolates that were
identified using 16S rDNA were preserved as glycerol
stocks under —80 °C.

Detection of antagonistic activity

Antagonistic activity of the isolated bacteria was screened
against aquaculture pathogens by using the spot diffusion
method [22]. Briefly, targeted bacteria were spotted over
pre-swabbed plates with aquaculture pathogens viz., V.
vulnificus MTCC1145, V. harveyi 101, V. anguillarum
01, V. parahaemolyticus MTCC451, and V. alginolyticus
101. After incubation, the bacteria having notable antag-
onistic potential (zone of clearance of 10 mm or greater
observed around isolates) were selected, identified, and
preserved for further use.

Identification of bacteria

The consistency and specificity of cmPCR was verified
by selecting 160 isolates at random (amplified and non-
amplified strains in multiplex PCR assay) for identifi-
cation using standard biochemical [17] and molecular
(16S rDNA) [22] methods. The amplified products were
purified (HiPurA PCR product purification kit, Himedia)
and sequenced. Sequences of 16S rDNA fragments were
imported to BLASTn [2] for similarity searching with
available sequences in the GenBank database at NCBI.
The sequences obtained were submitted in the GenBank
for accession. Similarly, the products obtained through
cmPCR were also sequenced and the results were cross
checked.
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Fig.1 Map showing the sample collection sites from the southwest
coast of India

Results
Uniplex PCR optimization

A total of ten primer sets was selected for this study, of
which six primer sets were designed using the informa-
tion already available in the GenBank and four primer
pairs were reported elsewhere. Among these, five primer
sets were intended to amplify Pseudomonas spp. and rest
for Bacillus spp. (Table 3). Uniplex PCR optimization
employing each primer pair produced amplified products
ranging from 115 to 1,200 bp in size. The primer pairs,
which yielded amplicons sufficient to differentiate the gen-
era Bacillus and Pseudomonas, were picked for optimiz-
ing multiplex PCR. Among the 20 primers used, four pairs
of primers (PSF2 and PSR1, PAGSF and PAGSR, BSF2
and BSRS5, and BK1F and BK1R) were chosen for multi-
plex PCR with an optimal annealing temperature at 59 °C
(Figs. 2, 3).

Multiplex PCR optimization
Through multiplex PCR, successful amplification of the

targeted region with highest sensitivity was obtained
at annealing temperature 58 °C with 3 mM MgCl,
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Fig.2 The specificity of the uniplex PCR assay developed for
the detection of Pseudomonas spp. using PSF2 and PAGSR. Lane
M: molecular size marker (100-bp ladder); lane 1: Bacillus sub-
tilis MTCC441; lane 2: Bacillus amyloliquefaciens MTCC1270;
lane 3: Bacillus licheniformis MTCC6824; lane 4: Bacillus cereus
MTCC430; lane 5: Bacillus pumilus MBTDCMFR1 BaOl; lane 6:
Pseudomonas aeruginosa MTCC1688; lane 7: Pseudomonas fluore-
scens MTCC103; lane 8: Pseudomonas putida MBTDCMEFRI Ps20;

100 DD s S ey G Gm— ——

Fig. 3 The specificity of the uniplex PCR assay developed for the
detection of Bacillus spp. using BSF2 and BKIR. Lane M: molecular
size marker (100 bp ladder); lane I: Bacillus subtilis MTCC441; lane
2: Bacillus amyloliquefaciens MTCC1270; lane 3: Bacillus licheni-
formis MTCC6824; lane 4: Bacillus cereus MTCC430; lane 5: Bacil-
lus pumilus MBTDCMFRI1 Ba0l; lane 6: Pseudomonas aeruginosa
MTCCI1688; lane 7: Pseudomonas fluorescens MTCC103; lane 8:
Pseudomonas putida MBTDCMFRI Ps20; lane 9: Pseudomonas

concentrations. Among the selected primers, the prim-
ers PSF2, PAGSR, BSF2, and BKIR were chosen for
optimization of multiplex reactions. The rest of the prim-
ers (PSR1, PAGSF, BSR5, and BK1F) were omitted due
to the occurrence of non-specific bands and cross-ampli-
fication with other genera during multiplex assays. The
details of primer-binding regions in the genera Bacillus and

10 11" 12 13 14 15 16 17 18 M

FHHI

lane 9: Pseudomonas mendocina MBTDCMFRI Ps21; lane 10: Pseu-
domonas sp. MBTDCMEFRI Ps18; lane 11: Aeromonas hydrophila
MTCCI1739; lane 12: Vibrio vulnificus MTCC1145; lane 13: Entero-
bacter sp. MBTDCMEFRI Eb01; lane 14: Escherichia coli DHSalpha;
lane 15: Enterococcus sp. MBTDCMFRI Ec01; lane 16: Alcaligenes
faecalis MBTDCMFRI AfO1; lane 17: Shewanella sp. MBTDCMFRI
Sh02; lane 18: negative control of the reaction (without template)

9 10 11 12 13 14 15 16 17 18

.

mendocina MBTDCMFRI Ps21; lane 10: Pseudomonas sp. MBTD-
CMFRI Psl8; lane 11: Aeromonas hydrophila MTCC1739; lane 12:
Vibrio vulnificus MTCC1145; lane 13: Enterobacter sp. MBTDCM-
FRI EbO1; lane 14: Escherichia coli DHS5alpha; lane 15: Enterococ-
cus sp. MBTDCMFRI Ec01; lane 16: Alcaligenes faecalis MBTDC-
MEFRI Af01; lane 17: Shewanella sp. MBTDCMFRI Sh02; lane 18:
negative control of the reaction (without template)

Pseudomonas are shown in Fig. 4. The non-specific band
obtained from the mixture of selected two primer pairs was
limited by removing single forward primer (PSF2). The
precise amplification for multiplex PCR was attained with
the use of a single forward (BSF2) and two reverse (BK1R
and PAGSR) primers at a concentration of 0.5 pmol/pl.
These primer combinations yielded a distinguishable
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a a  BSF2 b BKIR
5'—} + = } + + + + —= + — |— 3
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15kb
B. subtilis ATCC6633
324 1361
1038 bp
b c d BSF2 PAGSR e
5 —f— == + | — + + } + + + + {— 3
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15kb

P. aeruginosa ATCC27853

242 I G2 3

381 bp

Fig. 4 Map represents the relative binding position of the primers in
16S rDNA sequence of Bacillus and Pseudomonas. Primers: a BKI1F,
b BSRS, ¢ PAGSF, d PSF2, and ¢ PSR1 The lower bar represents

Fig. 5 The specificity of the mPCR assay developed for the detec-
tion of the genera Bacillus and Pseudomonas by using unitemplate
and multitemplate DNA. PCR product size obtained for Bacillus
spp. and Pseudomonas spp. are ~1,100 and ~375 bp, respectively.
Lane M: molecular size marker (100 bp ladder); lane 1: Bacillus
subtilis MTCC441; lane 2: Bacillus amyloliquefaciens MTCC1270;
lane 3: Bacillus licheniformis MTCC6824; lane 4: Bacillus cereus
MTCC430; lane 5: Bacillus pumilus MBTDCMFR1 BaOl; lane 6:
Pseudomonas aeruginosa MTCC1688; lane 7: Pseudomonas fluo-
rescens MTCC103; lane 8: Pseudomonas putida MBTDCMFRI
Ps20; lane 9: Pseudomonas mendocina MBTDCMFRI Ps21; lane

product of ~1,100 and ~375 bp for Bacillus spp. and Pseu-
domonas spp., respectively (Fig. 5).

Multiplex PCR amplification using purified and crude
DNA gave similar product quality under the same reaction
conditions. By using the crude DNA extraction and the cur-
rent mPCR method, the identification of the genera Bacil-
lus and Pseudomonas from an unidentified bacterial culture
can be completed within 2 h.

Sensitivity assay

The intensity of amplicon qualitatively decreased with
the decrease in DNA concentration and also with CFU in
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9

the amplified product of Bacillus subtilis ATCC6633 (a) and Pseu-
domonas aeruginosa ATCC27853 (b) by using multiplex PCR prim-
ers

10 11 12 13 14 15 16 17 18 M

—
—
—
—
=
-——
- -
-

10: Pseudomonas sp. MBTDCMFRI Ps18; lane 11: Pseudomonas
aeruginosa MTCC1688 and Bacillus subtilis MTCC441; lane 12:
Pseudomonas putida MBTDCMFRI Ps20 and Bacillus amylolique-
faciens MTCC1270; lane 13: Pseudomonas fluorescens MTCC103
and Bacillus cereus MTCC430; lane 14: Pseudomonas mendocina
MBTDCMEFRI Ps21 and Bacillus licheniformis MTCC6824; lane 15:
Pseudomonas sp. MBTDCMEFRI Ps18 and Bacillus pumilus MBTD-
CMFRI1 Ba0l; lane 16: Bacillus subtilis MTCC441 and Vibrio vul-
nificus MTCC1145; lane 17: Pseudomonas aeruginosa MTCC1688
and Enterococcus sp. MBTDCMEFRI Ec01; lane 18: negative control
of the reaction (without template)

dilutions (Fig. 6). The detection limit for Bacillus spp. and
Pseudomonas spp. varied considerably in both purified
DNA and crude DNA. The detection limits of the genomic
DNA (purified and crude) in the multiplex PCR varied
among different bacterial species and are listed in Table 4.

Specificity assay

The specificity was determined by using the cmPCR pro-
tocol on 239 bacterial isolates from MCC-MBTD, CMFRI
(Table 1). The results were also confirmed with the refer-
ence strains mentioned in Table 2. None of the non-tar-
geted genera produced any cross-reactive or non-specific
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Fig. 6 The sensitivity of detection of Bacillus sp. and Pseudomonas
sp. by mPCR assay. PCR amplification was carried out using tenfold-
serially diluted template DNA of Bacillus licheniformis MTCC6824
and Pseudomonas aeruginosa MTCC1688. The size of the PCR
products obtained were ~1,100 and ~375 bp for the genera Bacillus
and Pseudomonas, respectively. Lane M: molecular size marker (100-
bp ladder); lane 1-6: Pseudomonas aeruginosa MTCC1688 DNA

Table 4 Limit of detection for various species identified using multi-
plex PCR sensitivity assay

S.no.  Bacteria Detection limit
pg/nl  CFU/ul
1. Bacillus amyloliquefaciens MTCC1270 35 900
2. B. cereus MTCC430 48 300
3. B. licheniformis MTCC6824 46 580
4. B. pumilus MBTDCMFRI Ba33 48 670
5. B. subtilis MTCC441 51 1,000
6. Pseudomonas aeruginosa MTCC1688 53 9
7. P. fluorescens MTCC103 33 7
8. P. mendocina MBTDCMEFRI Ps21 4.2 13
9. P. putida MBTDCMEFRI Ps20 3.1 3
10. Pseudomonas sp. MBTDCMFRI Ps18 8.8 11

results while carrying out the specificity assay, which in
turn showed the higher specificity of the current cmPCR
primers towards the genera Bacillus and Pseudomonas.
The BLASTn results of the primer sequences selected
also showed maximum homogeneity to the targeted gen-
era when compared to others. ClustalW alignment of
sequences of mPCR primers with the 16S rDNA sequence
of Bacillus, Pseudomonas, and other genera also showed
the accuracy of primer combination (Table 5).

Application of cmPCR for environmental samples

A total of 711 bacterial isolates were subjected to cmPCR
assay, of which 234 were Bacillus spp. and 63 were

9

10 11 12

13

14 15 16 17

serially diluted to 53 ng, 5.3 ng, 0.53 ng, 53 pg, 5.3 pg, and 0.53 pg;
lane 7—12: Bacillus licheniformis MTCC6824 DNA serially diluted to
46 ng, 4.6 ng, 0.46 ng, 46 pg, 4.6 pg, and 0.46 pg, respectively; lane
13-17: serially diluted template of Bacillus licheniformis MTCC6824
and Pseudomonas aeruginosa MTCC1688; lane 18: negative control
of the reaction (without template)

Pseudomonas spp. The details of the isolates and their
sources are given in Table 6. Among the isolates obtained
from culture collection, 74 possessed antibacterial activity.
Apart from this, 46 (9.7 %) of 472 environmental isolates
also exhibited antagonistic activity towards aquaculture
pathogens. The majority of them belonged to the gen-
era Bacillus (63 %) followed by Pseudomonas (17.4 %)
(Table 6).

To confirm the consistency of detection, 160 isolates
(amplified and non-amplified strains) were selected based
on their antagonistic activity and c¢cmPCR results. The
results of the selected isolates were cross checked with
their biochemical and 16S rDNA data. Upon comparison of
the results of identification (biochemical methods and 16S
rDNA sequencing), the specificity and reliability of cmPCR
in the detection of the genera Bacillus and Pseudomonas
were found to be 100 % efficient. Among the 160 bacte-
rial strains, 100 isolates that showed positive amplification
in the cmPCR assay were Bacillus spp. (75) and Pseu-
domonas spp. (25). The rest of the 60 isolates that failed
to amplify in cmPCR were identified as Aeromonas, Vibrio,
Alcaligenes, Enterobacter, Halomonas, Citrobacter, Ente-
rococcus, Shewanella, Pseudoalteromonas, Escherichia,
Arthrospira, Acinetobacter, Micrococcus, Alcanivorax,
Pedobacter, Oceanimonas, Brevibacterium, and Strepto-
myces (Table 1). Thus, the primer combinations developed
for multiplex PCR assay were highly specific and sensitive
by producing distinct bands for precise identification of the
genera Bacillus and Pseudomonas.

While sequencing the c¢cmPCR products of selected
strains, the sequences exhibited similar identification
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Table 5 Alignment of the primer sequences of BSF2, PAGSR, and BK1R with 16S rDNA sequences of 32 strains belonging to Pseudomonas,

Bacillus, and other genera commonly found in the environment

Primer BSF2 PAGSR BKIR
10 10 20 10

T e | R | T e | [
Sequence (5°-3°) TACGGGAGGC AGCAGTRGG TATAGGAAGG AACACCAGTG CATGCCGCGG TGAATACG
Pseudomonas aeruginosa ... o0 o v e e e e e e e e e e e e e e e e e e e e e e A.-.T. A .. ...
P.aeruginosa MBTDCMFRIPs08 . . . . . . . . o0 oo oo oo e s e e A.-.T. A .. ...
Pseudomonas fluorescens .. o0 00w e e e e e e e e e e e e e e e e e e e A, - T A .. oL
Pseudomonas mendocina ... o000 e e e e e e e e e e e e e e e e e e e A. - T, A .. L0
Pseudomonas putida ..o e e e e e e e e e e e e e e e e e e e A, -.T.. ... ...
Pseudomonas stutzeri ... o0 e e e e e e e e e e e e e e e e e e e e A.-.T.. ... ...
Pseudomonas syringae L0000 e w e e e e e e e e e e e s s e e e A, -.T. . ... . .......
Bacillus amyloliquefaciens ... . 0000 oo e e G. . GT. G. .. . .. e e
Bacillus cereus Lo oo e e e e e e G. .. T. G. .. .. e e
Bacillus firmus L o s e e e e e e G. . GT. G. .. . .. e e
Bacillus licheniformis ... 00000 e e e e G. . GT. G. .. ... e e
Bacillus megaterium .. 0 e e e e e e G. . GT. G. .. . .. e e
Bacillus pumilus oo oo e e e e e G. . GT. G. .. . .. e e
Bacillus subtilis o o o e e e e e e e e G. . GT. G. .. . .. e e
B. subtilis MBTDCMFRIBa37 .. . .. .. .. o e G. . . T.G. .. .. e e
Aeromonas hydrophila ... 00000 000 o G. . CT. G. .T...G.. A. TT. ... ... ....
Alteromonas genovensis ... v e e e e ...CT. G. .. T. AL A. . ATT. ... . ... ....
Citrobacter freundii .. 0000000 e e G. . CT. G. .T...N. . Ao .o Lo
Corynebacterium bovis ... 000 o0 e e ... CALGo L Lo GA LLoCoL T L
Enterobacter hormaechei .. ... .00 o000 e G. . CT. G. .T. .. G. A. ... NP
Enterococcus sp. Lo e e e e e e e e e e P L PO
Escherichia coli .. 00000 e e G. . CT. G. .T. .. G. A. ... NP
Klebsiella oxytoca ..o oo e e e e e e G..CT. G. .. .o To oGl L A. ... NP
Listeria monocytogenes .. .00 0 e e e e e e e e e e CG. . AAGC. C GCGCAGGCG. . ..... NP
Micrococcus luteus Lo oo e e e e e e ... CALGo Lo oo GA LLCo T o
Moraxella caprae Lo 0 e e e e e e e G..CT. G. .T. .. GA. . A, - T oo 0 oo
Pseudoalteromonas sp. .. 00000 e e e e e e e e e G..CT..... .T. .. GA Ao VAL oo Lo
Serratia marcescens ..o 0o e e e e e e e e e e G. . CT. G. .T...G. A. TA. .. . .......
Staphylococcus aureus L. L0000 e e e e e e e e e e e G. .. T.G. .. ... .0 oo TA. .. ... ...
Streptococcus bovis L s e e e e e e e e e e e e L G. Lo Co o
Vibrio harveyi oo i s e e e e e e e e e G..CT..... .T...G. A. ... Ao Lo
Yersinia pestis L. e e e e e e e G. . CT. G. .T...G. A. TA. .. . .......

results as 16S rDNA sequencing (Table 1). This suggests
that the products of cmPCR can also utilize for identifica-
tion of Bacillus and Pseudomonas up to species level by
sequencing when required. From the present study, six dif-
ferent isolates of Pseudomonas spp. and 14 different iso-
lates of Bacillus spp. have been identified precisely. The
accession numbers of the sequences submitted in Gen-
Bank were JF719759 to JF719808 (49 submissions) and
KF317775 to KF317832 (57 submissions).

Discussion

A specific and sensitive DNA-based identification
method—cmPCR—for the rapid screening of antagonisti-
cally important genera Bacillus and Pseudomonas from
environmental samples was developed in the present study.
These two genera were reported to be ubiquitous and pos-
sess a wide spectrum of antagonistic activity towards vari-
ous pathogens [3, 23, 29]. The significance of these genera
in the control of bacterial diseases in aquaculture systems
was clearly depicted in our previous studies [22, 34]. The
development of a consortium of antagonistic bacteria and

@ Springer

their characterization offers a better alternative approach
in developing novel microbial products for the control of
bacterial diseases and to tackle the issue of antibiotic resist-
ances, which requires screening of en masse of bacterial
populations from diverse ecosystems. In this background,
the present report on a novel molecular method is of impor-
tance; to identify the isolates belonging to the promising
genera of Bacillus and Pseudomonas, as an alternate to
conventional diagnostic methods.

The current cmPCR assay employed the primer combi-
nations targeting 16S rDNA region for simultaneous detec-
tion of Bacillus spp. and Pseudomonas spp. without noises
from other genera. This region was widely accepted to infer
phylogenetic relationships among bacteria and offers the
benefit of robust databases and well-characterized phylo-
genetic primers [27]. Though 16S rDNA sequencing was
widely used in bacterial taxonomy, its power to distinguish
the species in certain genera was reported as poor [15]. The
present molecular screening tool involves a combination of
colony PCR and multiplex PCR to identify both the gen-
era in a rapid, specific, sensitive, and cost-effective mode.
It demonstrates the use of purified bacterial colony to per-
form multiplex PCR instead of isolated DNA to identify
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Table 6 Results of the colony multiplex PCR (cmPCR) and the antagonistic activity of the isolates obtained from the southwest coast of India

Sampling site Source Sample Number of Number of isolates detected ~ Number of antagonistic isolates
isolates positive in cmPCR detected by spot diffusion assay
Bacillus Pseudomonas Bacillus Pseudomonas Others
Andhakaranazhi Ornamental fish Water 37 0 1 0 0 0
hatchery Fish 8 0 0 0 0 0
Polluted canal Sediment 36 18 1 4 0 0
Chettuva Mangrove Sediment 82 35 8 6 0 2
Edavanakkad Canal Sediment 20 1 2 0 1 0
Mandapam Fish hatchery Fish 14 5 1 0 0 0
Mangalavanam Mangrove Sediment 52 28 9 3 5 1
Mulavukad Shrimp pond Sediment 18 4 0 2 0 1
Njarakkal Opyster hatchery Water 21 0 0 0 0 1
Oyster 44 1 6 0 0 0
Perandoor Polluted canal Sediment 37 12 0 4 0 1
Puthuvype Mangrove Sediment 22 4 0 2 0 1
Canal Sediment 17 0 1 0 0
Refinery Sediment 46 17 2 6 0 0
Polluted canal Water 18 3 2 1 2 2
472 133 32 29 8 9
CMFRI Microbial culture Culture 239 101 31 56 12 6
collection, MBTD collection

Total number of isolates screened 711 234 63 85 20 15

Bacillus spp. and Pseudomonas spp. This study also vali-
dated that the “boiling water bath method” is an appropri-
ate method for the preparation of crude bacterial DNA to
be used in PCR reactions, for both Bacillus spp. and Pseu-
domonas spp. The assay described for the identification is
much simpler and the time required to complete the whole
process (DNA preparation, amplification, and detection)
was approximately 2 h. Our result is in agreement with the
report of Kwon et al. [18] that the direct bacterial suspen-
sions produce precise amplification and distinguishable
PCR products.

For a successful multiplex PCR, a balance between primer
combinations, magnesium chloride concentrations, and
annealing temperatures are important. These factors differed
even with uniplex and multiplex systems, which were also
reported by Chen et al. [6]. The present study was success-
ful in developing an efficient multiplex combinational primer
mix using a single forward and two reverse primers provid-
ing high sensitivity and specificity in identifying the targeted
genera Bacillus and Pseudomonas. In addition, the developed
assay allowed the detection with <10 and 50 pg for genomic
DNA and 1 x 10" and 7 x 10> CFU/ul for Pseudomonas
spp. and Bacillus spp. respectively, which is comparable with
results of Chiang et al. [7] and Fan et al. [10].

The reliability of bacterial identification by cmPCR
assay was also checked and evaluated by comparing the
results of 16S rDNA sequencing and biochemical methods.

The results confirmed that the cmPCR assay developed in
the present study is successful in the identification of the
genera Bacillus and Pseudomonas. Moreover, the identifi-
cation by sequencing the cmPCR product exactly matches
with the results of 16S rDNA sequencing. Results observed
with multiplex PCR and conventional methods were highly
consistent for all samples, indicating that the cmPCR is an
efficient method for rapid screening of large number of
samples. This clearly validates that the cmPCR protocol is
a very useful and sensitive tool to obtain information on the
composition and population dynamics of the specific gen-
era from complex microbial communities. The combined
application of multiplex PCR and crude DNA extraction as
described here, will allow routine, high-throughput analy-
sis of environmental samples for the quick assessment of
potential antagonistic bacteria (Bacillus spp. and Pseu-
domonas spp.).

When considering the extensive disease control or eco-
logical studies, focusing on diversity of microbial interac-
tions, simultaneous testing becomes more valuable and
effective. The employment of this method may provide a
new way to investigate the microbial populations in a wide
range of environments in a short span of time. This will fur-
ther help in finding distribution, abundance, and screening
of Bacillus spp. and Pseudomonas spp. from a large num-
ber of environmental sites and to explore its biotechnologi-
cal potential.
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