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Abstract

Sreptococcus pneumoniae (SP) and nontypeable Haemophilus influenzae (NTHi) are common
commensals of the human airway and major bacterial pathogens of otitis media (OM) and other
upper airway infections. The interaction between them may play an important role in the
pathogenesis of polymicrobial infections. Although previous studies suggested NTHi could
promote pneumococcal survival and biofilm formation, how NTHi affects pneumococcal activities
has not been defined. Our data in the present studies indicated that the outcome of the interaction
between SP and NTHi was in a cell-density-dependent manner and the enhancement of
pneumococcal survival happened at the later stages of culturing. Using quantitative PCR, we
found that the expression of pneumococcal genes regulating autolysis and fratricide, lytA and
cbpD, were significantly down-regulated in co-culture with NTHi. We further observed that
influence of NTHi was not on direct cell-to-cell contact, but that this contact may contribute to the
interaction between these two microorganisms. These results suggest that pneumococcal survival
and biofilm formation can be enhanced by down-regulating pneumococcal cell wall hydrolase
production thereby inhibiting pneumococcal autolysis and fratricide in the presence of NTHi.
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1. Introduction

Many bacterial infections are caused by multiple pathogens, termed polymicrobial infection.
Traditional treatment strategies for bacterial infections aimed at a single causative agent are
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ineffective in cases of polymicrobial infection due in part to changing relative abundances of
pathogens and/or replacing the major causative agent. It is therefore imperative to develop
novel systemic treatment strategies to control polymicrobial infections. The human
respiratory tract harbors a diverse population of microbial flora. Many, including
Sreptococcus pneumoniae (SP) and nontypeable Haemophilus influenzae (NTHi), can cause
opportunistic infections. In a healthy individual there is a dynamic balance between the flora
and host and between different members of microbial community, which is crucial in
determining bacterial carriage. The balance can be broken by shifting the relative abundance
of certain species within the community, thus leading to disease. Factors affecting bacterial
abundance include microbial interaction within the flora or the consequences of vaccination
or antibiotic treatment targeting a particular pathogen. The goal of this study is to discover
the interaction between SP and NTHi so that a more comprehensive strategy can be
developed to control infectious diseases caused by these microorganisms.

Otitis media (OM) is one of the most common diagnoses in pediatric patients and the
leading reason for pediatric office visits and new antibiotic prescriptions to children [1-3].
Epidemiologic studies have shown that OM is naturally involved with multiple pathogens
[4-7]. Among known pathogens, SP and NTHi are involved in 30% to 77% of multiple
pathogen infection cases of OM [4, 8, 9]. By polymerase chain reaction (PCR) and specific
fluorescent in situ hybridization (FISH), coinfections of SP and H. influenzae were detected
in about 10% of the middle ear effusions of OM patients and in the biofilm on the middle
ear mucosal surface of patients undergoing tympanostomy [10, 11]. Co-colonization and
mixed biofilm of multiple microorganisms may enhance pathogenicity by increasing
bacterial resistance against host immune clearance and treatment, as well as being a major
contributor to chronic OM and recurrent OM. SP and NTHi are also common bacterial
pathogens found in chronic rhinosinusitis [12] and the common bacteria contributing to
exacerbations of chronic obstructive pulmonary disease (COPD) [13].

There is little information available regarding the mechanics of pathogen/pathogen
interactions in polymicrobial OM. SP has potential competitive advantage over H.
influenzae in vitro and in vivo by producing hydrogen peroxide and neuraminidase A [14,
15]. Interestingly, using a murine nasopharyngeal colonization model, Lysenko et al. found
that H.influenzae had a competitive advantage over SP during colonization by enhancing
opsonophagocytic killing of SP [16]. The Swords’ group recently reported that NTHi could
enhance pneumococcal biofilm formation in vitro and in vivo [17]. These data and other
previous studies [18-20] together suggest a complicated and dynamic interaction between
these microorganisms, which predetermines bacterial colonization in the nasopharynx and
the associated disease outcomes. However, the molecular and cellular mechanisms directly
related to this interspecies interaction have not been defined.

One significant outcome of co-growth of SP and NTHi is the enhancement of pneumococcal
survival. SP can spontaneously break down cells by autolysis and fratricide [21-24]. The
key molecules mediating autolysis and fratricide include murein hydrolase LytA,
peptidoglycan hydrolase LytC and choline-binding protein D (CbpD) [23-26]. Based on that
knowledge and the observation of the enhanced pneumococcal survival in vivo in the
presence of NTHi, we postulated that the presence of NTHi can down-regulate the
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expression of pneumococcal autolysis/fratricide-associated enzymes resulting in enhanced
SP survival and biofilm formation. In order to address this hypothesis, we investigated
pneumococcal survival and gene expression changes in co-culture with NTHi in this study.

2. Materials and Methods

2.1 Strains and growth

SP strains TIGR4, D39, D39IytA™ and NTHi strains 86028NP and 2019 were used in this
study. NTHi strains were grown on brain heart infusion agar supplemented (sBHI) with
hemin (ICN Biochemicals) and nicotinamide adenine dinucleotide (NAD) (Sigma) and SP
strains on Todd-Hewitt broth agar plus 0.5% yeast extract (THY) for maintenance. Bacterial
cultures were grown in Todd-Hewitt broth plus 0.5% yeast extract liquid medium
supplemented with hemin and NAD at 37°C with 5% CO». For viable bacterial counting,
resuspended cultures were serially diluted and plated on BHI agar plates for SP and sBHI
agar plates containing 3 pg/mL of vancomycin for NTHi.

2.2 Competition growth

To investigate whether there is competition between SP and NTHi, we set up co-cultures
with high or low initial cell densities for each strain to check bacterial survival. Bacteria
grown overnight on agar plates were suspended in medium and diluted to an ODggq of 0.15
for 86028NP and 0.5 for TIGR4 (concentration of 108 cfu/ml), respectively. They were
further diluted to concentrations of 108 cfu/ml (high) and 10* cfu/ml (low), respectively.
Combinations with different concentrations of 86028NP and TIGR4 were made and bacteria
were grown statically at 37°C with 5% CO,. Viable cells were counted by diluting the
resuspended cultures and plating agar plates at 16 and 24 hour time points after inoculation.

2.3 Co-cultures

In order to evaluate the effect of NTHi on pneumococcal biofilm formation, optimal
densities of TIGR4 and 86028NP cells (~10* cfu/ml vs ~106 cfu/ml) were added alone or
mixed into wells of chambered cover glasses and were grown statically at 37°C with 5%
CO». Biofilm structures were visualized by confocal laser scanning microscopy (CLSM)
following live/dead staining with LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen,
Eugene, OR) at 16 and 24 hour points after inoculation. Five stacks of Z-series images, each
representing a different field of view, were taken from biofilm of TIGR4 alone or the mixed
culture at 16 and 24 hour points. In order to quantify the total biomass and thickness of
biofilm, images were exported into the MATLAB package and analyzed by
COMSTATsoftware as described previously [27].

In order to identify and localize SP and NTHi in the biofilm structure, fluorescent Gram
staining was performed with ViaGramTM Red+ Bacterial Gram Stain and Viability Kit
(Molecular Probe, Eugen, OR) followed by CLSM. Briefly, biofilm was fixed with 4%
paraformaldehyde for 6 hours and stained with DAPI/SYTOX for 10 minutes at room
temperature. After a PBS wash, the biofilm was stained with 100ug/ml of Texas Red-X
conjugate of wheat germ agglutinin (WGA) in 3M KCI [28] for 10 minutes at room
temperature. The biofilm was visualized by confocal laser scanning microscopy.
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In order to test the universality of the interaction between NTHi and SP, optimal cell
densities of NTHi strain 86028NP or 2019 were co-cultured with SP strain TIGR4 or D39,
respectively. Viable pneumococcal cells were counted at 16 hours and 24 hours post-
inoculation.

In order to investigate whether NTHi modulates pneumococcal growth pattern, TIGR4 was
cultured alone or co-cultured with 86028NP in flasks at 37°C with 5% CO,. The cells were
resuspended and viable TIGR4 cells were measured by plating the cultures every 2 hours
after inoculation.

2.4 Pneumococcal gene expression

In order to investigate whether NTHi affects pneumococcal gene expression patterns in co-
cultures, transcript levels of important genes involved in pneumococcal autolysis and
fratricide were tested by quantitative real-time PCR (QPCR). Total bacterial RNAs from
TIGR4 alone or TIGR4 with 86028NP cultures were prepared at 16 and 24 hours after
inoculation using RiboPure™-bacteria Kit (Ambion, Inc, Austin, TX). cDNAs were
synthesized using the SuperScript™ I11 First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA). Tagman gPCR primers/probes for gPCR were designed and
synthesized (Applied Biosystems, Carlsbad, CA). The primers/probes are listed in Table 1.
The expression levels of pneumococcal genes IytA, IvtB, IytC, cbpD and ply were detected
by gPCR and normalized to the mRNA level of the housekeeping gene (shikimate 5-
dehydrogenase), which is responsible for the biosynthesis of aromatic amino acids in
bacteria [29]. The cultures and RNA preparations were repeated 3 times. The relative fold
changes of MRNA in the mixed culture to TIGR4 alone were calculated using the 2 AACt
methodology [30]. A fold change of more than 1.5 times up or down regulation, and P value
of less than 0.05 was considered significant.

Additionally, we also detected expression of pneumolysin gene (ply) to investigate whether
the presence of NTHi could affect pneumococcal pathogenicity since pneumolysin is one of
the major virulence factors and plays important roles in SP-causing infection [31].

2.5 Immunostaining

In order to confirm pneumococcal gene expression influenced by NTHi, the IytA gene was
cloned and expressed in E. coli followed by anti-LytA rabbit serum preparation. LytA
expression and location in different cultures was visualized by immunostaining. Briefly, the
IytA gene of TIGR4 was cloned by PCR with primers P33 (5’-gag tag aat atg gat cca att aat
gtg ag-3’) and P34 (5’-gat gat atg cgg ccg cga cat tcc att att att tta ctg taa tca age ¢-3’). PCR
product was digested with BamHI/Notl and inserted into pPENTR™2B vector (Invitrogen,
Carlsbad, CA) to generate the pENTR2BIytA plasmid. Expression plasmid pDESTIytA was
constructed by an LR recombination reaction with pPENTR2BIytA and pDEST ™17
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. Plasmid pDESTIytA
was transformed into BL21-Al™ E. coli competent cells (Invitrogen, Carlsbad, CA) to
express LytA protein. Purified LytA was used to generate rabbit anti-LytA serum in
LAMPIRE Biological Laboratories (Pipersville, PA). Specificity of anti-LytA serum was
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verified by western blot with cell lysates of SP strain D39 and its isogenic mutant, D39lytA-
[32].

LytA protein in biofilm was detected by immunostaining with anti-LytA serum. Biofilms
grown in the chambered-cover glasses were fixed with 4% paraformaldehyde and
immunostained with rabbit anti-LytA serum. Goat anti-rabbit Alexa Fluor 568 antibody
(Invitrogen, Carlsbad, CA) was used as the secondary antibody and DAPI (Invitrogen,
Carlsbad, CA) was used for counterstaining. The samples were visualized by CLSM.

2.6 Affect of physical contact

To determine the effect of cell-to-cell contact on pneumococcal survival, a transwell system
(Corning Incorporated, Corning, NY) was used for co-cultures. 86028NP cells were grown
in the upper compartment and TIGR4 cells in the lower compartment of the system. The two
compartments were separated by a membrane with a pore size of 0.4um, which can block
cell migration between the compartments. TIGR4 only, as well as TIGR4 mixed with
86028NP were grown in the wells without transwell inserts as controls. Viable cells were
counted at 16, 24 and 48 hour time points after inoculation. Cells were collected at 16 and
24 hour points for gene expression analysis as described above.

2.7 Statistic analysis

3. Results

The difference between groups for bacterial counts, gene expression levels, and biomass and
thickness of biofilm was statistically analyzed using the unpaired Student t test (two tailed).
Significance level was determined at P value < 0.05.

3.1 Cell density-dependent interaction between SP and NTHi

To investigate whether bacterial numbers play a role in the interaction, we set up co-cultures
with varying initial amounts of cells of each bacterium. The bacterial counts of both strains
were summarized in Fig. 1. The results suggested that the initial densities of each bacterium
were important to pneumococcal survival. 86028NP cells didn’t change TIGR4 growth at
the 16 hour time point regardless of initial amounts of TIGR4 cells (Fig. 1a and 1b).
However, TIGR4 survival was enhanced at the 24 hour time point in the co-culture in
combination with low density TIGR4 cells and high or low density 86028NP cells (Fig 1d).
When co-cultured with high density TIGR4 cells, 86028NP growth was significantly
inhibited at 16 and 24 hour time points regardless of its initial density (Fig 1a and 1c)
(P<0.01). When co-cultured with low density TIGR4 cells (Fig. 1b and 1d), growths of
86028NP with low density were significantly inhibited at 16 and 24 hour time points but no
inhibition was observed in the co-culture with high density of 86028NP cells at 16 hour time
point. Notably, no significant difference was observed between cultures of individual strains
with different initial concentrations at each time point. In summary, the data showed that
higher cell densities of 86028NP could overcome the inhibition of TIGR4 and enhance
TIGR4 survival, while higher cell densities of TIGR4 could inhibit 86028NP growth
regardless of how many 86028NP cells there were initially.
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3.2 NTHi enhanced pneumococcal biofilm formation and survival

Pneumococcal autolysis starts at stationary phase after inoculation within liquid medium
resulting in a rapid decrease of viable cells, leading to the disruption of biofilm structure.
Therefore, the pneumococcal biofilm may be maintained because of the enhanced
pneumococcal survival. This has been shown by microscopy (Fig. 2a). Using a static biofilm
model, we found both TIGR4 alone, and co-cultured with 86028NP formed mature biofilm
at the 16 hour point of culture, but a thicker biofilm formed in the co-cultured group due to
the presence of 86028NP(P<0.01). The biofilm of TIGR4 alone at the 24 hour time point
was dispersed significantly while a sustained biofilm structure was observed in the co-
culture group. The biofilm structures were analyzed using COMSTAT software(Fig. 2b).
The total biomasses and average thicknesses of the mixed biofilm were significantly higher
than those of TIGR4 alone at both time points (P<0.01). TIGR4 and 86028NP cells in the
biofilms were identified by fluorescent Gram staining and visualized by CLSM (Fig. 2c).
Both TIGR4 and 86028NP cells were shown in the mixed biofilm. There were more intact
TIGR4 cells forming chains in the 24 hour mixed biofilm than TIGR4 alone biofilm which
contained fewer single cells or debris.

Enhancing pneumococcal survival at the late stage of culture was observed in the mixed
cultures with different strains (Fig. 3a), indicating that it is a universal interaction rather than
strain-specific between S. pneumoniae and H. influenzae. Both NTHi strains 86028NP and
2019 significantly enhanced TIGR4 survival at 24 hours after inoculation (P<0.01).
Interestingly, enhanced survivals of pneumococcal strain D39 by NTHi were observed as
early as 16 hours post-inoculation (P<0.01).

We also observed that NTHi didn’t change pneumococcal growth patterns during the early
stages of growth based on the amounts of viable cells, which indicated SP alone and SP co-
cultured with NTHi entered stationary phase similarly (Fig. 3b). However, more viable
TIGRA4 cells were counted in the co-culture of TIGR4 and 86028NP than TIGR4 alone after
the stationary phase (P<0.01).

These data together suggest that NTHi enhanced pneumococcal survival and biofilm
formation. The enhancement may be due to arresting pneumococcal autolysis, thus
promoting its survival at a late stage of culture since the enhancement was only observed
after stationary phase.

3.3 NTHi down regulated transcription of pneumococcal genes which were involved in
autolysis and fratricide

Since pneumococcal survival and biofilm formation could be regulated by autolysis and
fratricide, we postulate that co-culture with NTHi inhibits the expression of genes involved
in pneumococcal autolysis and fratricide. Using qPCR, we found that co-culture with
86028NP modified these gene’s expression patterns after stationary phase (Fig. 4a). The
transcription levels of IytA and IytC were not significantly different at 16 hour cultures
between TIGR4 alone and co-culture with 86028NP, but cbpD was significantly down-
regulated in the co-culture group. Both IytA and cbpD gene expression were significantly
down-regulated in the co-culture group compared to TIGR4 alone at the 24 hour time point.
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LytC gene expression was down-regulated in the co-culture group with high variation in
repeated experiments. Expression of another pneumococcal gene IytB, which is essential for
pneumococcal cell separation but not involved in autolysis or fratricide [33], didn’t change
significantly in all conditions.

Additionally, the presence of NTHi also decreased ply gene expression (Fig. 4b). This
down-regulation occurred as early as 16 hours after inoculation.

Decreased LytA protein was also confirmed by immunostaining. The specific binding
activity of anti-LytA serum and LytA in biofilm cells was confirmed using a D39IytA-
mutant [32] (Fig. 5al-a4). Subsequently, LytA in the biofilms of TIGR4 alone and co-
cultures was confirmed by immunostaining. There was more LytA protein detected in the
biofilms of TIGR4 alone cultures than that of the co-cultures at both 16 and 24 hour time
points (Fig. 5b1-b6). The correlation of down-regulated autolysin/fratricide-related gene
expression and more viable pneumococcal cells in the co-culture group suggests that NTHi
may jeopardize autolysis and fratricide directly or indirectly to promote pneumococcal
survival and biofilm formation.

3.4 Cell-to-cell contact was not necessary to enhance pneumococcal survival by NTHi

To assess whether direct cell-to-cell contact plays a role in the interaction, we set up co-
cultures within a transwell system followed by viable cell counting and pneumococcal gene
expression analysis. The results are summarized in Fig. 6. At 16 hours, there was no
significant difference in viable TIGR4 cells between TIGR4 alone and the mixed culture in
wells or co-culture with 86028NP in a transwell system. At 24 hours, the amount of viable
TIGRA4 cells of the mixed culture and co-culture in the transwell systems was significantly
more than that of TIGR4 alone (P<0.01). In addition, the amount of viable TIGRA4 cells in
the mixed culture was significantly more than that of co-culture in the transwell system
(P<0.05). At 48 hours, there were not viable TIGR4 cells detected in the monoculture but
there were more TIGR4 cells detected in the mixed culture and co-culture in the transwell
systems (P<0.01) (Fig. 6a).

Similar to mixed cultures, co-cultures with 86028NP in a transwell system also affected
TIGR4 gene expression (Fig. 6b and 6c¢). Without cell-to-cell contact, 86028NP down
regulated TIGR4 cbpD expression at 16 and 24 hour points and IytA expression at 24 hours
after inoculation (P<0.01). Notably, co-cultures of 86028NP and TIGR4 also decreased
TIGR4 IytB gene expression at the 16 hour point (P<0.01), which was not observed in the
mixed cultures.

4. Discussion

Although a heptavalent conjugate pneumococcal vaccine has been incorporated into
vaccination schedules for children in the US since the year 2000 [34], the overall incidence
of OM hasn’t declined. Clinical studies indicate that the reasons for this tepid success
include the replacement of pneumococcal strains and switching predomination of pathogenic
species [35,36]. This fact along with the high incidence of polymicrobial infection highlights
an urgent need for a more thorough understanding of bacterial pathogenesis of OM, in the
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hope that novel and more efficacious strategies can be developed to manage this disease.
The results of our work clearly suggest that the presence of NTHi modulates the
pneumococcal activities, which may impact the pathogenicity of pneumococcus and disease
occurrence in polymicrobial infections.

It has been shown that SP inhibits the growth of H. influenzae by producing hydrogen
peroxide. However, survivals of H. influenzae in the presence of SP in in vitro [37] and in
vivo [17] models suggest a complicated and dynamic interference between these two
organisms. Initiating the cultures with combinations of different concentrations of two
bacteria, we found that the outcome of the interaction is in a cell-density dependent manner,
i.e., a high density of SP cells would completely inhibit NTHi growth no matter what the
initial densities of NTHi were, but a high density of NTHi cells could withstand
pneumococcal killing when co-cultured with lower density TIGR4 cells (Figure 1). The
potential mechanism leading to different destines of SP and NTHi in co-culturing is yet to be
dtermined, but may be due to the catalase removal of hydrogen peroxide produced by SP
and a reduction of pneumococcal autolysis/fratricide upon encountering increased
competition in the culture. Further studies including the use a hydrogen peroxide negative
pneumococcal mutant in co-culture and profiling global gene expression patterns of both
bacteria in co-culture are ongoing in our laboratory.

Although SP and H. influenzae could be identified in the same biofilm structure formed on
the middle ear mucosa of patients with chronic OM [10], contradictory data of SP and H.
influenzae association in human patients have been reported by different groups [5, 38,39].
Our data provides a potential explanation for these varied results. When SP was in
dominance over H. influenzae in the nasopharynx, it would inhibit H. influenzae
colonization and growth. As a result, an acute OM would be more likely to develop caused
by SP. However, if H. influenzae was dominant in the nasopharynx, it would promote SP
colonization and compromise the pathogenicity of SP. As such, a mixed biofilm and chronic
OM would be more likely to occur. This needs to be verified with more clinical observations
and in vivo studies with animal models, which is under way in our laboratory.

Our studies indicate that the impact of NTHi on pneumococcal survival happens at post
stationary phase. Notably, SP produces autolysin to suicide at this phase, resulting in the
number of viable cells declining rapidly [40-42]. In addition to autolysis, SP also produces
cell wall hydrolases to kill sibling cells, known as fratricide. Although both autolysis and
fratricide lead to decreasing numbers of viable cells, they are regulated by different
mechanisms and involve different factors. Pneumococcal autolysis is mediated by LytA [43]
and fratricide in liquid medium is tightly mediated by a combination of CbpD, LytA and
LytC [23-26]. Since autolysis and fratricide action are dependent on these proteins, both
would be undermined when expression of one or all of them was down-regulated. Counts of
viable TIGR4 cells shown in Fig. 3b clearly suggest that the enhanced SP survival in the
presence of 86028NP is due to delayed bacterial death rather than augmented growth. Our
results generate a straightforward conjecture that the presence of NTHi might down regulate
the expression of these enzymes involved in pneumococcal autolysis and fratricide, thus
decreasing pneumococcal autolysis/fratricide and delaying its death. Our qPCR results
support our hypothesis that the expressions of cbpD and IytA genes were all down-regulated
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after stationary phase in the presence of NTHi. Using anti-pneumococcal LytA serum, we
confirmed that the amounts of LytA protein located on the cell surface in the biofilm of
TIGRA4 alone were higher than that of TIGR4 co-cultured with 86028NP, which is in
accordance with the results of gqPCR. These observations correspond to fluctuations in the
amount of viable pneumococcal cells in the cultures, suggesting that pneumococcal autolysis
and fratricide can be down-regulated by the presence of NTHi. The phenomenon observed
in our study suggests, for the first time, that pneumococcal autolysis and fratricide could be
altered by other bacterial species in a polymicrobial community.

A critical question in assessing the interaction between different microorganisms is whether
there is significant effect on pathogenicity. Ply is an important virulence factor of SP that
breaks down the primary defense line of the host and induces inflammation [44, 45]. Cope
and colleagues recently reported that co-cultures with NTHi did down-regulate
pneumococcal ply gene expression at 24 hour culture [37], which was confirmed in our
studies. In fact, the down-regulation of ply expression was observed as early as 16 hours
post-inoculation. Down-regulated ply gene expression along with inhibited autolysis and
fratricide may lead to decreased concentrations of extracellular Ply by SP in co-infection
situations. Since Ply plays critical roles in the pathogenicity of SP, co-existing with H.
influenzae in the human respiratory tract could compromise the tissue damage and
inflammation caused by Ply. This result may explain the phenomenon observed in our
previous studies showing that co-infection with NTHi in chinchilla middle ear decreased
systemic infection of pneumococci [17].

The universality of the influence of NTHi on enhancing pneumococcal survival was
confirmed by co-culturing different strains of SP and NTHi (Figure 3). Co-culturing with
Moraxella catarrhalis, an additional important pathogen of OM, we didn’t observe
enhanced pneumococcal survival and biofilm formation (data not shown), which suggested a
specific cross-talking between SP and NTHi. However, there is much unknown regarding
the mechanism regulating this interspecies conversation. Our studies suggested that both
physical interaction and chemical-mediated cross-talking could be involved in facilitating
the interaction between SP and H. influenzae. Using a transwell system, we found that
physical interaction was not crucial for NTHi to enhance pneumococcal survival. This
suggests that NTHi was able to influence pneumococcal behaviors via some undefined
resoluble factors. That observation was consistent with the result of Cope’s study [37],
which indicated that the supernatant of co-culture biofilm of SP and H. influenzae
influenced pneumococcal spxB gene expression. However, the differentiated expression of
IytB, as well as the higher amounts of viable pneumococcal cells in the mixed cultures
compared to the co-cultures in a transwell system, clearly suggests that a physical
mechanism also contributes to this interspecies interaction. Furthermore, using spent
medium and cell lysate of NTHi we observed both enhanced pneumococcal survival but
showed different potencies (data not shown). These data, taken together, suggest both
physical and chemical mechanisms are involved in the microbial interaction in a
polymicrobial community.
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Fig. 1.
Initial cell densities were critical for the outcomes of interaction between SP and NTHi. Co-

cultures were set up with mixtures of different amounts of TIGR4 cells and 86028NP cells.

Viable cells were counted at 16 and 24 hour time points after inoculation. (H: high
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concentration/~108 cfu/ml; L: medium concentration/~10% cfu/ml). High densities of TIGR4
completely inhibited 86028NP survival no matter how many 86028NP cells there were

initially. However, higher cell densities of 86028NP could overcome the inhibition of

TIGR4 in lower densities and enhance TIGR4 survival. The bacterial cultures and viable cell

counts were performed four times independently. *: P<0.05; **: P<0.01.

Microbes Infect. Author manuscript; available in PMC 2014 July 03.




1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Hong et al. Page 14

16 hours 24 hours
(@) m
B ”
= p2
o o
(= (=
o o
= =
& &
o o
w0 (=]
g %
s &
o o
) e O
= Bk Y 2 -
20X 63X 20X 63X
(b) &%) = . oy B .
$E 40 1 §4u 1
& ae1 I > 35 1 ]
w
€ 30 1 2 30 -
2 25 1 S 25
“w [
e 20 ~ 20
S 15 § 15 1
@ 10 1 @ 10
£ 51 : < 5 .
F oo N , | .
16 hours 24 hours 16 hours 24 hours
B TIGR4Alone TIGR4 + 86028NP
(c) .
4 7
= 4
[=] 4
=
e i
2 --
=
e
-
o~
85028NP TIGR4 TIGR4+85028NP
Fig. 2.

NTHi promoted pneumococcal biofilm formation and survival. (a). Biofilms grown in
chambered cover glasses were visualized by CLSM following the bacterial live/dead
staining process. The images are representatives of a single slice of each biofilm. (b). Total
biomasses and average thicknesses of biofilm were analysed using COMSTAT. Mixed
biofilms had more biomasses and were thicker than biofilms of TIGR4 alone at both time
points. The values of biomass and thickness represented the averages of 5 Z-series images
taken from different field of views, respectively. **: P<0.01. (c). TIGR4 and 86028NP cells
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in the biofilms were identified by fluorescent Gram staining followed by confocal laser
scanning microscopy. 86028NP cells (Gram negative) were blue (live) or green (dead).
TIGRA4 cells (gram positive) were orange. The bar of microscopic image was 10um.
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Fig. 3.

N'?'Hi enhanced pneumococcal survival. (a). Enhanced pneumococcal survivals were
observed in co-cultures with different strains. Both NTHi strains 86028NP and 2019
enhanced TIGR4 survival at 24 hour point. NTHi strains also enhanced other pneumococci
D39 survival. The cfu counts represented total viable cells including planktonic and biofilm
cells. The bacterial culture and viable cell counting were performed four times
independently. **: P<0.01. (b). Co-culturing with NTHi didn’t alter the growth pattern of SP
up to the stationary phase. The amount of viable TIGR4 cells of TIGR4 alone culture
declined rapidly after 16 hours due to the autolysis and/or fratricide but there were much
more viable SP cells in the co-cultured group than SP alone (P<0.01). The cfu counts were
average results of 4 independent experiments.
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Fig. 4.
Changes of pneumococcal gene expression in the presence of NTHi. Relative mRNA levels

of pneumococcal IytA, IytB, IytC, cbpD and ply were measured by gPCR, normalized to a
housekeeping gene (shikimate 5-dehydrogenase). The data represented the folds of relative
MRNA levels of genes in the co-culture group to those in TIGR4 alone group. (a).
Pneumococcal genes involved in autolysis and fratricide were significantly down-regulated
in the presence of NTHi. The expression levels of IytA, IytB, IytC genes were not
significantly different in 16 hour cultures of TIGR4 alone and mixed culture with 86028NP
but cbpD was down-regulated significantly in the mixed culture compared to TIGR4 alone.
Both IytA and cbpD gene expressions were significantly down-regulated at the 24 hour time
point in the mixed culture compared to TIGR4 alone culture. Another gene, IytB, which isn’t
involved in fratricide, didn’t change significantly either between different cultures or
different time points. The bacterial cultures and gPCR were performed four times
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independently. (b). Expression of pneumococcal ply gene was down-regulated in the
presence of NTHi. *: P<0.05; **: P<0.01.
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Fig. 5.
Expression and binding of pneumococcal autolysin in biofilm were decreased in the

presence of NTHi. Pneumococcal LytA proteins produced (red) in the biofilm were detected
by immunostaining with anti-LytA serum followed by confocal laser scanning microscopy.
Biofilms were counterstained with DAPI (purple). al-4: binding—specificities of anti-LytA
serum were confirmed by western blot and immunostaining with D39 and its isogenic
mutant D39IytA-. al, results of SDS-PAGE; a2, results of western blot; a3, immunostaining
of D39 biofilm; a4, immunostaining of D39IytA- biofilm. b1-6: results of immunostaining.
b1, 16 hour biofilm of 86028NP; b2, 16 hour biofilm of TIGR4; b3, 16 hour biofilm of
TIGR4 mixed with 86028NP; b4, 24 hour biofilm of 86028NP; b5, 24 hour biofilm of
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TIGR4; b6, 24 hour biofilm of TIGR4 mixed with 86028NP. At both time points, there were
more LytA proteins in the biofilm of TIGR4 alone than the mixed biofilm cultures. The bar
of microscopic image was 10 pm.
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Fig. 6.
Cell-to-cell contact was not required to modify pneumococcal activities by NTHi. Co-

culture of 86028NP and TIGR4 without cell-to-cell contact were performed in a transwell
system. Viable pneumococcal cells and gene expression were measured at different time
points. a. Viable pneumococcal cell counts. Compared to TIGR4 alone culture, there were
significantly more cells when TIGR4 co-grown with 86028NP either in the mixed culture
(co-culturing 86028NP and TIGR4 in a same well) or co-cultured in the transwell system.
Notably, there were significantly more viable TIGR4 cells in the mixed culture than co-
cultured with 86028NP in the transwell system at the 24 hour point after inoculation. b.
Expression of pneumococcal genes involved in autolysis and fratricide were influenced by
NTHi co-cultured in transwell system. Similar to these in mixed cultures, IytA and cbpD
were significantly down-regulated by NTHi. Notably, IytB gene was also down-regulated at
16 hour point which was not observed in mixed culture condition. c. NTHi down-regulated
pneumococcal ply gene expression when co-cultured in transwell system. The bacterial
cultures, viable cell counts and gPCR were performed four times independently. *: P<0.05;
**: P<0.01.
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Sequences of primers for pneumococcal quantitative real-time PCR
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Gene Name Primer Sequence Probe Sequence

IytA GCCGTTCTCAATATCATGCTTAAACTGCGTTGACCCTTATCCATATCTTGCT CTCACGGCTAATGCC
IytB GTGGTATTTGGGATTCTAACTGTTGGACATTAGTTTGAGCAGGAAAGCGAAA CAAGGCTCCAATACCG
IytC CGAGTACCATCCATAATCACTTCGTGTGGCAAGGCAACTACTATTTGAC CATGGCACCACTTCCA
cbpD CTGCCTATAATGGAAGCTATCGTTATGTTCCACCTGTTGAAGAAAGAACAGAATT | CACAGCCTCCAATTGA
ply CCTCAGACAGAGTGGAAACAGATTTCTTGGGTCGCCCCCTAAAATAA CCGCCTTCACTTCTG
Shikimate 5-dehydrogenase | GTGGTGCGGCTAAATCAATCTTGACGAACAAAGACCGAAATCTGACT ACGCCATCCAAAATAG
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