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Biofilm-forming methicillin-resistant Staphylococcus aureus (MRSA) is an emerging pathogen that adversely affects
animal and human health. World Health Organization (WHO) has designated MRSA as a high-priority pathogen for
research and development. In this study, we have investigated the pathogenic potential of MRSA recovered from mastitic
milk of cow. The MRSA was initially characterized for coagulase, haemolytic and DNase activity followed by its biofilm
forming ability. Further, an intravenous murine model of MRSA was developed using multiparameter approach comprising
of disease activity score, viable bacterial count in blood and tissues; and, detection of biofilm mass in tissue. Infection was
successfully established in mice following intravenous inoculation of 3 x 10° colony forming unit (CFU) per mL of MRSA.
Fifty percent of MRSA-challenged mice died after infection whereas mice survived exhibited disease activity score >25.
Significantly higher MRSA count was recorded in blood, liver and kidney of MRSA-challenged mice as compared to
healthy mice (P <0.05). Gram staining revealed the presence of varied size of multiple clusters of Gram-positive biofilm
mass in the liver and kidney of MRSA-challenged mice. This study on pathogenesis of MRSA in mice would be useful in
not only controlling the MRSA infection, but also in the development of effective therapeutics.
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Multiple drug resistance coupled with ability to form
biofilm by methicillin-resistant  Staphylococcus
aureus (MRSA) is an upcoming threat in the control
of MRSA infections in animals and humans. Biofilm
formation could be accomplished by the expression of
fibrinogen and fibronectin-binding proteins along
with the co-expression of intercellular adhesion
molecules'”. The slow growth rate of bacteria and
increased rate of horizontal transfer of resistant genes
inside biofilms make the bacteria more tolerant and
resistant to antibiotics™*. Methicillin resistance is
acquired among Staphylococcus aureus by the
Staphylococal cassette chromosome (SCCmec) that
encodes a modified penicillin-binding protein having
a low affinity towards p-lactam antibiotics™®.
Therefore, MRSA tends to develop resistance to many

antibiotics  including  B-lactams,  polymyxin,
aminoglycosides, cyclic peptides, sulfonamide,
quinolone,  fluoroquinolone and  oxazolidone’.

According to the World Health Organization (WHO),
the MRSA-related public health threat is that 64%
people with MRSA infections often die®.

*Correspondence:
E-Mail: csannat@rediffmail.com

Unlike planktonic form of bacteria, bacterial
biofilms induce distinct inflammatory changes in the
tissue. Therefore, for characterization of the MRSA-
host relationship, understanding the pathology
induced by biofilm forming MRSA in the host is
necessary. Although, biofilm forming ability of
MRSA has been characterized well by several in vitro
laboratory methods that could not establish the
pathogenesis of MRSA in the host. In such cases, an
experimental infection in appropriate laboratory
animal model would provide a better understanding of
the host-bacterium relationship’. Virulence factors
such as haemolysins, coagulase and polysaccharide
intercellular adhesion molecules facilitate initial
adhesion and tissue invasion in mammary gland; and
thus, biofilm formation by S. aureus. Using
intravenous mouse model of MRSA, sequential
pathology mediated by these virulence determinants
in blood stream and disseminated organs such as liver
and kidney can be explored. It may aid in
identification of appropriate target, and thus the
development of effective therapeutic regimens for
MRSA infections. Therefore, here, we studied in vivo
infection in experimental mice model using strong
biofilm forming MRSA isolate.
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Materials and Methods
Characterization of MRSA isolate

Staphylococcus aureus was isolated from mastitic
milk of cow in tryptone soy agar and confirmed
through the detection of thermonuclease gene by
polymerase chain reaction. It was further
characterized up to subspecies (Staphylococcus
aureus subsp. aureus) level by MALDI-TOF mass
spectrometry at National Center for Microbial
Resources, Pune, India. Methicillin resistance in
Staphylococcus aureus (MRSA) isolate was detected
phenotypically by disc diffusion test using cefoxitin
disc (30 pg); and genotypically by PCR using mecA
gene primer .

MRSA isolate (Isolate code SA2018 03) was then
characterized for coagulase'', DNase'? and
haemolytic'® activity whereas biofilm formation was
quantified by microtitre plate test'*. In microtitre plate
test, MRSA isolate was inoculated in 5 mL of
tryptone soy broth supplemented with 1% glucose
media and incubated at 37°C for 2-4 h till mid
logarithmic phase (0.132 ODgponm). About 100 uL of
mid logarithmic culture was then added in eight
replicates in well of sterile microtitre plate. One
column containing plain media without MRSA served
as negative control (NC). The plate was incubated at
37°C for 24 h with intermittent shaking. Following
incubation, contents of each well was poured off and
washed with 200 pL of PBS (pH 7.2) for thrice to
remove dead and planktonic bacteria. Biofilm forming
adherent bacteria were fixed for 10 min with 150 pL
of 2% sodium acetate (w/v) and air dried. Each well
of microtitre plate was then stained with 150 pL of
0.1% crystal violet (w/v) till 20 min. Excess stain was
washed off by washing twice with distilled water.
Plate was then air dried and stain was dissolved by
treatment with 150 pL of 33% glacial acetic acid
(v/v). Biofilm  formation  was quantified
spectrophotometrically in ELISA reader by measuring
OD value at 492 nm. Cut off OD value (ODc) was
determined as per below mentioned equation:

ODc = Average ODyc + (3 x standard deviation of ODyc)

Intensity of biofilm formation was categorized as
given below: Non biofilm former (OD<ODc); Weak
biofilm former (2xODc>0D>0Dc); Moderate biofilm
former (4xODc>0D>2x0Dc); Strong biofilm former
(OD>4x0Dc)

Moreover, isolate was screened for biofilm-

associated intercellular adhesion genes such as ica4
and icaD (Table 1) .

Table 1 — Details of primers and PCR cyclic conditions used for
screening of biofilm-associated genes in MRSA

Genes Primer sequence (5'-3") Amplicon ~ PCR cyclic
size (bp) condition
icad (F) ACACTTGCTGGCGCAGTCAA 188 35 cycles of
icad (R) TCTGGAACCAACATCCAACA denaturation (94°C

icaD (F) ATGGTCAAGCCCAGACAGAG 198
icaD (R) AGTATTTTCAATGTTTA
AAGCAA

for 30 s), annealing
(58°C for 30 s), and
extn (72°C for 30 s)

Experimental animals

The current study used female BALB/c mice
(n=12; 25+3 g). The experiment was approved by the
ethical committee of Veterinary College, Anjora,
Durg, Chhattisgarh, India.

Preparation of MRSA infection stock

Five MRSA colonies grown on tryptone soy agar
were diluted in 5 mL of tryptone soy broth to form a
uniform suspension and incubated at 37°C for 4 h.
Following centrifugation (1500 rpm for 10 min) of
broth culture, bacterial cell pellet was obtained.
Bacterial cell pellet was washed four times with PBS
(pH 7.2) and then diluted in PBS (pH 7.2) to the
desired concentration (3x10°® CFU/mL) after
determining actual colony forming unit (CFU) using
standard plate count method'®,

‘Whole blood survival assay

About 25 pL of MRSA suspension (3x10° CFU mL™)
was mixed in triplicate with 75 pL of fresh murine
heparinized blood in a microtitre plate and incubated
at 37°C. Ten pL of MRSA culture was taken from
each well at 0, 1, 3, 5 and 24 h and plated on Luria
Bertani agar. The number of colonies on each plate
was counted after 24 h of incubation at 37°C. The
colony-forming unit (CFU) per milliliter of blood was
calculated as follows:

Average numbers of colony
X dilution factor

(CFUmL™) =
Inoculum size of the sample

MRSA infection in mice

The experimental model consisted of two groups of
BALB/c mice: infection (n=6) and control (n=6).
Mice were anaesthetized by an intramuscular dose of
ketamine hydrochloride @ 87.5 mg kg body wt.) and
xylazine @13 mg kg' body wt. The mice in the
control group received normal saline (100 pL),
whereas the mice in the infection group were given
MRSA (3x107 CFU in 100 uL) via slow intravenous
infusion in the tail vein. Mice were observed daily for
8 days and any deviation from optimal body
parameters (mortality, body weight, appearance of
eye and fur, posture and motility) was recorded.
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Disease activity score (DAS)

Each mouse’s disease activity score (DAS) was
determined using the body scoring system with little
modification (Table 2)'", and animals were categorized
as follows: Healthy (<50; Mild sick (10>DAS>5);
Moderately sick (25>DAS>10); Severely sick
(35>DAS>25); and Moribund (DAS>35).

Viable bacterial load in blood and tissues

The blood sample was taken before infection, as
well as at 48, 96 and 120 h post-infection (PI).The mice
that died during the experiment were subjected to the
post-mortem examination, and; the mice that survived
were sacrificed on day-8 PI. Pieces of kidney and liver
tissue were collected aseptically from dead/sacrificed
mice in both sterile PBS (pH 7.2) and 10% formalin.
MRSA was recovered from blood, liver, and kidney
using bacterial culture and PCR. Viable bacterial load
in the kidney, liver and blood was determined
separately by the standard plate count method'®.

Virulence characterization of recovered MRSA isolates

MRSA isolates recovered from blood and tissues of
infected mice were characterized further for
coagulase'', DNase'?, haemolytic” activity and
biofilm formation by microtitre plate test'*.

Histopathology

Histopathology of kidney and liver tissue collected
in 10% formalin was done by hematoxylin and eosin
(H & E) staining'®.

Table 2 — Scoring of body parameters of mice to determine
disease activity score (DAS)

Cumulative
Parameters Score score
Bodyweight
No change 0 25
Loss of body wt. <25% (1% loss= 1 point) 1-24
Loss of body wt. >25% 25
Fur
Shining 0 15
Matte 10
Ruffled 15
Eyes
Clear/clean 0 10
Unclean and sticky 5
Semiclosed/closed 10
Posture
Normal 0 25
Hunched 15
Massively hunched 25
Motility
Spontaneous 0
Moderately reduced activity 5 25
Motility after stimulation 15

Isolation, lethargy, coordination disorders 25
100

Gram staining of tissue

After clearing the tissue in xylene, sequential
passage was done in 100, 80 and 50% alcohol. Then
slides were kept in a primary stain solution of crystal
violet for 5 min which was followed by twice washing
in tap water, fixing in Gram’s iodine for 2 min,
decolourization with 70% ethanol for 30 s followed
by quick rinsing in water. Finally, tissue sections were
kept in safranin solution for 2 min. It was then
dehydrated in a series of alcohols (50, 80 and 100%),
cleared in xylene, and then covered with cover slip.
Gram-positive spots were counted microscopically
per 50 high power (40X) fields using T capture
micrometry software and approximate size (in pm)
was measured.

Statistical analysis

Generated data were analyzed by SPSS computer
software and; mean values, standard error and p-
values were recorded. Data having p-values<0.05
were designated significant.

Results and Discussion
Virulence markers in MRSA isolate

MRSA isolate was coagulase and DNase positive
and; showed B-hemolysis. Isolate was detected strong
biofilm former (3.24 Mean ODyy,,) and harboured
icad as well as icaD gene. Coagulase contributes to
chronicity of infection and unresponsiveness towards
the conventional antibiotic treatment because
coagulase generate a fibrin shield in abscess which
protect microorganism from immune cell infiltration
and/or antibiotics thereby promote bacterial survival
and dissemination in tissue'**". DNase aggravates the
infection through the degradation of neutrophil
extracellular traps that cause the escape of bacteria
from the phagocytic action of neutrophils®. B-
hemolysin is important for infectious colonization and
help the organism evade from immune
mechanism*>*. Biofilm-forming ability of MRSA is
because of slime production which is further
influenced by the expression of intercellular adhesion
genes”*. By and large, co-expression of icad and icaD
increases N-acetyl glucosaminyl transferase activity,
polysaccharide intercellular adhesion protein (PIA)

synthesis, and thus slime production®?.

Growth kinetic of MRSA in murine blood

The MRSA isolate survived, got adapted, and then
grew successfully in murine blood. After an initial
drop in bacterial load in blood at 1 h post-incubation,
progressive increase was recorded up to 24 h of
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incubation at 37°C (Fig. 1) as reported by Kwiecinski
et al’®. Intravenous murine model was therefore
selected for study of MRSA infection in mice.

Establishment of MRSA infection in mice

Following intravenous inoculation of 3x10® CFU mL"
of MRSA in BALB/c mice, organisms are
disseminated into tissue, and form abscesses. The
establishment of clinical disease in mice could be
attributed to the effect of growth phases on expression
of virulence factors in MRSA**. For instance,
colonization factors are expressed during logarithmic
phase while effectors in the stationary phase®.

Mortality of MRSA-challenged mice

In the infected group, three out of six mice (50%)
succumbed to MRSA infection. One mouse died at 20 h
after infection, second at 40 and the third mice at 42 h
PI. Mortality of MRSA-infected mice could be
associated with a wide array of virulence determinants
associated with MRSA including haemolysins,
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Fig. 1 — Growth kinetics of MRSA organism in murine blood at
incubation temperature of 37°C at various point of time post
incubation
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coagulase, DNase and determinants of biofilm
formation””>**".

Effect on various body parameters and disease activity score
(DAS)

Mice in the healthy control group gained weight
gradually, whereas infected mice lost weight at a rate
ranging from 4.42 to 7.85% over eight days (Fig. 2).
On days 1 and 2, a significant reduction in body
weight was observed (P <0.05), followed by a steady
reduction up to day 5, and then a constant body
weight was recorded. Body parameter scores in the
current study were more (P <0.05) in the mice
challenged with MRSA than in that of healthy group
of mice (Table 3). Mice from the control group

remained healthy (DAS <5) throughout the
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g 45 « = Control (Day)
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/

Fig. 2 — Assessment of disease progression in MRSA-challenged
BALB/c mice (A & B) Disease activity score; and Percent
reduction in body weight of mice at day-1 to day-8 post infection;
(C) Ruffled fur at 18 h post infection; and (D & E) Hunched
posture in mice at 20 & 40 h post infection

Table 3 — Disease activity score of mice after MRSA infection

Body Group Body parameter score
Parameters Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8
Bodvweight Infected 4.42+1.18" 6.26+£1.08* 6.27+1.79° 7.18+2.41* 7.85+3.08" 7.56+3.22% 7.51+4.05° 7.49+4.26°
YWEIENt  Control  —0.2440.31" —0.58+0.44" —1.16+0.51° —1.76+0.62° —2.32+0.60° —2.75+0.57° —3.4240.75" —3.99£0.79"
Fur Infected 10.0012.24!)a 10.0012.7{‘ 8.3314.41; 8.3314.412 8.3314.412 6.6713.332 6.6713.332 6.6713.332
Control  1.67+0.27° 0.00+0.00° 0.00+0.00° 0.00+0.00° 0.00+0.00° 0.00+0.00° 0.00+0.00  0.00+0.00
Eyes Infected 5.83i0.832 6.00i1.87z 5.00i0.00Z 5.001:0.002 S.OOi0.00Z 1.67i1.67z 1.67i1.67z 1.67i1.67z
Control  0.00+£0.00°  0.00£0.00°  0.00+£0.00° 0.00+£0.00° 0.00+0.00°  0.00+0.00°  0.00+0.00°  0.00+0.00
Posture Infected 1 1.67i4.01ba 14.00ﬂ:4.01ba 10.00ﬂ:5.0(3’a 10.00ﬂ:5.0(3)a 10.00ﬂ:5.0(3)a 10.00ﬂ:5.0(3)a 10.00ﬁ:5.0(3)a 10.00ﬁ:5.0(3)a
Control  0.00+0.00°  0.00+0.00°  0.00+0.00°  0.00+0.00° 0.00+0.00°  0.00+0.00°  0.00+0.00°  0.00+0.00
Motility Infected 13.33i4.01ba 21.67i4.9(3"“‘ 1.67i1.67z 1.67ﬂ:1.67z 1.67ﬂ:1.67z 1.67ﬂ:1.67z 1.67:1:1.672 1.67:1:1.672
Control  1.67+0.27° 0.00+0.00°  0.00+0.00°  0.00+0.00° 0.00+0.00° 0.00+0.00°  0.00+0.00°  0.00+0.00
DAS Infected 45.25 57.93 31.78 32.18 32.85 27.57 27.52 27.5
Control 3.09 —-0.58 -1.16 -1.76 -2.32 -2.75 -3.42 -3.99
. . Severe Severe Severe Severe Severe Severe
Level of Infected  Moribund ~ Moribund sickness sickness sickness sickness sickness sickness
sickness Control Animals Animals Animals Animals Animals Animals Animals Animals
healthy healthy healthy healthy healthy healthy healthy healthy

[Mean values with different superscripts in the columns for particular body parameter scores differ significantly (P <0.05)]
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experiment whereas MRSA infected mice showed
DAS >25 (Table 3 and Fig. 2). MRSA infected mice
exhibited ruffled and matted fur, sticky eyes, hunched
posture and reduced motility.

Initial weight loss in mice following MRSA
infection could be due to initial bacteremia,
inflammatory response, and sepsis, all of which led to
a decrease in food intake’**’. Bodyweight recovery
following day 5 PI was accompanied by decreased
bacteremia, as evidenced by a decrease in bacterial
load in blood on day 5 PIL.

The DAS is comprised of a wide range of measures
that reflect the severity of infection. The mice in the
control group remained healthy throughout the study
period (DAS <5). During the 8-day study period, each
of the mice in the MRSA-infected group developed
symptoms and showed DAS >25. Higher DAS (>35)
on day-1 and day-2 PI could be attributed to the
moribund status of 50% of mice during the first two
days of PI. MRSA-induced inflammation, bacteremia,
and sepsis all contributed to an overall worsening of
mice's condition®. Following that, similar levels of
sickness were observed in mice, indicating recovery
from infection.

Bacterial load in blood, kidney and liver

The MRSA organism was re-isolated from the
blood, liver and kidney of the mice post infection and
tested positive by PCR using nuc gene primer. A
significantly higher bacterial count (P <0.05) was
recorded in the blood of the infected mice at 48 h PI
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with further reductions at 96 and 120 h. Infected mice
had a significantly higher bacterial load (P <0.05) in
the kidneys than in the liver (Fig. 3).

The gradual decrease in bacterial load over time is
attributed to dissemination of MRSA organisms from
the bloodstream to wvascular organs following
bacteremia. The recovery of MRSA from kidney and
liver tissue demonstrated the spread of infection to the
liver and kidneys via systemic circulation and thus
could be considered as organs primarily affected by
MRSA after intravenous inoculation in mice™ ™. The
higher bacterial load in the kidney compared to the
liver is consistent with the earlier findings***”. During
the bacteremic stage, macrophages and neutrophils
are the important blood cells that enable the spread of
bacteria to other organs’.

Virulence determinants of MRSA organism re-isolated from
MRSA-infected mice

MRSA isolates recovered from blood, liver and
kidney of MRSA-challenged mice retained the
virulence property of MRSA organism. Recovered
isolates were positive for coagulase and DNase; and
showed beta haemolysis on 5% calf blood agar. Each
of the recovered MRSA isolates was adjudged as
strong biofilm former by microtitre plate test.

Gram-positive spots in kidney and liver

Gram staining revealed the presence of multiple
clusters of Gram-positive spots or biofilm mass
ranging in size from 5 to 50 pum in the liver and
kidney of MRSA infected mice (Fig. 3). The extent of
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Fig. 3 — Bacterial density and Gram positive spots in tissues of MRSA-challenged mice. Mean bacterial load (A) in blood collected from
mice at various point of time post infection; and (B) in tissues of sacrificed and dead mice; (C & D) Number of Gram positive spots per
50 high power field; and (D) Relative size of Gram positive spots in liver and kidney of infected mice; (E) Macro cluster containing
several large Gram-positive spots in the kidney at 40 h PI; (F) Large Gram-positive spots in the kidney at 20 h PI; and (G) Small and
moderate size Gram-positive spots in liver at 40 h PI (Gram staining 400X)
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MRSA biofilm formation can be interpreted indirectly
by the formation of Gram-positive spots, which are
influenced by bacterial density in tissue. Gram-
positive aggregates seen in the kidney and liver are
therefore most likely representing MRSA in vivo
biofilm*®. Small-sized Gram-positive spots (<10 pm)
were predominant. The size of the Gram-positive
spots in the liver and kidney varied significantly
(P <0.05) but not the number of Gram- positive spots.
Large-sized Gram-positive spots ranging in width
from 53- 97 um and length from 90-216 um were
discovered in the kidney (Fig. 3). Relatively smaller
spots of 20-29 pm wide and 40-53 pm in long were
recorded in the liver. The kidney showed macro
clusters with several large Gram-positive spots
whereas the liver displayed large numbers of small-
sized Gram-positive spots. Large Gram-positive spots
in the kidney could be due to higher bacterial load in
kidney than in the liver. MRSA organisms tend to
produce slime which mediates strong adherence of
organisms in clusters to form a biofilm followed by
encapsulation of bacterial nidus with fibrin
deposits™®. Protection of bacteria from adverse host
environments by biofilms causes an added
complication in antimicrobial resistance. Quantifying
and determining the biofilm biomass in the tissue
could be employed in in vivo assessment of
antibiofilm activity of an agent.

Gross and histomorphology of kidney and liver

Mice in the control group had normal liver and
kidney architecture. The kidney in the MRSA-
infected group had multiple abscesses, and the liver
had necrotic foci, hemorrhages and gross congestion
(Fig. 4). On histopathology  microabscess,
degeneration and necrosis were the predominant
findings in kidneys, followed by hemorrhages and
glomerular atrophy whereas hepatic lesions included
degeneration and necrosis, infiltration of mononuclear
cells, and congestion”. Extensive inflammatory
changes in liver and kidney could be attributed to
combined effect of haemolysins, DNase, coagulase
and biofilm forming ability of MRSA organisms.
Enhanced adherence of MRSA organisms to epithelial
cells by o- and PB- toxins™>*, degradation of
extracellular DNA in neutrophil extracellular traps by
DNase and formation of a fibrin capsule by coagulase
lead to encapsulation of organisms which facilitates
survival of bacteria and tissue destruction, resulting
in abscess maturation at organ surfaces'’?".
Strong biofilm forming ability of MRSA could be
due to concomitant presence of both the intercellular
adhesion genes (icad and icaD) responsible for
slime production in biofilm matrix**. Finally,
liquefaction necrosis and organism dissemination
occur in new sites, leading to the formation of
multiple lesions™*'.

Fig. 4 — Sequential pathology of liver and kidney from MRSA-challenged BALB/c mice. Normal architecture of (A) Liver; (B) Kidney;
(C) Mononuclear cell infiltration in liver at 40 h post infection; (D) Severe congestion in central vein of liver at day-8 post infection;
(E) Coagulative necrosis in liver at day-8 post infection; (F) microabscess in kidney at 40 h post infection; (G) Degeneration and necrotic
foci in kidney at 20 h post infection; and (H) Severe congestion in kidney at day-8 post infection. (H &E 400X)
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Conclusion

Current  intravenous murine model  was
reproducible and robust experimental system for in
vivo investigations conducted for methicillin-resistant
Staphylococcus aureus (MRSA) infection in mice.
Establishment of bacteremia and sepsis in BALB/c
mice were done through glut of virulence markers viz.
coagulase, DNase, haemolysin and biofilm forming
ability. Present investigation emphasizes the use of
simple and economical method of Gram staining for
quantifying the biofilm biomass in host tissues. The
results suggest a multiparameter approach for
investigation of MRSA infection in BALB/c mice for
identification of appropriate targets to develop anti-
MRSA strategy. Biofilm forming ability of MRSA
enhances the pathogenicity of organism and could be
the possible cause of intolerance of MRSA towards
antibiotics. In this context, the current study
emphasizes development and use of antimicrobials in
combination with antibiofilm agent to overcome
antibiotic tolerance arising due to biofilm.
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