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Abstract

Polymicrobial lung infections in individuals with Cystic Fibrosis (CF) contribute to the complexity of this disease and
are a major cause of morbidity and mortality in the CF community. The microorganisms most commonly associated with
severe airway infections in individuals with CF are the opportunistic pathogens S. aureus, P. aeruginosa and bacteria from
the Burkholderia cepacia complex (Bcc), particularly B. cenocepacia and B. multivorans. Three Bec strains, two S. aureus
wild-type strains, and two derivative mutants were used to investigate the interplay between S. aureus and Bcc with a focus
on the hemolytic activity of Bcc. Our results revealed that extracellular products from S. aureus potentiated the hemolysis
of Bcc strains. Moreover, this effect was influenced by the composition of the medium in which S. aureus is grown. These
findings contribute towards the understanding of the impact of interactions between S. aureus and Bcc and their possible
implications in the context of co-infections by these pathogens in individuals with CF.

Introduction

Cystic Fibrosis (CF) is an autosomal recessive genetic dis-
order linked to mutations in the CF transmembrane con-
ductance regulator gene. CF is a multi-system disease with
special impact on the airways. The cumulative presence of
dense mucus in lungs, progressively leads to bronchiecta-
sis and predisposes individuals to chronic infections that
constitute the main cause of morbidity and early mortality
among CF patients. These infections are usually difficult to
eradicate due to failure of antibiotic therapies, representing
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a serious concern for the CF community, physicians and
researchers.

Traditionally, Staphylococcus aureus, Pseudomonas aer-
uginosa, Haemophilus influenzae, and bacteria belonging to
the Burkholderia cepacia complex (Bcc) are associated with
chronic infections in the airways of CF patients [1, 2]. A
large number of studies were focused on understanding the
diverse mechanisms that promote virulence and antibiotic
resistance in these pathogens, leading them to successfully
establish persistent airway infections. S. aureus is the Gram-
positive pathogen that most prevalently infects the CF lungs

Facultad de Farmacia y Bioquimica, Instituto de
Investigaciones en Bacteriologia y Virologia Molecular
(IBaViM), Universidad de Buenos Aires, Buenos Aires,
Argentina

6 Research Service Medical Service and GRECC, Louis Stokes
Cleveland Department of Veterans Affairs Medical Center,
Cleveland, OH, USA

Case Western Reserve University School of Medicine,
Cleveland, OH, USA

8 CWRU-Cleveland VAMC Center for Antimicrobial
Resistance and Epidemiology (Case VA CARES), Cleveland,
OH, USA


http://crossmark.crossref.org/dialog/?doi=10.1007/s00284-021-02458-0&domain=pdf

Sa and Bcc alter hemolysis

1865

worldwide. Such high prevalence along with the emergence
of different multi-drug resistant strains of S. aureus (e.g.
methicillin-resistant -MRSA-, vancomycin-intermediate
—VISA-, and vancomycin-resistant —-VRSA- S. aureus), pose
a very serious threat to public health [2—4]. In particular, the
clinical prognosis of CF patients seriously worsens when
they acquire MRSA infections [5, 6].

Bcce is composed of at least 20 related species that are
naturally able to resist a wide range of antibiotics. As a con-
sequence, Bcc-based infections in CF patients are usually
very difficult to eradicate and lead to a progressive decline in
lung function. In this context, patients may develop cepacia
syndrome which is characterized by bacteremia and a rapid
and uncontrollable deterioration in their health with often
fatal consequences [7].

Despite the recognition that chronic airway infections in
CF patients are commonly polymicrobial, most investiga-
tions have been focused on studying the pathogenesis of
each microorganism individually [8]. Thus, relatively little is
known about the interactions that occur between CF patho-
gens and the impact of their interactions on chronic infec-
tion. In this sense, in cases where polymicrobial interactions
have been studied, relevant insights have been gained [2].
For instance, it was shown that peptidoglycan shed by Gram-
positive bacteria enhances the virulence of P. aeruginosa by
increasing the production of compounds with lytic activity
[9]. Moreover, the a-toxin virulence factor from S. aureus
was found to potentiate P. aeruginosa, Klebsiella pneumo-
niae and Acinetobacter baumannii proliferation, systemic
spread, and lethality by preventing acidification of bacteria-
containing macrophage phagosomes [10]. Of increasing
relevance are the co-infections of S. aureus and Bec, which
are being reported in different CF centers all around the
world (Dr. Benjamin Kopp, Nationwide Children’s Hospital,
Ohio, USA; Dr. Pavel Drevinek, University Hospital Motol,
Prague, Czech Republic; Dr. Laura Galanternik, Ricardo
Gutierrez Children’s Hospital, Buenos Aires Argentina, per-
sonal communication). Despite the increasing awareness of
these co-infections, very little is known regarding the inter-
play between S. aureus and Bcc. In fact, to the best of our
knowledge, only one study, in which the interaction between
S. aureus and Bcce was investigated, has been reported [11].
Interestingly, this study showed that products secreted by S.
aureus are able to suppress the pro-inflammatory response
of host cells induced by B. cenocepacia.

Acknowledging the need to increase our understanding of
other clinically relevant aspects of the S. aureus-Bcc inter-
action, herein we studied the effects of their interactions on
hemolysis. Our results showed that extracellular products
from S. aureus potentiate the hemolysis of Bec strains. This
effect was found to be dependent on the composition of the
culture medium in which S. aureus was grown and linked
to the production of a-hemolysin by S. aureus. Overall, our

results provide new insights into the interplay between S.
aureus and Bcce and how it may impact Bee virulence.

Materials and Methods
Bacterial Strains

Three Bcc strains, B. multivorans 249 (Bm249), B. contami-
nans (BcFFH2055) and B. cenocepacia J2315, two S. aureus
wild-type strains, MSSA LS1 and MRSA USA300, and two
derivative mutants, S. aureus LS1Aagr and USA300AAla,
were used throughout the study. All strains were stored in
Tryptone Soy Broth (TSB) with 40%glycerol at -80 °C until
use (Supplementary Table S1).

Cell-Free Conditioning Media (CFCM)
Preparation

CFCM were prepared by inoculating the S. aureus strains
in TSB, Luria—Bertani Broth (LB), Terrific Broth (TB) and
Brain Heart Infusion (BHI). LB broth was prepared by mix-
ing 10 g of peptone, 10 g of sodium chloride and 5 g of yeast
extract, TB broth was prepared by mixing 12 g of tryptone,
24 g of yeast extract, 4 ml of glycerol and potassium phos-
phate buffer, and the BHI broth was prepared according to
the manufacture recipe (Becton Dickinson, Germany). The
cultures were incubated at 37 °C under shaking conditions
for 48 h, centrifuged at 7000xg for 10 min and the super-
natants were filtered using a Steriflip Vacuum Filtration
System with Millipore Express PLUS Membrane (0.22 um)
(Millipore, #SCGP00525). The resulting CFCM was stored
at — 80 °C.

Proximity Assay and Colony Removal
Hemolysis Assay

Overnight cultures of S. aureus and Bcc strains were pre-
pared by inoculating 5 mL of LB with a single colony of
each strain independently and incubated for 18 h at 37 °C
under shaking conditions. For pairwise interactions, blood
agar plates (5% sheep blood in tryptic soy agar base, Hardy
diagnostics, CA, USA) were inoculated with 2.5 pL of over-
night cultures of single S. aureus and Bcce strains (ODgy,=1)
at separation distances of 0.5, 1 or 5 cm. Plates were incu-
bated at 37 °C and the hemolytic activity was recorded every
24 h for up to 120 h (Fig. S1A).

To determine if the presence of S. aureus cells was
required to potentiate the hemolytic activity of Bcc strains,
the colony removal hemolysis assay was carried out. Briefly,
2.5 uL and 10 pL of an overnight culture in LB medium
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of S. aureus LS1 were spotted on opposite sides of single
blood agar plates. After 24 h of growth, S. aureus LS1 colo-
nies were removed using a sterile tube and 2.5 pL of over-
night cultures of Bcc strains were inoculated independently
inside and outside the opaque halos formed by S. aureus
that remained on the plate. All plates were then incubated
at 37 °C and the hemolytic activity of Bcc strains was moni-
tored after 24 h (Fig. S1B).

CFCM Interaction Hemolysis Assay

Aliquots of 5 and 10 pl of S. aureus CFCM were spotted
onto blood agar plates and allowed to dry at room tempera-
ture for 1 h. Plates were then inoculated with 2.5 ul of over-
night cultures of Bcc (ODg,,=1) inside and outside of the
areas where the aliquots of S. aureus CFCM were spotted.
Plates were again allowed to dry and then incubated at 37 °C
in a static incubator. Hemolytic activities were registered
after 24 h (Fig. S1C).

To evaluate whether Bee and S. aureus release extra-
cellular products that act alone or synergistically to cause
hemolysis, 5 pL of CFCM from each species were inocu-
lated together on the same spot of the plate. As controls, 5
pL of CFCM from each species were spotted separately on
blood agar plates. Hemolytic activities were recorded after
incubation of the plates at 37 °C for 24 h. All experiments
were performed in triplicate by independent assays.

Quantitative Analysis of Hemolysis

In blood agar, hemolysis is visually manifested as the loss
the red/orange color due to the destruction of the red blood
cells. In blood agar images, such decrease of the red/orange
color intensity directly correlates with a decrease in the pixel
intensity values. Based on this correlation, hemolysis has
been quantified by performing a densitometric analysis of
blood agar images using Fiji (ImageJ) software. The Regions
of interest for the analysis in the images were selected using
the ROI manager and plots (pixel intensity vs distance) were
generated using the Multi Plot command. Fiji-generated
plots were scaled to the size of respective selected regions
in images.

Results

S. aureus LS1 Enhances Bm249 and BcFFH2055
Hemolysis

To determine if S. aureus and Bcc mutually influence
their capabilities to cause hemolysis, pairwise interactions

@ Springer

on blood agar plates were assayed. As shown in Fig. 1 S.
aureus LS1 forms an opaque halo of about 2 cm in diam-
eter around its colonies. When this halo comes into contact
with colonies of Bm249 and BcFFH2055, there is a marked
increase in hemolytic activity of the Bec strains clearly visu-
alized as a decrease in the red color of the agar (Fig. 1).
This effect appears to be associated with the halo produced
by and surrounding the S. aureus colony, as when sectors
of Bm249 and BcFFH2055 colonies remained outside of
this area, such an increase in hemolysis by Bcc strains was
not observed (Fig. 1c, d)., This enhanced hemolysis was
more pronounced with Bm249 and not observed between S.
aureus LS1 and BcJ2315 (data not shown), suggesting that
this effect is likely restricted to some strains/species. Unfor-
tunately, we were unable to detect enhancement of hemoly-
sis of Bcc strains in the presence of the USA300 strain of
S. aureus, essentially because this strain exhibited strong
hemolysis itself, which made it impossible to distinguish
USA300's hemolytic activity from that of the Bcc strains
(data not shown).

To determine if the hemolytic-potentiating effect of S.
aureus LS1 is dependent on the presence of LS1 cells, we
evaluated the hemolysis of Bcc strains in areas inside and
outside halos that were pre-formed by S. aureus, but where
S. aureus colonies were removed. Results showed that the
hemolytic-potentiating effect on Bm249 on the blood agar
occurred even in the absence of S. aureus LS1 colonies
(Fig. 2), suggesting that this effect is mediated by diffusible
extracellular molecules secreted by LS1.

The Growth Media Influence the Effect of S.
aureus LS1 on Bcc Hemolysis

The type and amount of extracellular products that bacte-
ria secrete can vary depending on the composition of the
medium in which the bacteria are grown. Thus, we gener-
ated CFCM prepared from S. aureus LS1 cultures grown in
four different media: LB, TB, TSB and BHI. As shown in
Fig. 3a, CFCM prepared from LS1 cultures in LB, TSB, and
BHI media caused an increase in hemolysis by Bm249 and
especially by BcFFH2055. Particularly strong was the hemo-
lytic activity of BcFFH2055 in the presence of CFCM from
LS1 when grown in TSB and BHI media. Interestingly, the
patterns of opaque halos associated with the CFCM also var-
ied with the medium in which LS1 was grown. The CFCM
from LS1 grown in LB and TB showed a single opaque halo,
while those grown in TSB and BHI exhibited two to three
halos which somehow correlated with variations in hemoly-
sis by BcFFH2055. Unlike LB and TB, TSB and BHI con-
tains glucose, suggesting that the presence of this carbon
source may be important for the production of the extracel-
lular products by S. aureus to stimulate Bce hemolysis.
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Fig. 1 Proximity assay for
bacterial interaction. a, b Full
size images of blood agar plate
exhibiting in the central part S.
aureus LS1 colonies in close
interaction with Bm249 (a) and
BcFFH2055 (b) colonies. As
control, the blood agar plates
exhibit on the left and right-
hand sides respective single
colonies of Bce and LS1 strains.
¢, d Enlarged view of pairs of
S. aureus colonies interacting
with Bm249 and BcFFH2055
shown in a and b, respectively.
The images clearly show that
S. aureus LS1 colonies form an
opaque halo that when it comes
in contact with Bm249 (c) and
BcFFH2055 (d) colonies cor-
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To determine if the extracellular products of both S. aureus
and Bcc act together causing hemolysis of blood cells pre-
sent in the agar plates, CFCM from both strains in different
media were tested separately and combined. Either in isola-
tion or when combined, the CFCM from LS1, Bm249 and
BcFFH2055 did not cause robust hemolysis; minor hemol-
ysis was observed with CFCM from LS1 alone (Fig. 3b).
These results suggest that the enhanced hemolysis previously
observed is the result of an active process that directly requires
the cells of the Bcc strains. Notably, the CFCM from LS1
also forms an opaque halo as observed around LS1 colonies
(Figs. 1 and 3b).

S. aureus
LS1

S. aureus =
LS1

Interaction

wn
wn
(=
N
=g
L
L
[%3
m

control

Interaction

BcFFH2055
S. aureus
LS1

d Interaction

800

600

hemolysis

BcFFH2055
S. aureus
LS1

hemolysis

S
® ©
-1

g
%
Pixel intensity (.

=]
S
=
A.

U.

<

BcFFH2055 (control) g
=
g’\
g 3
2 g
y 3
a
g & g £
Pixel intensity Pixel intensity

(A.U)

Agr-Deficient and a-Toxin-Deficient S.
aureus Mutants Do Not Potentiate Bm249
and BcFFH2055 Hemolysis

Taking into account that as described in the literature [10]
the a-toxin is one of the most prominent genes regulated
by the Agr quorum sensing system, we hypothesized that
they may be involved in enhancing Bcc hemolysis. To dis-
cern this we evaluated the effect of CFCM of an S. aureus
LS1 derivative mutant deficient in agr (LS1Aagr) and
from an USA300 derivative mutant deficient in a-toxin
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Fig.2 Effect of S. aureus LS1 extracellular products on Bcc hemol-
ysis after removal of LS1 colonies. a Full size image of blood agar
plate showing Bm249 colonies grown outside (left and right) and
inside (center) the area delimited by the opaque halo produced by S.
aureus LS1 colonies. The halo remained after the entire LS1 colonies
were removed. This image shows that in the absence of S. aureus LS1
cells, the extracellular products that remain in the region of the halo

(USA300Ahla) on the hemolysis of the Bec strains. CFCM
prepared from LS1Aagr and USA300A#Rla cultures in LB
medium did not generate an increase in Bm249 hemolysis
(Fig. 4). Similar results were observed for BcFFH2055,
although we noticed that BcFFH2055 colonies them-
selves exhibited a more translucent border. Interestingly,
we also observed that the opaque halos, characteristic of
the CFCM from the LS1 wild-type strain, were absent in
the CFCM from the LS1Aagr and USA300Ahla strains
(Fig. 3b and Fig. 4). These results suggest that the Agr
system and a-toxin are playing a role in the enhanced
hemolytic activity of Bce cells and that a-toxin and other
Agr regulated products are associated with the opaque halo
produced by S. aureus LS1.

Discussion

Despite the clinical relevance of S. aureus and the Bcc, lit-
tle is known about their interactions. Previous research has
shown that S. aureus a-toxin potentiates several virulence-
related traits of various Gram-negative bacteria [10]. On the
other hand, it has been shown that Bcc secretes hemolytic

@ Springer

—L. L L
50 100 150 200
Distance (pixel)

o .
60 80

are able to stimulate the hemolytic activity of Bm249. b Magnified
image of a Bm249 colony grown inside the region of the halo that
remained after removal of the S. aureus LS1 colony. ¢ Magnified
image of a Bm249 colony grown outside the LS1 halo. The spectral
plots in b and ¢ depict quantified patterns of color intensity (pixel
intensity) of blood agar or Bm249 colonies in the selected (boxed)
areas of the images

compounds that are correlated with increased virulence and
the onset of the cepacia syndrome [12, 13]. Otherwise, prior
to this work only one study reported how the interplay of
these common CF pathogens by revealing their influences
on the response of epithelial host cells [14].

Many biological phenomena that could lead to a better
understanding of the S. aureus/Bcc co-infection remain
unstudied. Here, we focused on the influence S. aureus on
the hemolytic activity of three Bcc species.

Thomson et al. 2012, have demonstrated that the hemo-
lytic activity of Bcc, which is mediated by a toxin, was asso-
ciated with the virulence in these bacteria [13]. The effect
of S. aureus in Bcc hemolytic activity observed in our work,
suggests that this interaction is imparting changes in Bcc
virulence.

Our data revealed that regarding hemolytic activity the
interaction of S. aureus-Bcc depends on the S. aureus strain
and the Bcec species. MSSA LS1 increased the Beec hemo-
lytic activity, while MRSA USA300's activity could not be
differentiated due to this strain’s intrinsic hemolysis. The
impact of LS1 on hemolysis was observed with Bm249 and
BcFFH2055 but not with BcJ2315. The effect of S. aureus
LS1 on Bee hemolytic activity adds a novel aspect to those
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Fig.3 Effect of CFCMs prepared from S. aureus cultures grown in
different media. a Bm249 and BcFFH2055 strains grown in the pres-
ence of CFCM from S. aureus LS1 prepared in LB, TB, TSB and
BHI or grown alone in respective culture media. Spectral plots below
the images depict quantified patterns of color intensity (pixel inten-
sity) of blood agar and colonies in the images. b Effect on hemolysis
of CFCM from Bm249 and S. aureus LS1 in LB medium that were
spotted on blood agar either alone or combined

reported by Ji et al.[11], who showed that S. aureus secreted
products suppressed the pro-inflammatory response in host
cells induced by B. cenocepacia.

On the other hand, it is widely known that extracellular
products mediate communication between bacteria and this
communication results in positive or negative interactions
that modify different aspects of bacterial behavior like bio-
film formation, antibiotic resistance profiles, expression of
virulence factors, etc. [10, 15]. Using simple assays like col-
ony removal and CFCM hemolysis assays, we have shown

Bm249 +

CFCM LS1 Aagr Bm249

CFCM LS1 Aagr

BcFFH2055 +

CFCM LS1 Aagr BcFFH2066

CFCM LS1 Aagr

Bm249 +

CFCM USA300 Ahla Bm243

CFCM USA300 Ahla

BcFFH2055 +

BcFFH2055 CFCM USA300 Ahla

CFCM USA300 Ahla

Fig.4 Effect on Bcc hemolysis of CFCMs prepared from S. aureus
LS1Aagr and USA300Ahla. Bm249 and BcFFH2055 strains grown
alone or in the presence of CFCMs prepared from S. aureus LS1Aagr
and USA300Ahla in LB medium (left and central panels). The right
panel shows CFCM from LS1Aagr and USA300Ahla that were spot-
ted on blood agar alone

that S. aureus potentiates Bcc hemolytic activity by means
extracellular products. We also found that this potentiation
occurs when S. aureus is grown in enriched culture media
like TSB or BHI suggesting that extracellular products
involved in Bce hemolytic potentiation are produced and
released under specific growth conditions.

Probably the most studied and characterized extracel-
lular compound produced by S. aureus is a-toxin [16—19].
This exoprotein is expressed in most S. aureus strains and
is up-regulated by the agr regulatory locus. The inclusion
of S. aureus mutants USA300Ahla and S. aureus LS1Aagr
in the assays originally aimed to reveal if extracellular com-
pounds involved in hemolytic Bcc potentiation are related to
a-toxin. We observed that CFCM from S. aureus LS1Aagr
and USA300AAla, did not increase Bcc’s hemolytic activ-
ity Overall the results obtained allow us to propose that the
increase in hemolytic activity of Bcc caused by S. aureus is
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mediated in part by extracellular compounds that are regu-
lated by the agr regulatory locus.

The complexity of microbial infections in CF patients
requires more research focusing on bacteria interactions for
a better understanding of co-infections. Even though deeper
studies are necessary, the finding that S. aureus extracellular
compounds potentiate Bcc’s hemolytic activity contributes
to the knowledge of the complex disease state in CF.

Supplementary Information The online version of this article con-
tains supplementary material available at (https://doi.org/10.1007/
$00284-021-02458-0).
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