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Treatment of bovine mastitis caused by Staphylococcus (S.)
aureus is becoming very difficult due to the emergence of
multidrug-resistant strains. Hence, the search for novel
therapeutic alternatives has become of great importance.
Consequently, bacteriophages and their endolysins have been
identified as potential therapeutic alternatives to antibiotic
therapy against S. aureus. In the present study, the gene
encoding lysin (LysSA4) in S. aureus phage SA4 was cloned and
the nucleotide sequence was determined. Sequence analysis of
the recombinant clone revealed a single 802-bp open reading
frame encoding a partial protein with a calculated mass of 30
kDa. Results of this analysis also indicated that the LysSA4
sequence shared a high homology with endolysin of the GH15
phage and other reported phages. The LysSA4 gene of the SA4
phage was subsequently expressed in Escherichia coli.
Recombinant LysSA4 induced the lysis of host bacteria in a spot
inoculation test, indicating that the protein was expressed and
functionally active. Furthermore, recombinant lysin was found
to have lytic activity, albeit a low level, against mastitogenic
Staphylococcus isolates of bovine origin. Data from the current
study can be used to develop therapeutic tools for treating
diseases caused by drug-resistant S. aureus strains.
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Introduction

Staphylococcus (S.) aureus is a Gram-positive bacterial
pathogen that causes numerous types of infections such as
soft tissue abscesses, wound infection, endocarditis,

osteomyelitis, bacteremia [18], and mastitis, the most
economically significant disease of dairy animals [5]. S.
aureus is a cause of great concern due to its low response to
antibiotics and capability to persist in herds undetected or at
sub-clinical levels [10]. The cure rate of S. aureus mastitis
with antibiotics has been reported to be between only 9~
35% [6]. S. aureus isolates commonly recovered from
clinical cases are not only resistant to B-lactam antibiotics
but also similar reagents such as aminoglycosides,
fluoroquinolones, and new-generation antibiotics like
glycopeptides [2]. In addition to these poor responses to
antibiotic treatment, the emergence of bacterial pathogens
resistant to chemotherapeutic agents is also a major concern
[1]. Tt is now widely accepted that some previously
discontinued methodologies may prove to be useful
weapons for the global fight against multidrug-resistant
bacteria. Bacteriophages are rapidly re-emerging as possible
alternatives to antibiotics for treating bacterial infections
[17]. Phage therapy has several advantages over antibiotics
including potent in vitro and in vivo antibacterial activity
against Gram-positive bacteria [4]. This activity is
independent from antibiotic sensitivity patterns, has a low
chance of inducing resistance, is easily facilitated by genetic
manipulation, and has a high margin of safety.
Bacteriophage endolysins represent a virtually untapped
resource for creating new classes of therapeutic agents that
are readily available to combat the current antimicrobial
resistance crisis in veterinary and human medicine [7].
Phage lysins have attracted considerable interest as novel
antibacterial agents, and have been used to control a wide
variety of bacteria such as Group A Streptococci [23],
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Bacillus anthracis [18], Streptococcus pneumonia [12],
and Enterococcus faecalis [34]. Bacteriophage produced
lytic enzymes that are active against staphylococcal cells
have been previously reported [8,27]. A phage-associated
lysin could rupture dead and living S. aureus cells [33]. In
addition, phage lytic enzymes from staphylococcal phages
80a [3], Twort [14], 187 [13], phill [22], vB-SauS-phi-
IPLAS8S [28,29], and K [26] have been described. The in
vitro lytic activity of LysK enzyme was found to be
effective against several staphylococcal species including
methicillin-resistant S. aureus strains [22].

The lysin gene (plyTW) of the virulent S. aureus phage
Twort encoding an enzymatically active fragment was
over-expressed and shown to act as an N-acetylmuramyl-L-
alanine amidase by cleaving staphylococcal peptidoglycan
[14]. Loessner et al. [13] cloned, sequenced, and characterized
the S. aureus phage 187 endolysin gene ply187 and reported
that this gene (1887 bp) encodes a large cell wall-lytic enzyme
(71.6 kDa) responsible for staphylococcal peptidoglycan
hydrolysis. Phage K is a polyvalent anti-staphylococcal phage
with a broad host range. Its lysin LysK gene was cloned and
heterologously over-expressed. The recombinant phi 11
endolysin was found to hydrolyze heat-killed staphylococci
as well as staphylococcal biofilms [31]. In the present study,
we cloned and characterized the LysSA4 gene of S. aureus
phage SA4 in order to determine the levels of similarity and
heterogeneity with those of other S. aureus phages.
Additionally, in vitro lytic activity of the purified
recombinant LysSA4 was measured and compared against
68 mastitogenic Staphylococcus isolates of bovine origin to
determine the lytic range of the LysSA4 enzyme.

Materials and Methods

Biological materials

The indicator S. aureus and 68 regional mastitogenic
Staphylococcus isolates of bovine origin were either
obtained from the Type Culture Laboratory of the Division
of Biological Standardization, Indian Veterinary Research
Institute (IVRI), India, or were identified during the
current study. S. aureus bacteriophage SA4 isolated from
the sewage water of an IVRI dairy farm per the
recommended method [19] was obtained from the
Laboratory Repository of the Division of Biological
Standardization, IVRI, India.

Amplification of the LysSA4 gene by PCR

The propagation of the bacteriophage was done by
conventional liquid culture method. The 100 mL of 16 to
18 h old pure broth culture of the indicator bacterium (S.
aureus) with 0.1% MgS04.7H,O (HiMedia, India) was
inoculated with 1.0 mL of the phage suspension. The phage
bacteria mixture was incubated at 37°C with vigorous
intermittent shaking until complete lysis (approximately 3

h). The phage lysate was filtered through 0.22 p membrane
filter (EMD Millipore, USA), and stored aseptically in
sterile screw capped bottle at 4°C. Genomic DNA of S.
aureus bacteriophage SA4 was isolated using a lambda
DNA isolation kit (Qiagen, Germany). The LysSA4 gene
from the phage was amplified by PCR using specific
primers (a kind gift from Dr. D.M. Donovan, United States
Department of Agriculture, USA): 5 ATGGCTAAGACT
CAAGCAGAA 3’ (sense primer) and 5" ATTTACCCGT
GTGCCAAG 3’ (antisense primer). The PCR reaction
consisting of 50 ng of the template DNA, 20 pmol of each
primer, and 17 puL of a PCR master mix (Qiagen, Germany)
was brought up to a 25-uL volume with nuclease-free
water. PCR was performed with an initial denaturation at
94°C for 5 min followed by 30 cycles of denaturation at
94°C for 60 sec, annealing at 51.8°C for 60 sec, extension
at 72°C for 60 sec, and final extension at 72°C for 7 min.
The PCR products were separated in a 1% agarose gel with
a 100-bp marker (Thermo Scientific, USA) to determine
the gene size.

Cloning and sequencing of the lysin gene

The LysSA4 gene PCR product was ligated into a
pTZ57R/T-TA cloning vector (Qiagen, Germany) and used
to transform Escherichia (E.) coli DH5a (Division of
Biochemistry, IVRI, India) using a transformation kit
(Thermo Scientific, USA). Recombinant clones were
preliminarily identified by blue/white colony screening on
Luria Bertani agar (HiMedia, India) after overnight
incubation at 37°C. Plasmid isolation was carried out using
a Plasmid Miniprep kit (Qiagen, Germany) according to the
manufacturer’s protocol and clone identity was confirmed
by digestion at 37°C overnight with EcoRI (Thermo
Scientific, USA). The confirmed clone was then used for
sequencing the inserted gene. The gene was sequenced by
Chromous Biotech (India) and the sequence was compared
with other published lysin sequences in GenBank (National
Center for Biotechnology Information, USA) using the
ClustalW subprogram of the MegAlign program of
Lasergene software (DNASTAR, USA). A multiple
sequence alignment report, sequence similarity/divergence
data, and phylogenetic tree were generated. Secondary
structure predictions and physiochemical properties of
LysSA4 in the form of an algorithm were generated with the
Protean program (DNASTAR, USA).

Prokaryotic expression of the LysSA4 gene

The LysSA4 gene was cloned into a pQE30-UA
expression vector (Qiagen, Germany) and the endolysin
protein was expressed in E. coli M15 competent cells
(Division of Biochemistry, IVRI, India) using standard
procedures [30]. Briefly, 100 uL of an overnight culture
containing the recombinant clones were transferred into 10
mL of Luria Bertani broth (HiMedia, India) containing



ampicillin (100 pg/mL; HiMedia, India) and kanamycin
(50 pg/mL; HiMedia, India), and incubated in shaker (10 %
g; New Brunswick, USA) at 37°C for 3 h. A 1-mL aliquot of
the culture from this stage was taken and kept separately as
untreated culture. The remaining cultures were treated with
isopropyl B-D-1-thiogalactopyranoside (IPTG; Thermo
Scientific, USA) at a final concentration of 1 mM and
incubated at 33°C up to 8 h. A 2-mL aliquot of the culture
was harvested every 2 h and the cells were pelleted at
14,000 x g/4°C for 10 min in a refrigerated micro-
centrifuge (Sorvall RC5; Thermo Scientific, USA) for
SDS-PAGE analysis. The pellet was suspended in 80 puL of
2x sample loading buffer (Merck, USA), boiled for 7 min at
100°C, and centrifuged at 7,000 x g for 10 min at 4°C. The
supernatant (20 pL) was loaded with an medium range
molecular weight marker [(Merck, USA) and the proteins
were separated by minigel SDS-PAGE (Bio-Rad, USA)
with a 12% separating gel (Merck, USA) and 5% stacking
gel (Merck, USA)]. The time at which the highest level of
LysSA4 expression was observed was noted and used as the
standard incubation period to achieve a maximum level of
expression.

Purification of the recombinant LysSA4 protein

A 50-mL aliquot of the IPTG-treated culture was
centrifuged at 4,000 x g for 10 min at 4°C. The cell pellet was
resuspended in 2 mL of lysis buffer (100 mM NaH,PO,, 10
mM Tris, and 8 M urea, pH 8.0), and kept at room
temperature (RT) for 2 h at 5 % g in a shaker incubator (New
Brunswick, USA). The bacterial lysate was centrifuged at
10,000 x g for 20 min at 4°C to remove the insoluble cellular
debris. Supernatant containing the recombinant protein was
loaded onto 1 mL of a 50% nickel nitrilotriacetic acid
agarose slurry (Qiagen, Germany) and mixed gently by
shaking 5 x g for 1 h at RT. Next, the mixture was loaded into
a syringe column (HMD, India) and the column was washed
with 10 mL of wash buffer (100 mM NaH,PO4, 10 mM Tris,
and 8 M urea, pH 6.3) to remove the non-specific proteins.
Protein bound to the resin was then eluted with elution buffer
(100 mM NaH,POs, 10 mM Tris, and 8 M urea, pH 4.5) into
four eluates of 0.6 puL each. The purified protein was
dialyzed against PBS at 4°C for 48 h. All four eluates were
analyzed by SDS-PAGE along with a medium range protein
(Merck, USA) to confirm the presence of the protein.

Assessment of in vitro lytic activity of the
recombinant lysin

Lytic activity of the protein against its indicator bacteria
and the 68 regional mastitogenic Staphylococcus isolates
was measured with a spot inoculation test as previously
described [25] using the elutes containing protein over
lawn cultures of the bacteria. Briefly, each culture of
Staphylococcus was inoculated into sterilized BHI broth
(HiMedia, India), and incubated at 37°C. The 16 h old pure
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broth culture of each isolate was spread plated onto the
BHI agar (HiMedia, India) and thereafter, 5 pL of the
protein preparation was aseptically placed on the dried
surface of agar. After overnight incubation at 37°C, the
sensitivity of target organism against the phage was
observed by formation of clear circular zone.

Results

PCR amplification and cloning of the LysSA4 gene

The lysin gene from phage SA4 was successfully amplified
using LysSA4-specific primers. A single 802-bp PCR
product was amplified from the phage SA4 genome (Fig.
1A). The amplified product was cloned into a pTZ57R/T-TA
cloning vector (Qiagen, Germany). Restriction digestion of
the recombinant clone with EcoRI confirmed the presence of
the 802-bp sequence within the recombinant plasmid (Fig.
1B).

Sequence analysis of the LysSA4 gene

The cloned LysSA4 gene of S. aureus bacteriophage SA4
was sequenced. The sequence data was submitted to the
GenBank database (National Center for Biotechnology
Information, USA) and assigned the accession number
HQ330981. Sequence analysis of the recombinant clone
revealed the presence of a single 802-bp open reading
frame. The LysSA4 sequence was then aligned with
reported sequences of endolysin genes from other phages.
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Fig. 1. Cloning of the LysSA4 gene from phage SA4. (A)
Amplification of the LysSA4 gene. Lane M: 100-bp plus DNA
ladder and lane 1: the amplified product. (B) EcoRI digestion of
recombinant vectors harboring the LysSA4 gene. Lane M1: high
range DNA ladder, lane M2: 100-bp DNA ladder, lane 1: released
gene insert from the recombinant pTZ57R/T-TA cloning vector,
and lane 2: released gene insert from the recombinant
pQE30-UA expression vector.
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Analysis showed that LysSA4 had a 94.6 ~97.0% identity
with endolysin genes from A5SW, G1, GH15, ISP, K,
Phi812, and Sb-1 phages (Fig. 2A). Phylogenetic analysis
of the nucleotide sequences demonstrated that the
endolysin gene of phage SA4 grouped with that of phage
GHI5 (Fig. 2B), and both of these sequences formed a

Percent identity
1 2 3 4 5 6 7 8
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1 2 3 4 5 6 7 8
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Fig. 2. Nucleotide sequence analyses of the LysSA4 gene from
Staphylococcus (S.) aureus phage SA4. (A) Percent identity and
divergence of the lysin gene sequences for different phages. (B)
Phylogenetic analysis of the lysin sequences for different phages.

cluster that was separate from the other sequences.

The deduced amino acid sequence of the LysSA4 gene
encoded a partial protein with a calculated molecular mass
of 30 kDa. Amino acid sequence of this endolysin gene was
then aligned with those of other reported phages. Amino
acid sequence analysis indicated that LysSA4 had a 98.5~
98.9% similarity with the sequences of endolysin genes
from other phages (Fig. 3A). Phylogenetic analysis of the
endolysin gene amino acid sequences confirmed the
nucleotide sequence analysis findings although the phage
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Fig. 3. Amino acid sequence analyses of the LysSA4 gene from
S. aureus phage SA4. (A) Percent identity and divergence of the
lysin protein sequences for different phages. (B) Phylogenetic
analysis of the lysin protein sequences for different phages.

Fig. 4. Expression of the recombinant LysSA4 gene from phage
SA4. (A) SDS-PAGE showing expression of the LysSA4 gene 4
and 6 h after isopropyl B-p-1-thiogalactopyranoside (IPTG)
treatment. Lane M: protein molecular weight marker, lanes 1 and
3: expression 4 and 6 h post-induction, and lane 2: untreated cell
lysate. (B) Elution pattern of the purified recombinant lysin from
phage SA4. Lane M: protein molecular weight marker (medium
range), lanes 1 to 4: eluates 1 to 4. Eluate 2 had the maximum
concentration of the protein followed by eluates 3, 4, and 1,
respectively.



Fig. 5. Lytic activity of the recombinant lysin against indicator S.
aureus cells. Plaques developed due to rupturing of the bacterial
host cells by the recombinant lysin.
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SA4 formed a lineage separate from all other reported
phages (Fig. 3B). These results indicated that the endolysin
genes are conserved among different phages with minor
differences.

Expression of the LysSA4 gene

The 802-bp lysin gene product was amplified from the
phage SA4 genome and cloned into a pQE30-UA
expression vector. Restriction digestion with EcoRI
confirmed the presence of an 802-bp sequence within the
recombinant plasmid (Fig. 1B). Transformed E. coli M15
cells were then treated with IPTG and the expressed
recombinant lysin (Fig. 4A) fused to a histidine tag was
purified by nickel chelating affinity chromatography.
SDS-PAGE electrophoresis of the eluted fractions showed
an intense protein band of 31 kDa (Fig. 4B).

Table 1. In vitro lytic efficacy of the recombinant lysin against various Staphylococcus isolates from different geo-climatic regions of India

Name of the region Isolate Organism Lysis Name of the region Isolate Organism Lysis

1 Bikaner IVRI-1 S. aureus +* 35 Nabha, Punjab IVRI-148 CPS -
2 (Western India) IVRI-2 S. aureus =T 36 (Northwest India) IVRI-151 CNS -
3 IVRI-3 S. aureus - 37 IVRI-160 CNS -
4 IVRI-5 S. aureus — 38 IVRI-168 CPS —
5 IVRI-11 S. aureus - 39 IVRI-172 CNS -
6 IVRI-28 S. aureus — 40 IVRI-173 CPS —
7 IVRI-29 S. aureus - 41 IVRI-174 CPS -
8 IVRI-30 S. aureus + 42 IVRI-177 CPS -
9 IVRI-31 S. aureus - 43 Chennai IVRI-180 CNS -
10 IVRI-35 S. aureus - 44 (South India) IVRI-181 CNS -
11 IVRI-36 S. aureus — 45 IVRI-200 CNS —
12 IVRI-37 S. aureus - 46 IVRI-201 CNS -
13 IVRI-39 S. aureus - 47 IVRI-204 CNS -
14 IVRI-42 cpst + 48 IVRI-207 CNS -
15 IVRI-45 CNS* + 49 IVRI-209 CNS -
16 IVRI-46 S. aureus — 50 IVRI-211 CNS +
17 IVRI-47 S. aureus - 51 Sikkim IVRI-217 S. aureus -
18 IVRI-48 CPS 52 (Northeast India) IVRI-218 S. aureus -
19 IVRI, Izatnaga IVRI-55 CPS + 53 IVRI-219 S. aureus -
20 (Central India) IVRI-56 S. aureus - 54 IVRI-220 S. aureus -
21 IVRI-57 S. aureus — 55 IVRI-221 S. aureus —
22 IVRI-58 S. aureus - 56 IVRI-223 CNS +
23 IVRI-59 S. aureus + 57 IVRI-224 S. aureus —
24 IVRI-64 S. aureus — 58 IVRI-225 S. aureus —
25 IVRI-70 CPS - 59 IVRI-226 CNS -
26 IVRI-71 CPS - 60 IVRI-227 S. aureus +
27 IVRI-72 CNS + 61 IVRI-228 CPS -
28 IVRI-82 S. aureus — 62 IVRI-229 CNS —
29 IVRI-112 S. aureus — 63 IVRI-230 S. aureus —
30 Nabha, Punjab IVRI-131 CPS - 64 IVRI-231 CNS -
31 (Northwest India) IVRI-132 CPS - 65 IVRI-232 CNS -
32 IVRI-137 CNS - 66 IVRI-233 S. aureus -
33 IVRI-145 CPS + 67 IVRI-234 CPS -
34 IVRI-146 CNS - 68 IVRI-238 CPS +

*Lysis, "no lysis, icoagulase-positive Staphylococci other than Staphylococcus (S.) aureus, §coagulase-negative Staphylococci other than S.

aureus.
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Assessment of in vitro lytic activity of the
recombinant LysSA4

In the spot inoculation test, the expressed endolysin
completely cleared the indicator bacterium (S. aureus isolate
IVRI-139; Fig. 5). Lytic efficacy against approximately 18%
of total Staphylococcus isolates tested in the study was
observed (Table 1). The recombinant endolysin also showed
cross-species lytic efficacy (Table 1).

Discussion

The emergence of drug-resistant S. aureus strains
necessitates the development of novel therapeutic tools as
alternatives for antibiotics. Phage therapy is one such
modality that could replace antibiotics. The lysin genes of
S. aureus phages have been cloned, sequenced, and
characterized by several groups [13,14,24,27].
Recombinant lysins have also been found to be lethal
against Lactobacillus lactis [32], Listeria monocytogenes
[16], Bacillus cereus [15], S. aureus [14], E. coli [21], and
Pseudomonas aeruginosa [21]. In the present study, we
cloned the LysSA4 gene and characterized in vitro lytic
activity of the recombinant LysSA4 protein against
different mastitogenic S. aureus isolates of bovine origin.
Sequence analysis of the LysSA4 gene of phage SA4
revealed a single open reading frame encoding a partial
protein with a calculated mass of 30 kDa. This analysis also
showed that LysSA4 had about a 94 ~97% identity with
endolysin genes from A5W, G1, GH15, ISP, K, Phi812,
and Sb-1 phages. Phylogenetic analysis of the nucleotide
sequences showed that the endolysin gene of phage SA4
grouped together with that of phage GH15 and formed a
separate cluster. However, amino acid sequence analysis
indicated that phage SA4 formed a lineage separate from
all other reported phages. Our data indicated that the
endolysin genes are conserved among different phages
with minor differences.

LysSA4 was expressed in E. coli M15 cells and SDS-
PAGE showed that the expressed LysSA4 had an apparent
molecular mass of 31 kDa. The lytic nature of the
recombinant LysSA4 protein was demonstrated by spot
inoculation over a lawn culture of indicator organisms. The
expressed endolysin was found to have lytic activity
against about 18% of the total S. aureus isolates tested. The
recombinant endolysin also showed cross-species lytic
efficacy. This type of activity demonstrated the therapeutic
potential of the expressed lysin. The lytic range of the
expressed lysin was found to be low compared to the native
lysin [20]. Our results are in agreements with earlier
observations [9,11] showing that the native protein
provides better protection than recombinant ones.

In the current study, the recombinant LysSA4 protein was
found to have only a narrow range for lysing S. aureus
isolates compared to the native protein. However, findings

from the present study revealed that recombinant LysSA4
could potentially be used as a therapeutic tool. Further
research to identify the residues crucial for endolytic
activities may help devise peptide-based therapy against S.
aureus-induced mastitis.
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