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Abstract

and in vivo.

virulence in vivo in a non-traditional manner.

Background: Staphylococcus aureus is a prominent pathogen responsible for human pyogenic and nosocomial infections. Although numerous studies on S. aureus L-
forms and virulence are available in the literatures, there are still various impediments in the research methods employed.

Objectives: This study aimed to perform fluorescence reporter in studying S. aureus L-form and its virulence, and wild strain virulence.

Methods: Newman-pCM29 strain which can express green fluorescent protein (GFP) was constructed and used to detect S. aureus L-form formation and virulence in vitro

Results: “Fried egg” like L-form colonies of GFP reporter S. aureus and the dense core of the colonies embedded into soft agar can be observed obviously. GFP reporter can
contribute to preparing L-form suspension for injection and track the protoplasts and reverted cells in lesions of mice. GFP reporter, also, can help to detect S. aureus wild
strain distribution and inflammation scope in lesions, and the fluorescence intensity can be used as an effective surrogate to represent the bacterial quantity in lesions.
Fluorescence can improve to distinguish the colonies of varying sizes derived from the injected bacteria or from contaminants.

Conclusions: Fluorescence reporter in S. aureus is a powerful tool which can provide new insight into S. aureus L-form formation in vitro and its fate in vivo, and wild strain
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1. Background

Staphylococcus aureus is a prominent pathogen respon-
sible for human and animal pyogenic infections includ-
ing pneumonia, endocarditis (1), mastitis (2), osteomyeli-
tis (3), pyemia (4), skin infections, food-borne diseases (5),
as well as nosocomial infections (6). L-forms are bacte-
ria lacking cell wall which were first discovered by Emmy
Klieneberger in 1935 (7). Staphylococcus aureus can be in-
duced to unstable cell-wall-deficient L-form in vitro (8, 9) or
in vivo (10, 11) which can still possess parental pathogenic-
ityand cause septicemia, bovine mastitis, as well as chronic
and latent lung infections (10-12).

Besides the lack of a cell wall, the unstable L-forms
present unique characteristics such as a variety of mor-
phological types, slow growth and proliferation, and for-
mation of small “fried egg” colonies (9, 13). Although the
core areas of the “fried egg” colonies can be observed un-
der the surface of induced soft agar medium using a light
microscope (13), they always appear vague owing to their
translucent property. As a result, the detection of S. aureus
L-forms and their colonies is difficult. Furthermore, the un-
stable L-forms are difficult to be induced in liquid medium
and determination of their concentration by scraping the

“fried egg” colonies and suspending them in buffer is chal-
lenging. In addition, owing to their atypical shape and re-
gressed properties, there is a dilemma of L-forms tracking
when injected in vivo. Thus, these problems hinder the
advancement in research on the virulence and immuno-
genicity of S. aureus L-forms.

Staphylococcus aureus possesses a variety of virulence
factors such as microcapsules and toxins (14) which con-
tribute to its pathogenicity (15, 16). Numerous in vivo as-
says for the detection of virulence as well as analysis of vir-
ulence factors and regulation mechanisms of both wild-
type and mutant S. aureus are available in the literature
(17-19). These assays usually involve mice infected with a
specific concentration of S. aureus subcutaneously (18), in-
traperitoneally (19), or intravenously (20). The mice would
be killed after a certain time to collect lesions. The samples
collected are used for pathological detection after hema-
toxylin and eosin (H and E) staining and for CFU I" (CFU:
Colony Forming Unit) enumeration after homogenization,
serial dilution, plating, and incubation at 37°C. Although
the abscesses and pathogenic bacteria in the lesions could
be detected using these methods, the bacterial distribu-
tion in the lesions could not be determined. In addition,
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the different size and shape of the colonies on the plate re-
duce enumeration accuracy.

2. Objectives

Pang et al. developed the plasmid pCM29 which can ex-
press green fluorescence protein (GFP) to accurately moni-
tor the fate of ingested S. aureus within the polymorphonu-
clear neutrophil phagosomes (21). In the present study, we
transformed the plasmid pCM29 into S. aureus Newman
strain and obtained Newman-pCM29 strain, which can ex-
press GFP and emit very bright signals. Taking advantage
of the newly developed GFP reporter strain, we studied S.
aureus L-form formation, and virulence properties in vitro
or in vivo, as well as in rapid throughput assay that utilizes
fluorescence-activated cell sorting for quantification, thus
providing new insights into the biology and pathogenesis
of this organism.

3. Methods

3.1. Animals

BALB/c mice aged 6 weeks were obtained from animal
centre of Lanzhou University, P.R. China.

3.2. Ethics Statement

All experimental procedures involving animals were
performed according to the institutional ethical guide-
lines for animal experiments and approved by the ethics
committee for animal use at the Lanzhou University. Ani-
mal protocols were approved by the Animal Care Commit-
tee of Lanzhou University (NO. SCXKGAN2013-0002).

3.3. Antibiotics

Penicillin G and chloramphenicol were obtained from
Sangon Biotech (Shanghai, China). The stock solutions
of antibiotics were freshly prepared, filter-sterilized, and
used at appropriate concentrations as indicated.

3.4. Bacterial Strains and Growth Conditions

Staphylococcus aureus Newman strain and its deriva-
tives were cultivated in tryptic soy broth (TSB) (Solarbio,
China) and tryptic soy agar(TSA) (Solarbio, China) at 37°C,
and the growth medium was supplemented with chloram-
phenicol (10 ug mL™") for the bacteria with pCM29 to main-
tain the plasmid.

3.5. Electroporation of the Passaged Plasmid pCM29 DNA into
S. aureus Newman Strain

Plasmid pCM29, which encodes GFP driven by the P1
promoter of staphylococcal accessory regulator A (sarA),
was transformed into S. aureus Newman strain by electro-
poration as described (21, 22). In brief, S. aureus RN4220
and Newman strain competent cells were prepared. The
plasmid pCM29 was introduced into S. aureus RN4220 cells
via electroporation (voltage, 2.5 kV; resistance, 100 V; capac-
ity, 25 mF) using the MicroPulser electroporation appara-
tus (Bio-Rad, USA). Then the bacteria were plated onto TSA
containing 10 g mL* chloramphenicol and incubated for
24 hours at 37°C. The colonies were observed under a fluo-
rescence microscope (Nikon 801, Japan)and green colonies
indicated successful transformation. The plasmid pCM29
was extracted from RN4220-pCM29 and then introduced
into S. aureus Newman competent cells via electroporation
and was identified as described earlier.

3.6. L-Form of S. aureus Newman Strain and Newman-pCM29
Reporter Strain Induction and Identification

The preparation of L-form induction medium (LIM)
with brain-heart infusion (BHI) (Becton Dickinson, USA),
sodium chloride, sucrose, magnesium sulfate, calf serum,
and penicillin G, and the induction conditions followed
our previous report (23). The typical L-form colonies which
appeared as “fried egg,” were detected using inverted
microscope (Nikon GM3, Japan) and fluorescence micro-
scope, and were confirmed using transmission electronic
microscope (TEM) (JEM-1230, Japan) according to the man-
ufacturer’s instructions. To determine the relationship be-
tween the dense core of the “fried egg” colonies and LIM,
the LIM with “fried egg” colonies were cut into slices lon-
gitudinally (1-mm thickness) using a sterile scalpel, placed
on clean slides, and examined under fluorescence micro-
scope.

3.7. S. aureus L-form Suspension Preparation for Virulence As-
say in vivo

To prepare S. aureus L-form suspension, the LIM sur-
face with “fried egg” colonies was repeatedly washed with 1
mL of phosphate-buffered saline (PBS; 10 mmol L sodium
phosphate (pH = 7.4)). The washed solution was collected
and spotted on aslide and observed under fluorescence mi-
croscope.

3.8. Mouse Abscess Model with Newman Strain, Newman-
pCM29 Reporter Strain, and L-forms

Thevirulence of S. aureus Newman strain and Newman-
pCM29 reporter strain were analyzed using a mouse ab-
scess model as described previously (18). A total of 24
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BALB/c mice were divided into three groups and their right
flank fur was removed with depilatory agent after they
were anesthetized. The S. aureus log phase cells were pre-
pared by diluting overnight cultures of Newman strain
and Newman-pCM29 reporter strain into TSB (1:100 dilu-
tion) and incubated at 37°C for about 3 hours to a suitable
concentration until the optical density at 600 nm was 0.8,
respectively. Then, the cultures were centrifuged and the
pellets were washed twice with PBS and diluted at a ra-
tio of 1:20 in PBS. To this cell suspension, containing ap-
proximately 1-3 X 10° CFU of S. aureus, an equal volume
of autoclaved Cytodex-1 beads (131 - 220 pzm; Sigma, USA)
in PBS was added and mixed well. Then, 0.2 mL of the
Newman strain with beads, Newman-pCM29 mutant with
beads, and beads only suspension as a control were in-
jected subcutaneously into the shaved flank of mice in the
respective groups. After 48 hours, the mice were eutha-
nized and four subcutaneous abscesses in each group were
removed and homogenized in 2 mL of sterilized PBS. Then,
the homogenates were serially diluted 10-fold in PBS, inoc-
ulated onto TSA, and incubated at 37°C for 24 hours.

The total number of bacteria in the abscesses was deter-
mined by examining the colonies on the plate directly and
identified under fluorescence microscope. Furthermore,
two subcutaneous abscesses in each group were removed
and performed with pathological methods. In addition,
two subcutaneous abscesses in each group were removed,
frozen, and sliced by Frozen slicer (LEICA CM 1900, Ger-
many), and observed under fluorescence microscope and
confocal laser scanning microscope (Olympus FLUOVIEW
FV1000, Japan). The fluorescence images were collected at
an excitation of 488 nm and emission of 500 - 550 nm. The
fluorescence intensity of different samples were measured
under confocal laser scanning microscope and were com-
pared by statistical analysis (Student’s t test).

For the L-form virulence assay, a total of 26 BALB/c mice
were divided into two groups. The L-form suspensions of
Newman strain and Newman-pCM29 reporter strain were
prepared and injected into the mice as mentioned above.
After 72 hours and 120 hours, the lesions were collected,
frozen, sliced, and observed under fluorescence micro-
scope.

4. Results and Discussion

4.1.  Fluorescence Reporter Contributed to the Observation
Colony and Growth Characteristics of Unstable L-form in S. au-
reus

Using previously optimized L-form culture conditions
(23), we found that both S. aureus Newman strain and
Newman-pCM29 reporter strain could be induced into un-
stable L-forms on LIM. The L-forms, which were confirmed
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by TEM, displayed typical characteristics as we mentioned
previously (9), including completely or partially missing
cell wall and different morphological types whereas the
normal wild-type S. aureus Newman strain had thick cell
wall and spherical shape (Figure 1A and B).

Figure 1. The shape and structure of S. aureus normal and L-form cells (TEM)

muai 4 .

A,Normal S. aureus cells with spherical shape and thick cell wall; B, S. aureus L-forms
displaying a variety of morphological types with completely or partially missing cell
wall (black arrow).

Both S. aureus Newman strain and Newman-pCM29 re-
porter strain L-form colonies presented typical “fried egg”
shape withround and dense core and thin edge underlight
microscopy. The thin edge was presented vaguely (Figure
2A). In contrast, under fluorescence microscope, due to
the effect of green fluorescence, the “fried egg” colonies of
S. aureus Newman-pCM29 reporter strain exhibited vivid
shape. The dense core and the thin edges of the colonies
were all presented definitely (Figure 2B). This indicates
that the promoter of sarA which drives GFP expression in
Newman-pCM29 is also expressed in bacterial L-form in ad-
dition to its expression in typically cell wall form. In fact,
the close similarity of gene expression profiling of bacte-
rial L-form was observed in Escherichia coli (24).

Furthermore, observation of the longitudinally sliced
agar culture medium indicated that the dense core of the
colonies grew toward the inside of the medium and was
embedded into the agar as reported previously (9, 13). Ow-
ing to the translucent bodies of the S. aureus Newman
strain L-forms, their embedded dense core of the “fried
egg” colonies always have vague shadow under a regular
light microscope (Figure 2C). However, with GFP reporter,
the size, shape, and position in the agar of the embedded
dense core of S. aureus Newman-pCM29 reporter strain L-
form, colonies could be observed more clearly under the
fluorescence microscope (Figure 2D).

4.2. Fluorescence Reporterin S. aureus Was Conducive to L-form
Pathogenicity Study in vivo

L-form of S. aureus possesses pathogenicity and can
cause diseases under special conditions (10-12). Due to the
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Figure 2. Comparison of the shape and growth properties of the S. aureus Newman
strain and Newman-pCM29 reporter strain L-form colonies on LIM

A, The “fried egg” colonies of S. aureus Newman strain L-form; B, The “fried egg”
colonies of S. aureus Newman-pCM29 reporter strain L-form under fluorescence mi-
croscopy; C,Vague core of S. aureus Newman strain L-form colony embedded into the
agar (arrow); D, Definite cores of S. aureus Newman-pCM29 reporter strain L-form
colonies embedded into the soft agar (arrows). The dotted lines represent the LIM
surface plane.

special characteristics of L-from, there are still many prob-
lems and obstacles in its pathogenicity study. Firstly, the
suspension for injection to mice is difficult to be prepared.
Our previous research showed that S. aureus L-form can
hardly be induced in liquid medium (data not shown),
but it can be induced in soft agar. This was same as re-
ported previously (25). However, the L-form colonies in
soft agar exhibit embedded growth and L-form cells to be
scraped difficultly from the colonies, resulting in difficul-
ties in preparing bacterial suspensions, as well as deter-
mining the finalamount of bacteria in the suspension. Sec-
ondly, owing to their atypical shape and revertible proper-
ties, the L-forms are difficult to be tracked in vivo.

With GFP reporter in S. aureus, it can solve these obsta-
cles. The injected Newman-pCM29 reporter strain L-forms
suspension which originated from the LIM surface with
“fried egg” colonies by repeatedly washing with PBS were
made. With the fluorescence reporter, the Newman-pCM29
reporter strain L-forms could be more clearly quantified
in the suspension (Figure 3A) by measuring the fluores-
cence intensity. Furthermore, when the Newman-pCM29
reporter strain L-forms were injected into mice subcuta-
neously, the protoplasts and reverted cells in the lesions
all emitted green fluorescence (Figure 3B), and the fluo-
rescence reporter contributes to accurate tracking of the
pathogenic activities of the S. aureus L-forms in vivo.

4.3. Fluorescence Reporterin S. aureus Contributes to the Study
of S. aureus Virulence in vivo

In the present study, we used fluorescent intensity
measurement and viable bacterial cell counting to repre-
sent the bacterial quantification in lesions, which can re-

Figure 3. S. aureus Newman-pCM29 L-forms in suspension for mice subcutaneous
injection (A) and the fluorescence reported bacteria in mouse subcutaneous lesion
after S. aureus Newman-pCM29 L-forms were injected 120 hours (B) (circles)

flect S. aureus virulence in vivo more precisely. Both S. au-
reus Newman strain and Newman-pCM29 reporter strain
caused pyogenicinflammation in mice after subcutaneous
injection 48 hours (Figure 4A). Compared with S. aureus
Newman strain, Newman-pCM29 reporter strain emitted
green fluorescence, and this enabled accurate determina-
tion of bacterial distribution and inflammation scope in le-
sions (Figure 4B and C). The intensity of fluorescence emit-
ted by the S. aureus Newman strain infected lesions (19.14
4 0.40) was significantly lower than that emitted by the
S. aureus Newman-pCM29 reporter strain infected lesions
(23.53 £ 0.48) (P value less than 0.05) (Figure 4D). The fluo-
rescence intensity can be used as an effective surrogate to
represent the bacterial quantity in lesions when compar-
ing the difference in virulence between the mutants and
parent bacteria transformed with fluorescence plasmid in
future.

Ithasbeenreported that the survival of viable bacterial
cells in lesions after the bacteria were injected for a certain
period is considered as an important evidence for measur-
ing bacterial virulence (18, 26, 27). In the present study,
colonies of varying sizes were obtained after culturing the
homogenized and diluted mice subcutaneous abscesses at
37°C (Figure 5A). This result made it difficult to determine
whether all the colonies were derived from the injected
bacteria or from contaminants. However, with the fluo-
rescence reporter, regardless of their sizes, all the colonies
of varying sizes derived from the injected bacteria in the
lesions emitted green fluorescence when observed under
fluorescence microscope (Figure 5B). This method can help
to identify and count the CFUs from the lesions objectively
and improve the accuracy.

In the previous research, Yoshioka et al. established a
mouse model of soft-tissue infection in the superficial glu-
teus muscle using bioluminescence imaging (28). The bac-
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Figure 4. S. aureus with GFP reporter in vivo

“P<o0s

® NewmanpcMo  Newman

A, The inflammation and abscess formed after subcutaneous injection of S. aureus
into the mice (H and E stain); B, Distribution of S. aureus Newman-pCM29 reporter
strain in lesion observed under fluorescence microscope; C, Lesions infected with
S. aureus Newman strain (control) observed under fluorescence microscope; D, The
difference in fluorescence intensity between lesions infected with Newman-pCM29
reporter strain and S. aureus Newman strain. A.U., arbitrary unit.

Figure 5. S. aureus viable cells from lesions

3
| |m

A, Colonies of varying sizes (black box); B, Cells observed under fluorescence micro-
scope. All the colonies inside the black box emitted green fluorescence.

terial quantification in lesions was calculated by analyzing
the pixels in Gram-positive areas and bacterial photon in-
tensity. Liese et al. used fluorescence labeled S. aureus to vi-
sualize bacterial skin infections in mice (29). In our study;,
we extended the fluorescence reporter technique to fluo-
rescence intensity measurements and bacterial quantifica-
tion at the time of virulence determination.

5. Conclusion

The fluorescence reporter in S. aureus can contribute
to the observation of “fried egg” L-form colonies, perfor-
mance of L-form invivo assays, and S.aureus in vivo virulence
assays and should serve as a useful tool in research on S. au-
reus L-form and virulence in future studies.
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