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Abstract
Horizontal Transfer of Antibiotic Resistance in Streptococcus pneumoniae

By Brenda Stephanie Antezana

Streptococcus pneumoniae (pneumococcus) is a nasopharyngeal commensal that may spread
to local or sterile sites, causing non-invasive or invasive pneumococcal disease. Antibiotic
resistance was first observed in S. pneumoniae during the 1960s against penicillin and expanded
to macrolides in the 1990s. One key contributor to macrolide resistance is Tn916-related
integrative and conjugative elements (ICEs), such as Tn2009 (23.5 kb), Tn6002 (20.8 kb), and
Tn2010 (26.3 kb). Unlike in vitro planktonic cell transformation, efficient Tn916-related ICE
transfer was observed in dual-strain biofilms formed on human nasopharyngeal cells. Investigation
of the transfer mechanism disproved the involvement of conjugation based on limited conjugative
gene expression, absence of ICE circular intermediates, and no change in ICE transfer frequency
with a conjugative mutant donor. However, competence and transformation mutant studies,
extracellular DNA removal by DNase | treatment, and recombinant genome analyses supported
transformation and homologous recombination as the major mechanism for pneumococcal Tn916-
related ICE dissemination. Contribution of Tn916-related ICEs to pneumococcal macrolide
resistance and effects of pneumococcal conjugate vaccines (PCVs) to ICE circulation were
explored in the United States using genomes of 4,560 PubMLST S. pneumoniae isolates collected
during 1916-2021. In this collection, Tn916-related ICE frequency increased over time. This rise
was associated with a decrease in ICE+ isolates of vaccine serotypes upon PCV introductions, but
a marked increase in ICE+ isolates of non-vaccine serotypes, such as 15A and 23A, which are not
included in the current PCV15 and PCV20. Tn916-related ICE macrolide resistance shifted from
Tn2009 mefE/mel-mediated macrolide efflux to ermB-mediated ribosomal methylation of Tn6002
and Tn2010 by the 2010s. Transformation of DNA associated with naturally released
pneumococcal extracellular vesicles (EVs) was evaluated under planktonic and biofilm conditions
and was not more efficient compared to free DNA. While in vitro conditions enabled EV
transformation of streptomycin (rpsL/K56T) and erythromycin (738-bp ermB) resistance, biofilms
facilitated natural EV transformation of the 5.4-kb Mega element and Tn2009. SNP analyses of
biofilm EV recombinants revealed homologous recombination of ~9-26 kb DNA fragments. This
work contributes new mechanistic and population findings of antibiotic resistance dissemination
in S. pneumoniae, highlighting the importance of transformation, biofilms, and continuing
pneumococcal evolution.
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Chapter 1: Introduction to Streptococcus pneumoniae
I. The pneumococcus

Streptococcus pneumoniae (or pneumococcus) is a facultative anaerobic commensal of the
human nasopharynx as well as an opportunistic pathogen that can cause non-invasive and invasive
disease in humans® 2. In addition to causing localized infections like otitis media and non-
bacteremic pneumonia, S. pneumoniae can invade the bloodstream, resulting in more severe
disease, such as bacteremia or meningitis®. Children less than two years of age, the elderly over
65 years of age, the immunocompromised, and individuals with chronic conditions are those at
greater risk for pneumococcal disease®. Though effective pneumococcal conjugate vaccines are
available, S. pneumoniae remains as a global public health concern, primarily due to dissemination
of antibiotic resistance in this pathogen. Thus, the World Health Organization listed S. pneumoniae
as a priority pathogen for research and development of novel treatments in 2017®).
A. Discovery of Streptococcus pneumoniae

The discovery of S. pneumoniae occurred due to malaria and rabies research simultaneously
conducted by George Miller Sternberg and Louis Pasteur, respectively®. In September 1880 in
the United States (US), Sternberg inoculated two rabbits as well as other animals with his own
saliva resulting in their deaths, which were distinct compared to that of malaria and subsequently
isolated the organism responsible for these deaths using rabbit broth(: 8. In December 1880 in
France, Pasteur obtained a saliva sample from a rabies-infected child, inoculated rabbits with it,
and observed their deaths that were also different from rabies®. Utilizing microscopy, Pasteur
detected an “8”-shaped organism with a halo around its perimeter and he successfully isolated the
organism in veal broth(- 9. Referred to as Microbe septicemique du salive by Pasteur® and

Micrococcus pasteuri by Sternberg®®, both microbiologists described the same lancet-shaped,



diplococcal bacteria. In subsequent years, the bacterium went through multiple name changes until
reaching its final designation as Streptococcus pneumoniae in 19741,
B. Disease and economic burden

Globally, S. pneumoniae remains as the leading cause of pneumonia mortality in children(!2).
In 2000, O’Brien et al. reported that there were ~14.5 million cases of pneumococcal disease
worldwide with 826,000 deaths in children aged 1-59 months3), In 2015, total global deaths in
children aged 1-59 months were reduced to 318,000 and an estimated total case number of ~9.2
million individuals with pneumococcal disease was calculated®. Due to the continued spread of
disease, the economic tolls remain problematic. A study found that PCV20 serotypes, or distinct
variants of S. pneumoniae characterized by their capsular polysaccharide, resulted in $213.5
million in annual direct medical costs across 13 different countries between 2017-20191%). During
2012-2014, there was an average cost of $6,534 in at-risk adults and $9,168 in high-risk adults
compared to $4,725 in healthy adults per pneumococcal disease episode(6).
I1. Colonization and pathogenesis
A. Nasopharyngeal colonization

Nasopharyngeal colonization by S. pneumoniae is a perquisite for transmission to new human
hosts. Upon colonization, S. pneumoniae first encounters nasal mucus composed of mucin
glycoproteins, antimicrobial peptides, and immunoglobulins”). To avoid mucus entrapment and
mucociliary clearance, S. pneumoniae employs mucus degradation via pneumococcal proteins
neurominidase A (NanA), beta-galactosidase (BgaA), and beta-N-acetylglucosaminidase (StrH),
providing S. pneumoniae an opportunity to access and adhere to the host epithelial cell surface®).

Several pneumococcal adhesins have been implicated for bacterial attachment. Pneumococcal

adherence and virulence protein A (PavA), PavB, and enolase (Eno) bind host cell fibronectin and



plasminogen8-29) while phosphorylcholine (ChoP) on the S. pneumoniae cell wall interacts with
the epithelial cell platelet-activating factor receptor (PAFR)®?Y. Choline-binding protein A (CbpA)
interacts with the polymeric immunoglobulin receptor (PIGR), facilitating the translocation of S.
pneumoniae across nasopharyngeal cells??. Surface-exposed lipoproteins, streptococcal
lipoprotein rotamase A (SIrA) and putative proteinase maturation protein A (PpmA), can also
contribute to pneumococcal adherence of the epithelial cells in the nasopharynx@3 24,

B. Biofilm formation

Following pneumococcal colonization, persistence in the nasopharynx is enabled by biofilm
formation. Planktonic bacteria adhere to a surface, develop a monolayer-to-multilayer bacterial
community, and mature into a complex three-dimensional structure®®, The ability for S.
pneumoniae to form biofilms in vivo on nasopharyngeal cells has been established. Scanning
electron microscopy of excised murine nasopharyngeal tissue demonstrated an increased density
of pneumococcal biofilm in posterior sections® while biopsy samples from human colonization
studies have revealed S. pneumoniae biofilm structures and microcolonies®??.

The pneumococcal biofilm begins as a honeycomb-like structure, speculated to provide
stability®®, and eventually matures into towers with water channels and to a thickness of ~25-30
um. The biofilm contains fibrous connections between bacteria and an extracellular matrix (@5 29
composed of exopolysaccharides, proteins, nucleic acids, and lipids, and which protects from host
immune responses, antibiotics, and other environmental stressors® 31, Optimal biofilms form
with a pH of 7.0-8.0%®), a CO2-enriched environment®?, and temperatures of ~34-35°C(26. 33),

C. Non-invasive pneumococcal diseases
S. pneumoniae can spread to other local infection sites from the nasopharynx, leading to non-

invasive diseases. Otitis media is an acute inflammatory middle ear infection that can manifest in



ear pain, a red and swollen ear drum, and low-grade fever®4. To cause otitis media, S. pneumoniae
can travel from the nasopharynx to the middle ear via Eustachian tubes %,

Inflammation of air sacs, or alveoli, in the lungs and build-up of fluid or pus can result in
pneumonia®®), leading to fever, chills, a wet or dry cough, and abnormal breathing patterns(),
Pneumonia can be bacteremic or non-bacteremic. The latter is non-invasive when S. pneumoniae
spreads to the lower respiratory tract and infects the lungs without invading the bloodstream.

D. Invasive pneumococcal diseases

Pneumococcal invasion of sterile host sites via breaching of the host cell barrier is termed as
invasive pneumococcal disease (IPD). Invasion occurs via pneumococcal interactions with host
cells, such as CbpA-PIGR® 2237 or ChoP-PAFR® as previously discussed. Once S. pneumoniae
has gained access to the bloodstream, this can result in bacteremia®, which manifests as fever,
shaking chills, hypotension, gastrointestinal distress, and altered sensory perception®®. Invasion
of the blood-brain barrier leads to meningitis. Pneumococcal access to the cerebral spinal fluid
occurs in the choroid plexus or S. pneumoniae may pass through the blood-brain barrier utilizing
the cerebral capillaries that cover the subarachnoid space®®, Interactions, such as pneumococcal
CbpA and the host cell laminin receptor®® or ChoP-PAFR®“%), have been implicated in blood-brain
barrier passage as well. Pneumococcal meningitis is life-threatening and manifests as
inflammation of the meninges, or the outer membranes that protect the brain and spinal cord,
cerebral edema, and blood vessel infection that can lead to brain parenchyma damage®?. It has
been demonstrated that meningitis survivors experience permanent neurological sequelag®?.

I11. Treatment and prevention

A. Vaccines



Pneumococcal vaccination studies commenced in 1911 in Johannesburg, South Africa when
Sir Almroth Wright utilized heat-killed pneumococcal lysates at various dosage concentrations
and observed a reduction of pneumococcal pneumonia cases and deaths in gold miners(3 44),
However, the notion of distinguishing between various S. pneumoniae serotypes was becoming
more apparent as serotyping methods, such as Quellung reaction, were being developed“®. In
1914, Sir F. Spencer Lister developed serotype-specific whole-cell pneumococcal vaccines and
demonstrated with 10,866 newly arrived miners that this type-specific vaccine was 100% effective
in averting infection caused by pneumococcal types 1 and 2(4%),

As research into pneumococcal vaccination increased with the knowledge of serotype
specificity, several companies developed pneumococcal polysaccharide vaccines (PPSVs) with
varying valency between 1947 to 1983, such as PPSV6, PPSV14, and PPSV23(*3: 46, However,
PPSVs were poorly immunogenic in children less than 2 years of age”. Thus, pneumococcal
conjugate vaccines (PCVs) were developed with capsular polysaccharides conjugated to the
CRM197 diphtheria protein, which helped activate T-cell dependent antibody production,
enhancing their immunogenicity®”. In 2000, PCV7 was introduced in the US and contained
serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F“8 49 while PCV13 was introduced in 2010 with PCV7
serotypes plus 1, 3, 5, 6A, 7F, and 19A“9. PCV15 (PCV13 serotypes plus 22F and 33F) and
PCV20 (PCV15 plus serotypes 8, 10A, 11A, 12F, and 15B) were approved for use in adults in
2021 while in children, PCV15 and PCV20 were approved in 20220 and 2023®Y), respectively.
B. Antibiotics

In 1939, a soluble sulfonamide, sulfapyridine, was being widely used for treatment of
pneumococcal disease®?. Although penicillin replaced sulfonamides by the mid-1940s®2),

resistance to this drug®® led to the transition to using macrolides in the 1990s, which became the



first line of treatment for upper respiratory infections and community-acquired pneumonia
(CAP)®4), The widespread use of macrolides resulted in the emergence of resistant pneumococci
as well®5 %), Currently, low-risk CAP is treated with macrolide monotherapy while higher-risk
CAP patients are administered respiratory fluoroquinolones®’. For otitis media, amoxicillin is
used sometimes in conjunction with clavulanic acid®®. For invasive disease, combination therapy
of cefotaxime or ceftriaxone with vancomycin has been shown to be effective®9,
IV. Antibiotic resistance
A. Macrolide resistance

Macrolide resistance in S. pneumoniae is predominantly accredited to expression of resistance
genes ermB and mefE/mel on the macrolide efflux genetic assembly (Mega)®¥. ErmB is a
ribosomal methylase that will dimethylate the 23s rRNA on the bacterial 50s ribosomal subunit to
prevent the antibiotic from binding to its target site®®, conferring constitutive, high-level
resistance to 14-, 15-, and 16-membered macrolides and resulting in lincosamide and
streptogramin B resistance (MLSg phenotype)®* 61, Macrolide efflux is mediated by MefE/Mel
from either Mega-1 (5.5 kb) or Mega-2 (5.4 kb), leading to lower-level resistance to 14- and 15-
membered macrolides while remaining susceptible to lincosamides and streptogramin B (M
phenotype)©264), This low-level resistance provided by Mega can be induced by the same 14- and
15-membered macrolide antibiotics to higher levels of resistance®). Specifically, MefE utilizes a
proton-motive force for the efflux of macrolide antibiotics while Mel is a ribosomal protection
protein that prevents the binding of the antibiotic®* 64 %), Mega has been identified in at least five
distinct genomic loci of the pneumococcal genome, including insertion into larger mobile genetic
elements®”, Although rare, point mutations in rplD and rplV encoding for ribosomal proteins L4

and L22, respectively, can serve as a third mechanism for macrolide resistance(: 69,



B. Multidrug resistance via Tn916-related integrative and conjugative elements

Pneumococcal multidrug resistance to macrolides and tetracycline had also emerged as early
as the 1990s due to the dissemination of Tn916-related integrative and conjugative elements
(ICEs). Typically, ICEs are mobile genetic elements integrated in a bacterial chromosome that
horizontally disseminate via conjugative machinery encoded by ICE genes®” 79, The 18.0 kb
Tn916 ICE serves as a prototype for conjugative transfer whereby the element excises from the
chromosome, circularizes, and transfers to a recipient cell using a type IV secretion system that is
encoded by conjugative genes located on the 5” end of the element that are expressed only when
Tn916 is in its circular form(*-73, Tn916 conjugative gene induction can occur with tetracycline
presence initiating at the tetM promoter, and is regulated at the transcriptional attenuation level ™,
In S. pneumoniae, ICEs of the Tn916 family have been identified: Tn2009 (23.5 kb), Tn6002 (20.8
kb), and Tn2010 (26.3 kb). Integration of Mega into orf6é of Tn916 resulted in Tn2009(). A 2.8
kb fragment with ermB inserted into orf20 was named Tn6002("®)., Lastly, Tn2010 carries both
orf6::Mega and orf20::ermB(7). Tn916-related ICEs also contain a tetM gene encoding for a
ribosomal protection protein, thus conferring tetracycline resistance(®. Though pneumococcal
Tn916-related ICEs contain the necessary machinery to conjugate as the prototype Tn916, the
molecular mechanism for horizontal transfer in S. pneumoniae remained unknown.
V. Horizontal exchange of genetic determinants
A. Griffith 1928 experiment

Utilizing S. pneumoniae as a model, in 1928, Frederick Griffith published his findings from
pioneering experiments that led to the discovery of DNA as the hereditary material in cells that
can genetically modify microorganisms(®-81). For his experiments, Griffith inoculated mice with

either rough, unencapsulated (R) or smooth, encapsulated (S) strains and observed that only the S



strain-inoculated mice died while the R strain-inoculated mice survived. At the completion of these
experiments, Griffith was able to recover only non-virulent R strain from surviving mice while
recovering virulent S strain from dead mice. Griffith also inoculated mice with heat-killed S strain,
leading to the survival of the mice and no recovery of S strain bacteria from the live mice("® 8D,
Finally, inoculating mice with a mixture of live R strain and heat-killed S strain, Griffith found
that the mice died, isolating bacteria of only the S strain morphology. It was determined that an
unknown feature from the heat-killed S strain was being donated to the live R strain, thus
“transforming” the R strain into the smooth, virulent phenotype and leading to the deaths of the
mice(). This unknown feature was aptly titled as the “transforming principle.” More evidence
supporting DNA as the transforming material was provided by Oswald Avery, Colin MacLeod,
and Maclyn McCarty in 1944 where they excluded the role of RNA and protein in transformation
while in 1952, Martha Chase and Alfred Hershey showed that protein was not transformable(°. 81,
B. Induction of competence

S. pneumoniae is naturally competent becoming capable of taking up genetic material from its
surroundings®2 8), To induce competence, an immature competence stimulating peptide (CSP),
encoded by comC, gets processed and secreted out via the ABC transporter ComAB®4 85, Mature
CSP accumulates until a particular concentration threshold is reached and then the peptide will
bind to sensor kinase ComD®®), This kinase will autophosphorylate and transfer the phosphate
group to the response regulator, ComE, which will then be activated®” to further stimulate
expression of comAB and comCDE, and promote competence development®). Other early com
genes include comX, which encodes for an alternative sigma factor that enables specific binding
of the RNA polymerase to promoters of late com genes involved in fratricide, DNA uptake, and

homologous recombination, as well as comM, encoding for a fratricide immunity protein(-91),



C. Transformation and homologous recombination

Competence induction results in uptake of exogenous double-stranded DNA (dsDNA) via a 2-
3 um type IV pilus that forms on the pneumococcal cell surface®. Powered by the ATPase
ComGA, pilus formation initiates with assembly of major pilin ComGC subunits and minor pilin
subunits (ComGD, E, F, G)®3. DNA binds to the pilus, which retracts®¥ allowing this dsDNA to
bind to the membrane protein, ComEA. Endonuclease EndA is recruited and degrades one of the
strands of the dsDNA, resulting in single-stranded DNA (ssSDNA)®> %), This ssDNA is then
transported through the protein channel ComEC into the recipient pneumococcal cell®” and is
coated with single-stranded binding proteins (SsbB) to protect it from nucleic acid degradation —
this complex is known as an eclipse complex©8 %9, The DNA processing chain A protein (DprA)
displaces SshB, and aids in recombinase RecA loading onto the eclipse complex®, RecA, with
help from RadA and CoiA, promotes strand exchange via homologous recombination(102-103),
D. Role of fratricide on gene transfer

Pneumococcal fratricide involves the production of fratricins, or bacteriolytic cell wall
hydrolases, such as CbpD(04 19 To protect themselves against their own fratricins, S.
pneumoniae will produce the ComM immunity protein during competence development®. In a
mixed bacterial community, such as a biofilm, a subpopulation of noncompetent cells will be lysed
by fratricins, leading to DNA release that can then be taken up by competent bacteria ©%. Thus,
fratricide can contribute to genetic exchange with the acquisition of homologous DNA. This was
primarily demonstrated by Johnsborg et al. where, in mixed planktonic cultures of competent and
non-competent S. pneumoniae, there is a 1,000-fold more efficient transfer of resistance markers
when the competent, fratricin-producing cells have an intact copD®%), It has also been shown that

CbpD damage stimulates murein hydrolases LytA and LytC to be involved in fratricide@?,
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E. Extracellular vesicles for genetic transformation

Extracellular vesicles (EVs), or lipid-membrane bound particles, are secreted by both Gram-
negative as well as Gram-positive microorganisms and have been demonstrated to contain nucleic
acids as cargo(%8-110) Vesicle-mediated plasmid DNA transformation containing antimicrobial
resistance determinants has been extensively studied among Gram-negative species®-113),
However, investigations into the role of EV-mediated DNA transformation by Gram-positive
species are limited. One such example of Gram-positive EV transformation is that of ruminococci
EVs rescuing a phenotype in deletion mutants for crystalline cellulose degradation(4),
Specifically, S. pneumoniae secretes significant amounts of EVs during late-log phase that range
from 20-80 nm in diameter on average and can stimulate protective host immunogenicity@®®, In
addition to surface protein and short-chain fatty acid content, pneumococcal EVs have been shown
to harbor transforming DNA1®), However, the extent to which pneumococcal EVs can serve as a
vehicle for DNA delivery and contribute to horizontal exchange of antimicrobial resistance
determinants among S. pneumoniae strains remains unclear.
V1. Summary of dissertation

Increasing pneumococcal antimicrobial resistance has prompted research into mechanisms of
resistance as well as for development of novel therapeutics for treatment of pneumococcal
infections. In this dissertation, we explored the molecular mechanism for efficient transfer of
Tn916-related ICEs, conferring macrolide and tetracycline resistance, between S. pneumoniae
strains forming human nasopharyngeal biofilms as well as Tn916-related ICE distribution pre- and
post- PCV introductions among S. pneumoniae isolates collected in the US between 1916-2021.
Moreover, the role of pneumococcal extracellular vesicles harboring DNA with variably sized

antimicrobial resistance determinants was investigated for genetic transformation.
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ABSTRACT

Multidrug resistance in Streptococcus pneumoniae (or pneumococcus) continues to be a global
challenge. An important class of antibiotic resistance determinants disseminating in S. pneumoniae
are >20-kb Tn916-related integrative and conjugative elements (ICEs), such as Tn2009, Tn6002,
and Tn2010. Although conjugation has been implicated as the transfer mechanism for ICEs in
several bacteria, including S. pneumoniae, the molecular basis for widespread dissemination of
pneumococcal Tn916-related ICEs remains to be fully elucidated. We found that Tn2009
acquisition was not detectable via in vitro transformation nor conjugative mating with donor
GA16833, yielding a transfer frequency of <10-7. GA16833 Tn2009 conjugative gene expression
was not significantly induced, and ICE circular intermediate formation was not detected in
biofilms. Consistently, Tn2009 transfer efficiency in biofilms was not affected by deletion of the
ICE conjugative gene ftsK. However, GA16833 Tn2009 transfer occurred efficiently at a
recombination frequency (rF) of 10+ in dual-strain biofilms formed in a human nasopharyngeal
cell bioreactor. DNase | addition and deletions of the early competence gene comE or
transformation apparatus genes comEA and comEC in the D39 recipient strain prevented Tn2009
acquisition (rF of <107). Genome sequencing and single nucleotide polymorphism analyses of
independent recombinants of recipient genotype identified ~33- to ~55-kb donor DNAS containing
intact Tn2009, supporting homologous recombination. Additional pneumococcal donor and
recipient combinations were demonstrated to efficiently transfer Tn916-related ICEs at a rF of 10
4 in the biofilms. Tn916-related ICEs horizontally disseminate at high frequency in human
nasopharyngeal S. pneumoniae biofilms by transformation and homologous recombination of >30-

kb DNA fragments into the pneumococcal genome.
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IMPORTANCE

The World Health Organization has designated Streptococcus pneumoniae as a priority
pathogen for research and development of new drug treatments due to extensive multidrug
resistance. Multiple strains of S. pneumoniae colonize and form mixed biofilms in the human
nasopharynx, which could enable exchange of antibiotic resistance determinants. Tn916-related
integrative and conjugative elements (ICEs) are largely responsible for the widespread presence
of macrolide and tetracycline resistance in S. pneumoniae. Utilizing a system that simulates
colonization of donor and recipient S. pneumoniae strains in the human nasopharynx, efficient
transfer of Tn916-related ICEs occurred in human nasopharyngeal biofilms, in contrast to in vitro
conditions of planktonic cells with exogenous DNA. This high-frequency Tn916-related ICE
transfer between S. pneumoniae strains in biofilms was due to transformation and homologous
recombination, not conjugation. Understanding the molecular mechanism for dissemination of

Tn916-related ICEs can facilitate the design of new strategies to combat antibiotic resistance.
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INTRODUCTION

Streptococcus pneumoniae (or pneumococcus) is a Gram-positive bacterial human pathogen
and inhabitant of the human nasopharynx. Colonization with pneumococci occurs during early
childhood, with carriage rates ranging from 20 to 93.4% and persisting into adulthood at lower
levels®-3), S. pneumoniae may remain as a commensal in the nasopharynx, spread to other mucosal
sites and cause otitis media or pneumonia, or it may invade the bloodstream, resulting in
bacteremia or meningitis®. Individuals at risk for invasive pneumococcal disease are children less
than 2 years of age, those over 65 years of age, and immunocompromised individuals with other
underlying chronic conditions®). Although new, effective pneumococcal conjugate vaccines are
available, invasive pneumococcal disease still poses as a global public health concern. In 2017, the
World Health Organization (WHQ) recognized S. pneumoniae as a priority pathogen due to
extensive multidrug resistance®. The widespread use of antibiotics, such as macrolides for
treatment of community-acquired pneumonia and other upper respiratory infections, has led to
marked increases in S. pneumoniae antibiotic resistance(” 8. The horizontal transfer of resistance
determinants followed by the selection of resistant strains is the major driver for the development
of antibiotic resistance in S. pneumoniae, yet the molecular mechanisms of resistance determinant
dissemination have not been clearly defined.

Large, mobile genetic elements known as integrative and conjugative elements (ICEs) of the
Tn916 family are responsible for tetracycline and macrolide resistance in S. pneumoniae. Tn916-
related ICEs that have been widely identified in S. pneumoniae include Tn2009 (23.5 kb), Tn6002
(20.8 kb), and Tn2010 (26.3 kb)®-13), Although prototype Tn916 (18.0 kb) and other classes of
ICEs are disseminated via conjugation in several Gram-positive species, such as Bacillus subtilis,

Enterococcus faecalis, Clostridium difficile, and many streptococcal species¥*19, the role of
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conjugation as an efficient horizontal exchange process for Tn916-related ICEs in S. pneumoniae
is unclear. While conjugation of S. pneumoniae Tn6002 into Streptococcus pyogenes has been
demonstrated by mating experiments at the low frequency of 108, Tn2009 and Tn2010 did not
conjugate into S. pneumoniae®® 19, Another common horizontal genetic exchange strategy is
transformation as S. pneumoniae naturally becomes competent for extracellular DNA uptake
during growth®”, Transformation has long been associated with S. pneumoniae genome
evolution®® 19 particularly for acquiring point mutations and small ~1- to ~5-kb determinants
conferring antibiotic resistance.

To investigate the molecular mechanism for horizontal dissemination of Tn916-related ICEs
among S. pneumoniae strains, we utilized a bioreactor system consisting of a dual-strain
pneumococcal biofilm on human nasopharyngeal cells®® with Tn2009 as a model. Gene
expression, mutation studies in key conjugative and transformation genes, ICE circular
intermediate quantification, genome sequencing, and single nucleotide polymorphism (SNP)
analyses revealed that transformation and homologous recombination are responsible for efficient
horizontal transfer of S. pneumoniae Tn2009. These mechanistic observations were applicable to
additional Tn916-related ICEs and S. pneumoniae strains.

RESULTS
Classic in vitro transformation failed to demonstrate acquisition of Tn916-related ICEs by S.
pneumoniae.

S. pneumoniae is naturally competent for extracellular DNA (eDNA) uptake. Classic in vitro
transformation assays were used to examine uptake of genomic DNA carrying ICEs. Planktonic
cells of D39 or TIGR4, treated with the cognate synthetic competence stimulating peptide (CSP)

to initiate competence development, were incubated with various amounts of genomic DNA.
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Control reactions for competency demonstrated that D39S" acquired trimethoprim (Tmp)
resistance (fol A/I100L)?Y at a recombination frequency (rF) of 4.08x10°+4.33x10°° per ug DNA,
whereas TIGR4 obtained streptomycin (Str) resistance (rpsL/K56T)@ at a rF of 1.03x10-
5+7.88x10 per ug DNA. However, in vitro transformation of D395 under analogous conditions
with genomic DNA harboring Tn2009 (23.5 kb) or Tn2010 (26.3 kb) yielded no recombinants
with tetracycline (Tet) resistance and the rFs were <1.13x107+1.04x107 and <2.68x10% for
Tn2009 and Tn2010, respectively. Similarly, no Tet-resistant TIGR4 recombinants were recovered
with genomic DNA carrying Tn2009 (rF of <3.75x10%+3.63x10°). Agarose gel electrophoresis
confirmed that purified genomic DNA preparations contained fragments significantly larger than
the ICEs (data not shown) and increasing CSP concentrations from 100 ng/mL to 5000 ng/mL in
in vitro transformations did not enhance recombination frequencies for uptake of Str resistance.
Thus, classic in vitro transformation aided by exogenous CSP did not result in uptake of Tn916-
related ICEs by D39 nor TIGR4.

Efficient transfer of pneumococcal Tn916-related ICEs occurred in dual-strain biofilms
formed on human nasopharyngeal cells.

A continuous flow bioreactor system, characterized by formation of dual-strain biofilms on a
confluent monolayer of human pharyngeal Detroit 562 cells at 35°C has previously been shown to
yield high rF for transfer of Str, Tmp, and Tet (tetM-mediated) resistance between D39 and
TIGR4@), Thus, we investigated pneumococcal Tn916-related ICE dissemination using the
bioreactor system with a 6-hr incubation, which was previously found to be sufficient for efficient
recombination. The ICE donor clinical isolates GA16833T¢E"Y (serotype 19F with Tn2009) or

GA47281TVEY (serotype 19F with Tn2010), were coinoculated in the bioreactor with designated
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recipient D39 (serotype 2) derivatives containing either Str (D39%") or dual Str and Tmp
(D395TMP) resistance.

When GA16833VE"Y served as the Tn2009 donor, the rFs of Tet+Str resistance was 2.60x10-
4+2.08x10 for recipient D39S"TMP (Fig 1) and 1.34x104+7.02x10 for recipient D395". The rF of
10 obtained in the bioreactor system represented an ~1,000-fold enhancement over the in vitro
rF of <107 where no recombinants were recovered. Similarly, with coinoculation of the recipient
D395tTmp and the Tn2010 donor GA47281T¢VEY we obtained a rF of 1.34x10+1.62x10* for Tet-
resistant recombinants of D39S"TMP once again demonstrating an ~1,000-fold enhancement over
the in vitro transformation (Fig 1). Additional selection combinations, Ery+Str, Tet+Ery+Str, and
Ery+Str+Tmp, were also tested and yielded similar rFs (Table S3). When Tet was used for
recombinant selection, Tn2009 and Tn2010 yielded comparable rFs (10-4). However, when Ery
was included in the selection, higher rF values were observed for Tn2010 relative to those obtained
with Tn2009 (Table S3). This difference could be due to the constitutively expressed ermB on
Tn2010, whereas Tn2009 carries inducible Ery resistance on the macrolide efflux genetic assembly
(Mega) element.

Conjugation was not involved in the highly efficient transfer of Tn916-related ICEs (>20 kb)
between pneumococci in bioreactor biofilms.

Transcriptional regulation of conjugation genes and the molecular mechanism resulting in
Tn916 conjugative transfer has been well characterized®®). Conjugation of Tn916 is stimulated by
tetracycline at the tetM promoter, which mediates antisense mMRNA derepression of downstream
regulatory genes 2% and subsequently results in expression of the xis and int genes encoding
essential enzymes for the excision of Tn916(3 24 as well as the formation of the Tn916 circular

intermediate (CI). CI formation occurs via binding of coupling sequences on the 5’ and 3’ ends of
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the ICE(®3 25 26), This physical association of the 5’ and 3’ ends of the circularized Tn916 allows
for upregulated transcription at the 3” end of Tn916 to extend through to the conjugative genes at
the 5’ end, encoding the necessary conjugative machinery, such as the type IV secretion system.
Subsequent passage of a single-stranded Tn916 DNA from a donor to the recipient cell occurs),
resulting in the integration of Tn916 into the recipient genome via precise site-specific
recombination®”). While conjugation of Tn916 and other ICEs has been demonstrated in Gram-
positive bacteria, we obtained several lines of evidence to exclude conjugation as the mechanism
responsible for Tn2009 dissemination among S. pneumoniae as described below.

Conjugative gene expression in Tn2009 was limited.

We performed BLASTN analysis and demonstrated that all three pneumococcal Tn916-related
ICEs contained genes encoding the excisionase, Xis, and the integrase, Int, which are required for
Tn916 excision and site-specific recombination(® 2829 Tn916-related ICEs also contained open
reading frames (ORFs) that had >99% sequence identity to the corresponding ORFs in Tn916
involved in conjugative transfer (Fig 2).

Expression of xis and int is coupled with tetracycline-inducible tetM transcription and
subinhibitory concentrations of tetracycline result in enhanced conjugative transfer of Tn916 in E.
faecalis and B. subtilis?® 39, We first compared the basal expression of conjugative genes in
pneumococcal Tn2009 with the prototype Tn916 in a B. subtilis donor strain CMJ253¢D.
Expression of tetM, int, orf20 (relaxase), and ftsK in Tn2009 was significantly lower: tetM and int
were expressed 19.7- and 32.4-fold lower, respectively, while orf20 and ftsK were expressed about
300-fold lower than the corresponding genes in Tn916.

Tetracycline induces transcriptional upregulation of conjugative genes at the 5’ end of

Tn9163), To investigate if such a regulatory coupling was present in pneumococcal Tn2009, we
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grew the Tn2009-containing GA16833 strain (Tet MIC of 24 pg/mL) and the Tn916-containing
CMJ253 strain in the presence or absence of 2.5 pg/mL tetracycline for 2.5 hours®?. As expected
for Tn916, there was a 4-fold induction of tetM, and similar levels of induction were detected for
orf20 and ftsK (Table 1). There was no induction of int expression in Tn916 (Table 1), consistent
with the observation by Celli et al. using Northern blotting®). In contrast, while tetM expression
in Tn2009 was induced nearly 28-fold by a sublethal concentration of tetracycline, no concerted
upregulation of conjugative genes was detected and only ~2.3- to ~3.7-fold changes were seen in
int, orf20, and ftsK (Table 1) relative to no-tetracycline controls. Thus, unlike Tn916, conjugative
gene expression was not coupled to tetM induction in Tn20009.

We also investigated if conjugative gene expression in the Tn2009 donor was induced in the
dual-strain biofilm of recipient D395" and donor GA16833AcomCDE::cat®™TeVEy (BASP1),
where Tn2009 transfer was detected at high frequency. When normalized to broth cultures of the
single donor strain BASP1 or a 1:1 mixture of donor and recipient strains, there was no induction
of conjugative genes in biofilms, with a fold change of 1.13 or 1.04 for int and 0.28 or 0.94 for
orf20, respectively. These data suggested that conjugative gene expression from pneumococcal
Tn2009 was minimal and not induced under the bioreactor biofilm conditions, and thus was
unlikely to support efficient Tn2009 transfer.

There was no detectable circular intermediate formation of Tn2009.

Circular intermediate (Cl) formation resulting from excision from the donor chromosome and
circularization of Tn916, mediated by Xis and Int proteins, is a prerequisite for Tn916 conjugative
transfer and is induced by tetracycline® 26, The circular junction is the same between the
prototype Tn916 and Tn2009. Thus using quantitative PCR (gPCR), we quantified Cls derived

from Tn2009 in GA16833 and Tn916 in CMJ253 with tetracycline induction. The CI copy number
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was normalized to the chromosomal copy number of ftsK. The positive control, B. subtilis donor
CMJ253, produced a Tn916 Cl/chromosome ratio of 2.50x102+1.42x102, while the S.
pneumoniae donor GA16833 yielded no detectable Tn2009 Cls, with a ratio of <2.48x10
'+1.47x107.

We further examined CI production under two additional conditions*® 32): mating assays used
for conjugation and bioreactor biofilm reactions that yielded efficient Tn2009 transfer. A positive
control of donor CMJ253 broth culture in the absence of tetracycline produced a Tn916 CI ratio
of 9.66x10-3+1.06x103, while the bioreactor samples did not yield detectable Tn2009 Cls, with a
ratio of <3.09x107+1.56x10° (Fig 3A). Mating assays of B. subtilis donor CMJ253 and recipient
CAL419 resulted in a Tn916 CI ratio of 1.17x102+3.14x103, while mating reactions of S.
pneumoniae donor GA16833 and recipient D39AcomE::cats" (BASP2) did not yield detectable
Cls (ratio of <5.87x10°£7.11x10°) (Fig 3A). These data confirmed the lack of pneumococcal
Tn2009 CI formation, either by tetracycline induction or under dual-strain conditions, such as
mating reactions and bioreactor biofilms.

Mating reactions did not support conjugative transfer of Tn2009.

Transfer of large mobile genetic elements via conjugation has been observed in mating
experiments*> 32, We reproduced this observation with mating experiments of B. subtilis Tn916
donor CMJ253 and two B. subtilis recipients, LDW737?") and CAL419GD, We obtained
conjugation frequencies (cFs) of 1.27x10-°+8.76x10-6 and 1.82x10°+2.14x10®, respectively (Fig
3B). However, mating between the S. pneumoniae Tn2009 donor GA16833 and BASP2, an
incompetent S. pneumoniae recipient used to eliminate the contribution of transformation, yielded
no transconjugants, with an estimated cF of <1.02x10-8+8.80x10° (Fig 3B). Santoro et al.*>) had

shown that conjugative transfer of Tn5251 occurred in a strain-dependent manner in S.
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pneumoniae. Thus, three additional recipients were investigated: TIGR4AcomE::cat™™ (BASP5),
GA40410AcomE::cat™™? (BASP6), and GA43265AcomE:.cat™? (BASP7). Mating experiments
with the donor GA16833 did not yield Tn2009 Tet-resistant transconjugants, and the cFs were
<3.71x10°43.53x10°, <1.35x10°+6.82x101°, and <5.07x10°+4.57x10°°, respectively (Fig 3B).

Mutation of ftsK had no effect on the transfer of Tn2009 in mixed nasopharyngeal biofilms.

During conjugation, Orf21 (FtsK) of Tn916 serves as a coupling protein for translocating the
DNA through the secretion system from the donor to recipient cell®3-39), Given the critical role of
a coupling protein in the conjugative machinery, an ftsK mutant was created in the donor strain
(GA16833AfisK::cat™EY [BASP3]). Coinoculation of donor BASP3 with recipient D395" in the
bioreactor yielded a rF of ~10, similar to that obtained when wildtype GA16833 served as the
Tn2009 donor. Thus, disruption of conjugation via the ftsK mutation had no impact on the transfer
of Tn2009 (Fig 3C), supporting that conjugation played no significant role in the highly efficient
dissemination of Tn2009 under the bioreactor biofilm conditions.

Competence development and transformation machinery in the pneumococcal recipient
were required for efficient ICE uptake in human nasopharyngeal biofilms.

Natural competence for DNA uptake via transformation is an important mechanism for
horizontal gene transfer in S. pneumoniae. Early competence development depends on expression
of the comCDE operon, encoding a competence-stimulating peptide (CSP), ComC, a histidine
kinase, ComD, and a response regulator, ComE®® 36), Recipient BASP2 (D39AcomE), confirmed
by in vitro transformation to be incompetent in acquiring point mutations, was examined in the
bioreactor with donor GA16833. As shown in Figure 4A, no Tet-resistant recombinants were
observed (rF of <1.21x107+6.35x10%), suggesting that recipient competence initiation was critical

for Tn2009 uptake.
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The involvement of two late competence proteins, ComEA and ComEC, was also examined.
ComEA is a DNA receptor that binds double-stranded DNA captured by the type IV pilus as it
retracts, and the ComEC protein channel subsequently imports single-stranded DNA fragments©?).
The comEA and comEC genes, which are transcribed in tandem, were deleted and replaced with
the cat cassette in strain D395". The recipient D39AcomEA/EC: :car>" double mutant (BASP4),
when coinoculated with donor GA16833 in the bioreactor, yielded no detectable Tet-resistant
recombinants and a rF of <8.34x108+4.16x10® (Fig 4A). When recovered from bioreactor
experiments, BASP2 and BASP4 recipients were at similar cell counts to that of donor GA16833,
indicating that rF reductions were not caused by growth defects or lower mutant densities relative
to the donor strain (Fig 4B).

As extracellular DNA (eDNA) levels influence transformation efficiency, we recovered eDNA
in spent medium from the bioreactor experiments®®® and quantified eDNA concentrations of each
strain using qPCR with serogroup-specific primers. Comparable eDNA concentrations were
recovered from both wildtype donor GA16833 and wildtype recipient D395 (Fig 4C) as well as
for wildtype donor GA16833 and recipient BASP2 (Fig S1). Additionally, the consequence of
eDNA degradation was investigated by treating the biofilm with exogenous DNase | during a 6-
hour incubation. Compared to the parallel positive control of no treatment (rF of 2.60x10
4+2.08x10), DNase | treatment resulted in no recombinant recovery, with an estimated rF of
<5.34x107+4.34x10°" (Fig 4D). Thus, eDNA degradation eliminated Tn2009 transfer.

The increase in rF of Tn2009 transfer in the bioreactor relative to that observed by in vitro
transformation implied differential competence development under these two conditions, and we
hypothesized that competence gene expression would be higher in the bioreactor environment. As

no synthetic CSP was added in the bioreactor, the comparison was made with in vitro
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transformation reactions without CSP added. Coinoculating in the bioreactor a D395Y/S' recipient
and the BASP1 donor with a AcomCDE deletion to avoid detecting donor com gene expression,
comD and comE expression in the D39 recipient was about 120-fold greater in the bioreactor
biofilm than under the in vitro transformation condition (Fig 4E). Interestingly, this recipient
upregulation of early com genes in the bioreactor biofilm was also much greater than that of classic
in vitro transformation reactions, where 100 ng/mL synthetic CSP induced 83- and 57-fold
increases in comD and comE expression, respectively, compared to reactions without CSP
addition. The higher recipient competence gene expression in the donor GA16833 and recipient
D39 mixed biofilm formed in the absence of exogenously added CSP supported a more robust
competent state of D39 recipient cells relative to in vitro transformation conditions, which
corroborated the efficient biofilm-mediated transfer of Tn2009.

Integration of intact Tn916-related ICEs into the recipient pneumococcal genome occurred
by homologous recombination.

The assumption that the Tet-resistant recombinants with the recipient genotype had integrated
the entire Tn2009 was confirmed by whole-genome sequencing (WGS). To analyze the extent of
Tn2009 integration in the recipient genome, four Tn2009 recombinants independently recovered
from selections on Tet+Str, Ery+Str, Tet+Ery+Str, and Ery+Str+Tmp were first characterized in
detail. Quellung reactions and serotype-specific conventional PCRs confirmed that the
recombinants were serotype 2 of the D39 recipient. Multilocus sequence typing (MLST) analysis
of seven housekeeping genetic loci®®® showed all recombinants were sequence type 595 (ST595)
of recipient D39 and not ST236 of donor GA16833 (Table 2), confirming that the recombinants

were of the D39 genetic lineage and not a result of GA16833 undergoing capsule switching.
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WGS of D39 recombinants was performed to probe the extent of recombination. WGS data
confirmed that all four recombinants indeed harbored the entire 23.5-kb Tn2009 integrated at the
same genomic locus as the GA16833 donor. There was an ~9.5-kb genome sequence of D39
replaced by Tn2009 in the GA16833 genome, and this expected deletion was also confirmed in
the recombinants. Based on donor-specific SNP distributions, donor DNA fragments of various
sizes flanking Tn2009 were detected in the recombinant genomes. As shown in Table 2, there was
an ~33.2-kb donor DNA fragment incorporated in the Tet+Str recombinant, while the Ery+Str
recombinant had an insertion of an ~55.2-kb donor DNA fragment. The Tet+Ery+Str-selected
recombinant carried Tn2009 on an ~35.6-kb donor DNA fragment, whereas the recombinant from
the Ery+Str+Tmp selection had incorporated an ~40.6-kb donor DNA fragment (Table 2). Thus,
these Tn2009-containing D39 recombinants incorporated donor DNA fragments that ranged from
~33 kb to ~55 kb. Genomes of two Tn2010-containing D39 recombinants, independently selected
on Tet+Str and Ery+Str after the coinoculation with donor GA47281, were also examined. Donor
DNA fragments of ~38.4 and ~34.5 kb containing the intact Tn2010 were identified, respectively
(Table S4). Conjugative transfer of prototype Tn916 is expected to result in site-specific
recombination with a precise excision and integration of Tn916 flanked by coupling sequences,
thus incapable of transferring additional flanking SNPs from the donor genome®®. The variable
donor DNA lengths indicated that integration of Tn2009 and Tn2010 into pneumococcal genomes
occurred by homologous recombination.

Additionally, we identified two clinical isolates, GA47179 (serotype 15A) and GA44194
(serotype 19A), each containing an incomplete copy of Tn6002 (~17.0 kb), that retained both ermB
and tetM. Tn6002 in these isolates was truncated ~100 bp downstream of tetM, thus missing critical

conjugative xis and int genes. Bioreactor experiments with donor GA44194 only recovered
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serotype 19A recombinants, indicating that GA44194 acquired Str resistance more efficiently from
D395" |eading to a rF of <4.09x10-8+3.40x102 for uptake of Tet resistance by the designated D39
recipient (Fig 5). Utilizing recipient D395YS" and donor GA44194Acom CDE::cat" (BASPS), we
detected that comD expression in the D39 recipient was about 10.8-fold greater, while comE
expression showed no changes (0.7-fold) in the biofilm when compared to the in vitro
transformation condition without synthetic CSP (Table 3). Thus, when coinoculated with donor
BASPS, the induction of com gene expression in the D39EY/St" recipient was significantly lower
than that obtained with donor BASP1 (Fig 4E). These data suggested a less competent D39
recipient with the GA44194 donor strain, potentially contributing to the lower rF. When examined
with the bioreactor system, Tet resistance of another partial Tn6002 donor, GA47179, was
transferred to recipient D395 at a rF of 3.44x10°+1.69x10° (Fig 5). WGS and SNP analysis of a
Tet+Str-selected D39 recombinant found that Tn6002 was incorporated within an estimated donor
length of ~101.0 kb (Table S4). The strain-dependent, efficient transfer of an incomplete Tn6002
lacking critical conjugation genes again supported the horizontal transfer of large ICE-containing
DNA fragments between pneumococcal strains via transformation and homologous
recombination.

Congression, the cotransformation of distinct unlinked fragments of DNA into the same cell,
can occur during transformation. Although rare, congression has been previously demonstrated in
S. pneumoniae®?). To detect additional independent recombination events distant from integration
of the ICE-containing fragments, we conducted whole-genome variant analyses. SNPs transferred
from the donor GA16833 genome into the recombinants were identified, and the presence of
multiple consecutive GA16833 SNPs flanked by extensive recipient D39 sequence was considered

as incorporation of a donor DNA fragment and, thus, a possible transformation event. The
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outermost 5° and 3’ donor SNPs were then used to estimate the minimal donor DNA length
recombined into the recipient genome. Multiple possible cotransformation events at various
genomic locations in each of the four Tn2009 recombinant genomes were detected (Fig 6).
Efficient transfer of Tn916-related ICEs occurred between other S. pneumoniae donors and
recipients in human nasopharyngeal biofilms.

To assess whether Tn916-related ICE dissemination via transformation was widely applicable
in S. pneumoniae, additional Tn2009- and Tn2010-containing S. pneumoniae clinical isolates were
studied in the bioreactor using the Tet+Str selection. Tn2009 was integrated in SP_1638 (TIGR4
annotation) in GA49542 (serotype 9V), distinct from GA16833 with Tn2009 integrated in
SP_1947 (TIGR4 annotation). When donor GA49542 was coinoculated with recipient D395 in
the bioreactor, we observed a rF of 4.71x104+1.77x10* (Fig 7A) for Tn2009 transfer, similar to
the rF obtained with donor GA16833. We also investigated another strain, GA44288 (serotype
19A), with Tn2010 incorporated into the same genomic locus as in GA47281 (serotype 19F). The
rF for recipient D39S" uptake of Tn2010 from donor GA44288 was 1.02x10-4+5.96x10°,
comparable to that obtained from donor GA47281 (Fig 7B). WGS analysis of three independent
Tet+Str recombinants indicated that the donor fragments encompassing Tn2010 were 43.4, 35.2,
and 44.5 kb in size (Table S4). Thus, Tn2009 and Tn2010 were transferred from multiple donor
strains to recipient D39 efficiently (rF of ~104), indicating that the dissemination of Tn916-related
pneumococcal ICEs in biofilms was independent of donor genomic lineages and the genomic
location of ICEs.

We also sought to determine if the two serotype 19A Tmp-resistant clinical isolates, GA40410
and GA43265, examined as recipients in mating experiments, could acquire ICEs as efficiently as

D39. To prevent the trimethoprim resistance marker uptake by the donor, we used the competence-
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deficient donor BASP1. Tn2009 was efficiently taken up by recipient GA40410 at a recombination
frequency of 9.87x10%+ 2.80x10, while recipient GA43265 incorporated Tn2009 at a rF of
6.92x104+2.41x10°° (Fig 7C). WGS analysis indicated that GA40410 recombinants incorporated
Tn2009 on donor fragments of 40.5, 73.7, and 92.3 kb, while GA43265 recombinants incorporated
Tn2009 on fragments of 89.6 and 50.6 kb in size (Table S4). Together, these data demonstrated
efficient Tn916-related ICE transfer between multiple S. pneumoniae strains in a dual-strain,
nasopharyngeal biofilm via transformation and homologous recombination.

DISCUSSION

The continued emergence of multidrug resistance in S. pneumoniae limits treatment options for
invasive pneumococcal disease. Thus, a WHO initiative, launched in 2017, emphasizes research
into pneumococcal antibiotic resistance mechanisms and development of new antipneumococcal
agents®. The mechanism of high-frequency horizontal transfer of >20-kb ICEs of the Tn916
family, such as Tn2009, Tn6002, and Tn2010, which carry the important resistance genes tetM,
mefE/mel, and/or ermB in S. pneumoniae, was addressed in the present study.

During colonization, which can last for months, the pneumococcus forms highly organized
biofilms on the epithelial surface of the human nasopharynx®Y. Approximately 50% of children
carrying S. pneumoniae can be colonized by two different pneumococcal serotypes, and up to five
cocolonizing pneumococcal serotypes can be detected at any one time®2-44, We found that >20-
kb Tn916-related ICEs horizontally disseminate at high frequencies between S. pneumoniae in
dual-strain biofilms (rF of 10-4) established on a human nasopharyngeal cell monolayer and in a
continuous flow bioreactor system, which mimics the microenvironment of the human respiratory
epithelium. Previous work using the bioreactor has shown high rFs for the exchange of smaller

antibiotic resistance determinants between S. pneumoniae strains% 45,
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Conjugation is a transfer mechanism for ICEs in several bacterial species, including S.
pneumoniae. Examples of interspecies conjugation include those of pneumococcal ICEs Tn6002
(20.8 kb) into Streptococcus pyogenes (cF ~108)10, Tn6003 (25.1 kb) into Enterococcus faecalis
(cF ~107)10), and Tn1207.3 (52.5 kb) into S. pyogenes (cF ~10-%) or Streptococcus gordonii (cF
~104)“6), Additionally, the large composite Tn5253 (64.5 kb) conjugates to pneumococcal
recipients at cFs ranging from ~107 to ~10*7), and Tn5251, usually found within Tn5253, has
been shown to conjugate independently from a pneumococcal Tn5253 donor to S. pneumoniae
TIGR4 (cF ~10°)1%), While we demonstrated Tn916 conjugation between B. subtilis strains at
frequencies of 10°°, conjugative transfer of pneumococcal Tn916-related ICE, Tn2009, was not
detected between S. pneumoniae under similar mating conditions (cF <10-8). Tetracycline induces
expression of conjugative genes on Tn916, resulting in formation of circular intermediates and
subsequent transfer of Tn916 to recipient cells?* 25, However, conjugative gene expression in
Tn2009 was not induced by tetracycline, likely due to insertion of the Mega element downstream
of tetM, disrupting the regulatory coupling between tetM and conjugative genes. In addition, we
did not detect Tn2009 CI formation and Tn2009 transfer in nasopharyngeal biofilms was not
affected by a deletion of the critical conjugative gene ftsK. Collectively, these data demonstrated
that conjugation is not the underlying mechanism for the high-frequency transfer of pneumococcal
ICEs in biofilms on human nasopharyngeal cells.

Another potential horizontal gene transfer method is transduction mediated by bacteriophages.
Prophages are abundantly present in pneumococcal genomes and contribute to virulence and
pneumococcal physiology®“® 49, However, the importance of phage transduction in the spread of
antibiotic resistance in S. pneumoniae is much less clear. Wyres et al. identified a pneumococcal

1968 isolate, 18C/3, carrying a Tn916-related ICE that is associated with a streptococcal phage
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similar to Streptococcus phage 04092209, We found no evidence that Tn2009, Tn6002, and
Tn2010 carried by the donor strains examined in this study were part of or were associated with
phage elements. Furthermore, the variable sizes of donor DNA fragments containing ICEs
identified in the recombinant genomes did not support phage-mediated transfer of Tn916-related
ICEs.

Transformation is the major mechanism of horizontal genetic exchange in naturally competent
S. pneumoniae. In vitro transformation experiments using mixtures of planktonic pneumococci,
exogenous synthetic CSP, and purified DNA generally yield frequencies of 10 to 10® with the
uptake of ~2- to ~6-kbh DNA fragments®!-%4. Our data reproduced these observations, in which
recipients D39 and TIGR4 were transformed with point mutation-mediated Tmp or Str resistance
at frequencies of 10 per pug of DNA. However, analogous experiments using purified ICE-
containing genomic DNA did not yield Tet-resistant transformants (rF <107), and this was not
caused by a DNA fragment size limitation.

Previously, Cowley et al. noted that an environment of close cell-to-cell contact, which
consisted of pneumococcal coincubation on filters or mixed cultures forming mature biofilms, led
to transformation of 8- to 30-kb DNA fragments®?®. Additionally, serotype switching events were
a result of transformation of 22- to 39-kb DNA fragments®®. We found that within biofilms on
human nasopharyngeal cells, Tn916-related ICEs transferred efficiently to pneumococcal
recipients, resulting in acquisition of these large antibiotic resistance elements at a rF of ~104.
Similar results were shown with multiple S. pneumoniae donors, including two donors of Tn2009,
two of Tn2010, and one of Tn6002, as well as with four recipient strains, D39S"/Tmp D39S,

GA40410™P, and GA43265TMP.
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Efficient transfer of Tn916-related ICEs likely require close contact between donor and
recipient S. pneumoniae strains in mixed biofilms®®, an environment likely found during
nasopharyngeal colonization®). The temperature maintained for the bioreactor (35°C) is lower
than the in vitro transformation experiments (37°C). In vitro transformation conducted at 35°C
resulted in a lower rF for streptomycin resistance uptake than that at 37°C, while no uptake of
Tn2009-encoded tetracycline resistance was detected at either temperature (Fig S3). Thus, the
difference in temperatures is unlikely to account for the efficient ICE transfer within dual-strain
nasopharyngeal biofilms. Preliminary data from single-strain recipient D39™? or D395" biofilms
formed on nasopharyngeal cells and exposed to extracellular genomic DNA supplied in the flow
medium resulted in the uptake of streptomycin resistance at a rF of 1.66x10° per pg DNA, but not
of Tn2009-mediated tetracycline resistance (rF of <7.68x10 per ug DNA) (Fig S2). These data
further support that close interaction between different donor and recipient strains within the dual-
strain biofilms is needed for efficient transformation of Tn916-related ICEs. Induction of the
competent state in S. pneumoniae initiates DNA release from a subfraction of different S.
pneumoniae populations, potentially via cell lysis®?, and fratricide is critical for efficient gene
transfer between donor and recipient pneumococci in biofilms®®. Overall, this close contact,
donor-recipient interactive environment is absent in the classic transformation of planktonic cells.

Whole-genome sequencing and minimum recombination junctions defined by SNP analysis
confirmed the integration of very large donor DNA fragments containing intact ICE elements. For
Tn2009, donor fragments were estimated to range from ~33 to ~55 kb in size, while Tn2010 was
transferred on ~34- to ~45-kb DNA from two donor strains. Finally, we observed that the partial

Tn6002 ICE missing critical conjugation genes recombined on a donor fragment size of ~101 kb.
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Evidence of multiple homologous recombination events, or congression, was also detected in
several Tn2009-containing recombinants.

S. pneumoniae develops a naturally competent state through a positive feedback mechanism
involving the ComCDE signaling cascade®® 36, Upon pneumococcal colonization of the upper
respiratory tract, biofilms are formed with upregulation of competence genes®®-61, We detected
120-fold increases of comD and comE expression in the D39 recipient recovered from the mixed
nasopharyngeal biofilm when compared to planktonic D39 cultures. Deletions of comE or comEA
and comEC in the D39 recipient eliminated recovery of Tn2009-containing D39 recombinants.
The elimination of recombinants after DNase | treatment further supported transformation as the
mechanism responsible for efficient ICE transfer in the biofilms.

In conclusion, efficient Tn916-related ICE dissemination in S. pneumoniae was demonstrated
in human nasopharyngeal cell biofilms via transformation and homologous recombination of large
DNA fragments. High-frequency transfer of Tn916-related ICEs in biofilms occurred in multiple
combinations of pneumococcal donors and recipients. A biofilm environment with close contact
of pneumococcal cells and consequent upregulation of the competence pathway were critical for
supporting horizontal dissemination of >20-kb Tn916-related ICEs and the antibiotic resistance
determinants of these elements. Efficient transformation in mixed biofilms that mimic a natural
nasopharyngeal colonization environment supports the epidemiological observations of
widespread dissemination of S. pneumoniae ICEs in the pneumococcal population.
MATERIALS AND METHODS
Bacterial strains, culture media, and antibiotics. The strains of S. pneumoniae used in this study
are listed in Table S1. Clinical isolates were provided by the Georgia Emerging Infections

Program. All S. pneumoniae strains were cultured on blood agar plates or with Todd-Hewitt broth
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with yeast extract (THY broth) and grown at 37°C with 5% CO2. B. subtilis strains were cultured
on LB plates or LB broth at 37°C. Where indicated, the following antibiotics were utilized for
preparation of antibiotic agar plates: tetracycline (1 or 2 pg/mL), streptomycin (100, 200, 220
pg/mL), trimethoprim (14 pg/mL), chloramphenicol (4.5 pug/mL) erythromycin (0.5 pg/mL), and
spectinomycin (100 pug/mL). All antibiotics were purchased from Millipore-Sigma (Saint Louis,
MO).

Mutant construction. Mutation constructs were created by sequential overlapping PCR or
splicing by overlap extension (SOE) PCR. GA16833T®EY served as the parental strain for the
conjugation mutant (AfsK), while D395" and D395"T™P were the parental strains for competence
(AcomE or AcomCDE) and transformation (AcomEA/EC) mutants. The primers utilized are listed
in Table S2. The chloramphenicol resistance gene, cat, was amplified from pEVP3(2. Purified
genomic DNA was utilized as the template to amplify upstream (5’-end) and downstream (3’-end)
regions of the target gene using the corresponding primers carrying the necessary overlapping
sequences. These individual DNA fragments were amplified using Q5 high-fidelity polymerase
(New England Biolabs, Ipswich, MA). Mixtures of two fragments (5’end plus cat or cat plus 3’
end) were used as the template for the first round of overlapping PCRs. The third fragment was
then linked by a second PCR using either One Tag (New England Biolabs) or Taq (Roche
Diagnostics, Indianapolis, IN) DNA polymerase plus Taq Extender PCR additive (Agilent, Santa
Clara, CA) to generate the final construct. PCR products purified with the Zymo DNA Clean and
Concentrator kit (Irvine, CA) were sequenced to confirm the desired mutation. Purified PCR
constructs (0.5-1 pg) were used to transform precompetent cells by in vitro transformation.
Transformants selected on 4.5 pg/mL chloramphenicol were sequenced to confirm the presence of

the intended mutation.
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To generate the AftsK mutant, an upstream region was amplified with BSA17 and BSA18
and a downstream region was amplified with BSA19.1 and BSA20. The chloramphenicol
resistance marker cat was amplified with primers EVP3_CmF and EVP3_CmR. SOE PCR was
performed using three individual PCR products and with the outermost primers BSA17.1 and
BSAZ20.1 to create the AftsK::cat cassette. The AcomE mutant was generated by amplifying a comE
upstream region with MS93 and MS99, a comE downstream region with MS100 and MS96, and
the cat gene with MS101 and MS102. The final AcomE::cat cassette was obtained by SOE PCR
with primers SL107 and SL108. The AcomEA/EC mutant was created by amplifying a comEA
upstream region with BSAlaand comEA_5RA3, a comEC downstream region with comEC_3FA3
and BSAG6a, and the cat gene with EVP3_CmF and EVP3_CmR. Primers BSAlla and BSA6a
were utilized in SOE PCR to obtain the final AcomEA/EC::cat cassette. Finally, the AcomCDE
mutant was created by amplifying an upstream region of comC with MS96 and SL115, a
downstream region of comE with SL118 and SL119, and the cat gene with SL116 and SL117.
Primers MS96 and SL119 were utilized to generate the final AcomCDE::cat construct by SOE
PCR.

In vitro transformation assay. D39 and TIGR4 pneumococcal strains were made precompetent
using standard methods®3). Briefly, an overnight plate culture was used to inoculate complete
transformation medium (CTM) and grown to an optical density at 600 nm (ODsoo) of 0.6 to 0.7.
This primary culture was used to make a 1:20-diluted secondary culture, which was grown to
ODeoo of 0.35 to 0.45 (mid-log phase). Glycerol was then added to the competent cell aliquots at
a final concentration of 10% (vol/vol) and stored at -80°C. These precompetent pneumococcal
cells were transformed in CTM using 500 ng of purified genomic DNA and 100 ng/mL of synthetic

CSP1 or CSP2 in 200- or 300-pL total reaction volumes. The CSPs were synthesized by Millipore-
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Sigma (Saint Louis, MQ), the Emory University Microchemical Facility® or GenScript
(Piscataway, NJ). Recombination frequencies for in vitro transformation reactions were calculated
as number of transformants on antibiotic selection plate divided by the total population of S.
pneumoniae recovered on nonselective blood agar plate and normalized to micrograms of
transforming DNA.

Cell culture. Human pharyngeal cells (Detroit 562; ATCC CCL-138) were maintained using 1X
minimum essential medium (1X MEM) supplemented with 10% fetal bovine serum (FBS), 1%
nonessential amino acids (100X), 1% L-glutamine (200 mM), 1% HEPES buffer (1M), and 1%
penicillin-streptomycin (10,000 U/mL). All cell culture media and supplements were from Life
Technologies, Gibco (Gaithersburg, MD). For routine passaging of cells, 0.25% trypsin-EDTA
(ImM) was used to lift the cells. Cells were incubated in a sterile incubator at 37°C with 5% CO..
Human nasopharyngeal biofilm bioreactor coinoculations. A confluent monolayer of Detroit
562 cells (ATCC CCL-138) was grown on a Corning Snapwell with a 0.4-um-pore polyester
membrane (Corning, NY). These Snapwells were placed inside a sterile vertical diffusion chamber
from the bioreactor, allowing the Detroit 562 cells to rest on the apical side (inner chamber) and
to be perfused with flowing bioreactor medium composed of 1X MEM supplemented with 5%
FBS, 1% nonessential amino acids (100X), 1% L-glutamine (200 mM), and 1% HEPES buffer
(1M). The flow of bioreactor medium at a rate of ~0.2 mL/min was generated by a Cole Parmer
Master Flex L/S peristaltic pump (Vernon Hills, IL). Where indicated, 20 U/mL of DNase | was
added to the bioreactor medium. Spent medium (collected for eDNA quantification as described
below) and planktonic cells exited the bioreactor chamber through a parallel outlet located at the

top of the chamber(0).
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For the coinoculation, overnight plate cultures of each pneumococcal strain were washed three
times with 1X Dulbecco’s phosphate-buffered saline (DPBS) and resuspended in 500 pL of 1X
DPBS, and the ODsoo was measured. Appropriate volumes of bacteria were mixed to make a
suspension of equal densities at ODeoo of 0.1 (10°® CFU/mL each) and inoculated through the apical
perfusion path of the bioreactor chamber. After a static 1-hour incubation at 35°C to allow for S.
pneumoniae adherence to Detroit 562 cells, the flow of medium was initiated and continued for
another 5 hours. At the conclusion of the incubation period, the Snapwells were removed and the
dual-strain biofilms formed on the Detroit 562 cells were gently washed and sonicated for 20
seconds in a Branson ultrasonic water bath (Danbury, CT). The bacteria were suspended by
extensive pipetting and vortexing, and serial dilutions in 1X DPBS were performed. To obtain the
total population for each strain in the coinoculations, serial dilutions were plated on antibiotic
plates unique to each individual strain. The cells of the total recombinant population were plated
on dual- or triple-antibiotic selection plates. The recombination frequencies (rFs) for bioreactor
experiments were calculated as follows: (total number of recombinants*serotype proportion of
recombinants) / total population for specific serotype®9,

DNA extraction and serotype-specific qPCR. Recombinants recovered from bioreactor
experiments were pooled in 200 pL of sterile 1X DPBS. A lysis buffer containing 100 pL of TE
Buffer (10 mM Tris, 1 mM EDTA [pH 8.0]), 40 mg/mL of lysozyme, and 75 U/mL of mutanolysin
was added to each of the samples and incubated at 37°C for one hour. Two hundred microliters of
Qiagen Buffer AL and 20 pL of Qiagen Proteinase K were added, and followed by incubation at
56°C for 30 minutes. DNA was extracted using the Qiagen QlAamp DNA Mini Kit (Valencia,
CA) per the manufacturer’s instructions. DNA was eluted in 100 pL of elution buffer and used for

serotype-specific qPCR with the primers and probes listed in Table S2 as well as the Bio-Rad
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SsoAdvanced Universal Probes supermix (Hercules, CA). These reactions targeted the capsule
(cps) locus of specific pneumococcal serotypes. The cycling conditions were as follows: 1 cycle
at 95°C for 2 minutes, 39 cycles of 95°C for 15 seconds and 60°C for 30 seconds. A standard curve
for final genome equivalents per milliliter of each serotype was performed alongside the samples
and consisted of serially diluted DNA standards corresponding to the following genome
equivalents: 8.58x10°, 4.29x106, 2.14x10°, 4.29x10° 4.29x10% 4.29x10°, 4.29x10%, 4.29x10%,
2.14x10%, and 2.14¢2 85 The proportion of recombinants that belong to each serotype was
calculated by dividing the number of genome equivalents for a specific serotype by the total sum
of genome equivalents for both strains in the bioreactor coinoculations, and this value was utilized
to calculate recombination frequencies (rFs).

Alignments of pneumococcal Tn916-related ICEs with prototype Tn916. BLASTN and -
outfmt 6 were utilized for generating comparison files between ICEs. Along with GenBank (.gbk)
files, the comparison files were inputted into EasyFig 2.2.2%) to produce sequence alignments as
well as to determine percentages of identity.

Gene expression studies with gRT-PCR. For tetM and conjugative gene expression studies,
single-strain broth cultures of S. pneumoniae strains and B. subtilis CMJ253 were grown in a
primary culture to an ODeoo of 0.50 to 0.65. The primary cultures were then diluted 1:20 to
inoculate a secondary culture. The secondary cultures were incubated in the presence or absence
of 2.5 pg/mL tetracycline for 2.5 hours at 37°C. One milliliter of cultures (~108 CFU) was pelleted
at 16,400 rcf for 8 minutes at room temperature. Five hundred microliters of supernatant was
discarded, and the remaining 500 pL supernatant was used to resuspend the bacterial pellets. One
milliliter of Qiagen’s RNAProtect reagent was added, and the mixture was incubated at room

temperature for 5 minutes. For single-donor strain or mixed donor-recipient broth cultures, S.
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pneumoniae strains were first grown separately in broth to ODsoo of about 0.4. A mixture of 108
CFU of both strains or a single-strain culture were incubated for another 2.5 hours and then treated
with two volumes of RNAProtect reagent. For bioreactor experiments that underwent a 1-hour
static incubation and 5-hour continuous flow incubation at 35 °C, total biofilm bacteria suspended
in 1X DPBS were collected at the end of the 6-hour incubation period and treated with two volumes
of RNAProtect reagent, while in vitro transformation reactions with or without synthetic CSP were
incubated at 37°C for two hours and then treated with two volumes of RNAProtect reagent.
Following incubation, the samples were centrifuged at 12,000 rcf for 10 minutes, the supernatant
was discarded, and the pellets were stored at -80°C.

Qiagen RNeasy Mini Kit’s protocol was followed, with the exception that 40 mg/mL of
lysozyme and 75 U/mL of mutanolysin were used in TE buffer for bacterial cell lysis. RNA
samples were treated with the TURBO DNA-free Kit (Gaithersburg, MD) and subsequently
purified and concentrated with the Zymo RNA Clean and Concentrator kit (Irvine, CA). All RNA
samples were verified to be free of DNA contamination via conventional PCR using primers
targeting S. pneumoniae recA or B. subtilis orf20 (relaxase) (BSA25 and BSA26). cDNA was
prepared using the Bio-Rad iScript reverse transcription supermix (Hercules, CA) and 350 ng, 500
ng, 800 ng, or 1 pg of purified RNA. Quantitative reverse-transcription-PCR (RT-PCR) was
conducted with the Bio-Rad iQ SYBR green supermix (Hercules, CA). All primers for the target
and internal control genes were validated by the threshold cycle (224¢t) method®?). The following
cycle conditions were utilized on a Bio-Rad CFX96 Touch real-time PCR machine (Hercules,
CA): 1 cycle at 95°C for 3 minutes, 40 cycles of 95°C for 15 seconds, 57 °C or 60°C for 15 seconds,

and 72°C for 30 seconds.
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Fold change in expression was calculated using the 224Ct method®?). For the tetracycline-

induced and uninduced broth cultures of S. pneumoniae strains and B. subtilis CMJ253, 16s rRNA
was utilized as the internal control and fold change was normalized to the uninduced condition.
Due to 16s rRNA being present in both wildtype donor and recipient S. pneumoniae strains in the
bioreactor, the internal control for conjugative gene expression was the donor-specific cat gene
from BASP1. When analyzing expression of com genes specifically from the recipient strain,
expression of ermB inserted in the nonessential bgaA locus of the D395Y/S' recipient served as the
internal control for expression analysis of bioreactor biofilms.
Quantification of ICE circular intermediates. The formation of circular intermediates was
examined under the following conditions: 1) broth cultures treated with or without 2.5 pg/mL
tetracycline for 2.5 hours at 37°C, 2) 4-hour mating reaction mixtures consisting of
GA16833:BASP2 or CMJ253:CAL419 on a blood agar plate, and 3) the bioreactor experiment
including D395 and GA16833. One milliliter of each broth culture was pelleted down at 16,400
rcf for 10 minutes at room temperature, and the supernatants were discarded. The bacterial pellets
were then resuspended in 200 puL of 1X DPBS for DNA extraction. For the mating experiment,
bacteria on the blood agar plate were collected in 400 pL of 1X DPBS and aliquots of 200 puL were
utilized for DNA extraction. Finally, dual-strain biofilms were collected from the bioreactor and
underwent DNA extraction. DNA was extracted with the Qiagen QIAamp DNA Mini Kit
(Valencia, CA).

gPCR of the circular junctions was performed with the Bio-rad iQ SYBR green supermix
(Hercules, CA). A standard curve using genomic DNA from B. subtilis strain LDW737¢"),
containing a cloned copy of the circular junction sequence that is shared between the Tn916

prototype and the pneumococcal Tn916-related ICEs, was performed with the following genome
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equivalents: 8.58x108, 8.58x10°, 8.58x10%, 8.58x10%, 8.58x102, 8.58x10%, 4.29x10%, 4.29. For the
broth samples, 1 pL of 30 ng/uL DNA was added to the reaction mixtures. For the mating and
bioreactor biofilm samples, 1 puL of 20 ng/uL DNA was utilized as the template for the qPCRs
with the following cycling conditions: 1 cycle at 95°C for 3 minutes and 40 cycles of 95°C for 15
seconds, 53°C for 15 seconds, and 72°C for 30 seconds. The genome copy numbers were based on
ftsK (1 chromosomal copy) quantification, and the data were calculated as copy number of circular
junction per genome, or Cl/chromosome.

Mating experiments. Strains were inoculated in LB broth or THY broth from overnight plate
cultures and grown to the late-log phase. Donor and recipient strains were mixed at a 1:10 ratio of
108/10° CFU and centrifuged for 15 minutes at 3,000 rcf to pellet bacteria. The pellet was
resuspended in 100 pL of LB or THY broth, and DNase | was added to the mating mixture at 10
pg/mL. The mixture was plated on blood agar plates and incubated at 37°C for four hours. The
mating mixture was collected and resuspended in 1 mL LB or THY broth with 10% glycerol final
concentration. Serial dilutions were performed, and multi-layer plating was carried out as
described previously®?. S. pneumoniae was selected with 2 pg/mL Tet and/or 220 pg/mL Str or
14 pg/mL Tmp, while B. subtilis was selected with 10 pg/mL Tet and/or 100 pug/mL spectinomycin
or 100 pg/mL Str.

Quantification of extracellular DNA. Spent medium was collected from the outlets of the
bioreactor chambers at hours 1, 2, 4, and 6 of incubation for one hour. The samples were
centrifuged for 10 minutes at 15,000 rpm at 4°C (Eppendorf, Hauppauge, NY) and subsequently
sterilized with a 0.45-um-pore filter. Extracellular DNA was extracted from 400 uL of the sterile
supernatant samples using the Qiagen QlAamp DNA Mini Kit following the instructions starting

from addition of ethanol to the samples. The eDNA was eluted in 100 pL of elution buffer and
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stored at -80°C for further use. The purified eDNA was utilized as templates for serotype-specific
qPCR as described above, and the standard curve was built using 1x103, 1x10?, 1x10?, 1x10°, 1x10
1 5x1072, and 5x10- pg of chromosomal DNA corresponding to the appropriate serotype®®®. The
standard curve was used to calculate the eDNA concentrations for each time point sample utilizing
the Bio-Rad CFX Manager software.

Whole-genome sequencing and variant analysis. Genomic DNA from bioreactor recombinants
was purified using the Qiagen QlAamp DNA Mini Kit as instructed. Libraries were prepared
utilizing the llumina Nextera XT DNA library preparation kit (San Diego, CA) and sequenced by
SeqCenter (Pittsburgh, PA) using the NextSeq 2000 platform. The paired-end read data were
assembled and annotated using tools available on PATRIC’s Bacterial and Viral Bioinformatics
Resource Center. For variant analysis, the Illumina reads of the D39S"TmP or D39S" recipient
strains were first mapped onto the closed genome sequence of reference strain D39 (NC_008533.2)
using the DNAStar NGen program, and single nucleotide polymorphisms already present in the
D39S"Tmp or D39S recipients were identified relative to the reference D39. These SNPs of
D39S"Tmp or D39S" were then discounted from the reference-guided assemblies of the
recombinants to identify the remaining SNPs introduced by the donor strain. For the GA40410 and
GA43265 recipient strains, the recombinants were assembled using individual WGS data as
references to identify donor SNPs. Recombination blocks were estimated as clustering of
consecutive donor SNPs flanked by recipient sequence. The outermost 5 and 3° donor SNPs were
used to calculate the minimal length of the recombined donor DNA fragment.

Statistical analysis. All frequency, ratio, bacterial density, and eDNA concentration data were

analyzed using two-tailed unpaired t-tests on GraphPad Prism8.



60

Data availability. All data supporting the research findings of this study are included within the
article and in the supplemental material. Annotated whole-genome sequences have been deposited
in NCBI GenBank under BioProject no. PRINA933161.
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Figure 1. Efficient transfer of pneumococcal Tn916-related ICEs occurs in dual-strain
nasopharyngeal biofilms. The wild-type recipient D39S"Tmp (serotype 2) and
GA16833TeEY (with Tn2009, serotype 19F) or GA47281TeYEY (with Tn2010, serotype 19F) were
coinoculated in a bioreactor at 35°C on a confluent monolayer of human nasopharyngeal Detroit
cells such that dual-strain biofilms formed. After a 6-h total incubation, recombination frequencies

for D39 uptake of the tetracycline (Tet) resistance marker were calculated.
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Figure 2. Sequence alignments of prototype Tn916 with pneumococcal Tn916-related ICEs.
EasyFig 2.2.2 was utilized to produce alignments of ICE elements using comparison files
generated by BLASTN. Tetracycline resistance is conferred by the tetM gene (purple arrow) found
in prototype Tn916 as well as pneumococcal ICEs. Pneumococcal Tn916-related ICEs harbor
macrolide resistance via the ermB element (blue arrows) found on Tn6002 or Tn2010 as well as
the macrolide efflux genetic assembly (Mega) element (yellow arrows) on Tn2009 or Tn2010.
Conjugative genes shared by prototype Tn916 and pneumococcal Tn916-related ICEs are denoted

by magenta arrows.
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Figure 3. Pneumococcal Tn2009 does not form circular intermediates (CIs) nor transfer by
conjugation. (A) Circular intermediate quantification of 4-h mating reactions performed utilizing
108 CFU of both the donor and recipient as well as bioreactor biofilms consisting of wild-type
recipient D395 and wild-type donor GA16833T¢E"Y, The data represent the frequency of CI copy
number normalized to copy number of ftsK that is present on Tn2009 and Tn916. (B) Conjugation
frequencies from mating reactions of 108:10° CFU of donor-recipient mixtures. (C) Wild-type
recipient D395" was coinoculated with wild-type donor GA16833™EY or BASP3 (GA16833
AftsK) in the bioreactor. After a 6-h incubation, recombination frequencies for D39 uptake of Tet

resistance were calculated.
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Figure 4. Pneumococcal Tn2009 transfer in human nasopharyngeal biofilms requires
competence and transformation machinery in the recipient. (A) Wild-type recipient D395,
BASP2 (D39 AcomE), or BASP4 (D39 AcomEA/EC) were coinoculated with wild-type donor
GA16833™"EY in the bioreactor. The data represent recombination frequencies for D39 uptake of
Tet resistance. (B) Total density (CFU per milliliter) of each strain in the bioreactor coinoculations
was calculated by dilution plating. (C) Extracellular DNA from spent medium of the D395" and
GA16833E" bigreactor coinoculation was quantified by serotype-specific gPCR for serotypes 2
and 19F. (D) Wild-type D395" and GA16833T¢E" bioreactor coinoculations were incubated in the
presence or absence of 20 U/mL DNase I, and recombination frequencies were calculated for D39

uptake of Tet resistance. (E) Fold change in early competence gene expression
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of comD and comE in recipient strain D39EY/S" was calculated from bioreactor coinoculation of

D39S and BASP1 normalized to an in vitro transformation without CSP addition.
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Figure 5. Partial pneumococcal Tn6002 lacking conjugative regulatory mechanism transfers
via transformation and homologous recombination in a strain-dependent manner. Wild-type
recipient D395 and GA44194T¢VEY (with partial Tn6002, serotype 19A) or GA47179TeVEY (with
partial Tn6002, serotype 15A) were coinoculated in the bioreactor at 35°C. After a 6-h total
incubation, recombination frequencies for D39 uptake of the tetracycline (Tet) resistance marker

were calculated.



67

D39
2,046,116 bp

I
Tet+Str

| Ery+Str
| Tet+Ery+Str
I Ery+Str+Tmp

Figure 6. Whole-genome sequencing reveals homologous recombination of large Tn2009-
containing fragments (~33 to ~55 kb) from GA16833 into D39 bioreactor recombinants.
Bioreactor recombinants from the GA16833 and D395"T™P coinoculation were mapped against the
recipient strain D395, Donor GA16833 DNA recombination regions, denoted by the different
colored blocks, were determined by locating donor SNP clusters flanked by recipient sequence
using variant SNP analyses. A yellow block arrow with asterisks denotes the blocks representing

the recombined donor fragments containing Tn2009.
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Figure 7. Efficient transfer of Tn916-related ICEs via transformation and homologous
recombination in nasopharyngeal biofilms occurs in other S. pneumoniae strains.
Pneumococcal recipients and Tn916-related ICE-containing donor isolates were coinoculated at
35°C in the bioreactor. After a 6-h total incubation, recombination frequencies were then
calculated for recipient uptake of Tet resistance conferred by Tn916-related ICEs via selection of
recombinants on Tet+Str or Tet+Tmp. (A) Wild-type D395 and wild-type GA16833TeVEY or
GA49542T¢"8Y (Tn2009);  (B)  wild-type  D39"and  wild-type  GA47281TeVEY or

GA44288TVEY (Tn2010); (C) wild-type GA40410™™ or GA43265T™ and BASP1 (Tn2009).
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Table 1. Tetracycline-induced fold change in tetM and conjugative gene expression of Tn916 and

Tn20009.
Strain tetM (SD*) int (SD*) orf20 (SD¥*) ftsK (SD¥*)
CMJ253 (Tn916) | 4.00 (0.071) 1.10 (0.053) 4.02 (0.62) 3.34 (0.095)
GA16833 (Tn2009) | 28.18 (15.24) 2.25 (1.08) 2.79 (0.99) 3.72 (0.38)

*SD represents the standard deviation from two independent biological replicates.

Table 2. Homologous recombination of donor DNA fragments of various sizes with intact

Tn2009 into D39 bioreactor recombinant genomes.

Recipient Recombinant Size of Recombined Donor
Donor (ICE, MLST) ]
(MLST) (MLST) Fragment with ICE (bp)
GA16833 D39StTmp Tet + Str
33,176
(Tn2009TeVEY, ST 236) | (ST 595) (ST 595)
GA16833 D39StTmp Tet + Ery + Str 35 566
(Tn2009TeEY, ST 236) | (ST 595) (ST 595) ’
GA16833 D39StTmp Ery + Str —r
(Tn2009TeYE, ST 236) | (ST 595) (ST 595) ’
GA16833 D39StTmp Ery + Str+ Tmp 40575
(Tn2009TeEY, ST 236) | (ST 595) (ST 595) ’

Table 3. Early com gene expression in recipient D39EY/S' from dual-strain bioreactor biofilm with

BASP8 compared to in vitro transformation without CSP addition.

Strain comD (SD¥*) comE (SD¥*)
D39Eny/str 10.81 (14.83) 0.70 (0.14)

*SD represents the standard deviation from two independent biological replicates.
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Figure S1. Similar extracellular DNA concentrations are secreted from competence-deficient
mutant recipient strain BASP2 and Tn2009 ICE donor GA16833 in nasopharyngeal dual-
strain biofilms. Extracellular DNA from spent media of BASP2 (D39AcomE) and GA16833TeVEY

bioreactor co-inoculation was quantified with serotype-specific gPCR for serotypes 2 and 19F.
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Figure S2. Single recipient strain biofilm transforms point mutation-mediated resistance but
not Tn916-related ICE resistance. Recipient pneumococcal strains D39™P or D39S" were
inoculated in a bioreactor at 35°C on a confluent monolayer of human nasopharyngeal Detroit cells
such that single strain biofilms formed. Flowing bioreactor media was supplemented with a final
concentration of 700 ng/mL of genomic DNA from streptomycin (Str)-resistant R6 Ami9 or
tetracycline (Tet)-resistant GA16833™20%°  After a 6-hr total incubation, recombination

frequencies per ug DNA for D39 uptake of Str or Tet resistance were calculated.
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Figure S3. In vitro transformation at 35°C and 37°C facilitates recipient uptake of point
mutation-mediated resistance but not Tn916-related ICE resistance. Pre-competent wildtype
D39 cells were incubated in complete transformation medium with 100 ng/mL CSP1 and 500 ng
of genomic DNA from R6 Ami9S" or GA16833 Tn2009T¢VE"Y at 35°C or 37°C. After a 2-hr total
incubation time, recombination frequencies per ug DNA were calculated for D39 uptake of Str

(black bars) or Tet resistance (< numerical values).



Table S1. Strains used in this study.
Bacterial Description, Relevant Genotype and Phenotype Reference
Strain or Source
Streptococcus pneumoniae
WT D39 Avery strain, serotype 2 (68)
WT TIGR4 Invasive isolate, serotype 4 (69)
WT D39 D39 derivative transformed with genomic DNA containing KS6T | This study
point mutation in rpsL, Str resistant
GA16833 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
19F, ICE Tn2009 conferring Tet resistance (tetM), Ery
resistance (mefE/mel on Mega)
GA47281 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
19F, ICE Tn2010 conferring Tet resistance (tetM), Ery
resistance (ermB and mefE/mel on Mega)
WT D39 derivative transformed with genomic DNA containing K56 T (20)
D395t/Tmp point mutation in rpsL (Str resistant) and 1200L point mutation in
folA (Tmp resistant)
BASP1 GA16833AcomCDE — GA16833 derivative with comCDE coding This study
sequence deleted and harboring cat gene, conferring chloramphenicol
(Cm) resistance from pEVP3
BASP2 D39AcomE — D39 derivative with comE coding sequence deleted and | This study
harboring cat gene from pEVP3 (Cm resistant) as well as K56 T
point mutation in rpsL (Str resistant)
BASP3 GA16833AfisK — GA16833 derivative with ftsK coding sequence This study
deleted in Tn2009 and harboring cat gene from pEVP3, conferring
chloramphenicol (Cm) resistance
BASP4 D39AcomEA/EC — D39 derivative with comEA and comEC coding | This study
sequences deleted and harboring cat gene from pEVP3 (Cm resistant)
as well as K56T point mutation in rpsL (Str resistant)
BASP5 TIGR4AcomE — TIGRA4 derivative with comE coding sequence deleted | This study
and harboring cat gene from pEVP3 (Cm resistant) as well
as 1100L point mutation in folA (Tmp resistant)
BASP6 GA40410AcomE — GA40410 derivative with comE coding sequence | This study
deleted and harboring cat gene from pEVP3 (Cm resistant) as well as
1100L point mutation in folA (Tmp resistant)
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BASP7 GA43265AcomE — GA43265 derivative with comE coding sequence | This study
deleted and harboring cat gene from pEVP3 (Cm resistant) as well as
1100L point mutation in folA (Tmp resistant)
BASPS8 GA44194AcomCDE — GA44194 derivative with comCDE coding This study
sequence deleted and harboring cat gene, conferring chloramphenicol
(Cm) resistance from pEVP3
WT D39 derivative transformed with genomic DNA containing ermB This study
D3%enst (Ery resistant) and K56T point mutation in rpsL (Str resistant)
GA47179 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
15A, truncated Tn6002 (17.2 kb) conferring Tet resistance
(tetM), Ery resistance (ermB)
GA44194 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
19A, truncated Tn6002 (17.0 kb) conferring Tet resistance
(tetM), Ery resistance (ermB)
GA49542 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
9V, ICE Tn2009 conferring Tet resistance (tetM), Ery
resistance (mefE/mel on Mega)
GA44288 Clinical isolate from Georgia Emerging Infections Program, serotype 9)
19A, ICE Tn2010 conferring Tet resistance (tetM), Ery
resistance (ermB and mefE/mel on Mega)
GA40410 Clinical isolate from Georgia Emerging Infections Program, serotype | This study
19A and conferring Tmp resistance
GA43265 Clinical isolate from Georgia Emerging Infections Program, serotype | This study
19A and conferring Tmp resistance
Bacillus subtilis
CMJ253 Tn916-containing strain, Tet resistant (31)
LDW?737 | Strain with Tn916 and Tn916-related ICE circular junction cloned into | (27)
amyE gene and spectinomycin resistant
CAL419 Strain with comK coding sequence deleted and harboring cat gene (31)

(Cm resistant) as well as well streptomycin resistance
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Table S2. Primers and probes used in this study.

Primer Name Primer Sequence 5° — 3’ Reference or Source
Conventional PCR

D39_recA_5F TGAGCAGGCACGAAGCAAGAC This study

D39 recA_3R AGGAGCGACAAGAAACAGCAAACT This study

BSA25 TTGCGGACTTAGGTTCTGTG This study

BSA26 ACAAACCATGTCATTTGCGTAAAG This study

EVP3_CmF GGTATCGATAAGCTTGATGAAAA This study

EVP3_CmR TTAGTGACATTAGAAAACCGACTG This study

BSAl7 AATCAAGAATCAAAAGGTCGTTCCC This study

BSA18 TTTTCATCAAGCTTATCGATACCGAA This study
AAAGTCTCCTTTCTACCTAGCG

BSA19.1 GTACTTTTTACAGTCGGTTTTCTAATG This study
TCACTAAGTACAAATCGACAGGAAA
CAGTCAA

BSA20 TCCCATACATTCCTTTTCCTCTTTG This study

BSA1l7.1 GACCATCAAACATTCATTCAGCCA This study

BSAZ20.1 CGATAGCTTTTAAAACTGCGGAAGA This study

MS93 TAGTCAAAGCAAATCATAAATTGCG This study

MS99 GCTTATCGATACCGTCGAATATTCTC This study
TCTAGTCTCACTTGATGTTC

MS100 CGGTTTTCTAATGTCACTAACTCTCA This study
AAAGTGATTGACAATTAGC

MS96 CATGCTCATCACAAAAGAGACGC This study

MS101 GAACATCAAGTGAGACTAGAGAGAA This study
TATTCGACGGTATCGATAAGC

MS102 GCTAATTGTCAATCACTTTTGAGAGT This study
TAGTGACATTAGAAAACCG

SL107 CAACATAGAAGACTCAGC This study

SL108 GAATATCTAGAGTCAGAACC This study

BSAla TCAGCTCCTTGCTTTTGATAGTCAG This study
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comEA 5RA3 TTTTCATCAAGCTTATCGATACCTCG This study
TAAGAGGAAGAAAAAACAGTCG

comEC_3FA3 CAGTCGGTTTTCTAATGTCACTAAGT This study
GTTCGATAGGAAGGATAAATGTT

BSAG6a ACACCGAGTACAGATGCAAATAAAA This study

BSAlla GCATTTGTTTCGATAAGGACACG This study

SL115 CGGTTTTCTAATGTCACTAACTCTCA This study
AAAGTGATTGACAATTAGC

SL118 GCTTATCGATACCGTCGAGGAAAATT This study
CCCAGCTTTGC

SL119 CGCTATTTTGTCTGTTTGCCG This study

SL116 GCTAATTGTCAATCACTTTTGAGAGT This study
TAGTGACATTAGAAAACCG

SL117 GCAAAGCTGGGAATTTTCCTCGACGG This study
TATCGATAAGC

SL199 CGCTATTTTGTCTGTTTGCCG This study

Quantitative PCR

Serotype 2_F TGTTATCCCATATAAGAACCGAGTGT (70)

Serotype 2_R AAAATTACCCCAAAAGCTATCCAA (70)

Serotype 2_probe | HEX - (70)
TTGCAATTTCAATTTTTTTGCCCCAAT
CTC-BHQ1

Serotype 19F_F TGAGGTTAAGATTGCTGATCG (70)

Serotype 19F R

CACGAATGAGAACTCGAATAAAAG

(70)
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Serotype CY5 - CGCACTGTCAATTCACCTTC —BHQ3 (70)
19F probe

tetM_qgF1 AGGAAGCGTGGACAAAGGTA This study
tetM_gR1 GAGTTTGTGCTTGTACGCCA This study
int_qFl ATTGCCACACATCACTCCAC This study
int_gR1 CAAGACGCTCCTGTTGCTTC This study
orf 20 gF1 CAGCAGGTGGTCGAAAACAT This study
(relaxase)

orf 20_gR1 ACCAGCTTCTTTGTTGTGCC This study
(relaxase)

ftsK_qF1 TCTCCCGGCACACTTCTTAA This study
ftsk_gR1 TGGACGTTGACAAGCCAGTA This study
cat_qFl TCTCTGGTATTTGGACTCCTGT This study
cat_gR1 TGCTGTAATAATGGGTAGAAGGT This study
oLW526 AAACGTGAAGTATCTTCCTACAG (27)
oLW527 TCGTCGTATCAAAGCTCATTC (27)
ermB_qgF1 TTTTGAAAGCCGTGCGTCTG This study
ermB_gR1 CATCTGTGGTATGGCGGGTA This study
comD_gF1 TCCGTGGTTTTCGACATGAT This study

7



comD_gR1 ACTGAGCAACCAAACTTCGT This study

comE_gF1 CCAGGTATCAGCCCTAGATTTTG This study

comE_gR1 CGCAATTTATGAGATACCCCTGT This study

Serotype 15A_F | AATTGCCTATAAACTCATTGAGAT (70)
AG

Serotype 15A_ R | CCATAGGAAGGAAATAGTATTTG (70)
TTC

Serotype FAM - CCCGCAAACTCTGTCCT - BHQ1 (70)

15A probe

Serotype 19A _F CGCCTAGTCTAAATACCA (70)

Serotype 19A R GAGGTCAACTATAATAGTAAGAG (70)

Serotype FAM - TATCAATGAGCCGATCCGTCACTT — (70)

19A probe BHQ1

Serotype 9V_F AGGTATCCTATATACTGCTTTAGG (70)

Serotype 9V_R CGAATCTGCCAATATCTGAAAG (70)

Serotype HEX — ACACATTGACAACCGCT — BHQ1 (70)

9V _probe

qlés_F2 CCAGATGGACCTGCGTTGTAT (64)

glés R2 TCCGTCCATTGCCGAAGATT (64)
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Table S3. Genetic identity and rF data for D395" TP and GA16833T¢VE"Y or GA47281TeVEry

bioreactor co-inoculation strains and recombinants.

Bioreactor Co-Inoculation Strains

Strain MLST Sequence Type/Serotype

wt D39strrmp ST 595/serotype 2

wt GA16833TeVEY (Tn2009) ST 236sw/serotype 19F
Recombinants
Recombinant Antibiotic Selection MLST Sequence rk
Type/Serotype

Tet+Str ST 595/serotype 2 2.60x10+2.08x10*
Ery+Str ST 595/serotype 2 1.37x107°+7.34x106

Tet+Ery+Str ST 595/serotype 2 2.00x105+2.09x10°

Ery+Str+Tmp ST 595/serotype 2 6.42x107°+4.89x10°

Bioreactor Co-Inoculation Strains

Strain MLST Sequence Type/Serotype

wt D39strrmp ST 595/serotype 2

Wt GA47281TeVEY (Tn2010) ST 3039/serotype 19F
Recombinants
Recombinant Antibiotic Selection MLST Sequence rF
Type/Serotype

Tet+Str ST 595/serotype 2 1.34x10%+£1.62x104
Ery+Str ST 595/serotype 2 1.63x104+£2.06x104

Tet+Ery+Str ST 595/serotype 2 1.39x10"4+1.82x10*

Ery+Str+Tmp ST 595/serotype 2 1.65x1074+1.93x104
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Table S4. Homologous recombination of variably sized donor DNA fragments with intact ICE

into bioreactor recombinant genomes.

Size of
Donor i ; Left (5’) | Right (3°) .
Recipient Recombinant
(ICE, of ICE | of ICE Recombined
MLST) (MLST) (MLST) (bp) (bp) Donor Fragment
with ICE (bp)
GA47281
D39strtmp Tet + Str
(Tn2010™EY, ST 4890 7158 38,438
3039) (ST 595) (ST 595)
GA47281
D39strtmp Ery + Str
(Tn2010TEY, ST 918 7158 34,466
3039) (ST 595) (ST 595)
GA47179
(partial D39St (ST Tet + Str
THB002TE 505) (ST 595) 82345 1480 101,025
ST 63)
GA44288
Str Tet + Str
(Tnzo10™vew, g7 | D39 (ST 47117 | 12274 43381
595) (ST 595)
320)
GA44288
Str Tet + Str
(Tnz010™vew, g7 | D39 (ST 4718 4132 35,240
595) (ST 595)
320)
GA44288
Str Tet + Str
(Tn2010™EY, ST D39™ (ST 539 17536 44,465
595) (ST 595)
320)
BASP1 .
ol GA40410'™m Tet+ Tmp
(Tn2009TEY, ST 14916 2042 40,499
236) (ST 1936) (ST 1936)
BASP1
o GA40410™ | Tet+ Tmp
(Tn2009TE, ST 1088 49071 73,700
236) (ST 1936) (ST 1936)
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BASP1
GA40410™™p Tet+Tm
(Tn2009™%, ST 1 20167 39616 92,324
236) (ST 1936) (ST 1936)
BASP1
GA43265TP Tet + Tmp
(Tn2009™VEY, ST 44458 21649 89,648
236) (ST 2584) (ST 2584)
BASP1
GA43265Tp Tet+ Tmp
(Tn2009TEY, ST 14577 12520 50,638
(ST 2584) (ST 2584)

236)
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ABSTRACT

The dissemination of Tn916-related integrative and conjugative elements (ICEs), such as
Tn2009 (23.5 kb), Tn6002 (20.8 kb), and Tn2010 (26.3 kb), which harbor tetM, mefE/mel, and/or
ermB, are partly responsible for increasing antibiotic resistance in Streptococcus pneumoniae (S.
pneumoniae). Utilizing the genomic sequences of 4,560 PubMLST-deposited S. pneumoniae
isolates from the United States (US) from 1916-2021, trends in macrolide and tetracycline
resistance conferred solely by Tn916-related ICEs were explored. Four distinct time periods,
defined as historic (1916-1994), pre-PCV7 (1995-2000), PCV7 (2001-2010), and PCV13 (2011-
2021), were examined. Although PCV introductions have reduced the overall incidence of invasive
S. pneumoniae in the US, the frequency of Tn9/6-related ICEs increased steadily- 1.5%, 10%,
17%, and 22%, respectively, in S. pneumoniae isolates from these four periods. Tn2009-encoded
macrolide efflux (mefE/mel) emerged during the 1990s-2000 in PCV7 serotypes (6B, 14, 19F and
23F) and in non-vaccine serotypes (3, 6A, 6E, 12F and 21). However, Tn6002-encoded ribosomal
methylation (ermB) and Tn2010 with both ermB and mefE/mel dominated during the late PCV7
and in the PCV13 eras. In contrast to the decline in vaccine serotypes, including those carrying
Tn916-related ICEs, a dramatic increase in the frequency of non-vaccine serotypes containing
Tn916-related ICEs was observed during the PCV13 era, especially 15A and 23A, which are not
included in the current introductions of PCV15 and PCV20 vaccines. These data highlight the
importance for continued monitoring of Tn916-related ICE-containing S. pneumoniae to aid in the

design of future PCV formulations and in treatment recommendations.
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IMPORTANCE

Macrolide antibiotics are the primary choice for treatment of upper respiratory tract
Streptococcus pneumoniae (S. pneumoniae) infections and extensive prescription of these drugs
has facilitated the rise in macrolide-resistant S. pneumoniae in the United States (US). A major
contributor to the dissemination of macrolide and tetracycline resistance is the horizontal transfer
of large Tn916-related integrative and conjugative elements (ICEs), such as Tn2009, Tn6002, and
Tn2010, which harbor tetM conferring tetracycline resistance as well as mefE/mel and/or ermB
conferring macrolide resistance. We assessed the frequency of Tn916-related ICEs in the US in
circulating S. pneumoniae serotypes based on whole genome sequences of 4,560 isolates in the
PubMLST database, as well as the impact of pneumococcal conjugate vaccine (PCV) introductions
on the spread of ICEs. The frequency of Tn916-related ICEs in S. pneumoniae in the US increased
to 22% during 2011-2021. Macrolide resistance during the 1990s-2000 was mainly attributed to
Tn2009 encoding the efflux pump MefE/Mel but had shifted to Tn6002 encoding ErmB-mediated
ribosomal methylation as well as Tn2010 harboring both during the late 2000s-2010s. The increase
in Tn916-related ICE frequency was observed predominantly in non-vaccine serotypes such as
15A and 23A, which are not included in the new PCV15 and PCV20 vaccines. Continued global
monitoring of Tn916-related ICEs will better inform decisions on future pneumococcal vaccine

design and treatment recommendations.
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INTRODUCTION

Streptococcus pneumoniae (or pneumococcus) colonizes the human nasopharynx as a
commensal or can spread to other local sites, causing otitis media or bacterial pneumonia®-3).
When S. pneumoniae crosses the respiratory epithelium, enters the bloodstream, and spreads to
other sterile sites, invasive pneumococcal disease (IPD), such as bacteremia and meningitis? 4,
can be the result. Introduced in the 1940s, penicillin was initially an effective treatment for
pneumococcal infections. The subsequent increased resistance to beta-lactams motivated the
transition to macrolides as a principal outpatient therapy ® . However, widespread macrolide
usage again resulted in increased prevalence of macrolide-resistant S. pneumoniae strains in the
1990s(-9), This general increased prevalence of antibiotic resistance in S. pneumoniae motivated
the World Health Organization to add this bacterium to the list of priority pathogens in need of
research and development of novel therapeutics(9),

One class of macrolide resistance in S. pneumoniae includes the chromosomally encoded
integrative and conjugative elements (ICEs) of the Tn916 family, such as Tn2009 (23.5 kb),
Tn6002 (20.8 kb), and Tn2010 (26.3 kb), all of which also confer tetracycline resistance via the
tetM gene (*1). The macrolide resistance determinants present on Tn916-related ICEs include ermB,
which encodes for a ribosomal methylase that dimethylates the bacterial ribosome to prevent
antibiotic binding, as well as the mefE/mel genes on the macrolide efflux genetic assembly (Mega),
which together mediate efflux of macrolides® V. Specifically, Tn2009 contains the Mega element
integrated into orf6 of the prototype Tn916(?), Tn6002 has ermB inserted into orf20 of Tn91613),
and Tn2010 is comprised of Mega and ermB in orf6 and orf20 of Tn916(4), respectively. We had

previously shown that, although these Tn916-related ICEs in S. pneumoniae contain conjugative
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genes like the prototype Tn916, the mechanism by which they disseminate is transformation
followed by homologous recombination (%),

Vaccination efforts for S. pneumoniae were initiated as early as 1911 in South Africa with the
use of capsular polysaccharides for vaccine development 17 However, a lack of
immunogenicity in children less than two years of age, an age cohort most at risk for IPD, led to
the development of pneumococcal conjugate vaccines with capsular polysaccharides conjugated
to the diphtheria protein, CRM197(8), In the US, PCV7 containing seven S. pneumoniae serotypes
(4, 6B, 9V, 14, 18C, 19F, and 23F) was licensed and introduced in 2000 for use in children under
five years of age®). Though there was a marked reduction in carriage and IPD caused by serotypes
included in PCV7, non-vaccine serotypes began to emerge, such as serotype 19A, likely due to
clonal expansion®-22), Thus, PCV13 (PCV7 serotypes plus 1, 3, 5, 6A, 7F, and 19A) was
introduced in 2010, resulting in a similar decrease in carriage and IPD incidence of serotypes
included in PCV13 0 23.24) Fyrther, both PCV7 and PCV13 introductions also reduced the
macrolide-resistant S. pneumoniae strains?>27). The development of broader pneumococcal
conjugate vaccine serotype coverage has continued. PCV15 (PCV13 serotypes plus 22F and 33F)
and PCV20 (PCV15 plus serotypes 8, 10A, 11A, 12F, and 15B) formulations have been licensed
in the US in 2021 for use in adults, 8 29 while PCV15 and PCV20 were approved for use in
children in 202228 and 20239, respectively. Population-based surveillance of carriage and IPD
incidence following PCV15 and PCV20 introductions are currently underway.

In this study, we investigated the dissemination of Tn2009, Tn6002, and Tn2010 among S.
pneumoniae isolated in the US. Utilizing 4,560 US isolates that were deposited in the PubMLST
Streptococcus pneumoniae database®V) that spanned 1916 to 2021, isolates carrying specific

Tn916-related ICEs were identified, and their frequency across distinct PCV coverage periods was
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determined. Serotypes of these US ICE-containing isolates were categorized into vaccine and non-
vaccine serotypes to determine if PCV7 and PCV13 introductions were associated with the
distributions of Tn2009, Tn6002, and Tn2010. Trends of ICE distribution in Thailand and South
Africa with different vaccine introduction schedules over similar time periods were also included
for comparison.
RESULTS
Increasing frequency of Tn916-related ICEs in S. pneumoniae in the US, 1916-2021.
Previous studies have noted the rise of macrolide resistance in the US since the 1990s &9, We
utilized the genome data of 4,560 US isolates deposited in the PubMLST Streptococcus
pneumoniae database to estimate the contribution of Tn916-related ICEs to macrolide resistance.
Out of 4,560 isolates from 1916 to 2021, 751 isolates were found to contain Tn916-related ICEs
(Tn2009, Tn6002 or Tn2010), resulting in an overall frequency of 16.5% of isolates. To assess
changes in the frequency over time and the effects of vaccine introductions, we separated the
Tn916-related ICE-containing isolates into four distinct periods: historic (1916-1994), pre-PCV7
(1995-2000), PCV7 (2001-2010), and PCV13 (2011-2021). During the historic period, out of 66
isolates, only one 1983 isolate contained a Tn916-related ICE, resulting in a 1.52% frequency (Fig
1). In the subsequent time periods, the percent of ICE+ isolates were as follows: 10.3% for pre-
PCV7 (106 of 1,026 isolates), 17.0% for PCV7 (400 of 2,354 isolates), and 21.9% in PCV13 (244
of 1,114 isolates) (Fig 1). Thus, the increase in macrolide resistance in the US S. pneumoniae
isolates beginning in the 1990s® 9 in part correlated with the increasing frequency of Tn916-
related ICEs.

Distribution of Tn916-related ICEs in S. pneumoniae in the US, 1916-2021.
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The distribution of Tn916-related ICE-containing isolates in the PUbMLST database was
examined. As noted, in the 1916-1994 historic period with 66 isolates from the US, only one ICE+
isolate from 1983 contained Tn6002 (ermB). During the 1995-2000 pre-PCV7 period, of the 106
S. pneumoniae isolates containing Tn916-related ICEs, the majority (58.5%) carried the Mega-
containing Tn2009 (Fig 2A). This confirms previous reports in the 1990s and early 2000s
demonstrating that the major mechanism of macrolide resistance in North America was due to
efflux mediated by the mefE/mel genes on the Mega element including Mega found on Tn2009 @
32,33), For the PCV7 period (2001-2010), 400 isolates contained Tn916-related ICEs where Tn2009
decreased to 14.7% of ICE-containing isolates (Fig 2B). Over 85% now harbored the ermB-
containing Tn6002 (47.5%) or Tn2010 (37.8%) with dual-macrolide resistance determinants
(ermB and mefE/mel) (Fig 2B). Consequently, ermB was responsible for >85% of Tn916-related
ICE macrolide resistance during 2001-2010. In the PCV13 period, most of 244 Tn916-related ICE-
containing isolates, mainly collected from 2012 and 2013, had the ermB-containing Tn6002
(67.2%) (Fig 2C). There was a modest increase of Tn2009 to 23.8% and a decrease of Tn2010 to
9.0%. Over 75% of Tn916-related ICE-containing isolates carried ermB-mediated macrolide
resistance during the PCV13 era. While the number of US isolates deposited each year into the
PubMLST database spanning 1916 to 2021 was quite variable (Fig 3), key shifts in the frequency
of Tn916-related ICEs in the US isolates over time were noted.

In summary, prior to vaccine introduction in 2000, Tn916-related ICE macrolide resistance in
the US was due to mefE/mel-encoded efflux. However, ribosomal methylation conferred by ermB
was observed as the dominant mechanism of Tn916-related ICE macrolide resistance in the US

after PCV vaccine introductions.
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Shift in Tn916-related ICE distribution from vaccine to non-vaccine serotypes in the US,
1995-2021.

The emergence of serotypes not included in the pneumococcal polysaccharide conjugate
vaccines, a phenomenon known as serotype replacement, poses a challenge for pneumococcal
disease prevention®* 35 as well as for treatment if multidrug resistance becomes prevalent in these
non-vaccine serotypes. Therefore, we assessed vaccine or non-vaccine serotype distribution over
time of Tn916-related ICE-containing US isolates (Fig 4). We separated the serotypes into three
groups: the seven serotypes included in PCV7 (PCV7, teal bars), six additional serotypes added
into PCV13 (non-PCV7, dark purple), and those not included in PCV13 (non-PCV13, light
purple). During the pre-PCV7 era (1995-2000), 83.0% of the 106 US ICE+ isolates were PCV7
serotypes, 4.7% were non-PCV7 serotypes, and 12.3% were non-PCV13 serotypes (Fig 4). During
the PCV7 era (2001-2010), a major shift in serotype distribution of the US ICE+ isolates was
detected. Of 400 US ICE+ isolates in the PCV7 period, only 12.2% were of PCV7 serotypes, while
non-PCV7 serotypes increased to 41.3% and non-PCV13 to 46.5% (Fig 4). Of 244 US ICE+
isolates in the PCV13 era, there was a further disappearance in PCV7 serotypes (1.6%), non-PCV7
serotypes decreased to 9.0%, and non-PCV13 serotypes now comprised 89.4% of ICE+ isolates
(Fig 4). Thus, with the declines in PCV7 and PCV13 vaccine serotypes, Tn916-related ICEs were
increasingly found in non-PCV13 serotypes in the US.

Analysis of Tn916-related ICE-containing US isolates by vaccine and non-vaccine serotypes,
1995-2021.

A detailed analysis of the circulating serotypes and the specific ICE elements found before and

after the introductions of PVC7 and PCV13 was performed (Fig 5). For these analyses, vaccine

types were defined as serotypes included in the designated vaccine for the corresponding period
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(i.e., PCV7 serotypes in pre-PCV7 or PCV7 eras and PCV13 serotypes in PCV13 era). Non-
vaccine serotypes encompassed all other serotypes not included in the designated vaccine for the
corresponding era, such as non-PCV7 serotypes in the pre-PCV7 and PCV7 eras as well as non-
PCV13 serotypes in the PCV13 era.

In the pre-PCV7 era, 88 ICE+ isolates of 596 PCV7 serotype isolates (14.8%) and 18 ICE+
isolates of 161 non-vaccine serotype isolates (11.2%), were noted. Tn916-related ICEs were found
in 6B, 14, 19F, and 23F of the PCV7 serotypes where Tn2009 was the major ICE element. Tn2010
was found only in serotype 19F isolates (Fig 5A). Conversely, only Tn6002 and Tn2009 were
present in the non-vaccine isolates in the pre-PCV7 era, which included serotypes 3, 6A, 6E (6Bii),
12F, and 21 (Fig 5D). In the PCV7 era, 49 ICE+ of 187 isolates (26.2%) belonging to the PCV7
serotypes and 351 ICE+ isolates of 1,535 (22.9%) non-vaccine serotypes were analyzed. Most of
the ICE+ vaccine type isolates were serotypes 19F (34 out of 73, or 46.6%) and 23F (10 out of 28,
or 35.7%) (Fig 5B). Both Tn2009 and Tn2010 were found in 19F isolates while 23F isolates
predominantly harbored Tn2009 (Fig 5B). While a more diverse population of Tn916-related ICE-
containing non-vaccine serotypes was detected during the PCV7 era, serotypes 15A (120 out of
154, 77.9%) and 19A (160 out of 412, 38.8%) were the most prevalent (Fig 5E). Serotype 15A
carried Tn6002 except for one Tn2010-containing isolate while 19A predominantly harbored
Tn2010 followed by Tn6002 as the second-most prevalent ICE (Fig 5E). During the PCV13 era,
the number of ICE+ PCV13 serotypes was low with 26 out of 127 PCV13 isolates (20.5%), while
non-vaccine ICE+ serotypes encompassed 218 out of 803 non-vaccine isolates (27.1%). For the
26 ICE+ PCV13 serotypes, 20 out of a total of 43 were serotype 19A (46.5%), mostly carrying
Tn2010 (Fig 5C). The ICE+ non-vaccine serotypes in the PCV13 era were mainly represented by

serotypes 15A (123 out of 131, 93.9%), 15BC (50 out of 99, 50.5%), and 23A (28 out of 173,
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16.2%) (Fig 5F). All serotype 15A and serotype 23A ICE+ isolates had Tn6002, but serotype 15BC
had predominantly Tn2009. Taken together, we observed an increase in non-vaccine serotypes
15A and 19A that harbor Tn916-related ICEs in the PCV7 era, persistence of ICE+ 19A isolates
into the PCV13 era, and an increase in ICE+ non-vaccine serotypes 15A, 15BC, and 23A in the
PCV13 era. Serotypes 15A and 23A are not covered by the current PCV15 and PCV20
formulations.

Analysis of S. pneumoniae Tn916-related ICEs in Thailand and South Africa during pre-
PCVT7 and post-PCV7/13 eras.

To compare the trends observed in US isolates with other geographical regions, preliminary
analyses were conducted for Thailand and South Africa S. pneumoniae isolates deposited in the
PubMLST database (Fig S1). The gaps between PCV7 and PCV13 introductions were relatively
short in these two countries [4 years for Thailand (2007-2011) and 2 years for South Africa (2009-
2011)] and the differential effects of PCVV7 and PCV13 are likely to be less evident. Thus, we
categorized the ICE+ isolates from these countries into two time periods: pre-PCV7 and post-
PCV7/13. Tn916-related ICE frequency increased in the US (9.8% to 18.6%) from pre-PCV7 to
post-PCV7/13 eras while, in comparison, the percent frequency in Thailand remained stable at
27% in both time periods and in South Africa changed from 18.7% to 12.1% during pre-PCV7 to
post-PCV7/13 eras (Fig S1). The different profiles based on percent frequency were influenced by
the total number of isolates deposited in the PUbMLST Streptococcus pneumoniae database for a
given country.

DISCUSSION
S. pneumoniae continues as a global public health concern partly because of the spread of

antibiotic resistance in the pathogen. In the US, the widespread use of macrolides, particularly the
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semi-synthetic azithromycin and clarithromycin, has contributed to the emergence of macrolide-
resistant S. pneumoniae® 36). Prescription for macrolide antibiotics dramatically rose during the
1990s and has continued into the 2000s in the US@® 3630 Macrolide resistance is partly associated
with the dissemination of Tn916-related ICEs (Tn2009, Tn6002, and Tn2010), which contain tetM
(tetracycline resistance) as well as the two distinct macrolide resistance determinants, ermB and/or
mefE/mel 11, The distribution of Tn916-related ICEs in S. pneumoniae collected in the US (1916-
2021) as well as changes associated with sequential vaccine (PCV7 and PCV13) introductions to
ICE-conferred macrolide resistance were assessed.

Utilizing 4,560 S. pneumoniae genomes of US isolates deposited in the PubMLST database ¢V
that span 1916 to 2021 and cover two pneumococcal vaccine introductions, PCV7 in 2000 and
PCV13 in 2010, the trends of Tn916-related ICE-containing isolate frequency divided into four
distinct eras: historic (1916-1994), pre-PCV7 (1995-2000), PCV7 (2001-2010), and PCV13
(2011-2021), were examined. The percent frequency for each respective era was 1.52%, 10.3%,
17.0%, and 21.9%, which correlated with the overall development of increasing macrolide
resistance in S. pneumoniae. There was a steady increase in frequency of Tn916-related ICEs in S.
pneumoniae isolates during the vaccine eras compared to the pre-PCV7 era.

While the collection of over 4,500 pneumococcal isolates from the PUbMLST database is
robust, there are limitations in the analyses based on isolate records examined in the database®D.
First, PUbMLST is not a surveillance-based collection of isolates, thus the incidence of ICE+
isolates in the US pneumococcal population cannot be determined. Future investigations using a
population-based database, such as the CDC’s Active Bacterial Core surveillance database, that
collects and characterizes invasive isolates from ten states dispersed around the US, would address

this limitation. Second, certain years of isolation had significantly more isolates due to major
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studies that were conducted and might not appropriately reflect the circulating pneumococcal
population in the US. Some of these studies sequenced isolates collected from isolate banks, such
as the Global Pneumococcal Sequencing (GPS) Project, or came from observational cohort
investigations of pneumococcal carriage or invasive pneumococcal disease. Other studies used
genomic data that was already published or accessible from publicly available databases
(GenBank, GPS Project). During the pre-PCV7 era, there were a total of 358 US isolates collected
in 1998, the majority of which came from two studies investigating the evolutionary impact on the
pneumococcal pangenome by PCV introduction®) as well as pneumococcal strain serotype,
sequence type, antibiotic sensitivity, and invasiveness using genomes grouped into Global
Pneumococcal Sequence Clusters®). The majority of the total 549 1999 US isolates were from
four studies including the two previously cited®® 39, one study that explored cps loci in genomes
from the GPS project to identify novel cps loci®®, and the last that explored S. pneumoniae
genomes for blp bacteriocin cassettes to characterize their genetic composition and sequence
diversity®D. In the PCV7 era, the 630 US isolates collected in 2007 were associated with three
reports: 1) the pangenome study®®), 2) the genome analyses of Global Pneumococcal Sequence
Clusters®?, and 3) an investigation of PCV7 impact on genomic evolution of S. pneumoniae
carriage isolates*?. In 2009, the 811 US isolates were from three studies, including the Global
Pneumococcal Sequence Clusters genomic analyses®® and novel cps loci identification study?
as well as a third study focusing on analyzing genomic data from non-vaccine serotype
pneumococci not susceptible to penicillin®®, Lastly, in the PCV13 era, in 2012, 708 US isolates
originated from three aforementioned reports®8 3% 43 while the 252 total US isolates of 2013 came
from the genomic analyses by Andam et al.3 of pneumococci not susceptible to penicillin. Thus,

the percent frequency calculations of Figure 1 are influenced by the year of isolation. Despite these
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limitations, the data demonstrate an increase in PUbMLST US isolates carrying Tn916-related
ICEs, which likely contribute to the overall increase in pneumococcal macrolide resistance
observed in the US.

Macrolide resistance determinants associated with Tn916-related ICEs include ermB and
mefE/mel, which encode ribosomal methylation or macrolide efflux, respectively® 1. Overall,
during the 1990s and 2000, the data supported the emergence of macrolide resistance in the US
mediated by the Mega mefE and mel genes as found in the high frequency of Tn2009 during this
time. However, the predominant mechanism for macrolide resistance transitioned to ermB during
the late 2000s and 2010s as seen with the large increases in Tn6002 and Tn2010. In previous work
using in vitro competition assays in the presence of macrolides, high-level macrolide resistance
conferred by ermB provided a fitness advantage for pneumococcal growth over the low-level
macrolide resistance conferred by mefE/mel “4). The clonal expansion of serotype 19A during the
PCV7 era also contributed to this shift. These serotype 19A ICE-containing US isolates mostly
carried Tn2010, which has both ermB and Mega® 46). Schroeder et al. demonstrated with a
Tn2010-containing strain (GA44288, serotype 19A) that the pneumococcal growth advantage was
attributed to ermB-mediated high-level resistance and not the mefE/mel-mediated low-level
resistance*). Therefore, this switch from mefE/mel-mediated to ermB-mediated macrolide
resistance in the late 2000s and 2010s could be partly due to the advantage that high-level
macrolide resistance provides to S. pneumoniae and the subsequent expansion of these strains in
the US population.

The US introductions of PCV7 and PCV13 in 2000 and 2010, respectively, were very effective
in reducing the carriage and infections caused by S. pneumoniae vaccine serotypes®@ 23, This

impact was also evident in the ICE+ pneumococcal isolates examined in this study. During the



108

pre-PCV7 era, Tn916-related ICE-containing isolates of PCV7 serotypes represented 83.0% of
isolates (Fig 4), but with PCV introductions, this percentage decreased to 12.2 % and 1.6% in the
PCV7 and PCV13 eras, respectively. With the introduction of PCV7 into the US vaccination
programs, serotype replacement was documented with serotype 19A that emerged rapidly during
the 2000s up to 2010Y, We detected an ~9-fold increase from 4.7% to 41.3% of non-PCV7
serotypes during the transition from the pre-PCV7 to PCV7 era. Many of the emerging serotype
19A isolates were products of capsule switching from serotype 19F“"). Therefore, the capsule
switching from 19F to 19A followed by expansion of these 19A isolates during the 2000s to 2010
contributed to the large increase in non-PCV7 serotypes that we witnessed during the PCV7 era
(Fig 4). Additionally, non-PCV13 ICE-containing isolates drastically increased from 12.3%,
46.5%, to 89.4% in the pre-PCV7, PCV7, and PCV13 eras, respectively. Therefore, PCV
introductions resulted in selective pressure for the emergence of non-vaccine serotypes.

Within the non-vaccine serotype pool in the PCV13 era, we saw an emergence of serotypes
15A (123 isolates), 15BC (50 isolates), and 23A (28 isolates). The newer PCV20 vaccine includes
serotype 15B, but neither PCV15 nor PCV20 contains serotype 15A. The PubMLST database
groups serotypes 15B and 15C together as serotype 15BC, presumably due to the identical capsular
polysaccharides except for an O-acetyl group present in 15B and the reported reversible switching
between the two serotypes “8 49, The addition of serotype 15B to PCV20 would likely provide
cross-protection against serotype 15C, but not 15A. Hao et al. demonstrated robust
opsonophagocytic antibody titers against both 15B and 15C, but not 15A in PCV20-vaccinated
adults ®0, Serotype 15A has been on the rise globally, such as in the United Kingdom®D,
Germany®?), Taiwan®®, Japan®¥, and in the US®5 %6 Additionally, our data indicated a rise in

isolates of serotype 23A from the PCV7 to PCV13 eras. The rise in serotype 23A has been reported



109

worldwide, including in several Asian countries (Korea, Malaysia, Singapore, Thailand,
Taiwan)®"-%8), the United Kingdom®?), and the US®5 69, Pai et al. reported that there was a clonal
association between US serotype 23A isolates and the international Pneumococcal Molecular
Epidemiology Network (PMEN) Colombia®®F-26 clone®?. They hypothesized that the 23A
isolates present in the US originated from serotype 23F, possibly due to an intra-strain genetic
alteration or by capsular switching of 23F to 23A 1. Although the close relatedness of non-
vaccine serotype 23A and vaccine serotype 23F implies a potential cross-protection by the existing
PCV vaccines, our data suggests that non-vaccine serotype 23A is still increasing in frequency and
has not been reduced by the existing PCVs.

Given the geographical variability in macrolide resistance that has been previously reported(©?),
Tn916-related ICE distribution trends in Thailand and South Africa were investigated and
compared to the US in preliminary studies. Thailand and South Africa represent two continents
with different PCV introduction schedules. Approximately 12% to 27% of Tn916-related I1CE-
mediated macrolide resistance was observed in S. pneumoniae isolates in all three countries in the
post-PCV7/13 time period. Additional analyses would shed light on the distribution of the three
Tn916-related ICEs among the S. pneumoniae population in Thailand and South Africa as well as
if there are changes in non-PCV 13 serotypes.

In conclusion, investigating S. pneumoniae isolates deposited in the PubMLST Streptococcus
pneumoniae database demonstrated that the frequency of Tn2009, Tn6002, and Tn2010 increased
over time in the US pneumococcal population. The mechanism for macrolide resistance associated
with Tn916-related ICEs transitioned from mefE/mel-induced efflux to high-level macrolide
resistance conferred by the ribosomal modifications of ermB. Moreover, the increase in Tn916-

related ICEs in US pneumococcal isolates has occurred in non-vaccine serotypes. The emergence



110

of non-vaccine serotypes 15A and 23A not included in the current PCV15 nor PCV20 vaccines is
of particular concern. Surveillance of multidrug resistance conferred by Tn916-related ICEs in S.
pneumoniae should continue to help determine future PCV formulations and antibiotic treatment
options for suspected pneumococcal disease.

MATERIALS AND METHODS

S. pneumoniae isolates. For this study, meta-data from United States (US) S. pneumoniae isolates
were exported from the PubMLST  Streptococcus pneumoniae  database®V)

(https://pubmist.org/organisms/streptococcus-pneumoniae) on January 23, 2023. In the database,

there was a total of 4,617 US isolates deposited with a sequence bin for total genome length of >1
Mbp. However, for data analysis purposes, 4,560 isolates were utilized in this study as these had
year of isolation (spanning from 1916-2021) and serotype data available. Similarly, data for
Thailand and South Africa were also pulled from the PubMLST Streptococcus pneumoniae
database on January 23, 2023. Thailand had 3,457 isolates (spanning 2000-2014) while South
Africa had 5,336 isolates (spanning 1977-2020) with year of isolation and serotype data available.
Tn916-related ICE designation. To identify the specific Tn916-related ICE in the total isolates
for a given country, the Genome Comparator tool on the PUbMLST Streptococcus pneumoniae
database was utilized. Briefly, an annotated reference sequence composed of Tn2010 (containing
ermB, mefE, mel, tetM, and conjugative genes) was used for comparison to all other isolates’
genomes. For the comparison parameters, 70% minimum percent identity, 50% minimum percent
alignment, 90% core genome threshold, and a 20 BLASTN word size was used while default
options were utilized for the distance matrix calculation. The exported data files with isolate 1D
number and isolate name contained the comparisons with the following designations: the presence

of a gene was denoted by blue and an allele number label, the absence of a gene was denoted by
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black and an “X” mark, and an incomplete gene was denoted by green and an “I”” mark. To identify
the isolates that contained Tn916-related ICEs, the presence of conjugative genes, ftsK, xis, and
int, as well as resistance genes tetM, mefE, mel, and ermB was probed. To designate an isolate as
ICE-containing, resistance genes had to be present as complete or incomplete alleles while
presence or absence of conjugative genes were considered alike. Specifically, isolates with Tn2009
contained tetM and mefE and/or mel, isolates with Tn6002 contained tetM and ermB, and isolates
with Tn2010 contained tetM, ermB, and mefE and/or mel. After ICE designation, there were 751,
945, and 779 ICE-containing isolates in the US, Thailand, and South Africa, respectively. Meta-
data for all Tn916-related ICE-containing isolates was exported from the PubMLST Streptococcus
pneumoniae database, including isolate ID number, isolate name, country of isolation, year of
isolation, date_sampled, serotype, diagnosis, source, erythromycin MICs, tetracycline MICs,
BioProject accession, BioSample accession, and ENA_run_accession. Although not all isolates
had all identifier data available, year of isolation and serotype was ensured.

Categorization of Tn916-related 1CE-containing isolates. S. pneumoniae isolates that were
identified as positive for Tn2009, Tn6002, or Tn2010 were subsequently categorized into distinct
eras based on pneumococcal conjugate vaccine (PCV) introduction in children. In the US, PCV7
was introduced in 2000 while PCV13 was introduced in 20103, so the 751 ICE-containing
isolates were divided into: historic (1916-1994), pre-PCV7 (1995-2000), PCV7 (2001-2010), and
PCV13(2011-2021) eras. In Thailand, PCV7 was introduced in 2007 while PCV13 was introduced
in 20114, so the 945 ICE-containing isolates were separated into: pre-PCV7 (2000-2007) and
post-PCV7/13 (2008-2014) eras. In South Africa, PCV7 was introduced in 2009 while PCV13 was
introduced in 201163, so the 779 ICE-containing isolates were categorized into: pre-PCV7 (1977-

2009) and post-PCV7/13 (2010-2020) eras. Additionally, the ICE-containing isolates in the US
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were further categorized into vaccine versus non-vaccine serotypes, i.e. serotypes in PCV7 (4, 6B,
9V, 14, 18C, 19F, 23F) or PCV13 (PCV7 serotypes plus 1, 3, 5, 6A, 7F, 19A) vaccines versus
serotypes that are not in either vaccine. For non-vaccine serotypes, “inconclusive” in our analyses
encompassed serotypes that were labeled as genetic variants, nontypeable, or inconclusive in the
PubMLST Streptococcus pneumoniae database.
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Figure 1. Tn916-related ICE frequency has increased in US S. pneumoniae isolates. Graph
represents the frequency of Tn916-related ICEs (Tn2009, Tn6002, and Tn2010) in US S.
pneumoniae isolates during the historic (1916-1994), pre-PCV7 (1995-2000), PCV7 (2001-2010),
and PCV13 (2011-2021) eras. The numbers above the bars indicate the total number of US isolates

deposited in the PUbMLST database during those time periods.
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Figure 2. Shift in the distribution of Tn916-related ICEs in the US during pre-PCV7, PCV7,
and PCV13 eras. Frequency of Tn2009 (magenta), Tn6002 (blue), or Tn2010 (orange) were
calculated from total ICE-containing isolates in the PUbMLST database (denoted as n = below the
pie chart) during: (A) pre-PCV7 era, (B) PCV7 era, and (C) PCV13 era. During the historic era
(1916-1994, not shown), there was one US Tn916-related ICE-containing isolate harboring

Tn6002.
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Figure 3. Tn916-related ICE-containing S. pneumoniae isolates from 1916 to 2021 in the US.
Graphs represent the number of ICE-containing isolates for each year of isolation with Tn2009 in
magenta, Tn6002 in blue, and Tn2010 in orange. The four eras are represented as: (A) the historic
era (1916-1994) indicated by the white background and the pre-PCV7 era (1995-2000) indicated
by the gray background, (B) the PCV7 era (2001-2010), and (C) the PCV13 era (2011-2021). The
numbers above the bars indicate the total number of US isolates deposited in the PUbMLST

database during that year.
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Figure 4. Tn916-related ICEs emerged in non-vaccine serotypes after PCV7 and PCV13
introductions in the US. The distribution of PUbMLST Tn916-related ICE-containing isolates
from each period categorized into PCV7 serotypes (teal), six serotypes added to PCV13 (non-
PCV7, dark purple), and non-PCV 13 serotypes (light purple), was analyzed. The numbers above
the bars indicate the total number of ICE-containing isolates in the US during that time period.
During the historic era (1916-1994, not shown), the single Tn6002-containing US isolate that was

isolated in 1983 was of PCV7 vaccine serotype 23F.



117

(1) (25) (20) (2) (@) (2) (200 (1) (0) (1) (U}

A Pre-PCV7 Era B PCV7 Era c PCV13 Era
B Tn2009 (1995-2000) (2001-2010) (2011-2021)
B Tn6002 @
n @ 825 = 20.59
Tn2010 &40 = 14.89 2 40 oo & ICE + = 20.5%
O k- ICE+=148% o 5| ICE+=262% (13 § » (43)
(82) +
Vaccine 5 18
Serotypes G (52)  (198) G 10
X
E
3
H

e o

4 6B 9V 14 18C 19F 23F 4 6B 9V 14 18C 19F 23F 1 3 4 5 6A 6B T7F 9V 14 18C 19A 19F 23F

M

E
ICE+=11.2% ICE + = 22.9% 150 ICE +=27.1%
1 200
£180 12)

(131)

-

2140

© 160

di 120 (1s4)

100

° 80

3 e

E ool (19) 19} 109)(18) (1) (27) [ (120)(44) 36) | 157) (93) musu:tss:

> h“@“o & F S & TP v*g:"' \4"

Non-Vaccine
Serotypes

Number of ICE+ Isolates

\o‘

Figure 5. Serotype-specific analysis for Tn916-related ICE-containing isolates in the US,
1995-2021. Top row (panels A-C) represents vaccine serotypes while bottom row (panels D-F)
represents non-vaccine serotypes. Three time periods are indicated as columns labeled pre-PCV7
era (panels A and D), PCV7 era (panels B and E), and PCV13 era (panels C and F). For these
analyses, vaccine types are defined as serotypes included while non-vaccine types are serotypes
not included in the designated vaccines for the corresponding eras. Tn916-related ICE elements
are categorized as Tn2009 (magenta), Tn6002 (blue), and Tn2010 (orange). (A) PCV7 vaccine
type isolates in pre-PCV7 era (1995-2000), (B) PCV7 vaccine type isolates in PCV7 era (2001-
2010), (C) PCV13 vaccine type isolates in PCV13 era (2011-2021), (D) non-vaccine type isolates
from PCV7 vaccine in pre-PCV7 era, (E) non-vaccine type isolates from PCV7 vaccine in PCV7
era, and (F) non-vaccine type isolates from PCV13 vaccine in PCV13 era. Red underline (panel
F) denotes serotype to be included in PCV15 and green underline (panels D-F) denotes serotypes
to be included in PCV20. The numbers above the bars indicate the total number of isolates in the

US deposited in the PubMLST database for that specific pneumococcal serotype.
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Figure S1. S. pneumoniae isolates carrying Tn916-related ICEs in US, Thailand, and South
Africa during pre-PCV7 and post-PCV7/13 eras. S. pneumoniae isolates from the US (coral),
Thailand (green), and South Africa (light blue) deposited into the PUbMLST database were
analyzed for presence of Tn916-related ICEs and categorized into pre-PCV7 and post-PCV7/13
eras. In the US, PCV7 was licensed in 2000 while PCV13 was licensed in 2010. In Thailand, PCV7
was licensed in 2007 while PCV13 was licensed in 2011. In South Africa, PCV7 was licensed in
2009 while PCV13 was licensed in 2011. Data represents the percent ICE frequency of Tn916-
related ICEs in isolates. The numbers above the bars indicate the total number of isolates in each
country that has been deposited in the PUbMLST database during the pre-PCV7 and post-PCV7/13

eras.
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ABSTRACT

The alarming spread of antimicrobial resistance in Streptococcus pneumoniae is driven by
horizontal gene transfer via transformation of extracellular DNA (eDNA). S. pneumoniae releases
extracellular vesicles (EVs), and EVs have been shown in some bacterial species to be a vehicle
for delivery of transforming DNA. EVs isolated from late-log broth cultures of multiple S.
pneumoniae strains were found to have ~1 to ~17 ng DNA/ug EV protein. This EV DNA encoded
different classes of antimicrobial resistance genes. In vitro transformations of competent
planktonic cells with D395"Aply::ermB EVs and selecting for either point mutation-mediated
streptomycin resistance or ermB-mediated erythromycin resistance yielded recombinants at
frequencies (rFs) of ~10*. Although rFs were ~103 using similar concentrations of purified
genomic DNAs, the differences were not statistically significant. In vitro transformation with
GA71819 DNA carrying the 5.4-kb erythromycin resistance Mega element resulted in a rF of ~
106 but no recombinants were recovered when transformed with GA71819 EVs (rF <10°), which
were isolated at a low yield of 0.89 ng DNA/ug EV protein. DNase I-treated EVs completely lost
transforming ability indicating that EV-associated DNA was surface-exposed and not protected by
the vesicles. S. pneumoniae biofilms on human nasopharyngeal cells enhanced EV-mediated
uptake of D395 Aply::ermB resistance (rF ~10-3) and uptake of larger DNA fragments (GA71819
Mega, rF of ~107). SNP analyses of biofilm EV recombinants revealed homologous
recombination of ~9-26 kb DNA fragments. EV-associated eDNA is likely bound to the EV

surface and may contribute to pneumococcal transformation and horizontal gene transfer.
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IMPORTANCE

Widespread dissemination of antimicrobial resistance in Streptococcus pneumoniae has led to
limitations of treatment options and to treatment failures. Consequently, the World Health
Organization (WHO) recognized S. pneumoniae as a priority pathogen for research and
development of novel therapeutics. S. pneumoniae can form multi-strain biofilms in the human
nasopharynx that enhance exchange of antimicrobial resistance determinants primarily via
transformation. We investigated the role of extracellular vesicles (EVSs) secreted by S. pneumoniae
in disseminating antibiotic resistance determinants. Isolated pneumococcal EVs associated with
surface-exposed extracellular DNA containing antibiotic resistance determinants indeed mediate
transformation of planktonic and biofilm-associated S. pneumoniae. However, EV-mediated
transformation occurred at lower recombination frequencies as compared to free extracellular

DNA.
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INTRODUCTION

The burden of antimicrobial resistance is a leading public health concern worldwide. Estimates
demonstrate that the increasing trends of antimicrobial resistance will result in 10 million deaths
per year by 2050 and lead to a global economic toll of up to $100 trillion ™, Six different bacterial
pathogens caused 4.95 million deaths associated with antimicrobial resistance in 2019, and 1.27
million of these deaths were directly attributed to antimicrobial resistance . Of the six pathogens,
Streptococcus pneumoniae (or pneumococcus) was responsible for ~600,000 deaths associated
with resistance of which 150,000 deaths were directly attributed to antimicrobial resistance®.

S. pneumoniae is a nasopharyngeal colonizer that can cause localized infections, such as otitis
media and pneumonia, or invasive disease, such as bacteremia and meningitis® 4. At-risk
individuals for invasive disease include children (< 2 years of age), the elderly (> 65 years of age),
and the immunocompromised & ©, Beta-lactam treatment for pneumococcal infections first
consisted of penicillin as it became available in the 1940s(. However, a penicillin-resistant S.
pneumoniae strain was isolated in Australia from sputum of a patient in 1967® 9 and penicillin
resistance has subsequently emerged worldwide. The initial treatment for pneumococcal infections
switched to macrolides, which became a first line of therapy for community-acquired pneumonia
and suspected pneumococcal upper respiratory infections@® 1), As with penicillin, the widespread
use of macrolides resulted in increased macrolide resistance during the 1990s(2-16), Due to the rise
of antimicrobial resistance in the species, in 2017, the World Health Organization named S.
pneumoniae a priority pathogen for research and development of novel treatment options®?).

The dominant underlying mechanism for spread of antimicrobial resistance in S. pneumoniae
is horizontal gene transfer via genetic transformation and homologous recombination of

extracellular DNA. However, recently extracellular membrane vesicles (EVs) were discovered to
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be released by S. pneumoniae. Membrane vesicles, or lipid-membrane bound particles, are
secreted by both Gram-negative (known as outer membrane vesicles, OMVs) and Gram-positive
(known as EVs) bacteria 18 19, Though EVs released by Gram-positive organisms were initially
considered unlikely due to the thick cell wall, EVs are now well recognized in Staphylococcus
aureus®), Bacillus anthracis®, Bacillus subtilis®®, Listeria monocytogenes®®, and several
streptococcal species, such as Streptococcus mutans®? and S. pneumoniae®® with potential
mechanisms of release under study(@®). S. pneumoniae secretes significant amounts of EVs that
range from 20-80 nm in diameter during the late-log growth phase(®). Purified pneumococcal EVs
have also been shown to elicit protective immunogenicity in hosts, and thus are considered as
potential vaccine candidates > 27-28), Pneumococcal EVs have been observed to be composed of
short-chain fatty acids and contain S. pneumoniae surface proteins, such as PspA and PspC, as
well as virulence factors, such as the pneumolysin toxin, Ply®. In ruminococci, EVs have been
shown to be a vehicle for delivering transforming DNA to bacterial cells?®, but the role of S.
pneumoniae EVs in the horizontal transfer of pneumococcal DNA, such as antimicrobial resistance
determinants, remains unclear.

In this study, pneumococcal secreted EVs were purified from multiple antibiotic resistant S.
pneumoniae strains and EV-associated DNA content determined. Purified pneumococcal EVs
were evaluated in classic in vitro transformation reactions as well as transformation assays of
biofilms formed on human nasopharyngeal cell monolayers. EV-associated DNA was susceptible
to DNase | treatment. EV-associated DNA transformed both planktonic pneumococci and
pneumococcal biofilms but at lower frequencies than free extracellular DNA. Whole genome
sequencing and SNP variant analyses of recombinant genomes revealed that S. pneumoniae EVs

could transform larger antimicrobial resistance determinants in human nasopharyngeal cell
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biofilms, again highlighting the importance of biofilms for genetic exchange of large DNA
fragments.

RESULTS

S. pneumoniae EV-associated DNA transformed planktonic cells and nasopharyngeal
biofilms but at lower frequencies compared to extracellular DNA.

Membrane-bound vesicles from several bacterial species have been demonstrated to contain
nucleic acids®” 39, S. pneumoniae EVs were purified from spent media of late-log phase broth
cultures by ultracentrifugation®®. The DNA concentrations in EV preparations were determined
by quantitative PCR (gQPCR) reactions targeting the relevant genome-encoded resistance gene and
normalized to EV protein content measured by the bicinchoninic acid (BCA) protein assay (Table
1). First, two EV preparations were isolated from a D395"Aply::ermB strain with an average yield
of 5.24 ng DNA per ug protein targeting ermB. Transmission electron microscopy (TEM) of the
purified EVs showed the presence of membrane-bound vesicles (Fig 1A). Classic in vitro
transformation reactions of planktonic D39 cells using D395"Aply::ermB EVs as the genetic
material and erythromycin (Ery) selection recovered recombinants at a recombination frequency
(rF) of 5.51x104+5.15x10* per ug DNA (Fig 2A). Though not statistically significant (p-value of
0.46), the rF of EV DNA was 2.85-fold lower compared to the rF of 1.57x10-3+2.11x1073 per ug
DNA obtained using equivalent quantities of purified genomic DNA from D395 Aply::ermB (Fig
2A). When selecting for streptomycin (Str) resistance conferred by a point mutation K56T in rpsL
(1 the rFs for EV DNA and free DNA were 7.37x10%+6.20x10* and 2.13x1073+2.17x1073,
respectively (p-value of 0.54) (Fig 2A), again demonstrating a 2.89-fold reduction for EV-

mediated transformation compared to free genomic DNA controls.
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Biofilm formation enhances pneumococcal transformation®?. To determine if the S.
pneumoniae biofilm environment influences EV-mediated transformation, a trimethoprim (Tmp)-
resistant recipient, D39T™P, was inoculated on human nasopharyngeal cell monolayers. Biofilms
were allowed to form over a period of 4 hours in 24-well plates. Following biofilm formation,
complete transformation media containing 100 ng/mL competence stimulating peptide (CSP) was
added along with 100 ng of D395"Aply::ermB EVs. Reactions with 100 ng of genomic DNA were
conducted in parallel as controls. Biofilm transformations were incubated for an additional 4 hours,
and recombinants were selected for dual Ery+Tmp or Str+Tmp resistance. When normalized to pg
DNA, purified DNA controls resulted in rFs of 2.98x10-3+3.14x10* for Ery+Tmp and 3.45x10
3+1.20x103 for Str+Tmp while the biofilm transformation with EVs yielded rFs at 1.53x10-
3+8.95x10 for Ery+Tmp and 1.55x103+7.48x10* for Str+Tmp (Fig 2A). Comparing the EV
versus free DNA transformations resulted in non-significant p-values of 0.16 and 0.20 for
Ery+Tmp and Str+Tmp, respectively. The nasopharyngeal biofilm environment (rF of ~103)
resulted in greater frequency for the uptake of EV-associated DNA from the D39S"Aply::ermB
EVs relative to in vitro conditions (rF of ~104). However, under biofilm conditions, rFs obtained
with EV-associated DNA were still ~2-fold lower compared to their genomic DNA controls.
EV-associated DNA was not protected from DNase | during transformation.

Nucleic acids associated with bacterial vesicles have been reported on the external surface as
well as protected within vesicles®?. We examined the potential localization of DNA associated
with pneumococcal vesicles utilizing DNase | treatment. In the absence of DNase I, EVs and
purified genomic DNA of D395"Aply::ermB transformed D39 at rFs of 5.15x10-4+4.87x10* and
1.06x103+2.78x10°3, respectively, per ug DNA (Fig 2B). However, the addition of DNase | into

transformation reactions eliminated the recovery of recombinants with calculated rFs of <3.45x10-
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"+3.71x107 and <2.42x107+2.00x10° for EV and DNA, respectively (Fig 2B), indicating that the
DNA associated with pneumococcal EVs was not protected or secluded inside S. pneumoniae
vesicles.

S. pneumoniae EVs transformed larger antimicrobial resistance determinants only in
nasopharyngeal biofilms.

With the successful EV-mediated transformation of the Str resistance-conferring point mutation
and the 738-bp ermB gene, we assessed whether larger antimicrobial resistance genetic
determinants can be transferred via EVs. EVs were isolated from a S. pneumoniae clinical isolate
GA71819 carrying a chromosomal 5.4-kb macrolide resistance determinant, Mega-2.11%%)., The EV
yield was 0.89 ng DNA per ug protein based on gPCR quantification of mefE (Table 1) and TEM
imaging confirmed the presence of membrane vesicles (Fig 1B). Selecting for Ery resistance,
GA71819 EVs did not transform planktonic D39 cells (rF <9.17x10°+6.68x10°), whereas
genomic DNA resulted in recombinants at a rF of 2.22x10%+2.67x10" per ug DNA and this
difference was significant (p-value of 0.007) (Fig 3).

Given the evidence for enhanced transformation in pneumococcal biofilms relative to the in
vitro conditions®?, GA71819 EVs were incubated with D39™™P nasopharyngeal biofilms in the
presence of 100 ng/mL synthetic CSP. In contrast to classic in vitro transformation of planktonic
D39 cells (rF <10°?), dual-resistant Ery+Tmp recombinants were recovered with GA71819 EVs at
a rF of 5.93x10°7+7.91x10°" per ug DNA (Fig 3) under the biofilm condition (p-value of 0.33).
Although not statistically significant, this biofilm EV-mediated rF was ~65-fold greater than that
obtained under in vitro conditions (rF <10-), consistent with the notion that biofilm conditions
enhanced uptake of EV-associated DNA. The GA71819 genomic DNA controls of the

nasopharyngeal biofilm transformation resulted in a rF of 3.72x104+5.41x10* per ug DNA (Fig
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3), which was 627-fold higher than the rF achieved with EV-associated DNA. Therefore, EV-
mediated transformation was less efficient than free DNA-facilitated transformation in both in
vitro and nasopharyngeal biofilm conditions, and the difference was more pronounced with the
delivery of the larger Mega-2.11 resistance element (as compared to the data in Fig 2A), suggesting
an interfering effect of EVs on transforming DNA.

S. pneumoniae EV-mediated transformation of human nasopharyngeal biofilms occurred
without exogenously added synthetic competence stimulating peptide (CSP).

Natural competence development of S. pneumoniae strains in a biofilm without exogenously
added synthetic CSP has been shown to result in successful transformation®?. Exogenous CSP
was added in our initial experiments described above, thus we repeated the static biofilm
transformation assays with recipient D39 and equal quantities of D395"Aply::ermB EVs or
genomic DNA in the presence or absence of exogenous CSP. In the presence of CSP, we obtained
a statistically lower Ery+Tmp rF of 4.10x10+2.67x10* per ug DNA for EV transformation
compared to the DNA control (rF of 1.62x10-3+4.17x10* per pg DNA) with a calculated p-value
of 0.01 (Fig 4). When synthetic CSP was omitted, EVs and purified DNA of D39S"Aply::ermB
yielded an Ery+Tmp rF of 2.35x10%+2.82x10* and 4.47x10%+3.73x10*, respectively, per g
DNA (Fig 4). Though in the same order of magnitude, the calculated CSP- rF for Ery+Tmp
recombinants transformed with EV's was 1.90-fold lower than the genomic DNA control. Selection
for Str+Tmp recombinants was also performed for biofilm transformations in CSP+ and CSP-
conditions. In the presence of exogenous CSP, D395"Aply::ermB EVs yielded a Str+Tmp rF of
8.30x104+5.34x10* while the genomic DNA transformed at the 3.17-fold greater rF of 2.63x10
3+1.34x10-* when normalized to pug DNA (Fig 4). Interestingly, for CSP- Str+Tmp recombinants,

EVs transformed at a 1.21-fold greater rF of 5.97x10-4+8.95x10 per ug DNA compared to the
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genomic DNA control (rF of 4.92x10%+5.61x10 per ug DNA), but no statistical significance for
this increased EV rF was demonstrated (Fig 4). Overall, there was no statistically significant
difference between CSP+ and CSP- conditions except for selection of Ery+Tmp recombinants with
DNA transformation where the calculated p-value was 0.02. Thus, natural transformation of EV-
associated DNA in biofilm conditions was demonstrated to occur at similar frequencies to that of
CSP+ conditions, though still at lower frequencies than the parallel free genomic DNA controls
for the most part.

Nasopharyngeal biofilms facilitated transformation of >20 kb integrative and conjugative
element via pneumococcal EVs.

To further evaluate EV influence on transformation of larger DNA fragments encoding
antibiotic resistance, EVs were isolated from a clinical isolate GA16833 that carries the 23.5-kb
Tn2009 integrative and conjugative element (ICE), which harbors a tetracycline resistance gene
tetM as well as macrolide resistance via Mega-1.V. Quantitative PCR determined an average EV
yield of 9.84 ng DNA per ug protein based on tetM quantification from two EV preparations (Table
1), and TEM once again demonstrated membrane particles (Fig 1C). We have previously reported
that genomic DNA of GA16833 failed to transform D39 competent cells with Tet resistance by
classic in vitro transformation assays®4. Similarly, no Tet-resistant recombinants were recovered
with GA16833 EVs using in vitro transformation assays (rF <3.15x10-%+3.62x10). However,
when examining GA16833 EVs under biofilm transformation conditions (both CSP+ and CSP-),
we recovered a single Tet-resistant recombinant in the absence of synthetic CSP, resulting in a rF
of 1.52x107 per ug DNA.

Large EV-associated DNA fragments incorporated into recipient genomes by homologous

recombination.
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Four D39 recombinants from independent biological replicates of the biofilm transformation
assays with GA71819 EVs were characterized with whole genome sequencing (WGS) analyses.
Since the recombinants were recovered from a single-strain biofilm of D39™" and the EV
preparations were free of bacteria, unsurprisingly all recombinants were of sequence type 595 of
the D39™™ recipient determined by multi-locus sequence typing (MLST)®, There was no capsule
switching as the capsule locus of the four recombinants was the serotype 2 of D39™™. The single
Tet+Tmp D39 recombinant that arose from the biofilm transformation with GA16833 EVs under
a CSP- condition also had a sequence type of 595 and a serotype 2 capsule.

To probe the junctions of S. pneumoniae EV transformation, single nucleotide polymorphism
(SNP) variant analyses and sequence alignments were performed for each recombinant to estimate
the integrated donor fragment sizes. Recombined fragments were identified by a collection of
consecutive donor-specific SNPs flanked by recipient sequence and the outermost 5’ and 3” donor
SNPs were used to determine the minimum length of the donor fragment. Donor DNA fragments
were integrated into the recombinant genomes at the same locus as that of the donor GA71819,
which is within a DNA-methyladenine glycosidase gene (SP_0180, TIGR4 annotation) on
fragment sizes of ~11.2, ~13.0, ~15.1, and ~9.14 kb and contained the intact Mega-2.1l element
(Table 2). The single Tet-resistant D39™P recombinant recovered from GA16833 EV biofilm
transformation contained an intact 23.5-kb Tn2009 ICE on a large donor DNA fragment of ~25.7
kb (Table 2). Thus, pneumococcal EVs transformed biofilms with DNA ranging from ~9 kb to
~26 kb in length. Moreover, the simultaneous co-transformation of distant DNA fragments into
the same cell, known as congression, has been described in S. pneumoniae ©%. SNP variant

analyses of all five EV-mediated recombinants also demonstrated other recombination events at
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various genomic loci. The different lengths of incorporated donor DNA supported a homologous
recombination mechanism for integration of DNA delivered by S. pneumoniae EVs.
DISCUSSION

The widespread dissemination of antimicrobial resistance in S. pneumoniae remains a global
public health concern despite the sequential introductions of highly effective pneumococcal
conjugate vaccines. While the horizontal genetic exchange of antimicrobial resistance
determinants is accredited to multiple mechanisms®738), transformation of free extracellular DNA,
is the major way of shaping genomic evolution in S. pneumoniae. EVs have been shown to be
released during pneumococcal planktonic and biofilm growth®9, Bacterial vesicles have also been
demonstrated to readily associate with extracellular DNA®9, The role of extracellular vesicles as
a potential means for DNA delivery for S. pneumoniae transformation was investigated in this
study.

Various types of nucleic acids are associated with vesicles secreted by both Gram-positive and
Gram-negative bacteria, such as chromosomal DNA, plasmid DNA, rRNA, mRNA, and tRNAG?),
Domenech et al. showed that detectable concentrations of DNA were associated with planktonic
culture-derived and biofilm-derived pneumococcal EVs isolated during late-log phase®. In our
studies, we also demonstrated that EVs isolated from several S. pneumoniae strains contained
DNA, ranging from ~1 to ~17 ng DNA per ug protein. The DNA associated with pneumococcal
EVs was confirmed to harbor the antimicrobial resistance determinants ermB, mefE, or tetM(0.41),
Previously, Kleive et al.?® found that EVs isolated from Gram-positive ruminococci can rescue a
mutant phenotype via transformation. The potential and efficiency for pneumococcal EVs in the

transformation of antimicrobial resistance determinants were probed in this study.
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We performed classic in vitro transformations of planktonic pneumococcal cells using EVs as
the transforming genetic material. EVs of D395"Aply::ermB were capable of transforming D39 to
be Ery- (mediated by ermB) or Str- (mediated by rpsL/K56T) resistant at rFs of ~10-4, which was
lower but not statistically different from control reactions using free genomic DNA at rFs of ~10
3, Similar trends were observed when utilizing EVs or genomic DNA of the 5.4-kb Mega-2.11-
containing GA71819 strain for in vitro transformation. No recovery of Ery recombinants occurred
with EVs (rF <10-°) whereas genomic DNA readily transformed Mega-mediated Ery resistance at
arF of ~10°. Thus, EV-mediated transformation of planktonic pneumococci results in acquisition
of antibiotic resistance determinants conferred by point mutations (Str) or by a 738-bp gene
(ermB), but larger determinants (>5 kb) were not transformed. DNA uptake of antimicrobial
resistance determinants mediated by EVs occurred at lower frequencies than free genomic DNA,
implying a modulation impact of EVs in natural transformation. This interference of pneumococcal
EVs to transformation could be due to the DNA-retaining characteristics that have been shown by
other bacterial vesicles, such as with Pseudomonas aeruginosa 9. The interaction of DNA with
vesicles may prevent the type IV pilus of pneumococci from disassociating DNA from vesicles to
allow for efficient DNA uptake as compared to free extracellular DNA fragments that can be
readily bound by the pilus.

Our data demonstrated that pneumococcal EV-associated DNA was not protected from DNase
| digestion, which was also shown by Domenech et al.®%. Given the late-log phase isolation of
pneumococcal EVs in our experiments, autolysis that is typically induced in stationary phase,
would not have contributed significantly as the source of EV-associated DNA. However, release
of extracellular DNA during active growth has been shown in pneumococci ?4, even with the

absence of three main autolytic enzymes, LytA, LytC, and CbpD®?. Moreover, induction of
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competence during log-phase growth can lead to fratricide, the lysis of a sub-population of non-
competent pneumococcal cells, and thus DNA release 2, If these independently released DNA
fragments are the major source of DNA that associates with the external surface of pneumococcal
EVs, it would be consistent with our results with the lack of recombinants upon treating
pneumococcal EVs with DNase I.

Marks et al. found that horizontal genetic exchange in S. pneumoniae is more efficient in highly
structured dual-strain biofilms formed on fixed epithelial cells over 72 hours. Exchange of genetic
material and dual-resistant transformants were recovered at high frequencies ©2 43, The close cell-
to-cell contact provided by biofilms is proposed to facilitate transformation of larger DNA
fragments 34 36), Using a static D397 biofilm formed on fixed human nasopharyngeal cells
during a 4-hour incubation at 34°C, we explored EV-mediated biofilm transformation of antibiotic
resistance determinants and indeed obtained rFs that were greater than classic in vitro reactions.
The size of the determinants appeared to have an influence on the rF difference between the two
DNA sources: EVs or purified, genomic DNA. Under biofilm conditions, transfer of the 738-bp
ermB via EVs was ~2-fold lower than the equivalent genomic DNA controls while the difference
between EV and free DNA was ~1000-fold for the 5.4-kb Mega-2.11 element at rFs of ~10-7 versus
~104, respectively. Therefore, the interfering effect of EVs on transformation was more evident
when transforming larger DNA fragments. Together, these data further support that a biofilm
environment indeed facilitates transfer of larger antimicrobial resistance determinants supplied as
either EV-associated or free DNA, but that EV-associated DNA remains less optimal compared to
free DNA.

While a prerequisite for in vitro transformation, the presence or absence of synthetic CSP did

not influence the efficiency of EV-mediated transformation under biofilm conditions, consistent
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with the report by Marks et al. that used genomic DNA as the transforming material®?. Overall,
between CSP+ and CSP- conditions, there was no statistical difference in frequency of EV
transformation. Moreover, the single Tn2009-containing recombinant recovered using GA16833
EVs occurred in the biofilm transformation in the absence of exogenous CSP addition. Thus, EV-
mediated transformation can also naturally ensue without synthetic CSP addition in biofilms
formed in the human nasopharynx.

Whole genome sequencing of four independent recombinants derived from the GA71819 EV
biofilm transformation confirmed the insertion of an intact 5.4-kb Mega-2.11 element at the
expected genomic locus. SNP variant analyses and genome alignments estimated the minimum
size of Mega-containing recombined donor fragments to be ~9 to ~15 kb in size. For the single
Tn2009 recombinant derived with GA16833 EVs, a donor DNA fragment of ~26 kb containing
the entire Tn2009 ICE element was identified. These recombined fragments were much larger than
what is typically observed in S. pneumoniae transformation via in vitro conditions using purified
DNA, which is generally ~2-6 kb DNA fragments(*+-46). Overall, homologous recombination of
large DNA fragments ranging from ~9 kb to ~26 kb was observed with DNA supplied by
pneumococcal EVs, confirming that pneumococcal EVs can harbor large (>20 kb) DNA fragments
carrying antimicrobial resistance determinants.

In conclusion, extracellular vesicle associated DNA of S. pneumoniae transforms but possibly
at lower frequencies than free DNA both in in vitro planktonic cells and nasopharyngeal biofilms,
suggesting modulation by pneumococcal EVs of DNA transformation. The nasopharyngeal
biofilm environment was necessary for the EV-mediated transformation of large antimicrobial

resistance determinants (>5 kb) and biofilm transformation occurred without the addition of
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synthetic CSP. Integration of very large donor DNA fragments (~9 to ~26 kb) supplied by S.
pneumoniae EVs occurred in biofilms by homologous recombination.

MATERIALS AND METHODS

Bacterial strains and antibiotics. Strains of S. pneumoniae used for this study are listed in Table
S1. All S. pneumoniae strains were grown on blood agar plates or with Todd Hewitt broth with
yeast extract (THY broth) and grown at 37°C with 5% CO2. The following antibiotics were used
for selection where indicated: tetracycline (1 pg/mL), streptomycin (220 pg/mL), erythromycin
(0.5 pg/mL), and trimethoprim (14 pg/mL). All antibiotics were bought from Millipore-Sigma
(Saint Louis, MO).

Isolation of extracellular vesicles (EVs). Primary cultures of 1 L or 2 L of S. pneumoniae were
grown in THY to late-log phase (ODsoo 0.6-0.8). Broth cultures were spun down in a Beckman
Coulter high-speed centrifuge at 17,000 rcf for 30 minutes at 4°C. Supernatants were then passed
through 0.45 um pore filters and concentrated using the Centricon Plus 70 filter with a 100 kDa
cut-off per manufacturer’s instructions. Concentrated supernatants were ultracentrifuged at
100,000 rcf for 1.5 hours at 4°C to recover EV pellets, which were then resuspended in 200 pL of
molecular grade water or 1X DPBS. Pellets were stored at -20°C for future use.

Quantification of EV protein. Protein content was quantified using the Thermo Fisher Scientific
Pierce BCA Protein Assay kit (Waltham, MA) per manufacturer’s instructions. Briefly, 1, 2, and
5 uL of EV samples were diluted in 24, 23, or 20 pL of 1X DPBS or molecular grade water and
mixed with 200 pL of BCA (bicinchoninic acid) working reagent. Tested alongside a bovine serum
albumin standard curve, the microplates were incubated at 37°C for 30 minutes in the dark and

then read at ODse2.
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Quantification of antibiotic resistance gene DNA concentration. Quantitative PCR was
performed for determining the copy number of antibiotic resistance genes that were present in the
strain from which EV's were isolated using the Bio-rad iQ SYBR Green Supermix (Hercules, CA).
Primers utilized are listed in Table S2. Five-fold dilutions of EV samples were tested alongside a
standard curve using genomic DNA from the corresponding S. pneumoniae strains, which was
composed of the following genome equivalents: 8.58x108, 8.58x10° 8.58x10% 8.58x10%
8.58x107, 8.58x10%, 4.29x10%, 4.29. Utilizing a Bio-Rad CFX96 Touch real-time PCR machine
(Hercules, CA), the following cycle conditions were used: 1 cycle at 95°C for 3 minutes as well as
40 cycles at 95°C for 15 seconds, 57 °C or 60°C for 15 seconds, and 72°C for 30 seconds.
Considering the size of the S. pneumoniae genome (~2.15 Mbp), antibiotic resistance gene copy
number, and the mass per single copy of the gene, DNA concentration for each antibiotic resistance
gene was determined.

Transmission electron microscopy (TEM). S. pneumoniae EV preparations were submitted to
the Emory University Integrated Electron Microscopy Core to be imaged. Briefly, CFlat-400-Cu
grids were glow-discharged for 30 seconds on a PELCO EasyGlow prior to applying the samples
to the grids. After blotting away excess solution from the grids, 0.75% uranyl formate was added
to the grids for imaging via negative staining and then the grids were air-dried for 5 minutes at
room temperature. Imaging was conducted on a Thermo Fisher Scientific 120 kV Talos L120C
transmission electron microscope. Images were collected using a BM-Ceta camera at a calibrated
magnification of 57,000X, yielding a pixel size of 2.52 A on the object scale.

DNA extraction. DNA was extracted from overnight (14- to 16-hour incubation) plate cultures of
S. pneumoniae strains. Briefly, a lysis buffer containing 100 pL of TE Buffer (10 mM Tris, 1 mM

EDTA, pH 8.0), 40 mg/mL of lysozyme, and 75 U/mL of mutanolysin, was added to each of the
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samples and incubated for one hour at 37°C. Two hundred microliters of Qiagen Buffer AL and
20 pL of Qiagen Proteinase K were added and samples were incubated for another 30 minutes at
56°C. DNA was extracted using the Qiagen QlAamp DNA Mini Kit (Valencia, CA) per
manufacturer’s instructions. DNA was eluted in 40 pL of molecular grade water and frozen in -
20°C for future use.

In vitro transformation assay. Competent cells of S. pneumoniae strains were generated using
standard methods?). Using an overnight plate culture, primary cultures were inoculated and grown
to grown to ODeoo of 0.6-0.7, which were then used to inoculate secondary cultures that were
grown to ODeoo of 0.35-0.45 (mid-log phase). Transformation reactions were set up with complete
transformation media (CTM)“") containing 100 ng/mL CSP1 (competence stimulating peptide),
and 100 ng or 500 ng of transforming genetic material (EVs or DNA) in 300 uL total reaction
volumes. CSP1 peptide was synthesized at GenScript (Piscataway, NJ). Where indicated, 10
png/mL of DNase | was added to the transformation reactions. Reactions were incubated at 37°C
with 5% CO:2 for 2-4 hours and recombination frequencies were calculated as number of
recombinants divided by total population of S. pneumoniae and normalized to pg of transforming
DNA.

Cell culture. Detroit 562 human pharyngeal cells (ATCC CCL-138) were cultured using 1X
minimum essential medium (1X MEM) augmented with 10% fetal bovine serum, 1% 100X non-
essential amino acids, 1% 200 mM L-glutamine, 1% 1 M HEPES buffer, and 1% 10,000 U/mL
penicillin-streptomycin. For passaging of cells, 0.25% 1 mM trypsin-EDTA was used to detach
the cells. The cells were resuspended in cell culture medium and maintained in a sterile incubator
at 37°C with 5% CO:a. Cell culture media and components were purchased from Life Technologies,

Gibco (Gaithersburg, MD).
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Nasopharyngeal cell biofilm transformation assay. Confluent monolayers of Detroit 562
pharyngeal cells were grown in each well of a 24-well plate. At the start of each experiment, the
cell monolayers were fixed with 4% paraformaldehyde for 10 minutes at room temperature and
washed three times with 1X DPBS. The cells were inoculated with an S. pneumoniae recipient
strain at a starting ODeoo of 0.1 (10° CFU) in 1X MEM supplemented with 5% FBS, 1% non-
essential amino acids, 1% L-glutamine, 1% HEPES buffer, and 4.3% NaHCOs and then were
statically incubated for 4 hours at 34°C to allow biofilm formation. Following biofilm growth,
CTM components were added: 20% bovine serum albumin, 1 mM CaClz, 100 ng/mL CSP1 as
well as 100 ng of EVs or purified DNA. Where indicated, CSP1 addition was omitted. An
additional four hours of static incubation at 34°C allowed for transformation reactions to occur.
Following the transformation incubation period, the single-strain biofilms formed on the Detroit
562 cells were sonicated for 20 seconds in a Branson ultrasonic water bath (Danbury, CT). The
bacteria were suspended by extensive pipetting and vortexing and serial dilutions in 1X DPBS
were performed. Recombinants were selected on dual antibiotic blood agar plates with
concentrations noted previously while the total S. pneumoniae population was determined by
plating serial dilutions on non-selective blood agar plates. Recombination frequencies were
calculated the same as in vitro transformation assays.

Whole genome sequencing and variant analysis. Genomic DNA from recombinants was
purified utilizing the Qiagen Ql1Aamp DNA Mini Kit. DNA samples were submitted to SeqCenter
(Pittsburgh, PA) for whole genome sequencing. Briefly, libraries were prepared with the Illumina
DNA Prep kit as well as Integrated DNA Technologies 10 bp UDI indices (unique dual indices)
and sequenced with the Illumina NextSeq 2000 platform to produce 2x151 bp reads. The paired

end read data was further trimmed using Trim Galore to discard adaptor sequences®®). Assembly



151

and annotation of the paired end read data was performed on the PATRIC Bacterial and Viral
Bioinformatics Resource Center. To determine the sizes of recombined donor fragments, the
antimicrobial resistance determinant and its insertion site were first identified in the recombinants
and EV donor strain. Flanking sequences to the junctions of the antimicrobial resistance
determinant or insertion site were aligned using the DNAStar MegAlign Pro program. A clustering
of consecutive donor SNPs flanked by recipient sequence was considered as a recombination block
and the outermost 5’ and 3’ donor SNPs were used to estimate the minimal length of the
recombined donor DNA fragment. For single nucleotide polymorphism (SNP) variant analyses,
the paired end reads from the D39™™" recipient were first mapped onto the closed genome of the
reference S. pneumoniae strain D39 (NC_008533.2) using the DNAStar NGen program. SNPs
present in D39™™P were identified relative to the reference D39 and discounted from the reference-
guided assemblies of the EV-mediated biofilm recombinants. The remaining SNPs from the
biofilm recombinant assemblies were those introduced by the donor strain. Recombination blocks
were identified by calculating the distance from one donor SNP to the next. If the distance between
two consecutive SNPs was greater than 1 kb, then it was considered as a separate recombination
block.

Statistical analysis. Recombination frequencies were analyzed using two-tailed t-tests (with equal
or unequal variances) on Microsoft Excel's Data Analysis Toolpak.

Data Availability. The research findings of this study are composed of data included within the
research article and in the supplemental material.
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FIGURES AND TABLES

A  D395"Aply::ermB B GA71819 (Mega-2.IIE") C GA16833 (Tn2009™!EY)

Figure 1. Transmission electron microscopy (TEM) images of S. pneumoniae extracellular
vesicles. TEM was performed on EV preparations isolated at late-log phase from S. pneumoniae
strains: (A) D39%"Aply::ermB, (B) GA71819 (containing Mega-2.11), and (C) GA16833

(containing Tn2009).
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Figure 2. S. pneumoniae extracellular vesicles transform externally associated DNA into
planktonic cells or pneumococcal biofilms at reduced frequencies compared to genomic DNA
transformation. (A) In vitro transformations of wildtype planktonic D39 cells (37°C) or
nasopharyngeal biofilm transformations of D39™™ (34°C) were performed using 100 ng/mL
competence stimulating peptide and equivalent quantities of D395"Aply::ermB extracellular
vesicles (light purple) or genomic DNA (magenta). No statistical significance was found between
EV (light purple) and DNA (magenta) samples or in in vitro versus biofilm conditions as
demonstrated by two-tailed t-tests (p-value > 0.05). (B) In vitro transformations were carried out
as previously described in the presence or absence of 10 ug/mL DNase I. Statistical significance
for genomic DNA transformations in DNase | —and + conditions was demonstrated with a p-value
of 0.003. Invitro recombinants were selected on single antibiotics erythromycin [Ery, (solid bars)]
or streptomycin [Str, (hatched bars)] while biofilm recombinants were selected on dual antibiotics
Ery+Tmp (solid bars) or Str+Tmp (hatched bars) and recombination frequencies (rF) were

calculated and normalized to micrograms of DNA used to transform.
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Figure 3. EV-mediated transformation of larger antimicrobial resistance determinant occurs
in pneumococcal biofilms as opposed to planktonic cells though at reduced frequencies
compared to genomic DNA transformation. In vitro transformations of wildtype planktonic D39
cells (37°C) or nasopharyngeal biofilm transformations of D39™™" (34°C) were performed using
100 ng/mL competence stimulating peptide and equivalent quantities of Mega-2.1l-containing
GA71819 extracellular vesicles (teal) or genomic DNA (dark purple). In vitro recombinants were
selected on Ery while biofilm recombinants were selected on Ery+Tmp and recombination
frequencies (rF) were calculated and normalized to micrograms of DNA used to transform. No
statistical significance was found between EV (teal) and DNA (dark purple) samples in the biofilm
condition as well as for in vitro versus biofilm conditions as demonstrated via two-tailed t-tests (p-
value > 0.05). Statistical significance was demonstrated between EV (teal) and DNA (dark purple)

samples in in vitro transformation conditions with a p-value of 0.007.
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Figure 4. EV-mediated transformation of pneumococcal biofilms occurs in presence or

absence of synthetic competence stimulating peptide. Nasopharyngeal biofilm transformations

of D39™™ (34°C) were performed using equivalent quantities of D395"Aply::ermB extracellular

vesicles (light purple) or genomic DNA (magenta) in the presence (CSP +) or absence (CSP -) of

cognate competence stimulating peptide. Recombination frequencies were calculated and

normalized to micrograms of DNA used to transform for dual-resistant recombinants selected on

Ery+Tmp (solid bars) or Str+Tmp (hatched bars). Statistical significance was found between EV

(light purple) and DNA (magenta) samples in CSP + conditions for Ery+Tmp recombinants (solid

bars) with a calculated p-value of 0.01 (two-tailed t-test). Statistical significance was found

between CSP + and CSP — conditions for Ery+Tmp recombinants transformed with genomic DNA

(solid magenta bars) with a calculated p-value of 0.02 (two-tailed t-test).
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Table 1. Quantification of S. pneumoniae extracellular vesicle (EV) protein and DNA content.

EVs from S. pneumoniae
strain

Resistance gene
quantified by gPCR

DNA concentration per ug
protein (ng/ug EV protein)

D39S"Aply::ermB ermB 5.88, 4.60
GA71819 (Mega-2.11) mefE 0.89
GA16833 (Tn2009) tetM 2.37,17.3

Table 2. Integration of donor DNA fragments delivered by S. pneumoniae extracellular vesicles

occurs via homologous recombination.

Donor EVs Recipient Recombinant Slzgszgctgﬂited

(MLST) (MLST) (MLST) Fragment (bp)
GA71819 D39 Tmp Ery+Tmprec 1 11.199
(ST 338) (ST 595) (ST 595) '
GA71819 D39 Tmp Ery+Tmp rec 2 13.036
(ST 338) (ST 595) (ST 595) ’
GA71819 D39 Tmp Ery+Tmprec 3 15.093
(ST 338) (ST 595) (ST 595) '
GA71819 D39 Tmp Ery+Tmp rec 4 9.135

(ST 338) (ST 595) (ST 595) '
GA16833 D39 Tmp Tet+Tmp 25 608
(ST 236) (ST 595) (ST 595) ’




SUPPLEMENTAL TABLES

Table S1. Strains used in this study.

Bacterial Strain Description, Relevant Genotype and Reference or
Phenotype Source
WT D39 Avery strain, serotype 2 (49)
D39Aply — ply coding sequence deleted and
D39Aply::ermBSt" | replaced with ermB gene (Ery resistant) and also (50)
has K56T point mutation in rpsL (Str resistant)
Serotype 23A isolate from Georgia Emerging
GA71819 Infections Program with Mega-2.11, which (33)
harbors mefE/mel (macrolide resistance)
Serotype 19F isolate from Georgia Emerging
Infections Program with Tn2009, which harbors
GA16833 _ _ (41)
tetM (tetracycline resistance) and mefE/mel on
Mega-1.V (macrolide resistance)
WT D39 transformed with genomic DNA
WT D39Tmp containing 1100L point mutation in folA, making This study
it Tmp resistant
Table S2. Primers used in this study.
Primer Name Primer Sequence 5> — 3’ Reference or Source
Quantitative PCR
ermB_gF1 TTTTGAAAGCCGTGCGTCTG (34)
ermB_gR1 CATCTGTGGTATGGCGGGTA (34)
gmef_F3 GTATTCCCGAAACGGCTAAACTG (33)
gmef_R3 TGGAACGCCTGTGCATATTTC (33)
tetM_qgF1 AGGAAGCGTGGACAAAGGTA (34)
tetM_gR1 GAGTTTGTGCTTGTACGCCA (34)
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Chapter 5: Conclusions and future directions
I. Antibiotic resistance in S. pneumoniae

Streptococcus pneumoniae (or pneumococcus) colonizes the human nasopharynx generally as
a commensal where exchange of genetic determinants can occur® 2, However, S. pneumoniae can
become an opportunistic pathogen and spread to other local sites, causing non-invasive infections,
such as acute otitis media and non-bacteremic pneumonia® 4, or invade the bloodstream and
access other sterile sites leading to life-threatening diseases, such as bacteremia or meningitis®.
In 2015, there were approximately 9.2 million cases of pneumococcal disease® while, in 2019,
there were 600,000 deaths due to pneumococcal infections of which 150,000 were directly
attributed to antimicrobial resistance(®. The primary antibiotic treatment for S. pneumoniae upper
respiratory infections include macrolides(” and with the increased prescription and use of these
drugs, macrolide-resistant pneumococci emerged worldwide during the 1990s @19, Increased
antibiotic resistance in S. pneumoniae continues to be a global public health concern due to the
lack of alternative treatment options for pneumococcal infections.
I1. Efficient horizontal exchange of S. pneumoniae Tn916-related ICEs

In S. pneumoniae, Tn916-related integrative and conjugative elements (ICEs), which confer
both tetracycline and macrolide resistance, contribute to the widespread presence of macrolide
resistanceV). As the term “integrative and conjugative element” implies, these are mobile genetic
elements integrated in a donor chromosome that normally transfer to a recipient via conjugation®?),
The prototype of this family of ICEs is Tn916, which has been extensively shown to move by a
conjugation apparatus that is upregulated by tetracycline®® 14, In S. pneumoniae, Tn916-related

ICEs include: Tn2009 with the macrolide efflux genetic assembly (Mega) element inserted in orf6
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of Tn9161%), Tn6002 with the ermB gene integrated in orf20 of Tn9161%), and Tn2010 with both
orf6::Mega and orf20::ermB in Tn916(").

As shown in Chapter 2, the conjugative genes found on pneumococcal Tn2009, Tn6002, and
Tn2010 contain >99% sequence identity to those of prototype Tn916. However, we demonstrated
that conjugation was not the major mechanism responsible for transfer of these Tn916-related ICEs
in S. pneumoniae. Under planktonic and nasopharyngeal biofilm conditions, we found limited ICE
conjugative gene expression, absence of prerequisite circular intermediates, and no effect on ICE
transfer frequency with deletion of a critical conjugative gene in the donor strain. However, another
major mechanism of horizontal dissemination of genetic determinants is transformation via uptake
of extracellular DNA. We provided evidence that highly efficient ICE transfer in dual-strain
pneumococcal nasopharyngeal biofilms occurred via transformation and confirmed that these ICE
elements integrated through homologous recombination of large donor DNA fragments.

Genomic analyses had demonstrated the widespread presence of Tn916-related ICEs in S.
pneumoniae. Wyres et al. analyzed 38 S. pneumoniae genomes for the presence of tetM, ermB,
mefE, and int and found that two strains from 1967 and 1968 contain Tn916-related ICE
elements®®. Another genomic analysis of 240 pneumococcal isolates of the PMEN1 lineage
collected between 1984-2008 showed the presence of several Tn916-related ICEs harboring the
ermB-containing Omega element, ermB-containing Tn917 element, and Mega element, all
integrated in Tn916(%), Seventy-five recent serotype 12F S. pneumoniae isolates in Japan were
also analyzed using the reference Tn916 sequence from Enterococcus faecalis®?. These studies
solely analyzed pneumococcal genomes for the presence of Tn916-related ICEs but did not

examine how these ICEs were disseminating. Our studies provided insight on the molecular
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mechanism for the efficient horizontal transfer of Tn916-related ICEs among S. pneumoniae in in
vitro nasopharyngeal biofilms(®Y,

We utilized a continuous flow bioreactor system where a donor-recipient, dual-strain
pneumococcal biofilm formed on a confluent monolayer of nasopharyngeal Detroit 562 cells(?)
and compared it to classic in vitro transformation reactions that comprised of planktonic recipient
S. pneumoniae, synthetic competence stimulating peptide (CSP), and exogenous DNA®3, While
the bioreactor system is an environment that better mimics pneumococcal colonization of the
human nasopharynx compared to the classic transformation reaction, this experimental setup is
still considered to be in vitro. Future research would optimize the experimental conditions in even
more relevant settings.

Instead of immortalized cell lines, primary human cells isolated directly from human tissue
could be utilized in the bioreactor, which would preserve many of the properties seen in vivo.
Marks et al. imaged multi-layer pneumococcal biofilms formed on live primary human
tracheobronchial epithelial cells over a 24-hour period where an extracellular matrix and bacterial
interconnections were also observed®), Compared to mucoepidermoid bronchial carcinoma cells,
the primary tracheobronchial epithelial cells that maintain a host immune response, served as a
better model to image mature biofilms as the carcinoma cells were quickly killed with
pneumococcal inoculation®. While tracheobronchial epithelial cells form a part of the lower
respiratory tract, primary human nasal epithelial cells found in the upper respiratory tract are also
commercially available and could be utilized for future biofilm studies. Although Chun et al. did
not explicitly state that they investigated S. pneumoniae biofilms, they studied the binding affinity
of pneumococcal capsular polysaccharides to primary human nasal epithelial cells?®. They found

that pneumococcal colonization was tolerated by these human nasal primary cells for up to 24
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hours and even up to 168 hours with daily medium changes as well as that S. pneumoniae remained
viable for at least 48 hours after inoculation of these primary cells?®. Thus, ex vivo primary
respiratory epithelial cells are a future option to determine frequencies for exchange of antibiotic
resistance determinants in dual-strain pneumococcal biofilms.

Animal colonization models could simulate infection and biofilm formation in the presence of
an intact mammalian immune system. For instance, Marks et al. utilized six-week-old BALB/cByJ
mice for co-colonization and sequential co-colonization of the nasopharynges with two S.
pneumoniae strains harboring penicillin-binding protein-mediated penicillin resistance and ermB-
conferring erythromycin resistance and found that exchange of resistance markers occurred at
frequencies of ~10-2(?6), Although this murine nasopharyngeal colonization model showed robust
exchange of antibiotic resistance determinants between pneumococcal strains, S. pneumoniae is
strictly a human colonizer and thus, the applicability of the observations in mice to humans remains
a concern. Other concerns to using murine animal models include the forced inoculation of lab
mice via syringe compared to natural inhalation of S. pneumoniae for human colonization®”, the
increased bacterial density required to establish colonization in mice versus humans®’. 28),
potentially distinct immune responses to pneumococcal colonization in mice compared to
humans®@”), and the artificial environments of laboratory mice versus day-to-day environments that
humans engage in with microbe contact. Nonetheless, in vivo animal models could provide
additional insights to validate the in vitro bioreactor observations.

The bioreactor biofilm model demonstrated nearly an ~1,000-fold improvement in the transfer
of >20 kb Tn916-related ICEs from donor to recipient S. pneumoniae with frequencies (rF) of ~10
“relative to the in vitro transformation conditions (rF <107). The molecular mechanism for this

enhanced frequency of large DNA fragment transfer in the nasopharyngeal bioreactor biofilm
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remains undefined and warrants future investigation. Biofilms are enclosed bacterial communities
that are shielded by an extracellular matrix®, allowing for close contact between donors and naive
recipients as well as for the accumulation of DNA in local concentrations for enhanced uptake. To
probe the importance for an enclosed bacterial community for enhanced transfer of large DNA
fragments, imaging experiments of the dual-strain bioreactor biofilms with the donor and recipient
tagged with specific fluorescent proteins and a fluorescently labeled ICE element could be utilized
to better understand spatial and temporal patterns for localization, movement, and uptake of DNA
fragments.
I11. US distribution of S. pneumoniae Tn916-related 1CEs pre- and post-PCV introductions

The efficient dissemination (rFs of ~10-4) of Tn916-related ICEs between S. pneumoniae strains
in nasopharyngeal biofilms prompted us to investigate the evolution of ICEs conferring macrolide
resistance among the US S. pneumoniae population. With the upsurge of beta-lactam resistance in
the late 1980s, primary treatment transitioned to macrolide antibiotics for upper respiratory
infections and community-acquired pneumonia(. The rise in prescription and use of macrolides,
such as the semi-synthetic azithromycin and clarithromycin, led to the emergence of macrolide-
resistant S. pneumoniae in the 1990s® 9 30. 3D Introductions of the pneumococcal conjugate
vaccines PCV7 and PCV13 in 2000 and 2010, respectively, in the US were effective in reducing
serotype-specific carriage and invasive pneumococcal disease but were also associated with
increases in non-vaccine serotypes (32-34),

In Chapter 3, we investigated the contribution of Tn916-related ICEs to the increase in
macrolide resistance observed in the US as well as the influence of PCV introductions on the
spread of these ICE elements in the US pneumococcal population. A collection of 4,560 US

isolates from 1916 to 2021 in the PubMLST Streptococcus pneumoniae database®® was
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categorized into distinct time periods: historic (1916-1994), pre-PCV7 (1995-2000), PCV7 (2001-
2010) and PCV13 (2011-2021). Out of the total 4,560 US isolates, 751 contained one of three
ICEs, Tn2009, Tn6002, or Tn2010. We observed an increase in frequency of Tn916-related ICEs
in US isolates over time from 1.52% to 21.9%. The major mechanism for macrolide resistance in
North America during the 1990s and early 2000s was efflux mediated by the mefE/mel genes
encoded on Mega® 3. 37, While this was confirmed in our analysis for macrolide resistance
conferred by Tn916-related ICEs, we also found that the predominant mechanism for Tn916-
related ICE macrolide resistance switched to ermB-conferring ribosomal methylation by the late
2000s and 2010s. In addition, the study found that while PCV introductions markedly decreased
Tn916-related ICE-containing vaccine serotype isolates, an increase in ICE frequency associated
with non-vaccine serotypes was detected. Non-vaccine serotypes 15A and 23A with Tn916-related
ICEs were increasingly found by the 2010s (PCV13 era) but they are not included in the current
PCV15 nor PCV20 vaccines licensed in the US for use in children in 2022 and 2023, respectively,
as well as in adults in 2021. Our studies contribute to the understanding of macrolide resistance
conferred by Tn916-related ICEs in the US and can potentially be considered in future PCV
formulations.

The use of the PubMLST Streptococcus pneumoniae database for analyzing epidemiological
changes has limitations due to the potential bias associated with deposits of isolates that are not of
population-based surveillance. As described in Chapter 3, some years had more isolates deposited
than others and these data came from several large studies conducted by Azarian et al.C®),
Gladstone et al.®?), van Tonder et al.“*), Bogaardt et al.?), Croucher et al.®*?, and Andam et al.3).
Therefore, while our results that examine over 4,500 isolates correlate with other studies, our

analysis relied heavily on isolates added to the PubMLST database by investigators. This limitation
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can be addressed by genome analysis and surveillance data from the CDC’s Active Bacterial Core
surveillance (ABCs) database®®. The CDC’s ABCs oversees the collection of invasive S.
pneumoniae from California, Colorado, Connecticut, Georgia, Maryland, Minnesota, New
Mexico, New York, Oregon, and Tennessee. This population-based database will allow for more
accurate estimates of incidence rates for invasive pneumococcal disease caused by Tn916-related
ICE-containing isolates. Additional metagenomic details in this database, such as sites of isolation
and description of isolates as carriage or disease, as well as comprehensive carriage studies can
provide further insights into Tn916-related ICE circulation in the pneumococcal population.

How applicable are our findings to other global regions? Erythromycin resistance is
geographically variable ranging from <10% to >50% of isolates®>. We performed preliminary
analyses of Tn916-related ICE frequency in Thailand and South Africa using the PUbDMLST
database and categorized isolates into pre-PCV7 and post-PCV7/13 eras. The frequency for
Tn916-related ICEs remained relatively constant at ~27% in Thailand during both eras and
decreased from 18.7% to 12.1% in South Africa. A detailed analysis of serotypes must be
conducted with the Thailand and South Africa data to understand the trends compared to the US.
Moreover, analogous analyses can be conducted using data from the UK Health Security Agency
(UKHSA)“8), which conducts surveillance of invasive pneumococcal disease in the United
Kingdom and has all isolates characterized.

IV. S. pneumoniae extracellular vesicle-associated DNA transformation

The upwards trend of antimicrobial resistance has been predicted to result in 10 million deaths
per year and $100 trillion economic burden by 20507, Despite the success of two PCV
introductions in reducing carriage and invasive disease caused by vaccine serotypes(®> 34 S,

pneumoniae continues to cause severe infections where ~600,000 deaths were associated with
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antimicrobial resistance and of those, 150,000 deaths were directly attributed to this resistance®.
Although the primary method by which S. pneumoniae horizontally exchanges antimicrobial
resistance determinants is transformation of extracellular DNA obtained through a type IV pilus
(48-50) "extracellular membrane vesicles secreted by pneumococci during late-log phase that range
from 20-80 nm in diameter and carry genomic content®% 52 may also play a role in DNA delivery
and transformation®2 54, Such an example of EV-mediated transformation was shown in Gram-
positive ruminococci in which a mutant’s phenotype was rescued with transforming EV's 9,

In the studies demonstrated in Chapter 4, we examined the role of secreted S. pneumoniae EVs
in transformation of antimicrobial resistance determinants. Late-log EV's were isolated from liquid
cultures of three different S. pneumoniae strains with variably sized resistance determinants: 1)
D395"Aply::ermB with a 738 bp ermB gene and a rpsL/K56T point mutation conferring
streptomycin (Str) resistance, 2) GA71819 carrying a 5.4 kb Mega element with mefE/mel efflux
genes, and 3) GA16833 with a 23.5 kb Tn2009 ICE encoding tetM and Mega. The ability of these
EVs for transforming these different sized resistance determinants was compared to transformation
using genomic DNA from the same strains in classic in vitro transformation and in static
nasopharyngeal biofilms. Our findings demonstrated that EV transformation in static
nasopharyngeal biofilms resulted in homologous recombination of larger DNA fragments (~9-26
kb) independent of the presence or absence of exogenously added synthetic CSP. However, EV-
associated DNA transformation occurred at reduced frequencies compared to free DNA in
planktonic cells and biofilms, suggesting that pneumococcal EVs modulated transformation of
associated DNA.

To date, the role of Gram-positive membrane vesicles in DNA transformation is not well

understood. S. pneumoniae EVs have been extensively studied for their protein cargo®® %9, lipid
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content®, and ability to modulate host immune responses®?, thus viewed as potential vaccine
candidates®® %%, However, EV-mediated transformation was not investigated previously in detail
in S. pneumoniae even though the pneumococcus is naturally competent for extracellular DNA
uptake and pneumococcal vesicles carry DNA content®® 52, Qur Chapter 4 studies elucidated
pneumococcal transformation of EV-associated DNA, providing frequencies of EV transformation
in planktonic cells and biofilms and estimating the minimum DNA lengths that EVs can deliver.

The source of S. pneumoniae DNA found associated with pneumococcal EVs remains unclear
and should be further elucidated in future studies. DNase | treatment prevented recombinant
recovery, suggesting that EV-associated DNA was not protected by the vesicles and was localized
to the external surface of the EVs. In S. pneumoniae, two major mechanisms, autolysis and
fratricide, contribute to the release of extracellular DNA. Autolysis is typically induced during
stationary phase(© 61 and since we isolated pneumococcal EVs during late-log phase, autolysis is
not likely the primary source of extracellular DNA that associates with EVs. In contrast, fratricide
is induced in mid-log phase during competence development®24) prior to the time point for
pneumococcal EV isolation in our studies. Competence-induced fratricide in S. pneumoniae is the
mechanism where non-competent cells are killed by their competent neighbors using lytic enzymes
LytA, LytC, and ChpD (62 63,65 66), The role of fratricide can be investigated with single or triple
mutants of these fratricide-involved lytic enzymes. These future efforts could further provide
insight into the origin of EV-associated DNA and shed further light on the role of EV-mediated
transformation in S. pneumoniae.
V. Final thoughts

DNA transformation was first demonstrated in 1928 in the seminal paper by Frederick

Griffith®") and validated by subsequent investigations by Avery et al. (1944) and Hershey et al.
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(1952)(8.69)_ Since then, multiple studies demonstrated that DNA uptake via transformation is the
major mechanism for genetic exchange in S. pneumoniae facilitating genomic evolution®9,
Molecular mechanisms for recombination of ~2-6 kb DNAs were confirmed with classic in vitro
transformation of planktonic cells or in murine animal models®® 70 ") However, evidence for
larger recombination events (>20 kb) in pneumococcal genomes from human carriage or disease
isolates were identified without confirming the transfer mechanism®® 19, Our new studies of
antibiotic resistance determinant dissemination by Tn916-related ICEs suggest that the frequency
and prevalence of transformation is a complex and dynamic process in S. pneumoniae. We show
that S. pneumoniae biofilms formed on human nasopharyngeal cells facilitate the exchange of large
DNA fragments (>20 kb and up to 101 kb) compared to planktonic recipient cells. The horizontal
dissemination of large S. pneumoniae resistance determinants via transformation was clearly
augmented in this biologically relevant bacterial environment. Transformation frequency and
efficiency was likely enhanced by biofilm characteristics, such as close donor-recipient contact
and accumulation of DNA in local concentrations for enhanced uptake. Additionally, we found in
US S. pneumoniae isolates that the spread of resistance determinants carried by large, complex
Tn916-related ICEs continues to occur and increases despite successful PCV introductions and
dramatic reductions of specific serotypes. Continuing to understand the horizontal spread of S.
pneumoniae antimicrobial resistance determinants in human populations is critical for making
decisions on vaccine design and/or treatment strategies. Antibiotic resistance obtained through
transformation can provide selective benefits for the survival of S. pneumoniae but at the cost of

limiting treatment options for pneumococcal infections in the human host.
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ABSTRACT Streptococcus pneumoniae rapidly kills Staphylococcus aureus by produc-
ing membrane-permeable hydrogen peroxide (H,O,). The mechanism by which S.
pneumoniae-produced H,0, mediates S. aureus killing was investigated. An in vitro
model that mimicked S. pneumoniae-S. aureus contact during colonization of the na-
sopharynx demonstrated that S. aureus killing required outcompeting densities of S.
pneumoniae. Compared to the wild-type strain, isogenic S. pneumoniae AlctO and S.
pneumoniae AspxB, both deficient in production of H,0,, required increased density
to kill S. aureus. While residual H,O, activity produced by single mutants was suffi-
cient to eradicate S. aureus, an S. pneumoniae AspxB AlctO double mutant was un-
able to kill S. aureus. A collection of 20 diverse methicillin-resistant S. aureus (MRSA)
and methicillin-susceptible S. aureus (MSSA) strains showed linear sensitivity (R? =
0.95) for S. pneumoniae killing, but the same strains had different susceptibilities
when challenged with pure H,0, (5 mM). There was no association between the S.
aureus clonal complex and sensitivity to either S. pneumoniae or H,0,. To kill S. au-
reus, S. pneumoniae produced ~180 uM H,O, within 4 h of incubation, while the
killing-defective S. pneumoniae AspxB and S. pneumoniae AspxB AlctO mutants pro-
duced undetectable levels. Remarkably, a sublethal dose (1 mM) of pure H,O, incu-
bated with S. pneumoniae AspxB eradicated diverse S. aureus strains, suggesting that
S. pneumoniae bacteria may facilitate conversion of H,0, to a hydroxyl radical (OH).
Accordingly, S. aureus killing was completely blocked by incubation with scavengers
of "OH radicals, dimethyl sulfoxide (Me,SO), thiourea, or sodium salicylate. The -OH
was detected in S. pneumoniae cells by spin trapping and electron paramagnetic
resonance. Therefore, S. pneumoniae produces H,0,, which is rapidly converted to a
more potent oxidant, hydroxyl radicals, to rapidly intoxicate S. aureus strains.

IMPORTANCE Streptococcus pneumoniae strains produce hydrogen peroxide (H,0,)
to kill bacteria in the upper airways, including pathogenic Staphylococcus aureus
strains. The targets of S. pneumoniae-produced H,0O, have not been discovered, in
part because of a lack of knowledge about the underlying molecular mechanism.
We demonstrated that an increased density of S. pneumoniae kills S. aureus by
means of H,0, produced by two enzymes, SpxB and LctO. We discovered that SpxB/
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Wu et al.

LctO-produced H,O, is converted into a hydroxyl radical (OH) that rapidly intoxi-
cates and kills S. aureus. We successfully inhibited the toxicity of ‘OH with three dif-
ferent scavengers and detected ‘OH in the supernatant. The target(s) of the hydroxyl
radicals represents a new alternative for the development of antimicrobials against
S. aureus infections.

KEYWORDS Staphylococcus aureus, Streptococcus pneumoniae, eradication, hydrogen
peroxide, hydroxyl radicals

treptococcus pneumoniae and Staphylococcus aureus colonize the upper airways of

humans, forming persistent biofilms (1-9). Once in the nasopharynx, S. pneumoniae
forms a biofilm that increases resistance to desiccation and antibiotic resistance and
also provides a source of planktonic bacteria that migrate to the ears, lower respiratory
tract, circulation, heart, and meninges, causing pneumococcal disease, the burden of
which is extremely high in the human population (5, 6, 10-13). S. aureus strains colonize
the skin of >30% of the human population but also reside in the nasopharynx, causing
severe pathologies, including bacteremia and pneumonia (1, 3, 7, 11, 14, 15).

Over the last few years, our laboratories and others have conducted carriage studies
of important human pathogens in the nasopharynxes of children of different ethnici-
ties. These studies demonstrated a negative association for the concurrent carriage of
S. pneumoniae and S. aureus (3, 7, 16). Soon after pneumococcal conjugate vaccines
(PCV) became available, a potential mechanistic competition between S. pneumoniae
and S. aureus for the colonization of the upper airways was observed. Some of the first
studies showed that nasopharyngeal carriage of S. aureus increased in children who
had received PCV. The increased S. aureus colonization was attributed to the decreased
carriage of pneumococcal serotypes targeted by PCV (1, 7, 8). It is therefore clear that
S. pneumoniae in vivo interferes with colonization by S. aureus.

Although evidence that S. pneumoniae was capable of killing S. aureus was pub-
lished over 100 years ago (17, 18), studies of the molecular mechanism(s) behind these
epidemiological observations were reinitiated when the pneumococcal vaccine was
licensed in early 2000 in developed countries. Pericone et al. (19), and then other
investigators, demonstrated that pneumococcal strains isolated from disease or car-
riage interfered with the growth of S. aureus in broth cultures. The proposed mecha-
nism involved the production of hydrogen peroxide (H,0,) that was released by S.
pneumoniae into the supernatant (20). This H,O,-mediated killing of S. aureus occurred
within 6 h post-inoculation of S. pneumoniae, but it was inhibited in cocultures with
catalase added; by incubating these cocultures in an anaerobic chamber; or by a
mutation within the spxB gene, encoding the enzyme streptococcal pyruvate oxidase,
which endogenously produces H,0, during conversion of acetylphosphate from pyru-
vate (19-23). Notably, SpxB accounts for ~85% of the membrane-permeable H,0, that
is released by the bacteria into the supernatant (24, 25). A second contributor to the
pool of H,0, released by bacteria is the enzyme lactate dehydrogenase (LctO), which
converts lactate to pyruvate (24, 26). While the mechanism by which S. pneumoniae kills
S. aureus strains has been related to production of H,0,, only spxB mutants have been
assessed (20, 27).

SpxB-produced H,O, has also been involved in inducing cytotoxicity to lung cells,
apoptosis, and the toxic events observed when S. pneumoniae invades the central
nervous system and heart, albeit the specific mechanism(s) mediating this damage is
still to be clarified (12, 13). Moreover, S. pneumoniae mutants in the spxB gene produced
less capsule, due to the lack of acetylated capsule precursors, and were attenuated for
virulence in mouse models of pneumococcal disease (25, 28). The attenuated virulence
phenotype can be explained in part by a recent publication showing that endoge-
nously produced H,0, was required to release the toxin pneumolysin (29).

In contrast to the in vitro evidence presented above, studies conducted using an
animal model of colonization demonstrated that S. aureus colonized the nasal cavity of
neonatal rats even when it was inoculated concurrently with S. pneumoniae strain
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TIGR4 or with an H,0,-deficient TIGR4 AspxB mutant (30). When the TIGR4 wild type
(wt) or an isogenic TIGR4 AspxB mutant was inoculated along with S. aureus in animals,
S. aureus colonization densities were similar whether S. pneumoniae produced hydro-
gen peroxide or not (30, 31). Therefore, the role of S. pneumoniae-produced H,0, in
interfering with S. aureus growth has been debated (32). Killing of S. aureus by
incubation with pure H,0,, however, has already been documented (33, 34). A dose of
~10 mM H,0, was required to kill S. aureus bacteria (19), whereas preloading S. aureus
with iron reduced the bactericidal dose to ~1 mM (33, 34). The presence of intracellular
iron was required to generate, by the Fenton reaction, the hydroxyl radical (OH) (34),
which is a stronger oxidant than H,O, itself (35). Other bacterial species are also
susceptible to H,O, at a concentration similar to that killing S. aureus, with ~2.5 mM
H,0, showing the maximal killing rate for Escherichia coli (35-37).

We recently demonstrated that the S. pneumoniae-induced killing of S. aureus
biofilms, including those formed by methicillin-resistant S. aureus (MRSA) strains, was
enhanced by physical contact (23). Complete eradication of ~10° S. aureus bacteria
within S. pneumoniae-S. aureus biofilms occurred within 4 h of incubation. Furthermore,
washed S. pneumoniae bacteria were more lethal to S. aureus strains than their
H,0,-containing supernatants, suggesting pneumococcal cells may be required to
convert H,0, into a more potent intoxicant (23). Moreover, our studies and those of
others (19, 38) demonstrated that, when S. aureus has been completely killed, S.
pneumoniae produced significantly less H,0, (e.g., TIGR4, <200 uM) than the demon-
strated minimal bactericidal concentration (MBC) of pure H,O, (10 mM) for S. aureus
strains (19, 38).

In this study, we used in vitro models mimicking S. pneumoniae-S. aureus cocoloni-
zation of the upper airways and demonstrated that an outcompeting density of S.
pneumoniae was necessary to kill S. aureus. We also demonstrated that the interaction
between S. pneumoniae and S. aureus stimulates the conversion of hydrogen peroxide
into the strongest oxidative radical, hydroxyl (OH), which reacts at nearly diffusion rates
with most substrates, inducing DNA degradation and leading to the intoxication and
death of S. aureus bacteria. The target(s) of the ‘OH radicals represents an exciting new
alternative for the development of therapeutics against S. aureus infections.

RESULTS

Contact-mediated killing of S. aureus by S. pneumoniae requires a threshold
pneumococcal density. We previously demonstrated that killing of S. aureus strains by
S. pneumoniae in liquid cultures required physical contact (23). We therefore reasoned
that killing was likely to occur on solid media and designed a contact-mediated killing
assay on blood agar plates. In this assay, we inoculated increasing densities of early-
log-phase cultures of S. pneumoniae with different densities of S. aureus (i.e., 106 CFU/ml
of S. aureus versus 10°, 107, 108, or 10° CFU/ml of S. pneumoniae), and the plates were
incubated overnight. In most mixtures where the density of S. pneumoniae outcom-
peted that of S. aureus by at least 2 log units (i.e., S. pneumoniae, 108 CFU/ml, and S.
aureus, 106 CFU/ml), S. pneumoniae completely eradicated S. aureus (Fig. 1A). S. pneu-
moniae inoculated at 10° CFU/ml eradicated all S. aureus inocula. Similar results were
obtained when two other S. aureus strains, NRS170 and NRS408, were assessed (not
shown). To confirm the killing of S. aureus and the observed loss of chromosomal DNA
observed by confocal microscopy (explained below), we isolated DNA from each
mixture presented in Fig. 1A or single cultures (control). The DNA was used as a
template in quantitative PCRs (qQPCRs) targeting either S. pneumoniae or S. aureus. As
expected, the number of genome equivalents (GenEqu) of S. aureus per milliliter did not
change when the density outcompeted that of S. pneumoniae (not shown). When DNA
was isolated from experiments where the S. pneumoniae density was greater than that
of S. aureus, a density-dependent decrease of S. aureus GenEqu per milliliter was
observed to a point where DNA from S. aureus was no longer detected (Fig. 1B to D; see
Fig. S1 in the supplemental material). The number of GenEqu per milliliter of S.
pneumoniae DNA (median, 1.4 X 10° GenEqu/ml) was not affected by incubation with
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FIG 1 Contact-, and density-dependent killing of S. aureus (Sau) by S. pneumoniae (Spn). (A) S. pneu-
moniae strain TIGR4 and S. aureus strain Newman were inoculated concurrently at the indicated densities
(CFU per milliliter). Once inoculated, the plates were incubated for 24 h at 37°C. (B to D) To quantify
genome equivalents per milliliter of S. pneumoniae or S. aureus, bacteria growing on spots inoculated
with 108 CFU/ml of S. pneumoniae and 102 (B), 107 (C), or 10° (D) CFU/ml of S. aureus were collected; DNA
was extracted; and the DNA was used as a template in species-specific qPCRs. The error bars represent
the standard errors of the means calculated using data from at least three independent experiments. *,
P < 0.05 compared to S. aureus control incubated alone; #, P > 0.67 compared to S. pneumoniae control
inoculated alone.

any density of S. aureus. Density-dependent killing of S. aureus was also confirmed by
culture (see Fig. S2 in the supplemental material).

Confocal micrographs using antibodies against their capsules showed that, when
inoculated at similar densities (i.e.,, ~10° CFU/ml), S. pneumoniae and S. aureus were
observed intact and with areas of strong colocalization (Fig. 2, bottom row, arrow-
heads). DAPI (4',6-diamidino-2-phenylindole) staining showed DNA from both species.
In micrographs where S. pneumoniae outcompeted S. aureus (e.g., S. pneumoniae, ~107

Sau+DNA Spn+DNA Sau+Spn+DNA

Sau 10%+Spn 107  Sau 10%+Spn 108

Sau 10%+Spn 106

FIG 2 S. pneumoniae (Spn) contact-dependent killing of S. aureus (Sau) induces loss of DNA signal.
Bacteria growing on blood agar plates from the experiments presented in Fig. 1, inoculated with the
specific density of each species shown on the left, were imprinted onto glass slides. The preparations
were fixed with paraformaldehyde, and S. aureus bacteria were stained with an anti-S. aureus antibody
followed by an anti-rabbit Alexa Fluor 555-labeled antibody. S. pneumoniae was stained with an Alexa
Fluor 488-labeled anti-S. pneumoniae antibody, while the DNA was stained with DAPI. The preparations
were analyzed with a confocal microscope. Shown are 3D reconstructions of z stacks obtained from xy
optical sections. The specific channel of each panel is shown at the top. The arrows point to S. aureus
bacteria stained red with a loss of DNA signal, while the red dashed circles indicate areas where DNA
signal is missing, corresponding to the arrows. The arrowheads show physical colocalization (yellow) of
S. aureus and S. pneumoniae. The dimensions of the scale bars shown in the left column apply to all the
images in the same row. The image on the far right was digitally enlarged to show details of the area
indicated by the dashed lines.
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CFU/ml versus S. aureus, ~10° CFU/ml), only a few S. aureus cells were observed in
comparison to the abundant pneumococci (Fig. 2, middle and top rows). Moreover,
three-dimensional (3D) reconstruction of z stacks revealed that, in the majority of S.
aureus cells in mixtures with outcompeting S. pneumoniae, the DAPI signal was absent,
suggesting that the DNA had been degraded (Fig. 2, arrows). Absence of DNA in S.
aureus particularly coincided with the bacteria colocalizing with S. pneumoniae (Fig. 2,
enlarged image). Together, these results identified dose- and contact-dependent killing
of S. aureus by S. pneumoniae that included DNA degradation.

Differential sensitivities of S. aureus strains to killing by S. pneumoniae. Differ-
ent S. aureus strains have distinct sensitivities to H,O, killing; thus, it was possible that
the results described above were not representative. We therefore tested a collection
of 20 MRSA (including vancomycin-intermediate S. aureus [VISA]) and methicillin-
susceptible S. aureus (MSSA) strains from seven clonal complexes (see Table S1 in the
supplemental material) for their sensitivities to killing when incubated along with S.
pneumoniae. To quantify the maximum density of S. aureus killed by S. pneumoniae, we
utilized a microplate model with 4 h of coculture incubation at 37°C. All the S. aureus
strains were killed by S. pneumoniae, but we noted statistically significant differences
across strains (P = 0.002) (Fig. 3A). The most sensitive strain, NRS170, had a 426-fold
difference (P = 0.008) in sensitivity to S. pneumoniae compared to the most resistant
strain, NRS049 (Fig. 3A; see Table S1). Increased sensitivity of NRS170 to S. pneumoniae
killing was also observed using the plate-killing model (not shown). The rest of the
strains, including S. aureus strain Newman, showed linear distributions in their sensi-
tivities to S. pneumoniae (R? = 0.95) that spanned an ~30-fold range. The variability
among this group (excluding NRS170 and NRS408) was also statistically significant
(P = 0.05). Surprisingly, there was no association between the clonal complex and
sensitivity to S. pneumoniae (Fig. 3B).

Hydrogen peroxide has been implicated as the main factor produced by S. pneu-
moniae to kill S. aureus strains (14, 20). We hypothesized that the level of sensitivity of
an S. aureus strain to H,0, correlated with sensitivity to S. pneumoniae killing. Differ-
ential sensitivity to H,0, was observed in our experiments, with the growth of some
strains (i.e., NRS3 and NRS21) completely inhibited by H,O, whereas a subset of strains
were not susceptible at all to challenge with even 5 mM H,O, (not shown). However,
contrary to our hypothesis, the level of S. pneumoniae killing did not correlate with
retardation of growth by H,0, (Fig. 3C). These results showed that there was a complex
genetic relationship between the ability to grow in the presence of hydrogen peroxide
and the degree of sensitivity to S. pneumoniae killing. The finding that the genetic
background (clonal complex) was not strongly associated with the level of killing
suggests that recently acquired mutations may play a major role in determining the
level of susceptibility of each individual S. aureus strain.

Resistant S. aureus strains can protect sensitive strains from killing by S.
pneumoniae. To study the effect of S. pneumoniae sensitivity on S. aureus strain
selection, we utilized one of the most sensitive strains (NRS408) and one of the most
resistant strains (NRS049). Strain NRS049 was resistant to tetracycline, and we isolated
an NRS408-derived rifampin-resistant mutant (NRS408J) to track the growth of the
strain. There was a significant difference between strains NRS049 and NRS408)J
(P < 0.05) in S. pneumoniae sensitivity (Fig. 4A). There was no significant difference in
NRS049 S. pneumoniae sensitivity measurements or NRS408 relative to NRS408J mea-
surements between results presented in Fig. 3A and 4A. We then competed the
resistant NRS049 strain and the sensitive NRS408J strain (5 X 10 CFU/ml of each strain,
the minimum concentration at which NRS049 was predicted to survive) in the presence
of TIGR4 (1.5 X 107 CFU/ml). While this dose of S. pneumoniae killed NRS408J but not
the NRS049 strain, coincubation of the two S. aureus strains led to survival of both
under S. pneumoniae challenge (Fig. 4B). Given that killing of S. aureus is density
dependent, to determine whether this competition outcome was affected by the S.
aureus strain density, we performed several endpoint S. aureus growth assays over a
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FIG 3 Variability in S. aureus (Sau) strain sensitivity to S. pneumoniae (Spn). (A) Decreasing densities of the
indicated S. aureus strains spanning ~1 X 10'® and ~1 X 10 CFU/ml were cocultured with 1.5 X 107
CFU/ml of S. pneumoniae in THY and incubated for 4 h at 37°C. Cultures were serially diluted and plated
on TSA supplemented with optochin. The maximum S. aureus inoculum completely killed by 1.5 X 107
CFU/ml of S. pneumoniae was then determined from the maximum concentration killed. The standard
errors of the mean of three independent experiments are shown. (B) Maximum-likelihood phylogeny of
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FIG 4 Competition between S. pneumoniae-sensitive and S. pneumoniae-resistant S. aureus strains in the presence of S. pneumoniae.
(A) Sensitivities of S. aureus strains NRS049 and NRS408J to S. pneumoniae (TIGR4) killing. Sensitivity was measured as described in the
legend to Fig. 3A. The results represent three biological replicates and two independent experiments. The results are presented with
two standard errors above and below the mean. (B) Competition experiments between resistant (NRS049) and sensitive (NRS408J) S.
aureus strains (5e6 CFU/ml) in the presence of S. pneumoniae (TIGR4; 1.5e7 CFU/ml). Strains NRS049, NRS408J, and TIGR4 at the
previously stated doses were cocultured in THY for 4 h at 37°C without agitation. Coculture samples were collected at 0 min, 15 min,
30min, 1 h, 2 h, 3 h, and 4 h. Coculture sample dilutions were then spotted on TSA supplemented with 16 ng/ml tetracycline or
4 png/ml rifampin and grown overnight at 37°C to determine the concentrations of NRS049 and the NRS408 rifampin-resistant mutant
(NRS408)) at corresponding time points. The fold change of the rifampin-resistant mutant NRS408J relative to time zero is shown with
TIGR4 alone (green), TIGR4 and NRS049 (blue), NRS049 (brown), and the mutant itself alone (yellow). The results represent three

biological replicates and are presented with one standard error above and one below the mean.

range of NRS049 and NRS408J densities (see Table S2 in the supplemental material).
The sensitive NRS408J survived under all conditions under which the resistant NRS049
strain survived, regardless of whether the total S. aureus dose was 5 X 106 CFU/ml or
more (see Table S2).

Mutations in spxB and IctO are required to inhibit S. pneumoniae killing of S.
aureus. The experiments shown in Fig. 3 suggested that killing of S. aureus strains was
not the sole consequence of exposure to H,0,. In S. pneumoniae, most H,0, (~85%)
is produced during the oxidation of pyruvate to acetyl-phosphate (acetyl~P) by SpxB
(Fig. 5A). Although to a lesser extent, hydrogen peroxide is also produced during the
oxidation of lactate to pyruvate by the enzyme LctO (Fig. 5A) (26). To gain insight into
this contact-dependent, molecular-mechanism-mediated killing of S. aureus, we gen-
erated single AspxB and AlctO mutants and a AspxB AlctO double mutant in TIGR4.
We then assessed killing of S. aureus by these mutants using our density-controlled
experimental models. When incubated along with ~107 CFU/ml S. aureus in the
contact-dependent plate model, the TIGR4 AlctO mutant killed S. aureus to the same
extent as the TIGR4 wild-type strain at all tested S. pneumoniae densities (Fig. 5B). At a
density of ~107 CFU/ml, TIGR4 AspxB did not kill S. aureus. Surprisingly, TIGR4 AspxB
killed S. aureus when we increased the challenge density to >108 CFU/ml (Fig. 5B). S.
pneumoniae strain Pn20, isolated from the nasopharynx of a child (20), and its AspxB
mutant derivative were also tested with essentially similar results (i.e., an increased
density killed S. aureus [data not shown]). Furthermore, a similar 100-fold-increased
density of TIGR4 AspxB killing S. aureus, in comparison to the TIGR4 wild type, was
observed when another S. aureus strain, NRS049, was challenged (Fig. 5C). These results

FIG 3 Legend (Continued)

strains tested with log,, bactericidal efficiency of S. pneumoniae plotted as a bar chart. The clonal
complex designation of each strain is shown by the color range. (C) Maximum growth (ODg,, measured
after 12 h of incubation at 37°C) in hydrogen peroxide (2.5 mM)-supplemented TSB plotted against S.
pneumoniae sensitivity of the corresponding strain. The values represent averages from at least three
replicates for each strain.
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FIG 5 S. pneumoniae (Spn) contact-mediated killing of S. aureus (Sau) requires enzymes SpxB and LctO. (A)
Oxidation of pyruvate to acetyl~P by the enzyme pyruvate oxidase (SpxB). The reaction uses molecular O, and
inorganic phosphate (P,), producing CO, and H,0, (circled). Acetyl~P is then converted to acetyl coenzyme A by
acetate kinase (AckA) in a reaction that produces ATP. The enzyme lactate oxidase (LctO) catalyzes the formation
of pyruvate from lactate, producing H,O,. (B) S. pneumoniae strains TIGR4, TIGR4 AlctO, TIGR4 AspxB, and TIGR4
AspxB AlctO were inoculated on blood agar plates at the densities indicated on the right (CFU per milliliter)
concurrently with S. aureus strain Newman, which was inoculated at a density of ~107 CFU/ml. (C) S. pneumoniae
strains were inoculated at the densities shown at the top concurrently with S. aureus strain NRS049, inoculated at
~107 CFU/ml. The agar plates were incubated overnight at 37°C.

suggested that H,0, generated by LctO was sufficient to induce killing of S. aureus.
Confirming this, the TIGR4 AspxB AlctO mutant was unable to kill S. aureus even at a
high density of ~10° CFU/ml (Fig. 5B).

We then used the microplate model to quantitatively assess S. aureus killing by these
mutant strains. Experiments revealed that neither planktonic S. aureus nor biofilm S.
aureus cells were killed by TIGR4 AspxB in comparison with the wild-type strain (Fig. 6A
and B). The same phenotype was observed when two other independent TIGR4-derived
AspxB mutants were tested (see Fig. S3 in the supplemental material). Similar to what
we observed using the plate model, the TIGR4 AlctO mutant killed S. aureus strains at
rates similar to that of wild-type TIGR4 (Fig. 6A and B). As expected, as a mutation in
spxB was enough to block S. aureus killing in this model, the AspxB AlctO double mutant
was unable to kill S. aureus strain Newman (not shown). Under the culture conditions
utilized (i.e., incubation in Todd-Hewitt broth containing 0.5% [wt/vol] yeast extract
[THY], with environmental oxygen and 5% CO,), S. pneumoniae strains TIGR4 and TIGR4
AlctO produced, after 4 h of incubation, ~180 uM and ~140 uM H,0,, respectively
(Table 1). Cultures of three different spxB mutants, however, yielded undetectable levels
of hydrogen peroxide (Table 1). Overall, our experiments demonstrated that both
H,0,-producing enzymes, SpxB and LctO, contribute to the contact-dependent killing
of S. aureus strains.

A hydroxyl radical (OH) is generated during the interaction between S. pneu-
moniae and S. aureus to rapidly kill S. aureus. Given that our experiments demon-
strated that even ~5 mM pure H,0, did not affect the viability of some S. aureus strains
(Fig. 3) but that cultures of the same strains were killed by S. pneumoniae producing
~36-fold less H,0, (i.e., ~140 uM), the possibility was raised that SpxB/LctO-produced
H,0, was converted into the ‘OH radical. To test this hypothesis, we first conducted a
dose-response study to identify three sublethal doses of H,O, for S. aureus, 1.0, 1.2, and
1.4 mM (Fig. 7). For example, T mM H,0, allowed the survival of >1 X 10 CFU/ml S.
aureus when challenged against three different S. aureus strains (Fig. 7). We reasoned
that if H,O, is converted to a hydroxyl radical, then incubating S. aureus, TIGR4 AspxB
(which does not produce significant amounts of H,0,), and a sublethal dose of H,0,
would allow killing. As shown in Fig. 7, the density of any of the three S. aureus strains
incubated with TIGR4 AspxB was similar to the density in control wells containing S.
aureus alone (Fig. 7A to C). Incubation of S. aureus; TIGR4 AspxB; and 1.0, 1.2, or 1.4 mM
H,O, was sufficient to completely eradicate cultures of S. aureus strain Newman,
NRS408, and NRS049, respectively. Experiments with S. aureus strain Newman incu-
bated with TIGR4 AspxB AlctO and 1T mM H,0, showed essentially the same result
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FIG 6 A mutation in spxB, but not in IctO, renders S. pneumoniae (Spn) unable to kill S. aureus (Sau) in
a microplate model. S. aureus strain Newman (~1 X 106 CFU/ml) was inoculated alone (Ctrl) or along
with the indicated S. pneumoniae strains (~1 X 106 CFU/ml) in microplates containing THY and incu-
bated for 4 h at 37°C. Bacteria were harvested and then diluted and plated onto SMA (A and B) or BAP
with gentamicin (C and D) to obtain counts of S. aureus planktonic cells (A), S. aureus biofilms (B), S.
pneumoniae planktonic cells (C), or S. pneumoniae biofilms (D). The error bars represent the standard
errors of the means calculated using data from at least three independent experiments. (A and B) *,
P < 0.05 compared to S. aureus control incubated alone. (D) For comparison, the median (CFU per
milliliter) is shown inside two of the bars.
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(Fig. 7D). These experiments strengthened our hypothesis that H,0, was converted into
a hydroxyl radical (OH).

Thiourea (15 mM), sodium salicylate, and dimethyl sulfoxide (Me,SO [300 mM]), are
specific ‘OH scavengers (34); thiourea and Me,SO reduced H,0, killing of S. aureus by
98% and 38%, respectively (34). As shown in Fig. 8A, incubating S. aureus strain
Newman, S. pneumoniae, and 10 mM thiourea was enough to significantly inhibit killing
of S. aureus, whereas 20 MM and 40 mM completely inhibited H,O,-mediated killing.
The density of S. pneumoniae was not affected by incubation with any amount of
thiourea (Fig. 8B). Similar protection from challenge with S. pneumoniae was conferred
on S. aureus by incubating the two species, along with a scavenger of hydroxyl radicals,
Me,SO (Fig. 8C and D) or sodium salicylate (see Fig. S4 in the supplemental material).

TABLE 1 Production of H,0, by TIGR4 and isogenic derivative mutants
Production of H,0, at (h):

Strain 0 1 2 4

TIGR4 5.7 uM 35.6 uM 50.3 uM 179.6 uM
TIGR4 AlctO <50 nM¢ 9.9 uM 45.1 uM 136.3 uM
TIGR4 AspxBY <50 nM <50 nM <50 nM <50 nM
TIGR4 AspxBE <50 nM <50 nM <50 nM <50 nM
TIGR4 AspxBE AlctO <50 nM <50 nM <50 nM <50 nM

aLimit of detection.
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FIG 7 S. pneumoniae (Spn) produces a stronger oxidant from H,O, to kill S. aureus (Sau) strains. S. aureus strain Newman (A and D), NRS408 (B), or NRS049 (C)
was incubated alone at a density of ~1 X 106 CFU/ml, with the indicated molarity of H,0,, TIGR4 AspxB (~1 X 10% CFU/ml), TIGR4 AspxB (~1 X 106 CFU/ml)
and H,0, or with TIGR4 AspxB IctO (~1 X 10% CFU/ml). Bacteria were incubated for 4 h at 37°C and then harvested, diluted, and plated on SMA to obtain counts
of S. aureus. The error bars represent the standard errors of the means calculated using data from at least three independent experiments. *, P < 0.05 compared
to the corresponding concentration of H,0,; #, P > 0.30 compared to S. aureus control incubated alone.

To identify the in vivo formation of hydroxyl radicals, we utilized the a-(4-pyridyl-
1-oxide)-N-tert-butyl nitrone (4-POBN)-ethanol spin-trapping system. Figure 9 shows a
marked increase in the hydroxyethyl radical spin adduct in bacterial cells of the TIGR4
wt in comparison to signals from a reaction mixture containing TIGR4 wt cells and a

©
2
-
© o
" "

©
2

Sau [cfu/ml (log,,)] >

Spn [cfu/ml (log,,)]

(3]
"

Sau
Sau+Spn <10 ------------------

(@)

D 10

9 -
'_8" S — ._‘9.
:;?7. :gs-
o o -
= 64 g7
£ 54 Es'
? 5 54
S 41 kA
3 31 S 34
L] )
24 2
)
2 § = = s = 2
w9 won @ !
=1 - + =
& Sau+Spn+Me,SO T  Sau+Spn+Me,SO

FIG 8 Scavengers of ‘OH block S. pneumoniae (Spn)-induced killing of S. aureus (Sau). S. aureus strain
Newman was inoculated (~1 X 106 CFU/ml) alone, with S. pneumoniae TIGR4 (~1 X 10 CFU/ml), with S.
pneumoniae and thiourea (Thio), or with S. pneumoniae and Me,SO. After 4 h of incubation at 37°C,
bacteria were harvested, diluted, and plated to obtain counts of S. aureus (A and C) or S. pneumoniae (B
and D). The error bars represent the standard errors of the mean calculated using data from at least three
independent experiments. *, P < 0.05 compared with S. aureus control; **, P < 0.0005 compared to the
density of S. aureus incubated with S. pneumoniae; #, limit of detection.
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FIG 9 Detection of ‘OH radicals in pneumococci by 4-POBN and DETAPAC-ethanol spin trapping. Shown
are the EPR spectra of 4-POBN spin trapping in wild-type and double-mutant samples and, for compar-
ison, a medium-only sample. The unassigned signal near the free-electron g value of 2.0023 (333.0 mT)
was deleted. The EPR conditions were as follows: microwave frequency, 9.346 GHz; microwave power, 10
mW; modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; temperature, 295 K. The spectra of
wild-type and double-mutant samples represent an average of 96 scans minus the bacterial-medium
spectrum. The bacterial-medium spectrum represents an average of 224 scans, with polynomial baseline
correction. The spectra were baseline corrected using a polynomial function.

reaction mixture with bacterial cells harvested from cultures of the TIGR4 AspxB AlctO
double mutant.

DISCUSSION

We have demonstrated in this study that the interaction between S. pneumoniae and S.
aureus stimulates the conversion of H,0, into a stronger oxidant, the hydroxyl radical, ‘OH,
to rapidly kill S. aureus bacteria. The toxic effects of several pneumococcal strains against S.
aureus have been documented (14, 19, 20, 23, 27, 38). Hydrogen peroxide had long been
believed to be the killing factor, but contrasting data suggesting that H,O, was not
required for killing have been published in the last few years (23, 30-32). Compelling
evidence within this study has now identified highly reactive ‘OH radicals generated from
H,0,, because of interaction between the species, as the effector of such a mechanism.
Given that H,0, is permeable but a sublethal dose of H,O, killed S. aureus strains when
incubated along with H,O,-deficient S. pneumoniae strains, the conversion to ‘OH radicals
may be facilitated by pneumococcal cells. Certainly, other possibilities exist, includ-
ing increased free Fe2™ in S. aureus due to the interaction with S. pneumoniae, which
could be the result of stimulated iron uptake. The ‘OH generated reacts at nearly diffusion-
limited rates near the site of its generation (22, 39).

Although S. aureus can also produce H,0,, its potent catalase fully scavenges the
H,0, before it can cross the cytoplasmic membrane, and therefore, levels of hydrogen
peroxide in the supernatant are undetectable (19). Intracellular levels of H,O, in S.
aureus have not been investigated, but in E. coli, these levels are maintained at 0.1 to
0.2 uM during aerobic growth (40). Therefore, the experiments in this study, along with
data from other laboratories (14, 19, 20, 31, 41), support a model where S. pneumoniae
secretes large amounts of H,O, near S. aureus bacteria—but beyond a concentration
that catalase would successfully scavenge—and then, due to a still unknown mecha-
nism, it is rapidly converted into "‘OH radicals that intoxicate S. aureus cells. We
hypothesize that the target(s) of ‘OH radicals on S. aureus cells is absent in pneumo-
cocci, and therefore, S. pneumoniae is less susceptible to these radicals (see below for
more details). S. aureus intoxication with “OH radicals may be accompanied by degra-
dation of DNA, as confocal micrographs and quantitative PCRs demonstrated absence
of DNA in S. aureus bacteria incubated with H,0,-producing S. pneumoniae. Hydroxyl
radicals attack at the sugar or the base of the DNA, leading to sugar fragmentation,
base loss, and a strand break with a terminal fragmented sugar residue (42). The
resistance of S. pneumoniae to DNA damage has been speculated to occur by seques-
tration of Fe2*, required to produce ‘OH through the Fenton reaction, away from its
DNA (22).
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Animal studies demonstrated that S. pneumoniae (TIGR4) and S. aureus (Newman)
cohabited in the nasal cavities of rats when the strains were inoculated at the same
density (30, 31). One would expect that in this animal cocolonization model, only S.
pneumoniae would be able to colonize, but this outcome did not occur. Instead,
coinoculation of wild-type S. pneumoniae did not affect colonization by S. aureus, and
neither a mutation in the pneumococcal spxB gene nor a mutation in the S. aureus katG
gene (encoding catalase) had a positive or negative effect, respectively, on S. aureus
density. If S. pneumoniae kills S. aureus, why did they cocolonize? Experiments in this
study offer an explanation. When TIGR4 and S. aureus strain Newman were inoculated
at similar densities, S. aureus in fact survived the challenge with S. pneumoniae (Fig. 1).
However, with an outcompeting density of S. pneumoniae, staphylococci succumbed to
the challenge. The killing was negated when S. aureus was incubated with the hydro-
gen peroxide production-defective S. pneumoniae AspxB AlctO mutant. We speculate
that, in the surface-bound environment of the nasal cavity of rats or in the plate model,
the close proximity of S. pneumoniae to S. aureus allows inactivation of H,O, by the S.
aureus-produced catalase but that increased production of H,0, (i.e., by outcompeting
pneumococci) overcomes the catalase-mediated inactivation, and thus, H,O, is
converted into "OH radicals. We hypothesize that the conflicting results obtained in
population studies where a negative association, or no association, has been
demonstrated between concurrent carriage (i.e., colonization) of S. pneumoniae and
S. aureus would have been resolved if the density of the strains had been taken into
consideration.

The finding that the level of sensitivity is variable across S. aureus strains (Fig. 3A) and
the surprising result that S. pneumoniae and H,0, sensitivity in S. aureus are not correlated
(Fig. 3B) suggest that other, undiscovered factors modulate S. aureus killing. We found that
S. aureus strains can apparently cross-protect in mixtures, suggesting that a diffusible
molecule is possibly involved. This result needs to be followed up in future work. Since the
phenotype is variable across S. aureus strains without being closely linked to a particular
clade, it may be possible to identify the genetic loci responsible by using a hypothesis-free
genome-wide association study (GWAS) approach.

Studies conducted with E. coli demonstrated that H,0,-mediated killing occurred
only in actively metabolizing cells (35, 42). Exogenously added H,0, also kills S. aureus
strains with a calculated 90% lethal dose (LDy,) and MBC of ~10 mM (19, 34). A 10-fold
decrease in the sublethal concentration was determined and utilized in our studies
(presented in Fig. 7) against strain Newman and two MRSA strains. The membrane-
permeable H,0, enters bacterial cells, reacting with the intracellular Fe2* by Fenton
reactions to produce "OH radicals (34). The concentration of H,0, quantified in the
supernatant of S. pneumoniae to reach the LD, however, was ~7-fold lower
(~140 uM) than a sublethal dose of exogenous H,0, and ~70-fold lower than the LDy,
of exogenously added H,0, (~10mM). This decreased amount of H,O, in the S.
pneumoniae supernatant, the fact that an H,O, production-defective strain, when
incubated with a sublethal dose of H,O, (~1 mM), killed S. aureus strains, our experi-
ments showing that S. aureus killing was blocked by hydroxyl scavengers, and spin-
trapping experiments supported the hypothesis that production of ‘OH radicals was
stimulated by the interaction between pneumococcal cells and S. aureus.

Given that H,0, targets metabolically active (i.e., respiring) E. coli cells (35) and that
S. aureus undergoes cellular respiration whereas S. pneumoniae does not encode
proteins of the respiratory chain (43), we speculate that hydroxyl radicals either target
a component(s) of the respiratory chain or require a reducing equivalent from the
respiratory chain to generate toxic hydroxyl radicals. In fact, the pneumococcus could
be intoxicated by incubating it with increasing amounts of H,0,, but it required at least
10 mM H,0, to completely eradicate S. pneumoniae bacteria. A challenge with such a
large amount of H,0, was partially inhibited by incubation with the ‘OH scavenger
thiourea (see Fig. S4 in the supplemental material).

An investigation by Selva et al. suggested that H,0,-mediated interference was
triggered by lysogenic S. aureus phages, although in their study they obtained a 3- to
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TABLE 2 Pneumococcal and staphylococcal strains used in this study
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Strain Description? Reference(s) or source
TIGR4 Invasive clinical isolate; phenotype CSP2; capsular serotype 4 43

TIGR4 AspxBH TIGR4 with an insertion within the spxB gene; spxB:kan-rpsL™ 20, 27
TIGR4 AspxBY TIGR4 with a deletion of the spxB gene by transformation of erm(B); Ery" cassette 13

SPJV29 (TIGR4 AspxBF)  TIGR4 with a deletion of the spxB gene by transformation of erm(B); Ery" cassette This study
TIGR4 AlctO TIGR4 with a deletion of the IctO gene by transformation of a spectinomycin cassette This study
TIGR4 AspxB AlctO TIGR4 AspxBY with a deletion of the IctO gene by transformation of a spectinomycin cassette  This study
Pn20 Serotype 35B; nasopharyngeal human isolate 20
Pn20AspxB Pn20 AspxB:kan-rpsL* by transformation with PCR product of TIGR4 AspxBH 20

S. aureus Newman NCTC 8178, ATCC 13420 56
NRS408J S. aureus NRS408 spontaneous rifampin-resistant mutant This study
RN4220 S. aureus Hla~ nonlysogenic strain 57

aEryr, erythromycin resistance; H, spxB mutant strain obtained from M. Lipsitch at Harvard; U, spxB mutant strain prepared by C. J. Orihuela’s group at UAB; E, spxB

mutant prepared at Emory University (SPJV29).

4-log-unit reduction in S. aureus density, but not eradication, under similar culture
conditions (41). Whereas some S. aureus strains utilized in the current study may be
lysogenic, we tested a nonlysogenic S. aureus strain (RN4220) and obtained density-
dependent, SpxB/LctO-dependent killing (data not shown). The detailed mechanism(s)
and its target(s) are under active investigation in our laboratories. The target(s) of the
‘OH radicals represents an exciting new alternative for the development of therapeutics
against S. aureus infections.

MATERIALS AND METHODS

Bacterial strains and culture media. The S. pneumoniae and S. aureus wild-type strains and mutant
derivatives utilized in this study are listed in Table 2. S. pneumoniae strains were cultured on blood agar
plates (BAP) or BAP with 25 ug/ml gentamicin, whereas S. aureus strains were grown on salt mannitol
agar (SMA) plates or tryptic soy agar (TSA) plates with or without 5 ug/ml optochin or on Luria-Bertani
agar (LBA) (1% tryptone [Becton-Dickinson], 0.5% yeast extract, 1% NaCl, and 1.5% agar [Becton-
Dickinson]). THY was utilized in all the experiments.

Preparation of inoculum for experiments. The inoculum was prepared essentially as previously
described (44, 45). Briefly, an overnight BAP (for S. pneumoniae) or LBA (for S. aureus) culture was used
to prepare a cell suspension in THY broth to an optical density at 600 nm (ODg,,) of ~0.08. This
suspension was incubated at 37°C in a 5% CO, atmosphere until the culture reached an ODg, of ~0.2
(early log phase). Then, glycerol was added to give a final 10% (vol/vol) concentration, and the
suspension was stored at —80°C until it was used. An aliquot of these stocks was further diluted and
plated to obtain bacterial counts (CFU per milliliter).

Mixed-culture killing assay on plates. Blood agar plates were coinoculated with both S. pneu-
moniae and S. aureus strains at different densities ranging from ~10° through ~10° CFU/ml. The
inoculated plates were then incubated at 37°C in a 5% CO, atmosphere overnight. A creamy-yellow color on
the BAP culture and the presence of a beta-hemolytic halo around each culture indicated growth of S. aureus.
To quantify the densities of strains, cultures were harvested and an aliquot was diluted and plated to obtain
bacterial counts, whereas DNA was extracted from another aliquot using a QIAamp DNA minikit (Qiagen)
according to the manufacturer’s instructions. DNA preparations were eluted with 100 ul of elution buffer,
quantified using a Nanodrop spectrophotometer, and stored at —80°C until they were used.

Quantitative PCRs. Strain-specific gPCRs were performed to measure the densities of strains.
Primers, probes, and the concentrations utilized are listed in Table 3. The total S. pneumoniae density was
quantified using the panpneumococcus lytA assay (46), and detection of the nuc gene was used to
quantify S. aureus density (47). Reactions were run along with serially diluted DNA standards correspond-
ing to 4.29 X 10°, 4.29 X 10%, 4.29 X 103, 4.29 X 102, 4.29 X 107, and 2.14 X 10" genome equivalents of
S. pneumoniae or 3.29 X 10°%, 3.29 X 104, 3.29 X 103, 3.29 X 102, 3.29 X 10", and 3.14 X 10" genome
equivalents of S. aureus. Reactions were carried out using a Bio-Rad CFX96 Touch real-time PCR detection
system (Bio-Rad, Hercules, CA) and the following cycling parameters: 50°C for 2 min, 95°C for 2 min, and
40 cycles of 95°C for 15 s and 60°C for 1 min. The final numbers of genome equivalents per milliliter were
calculated using the CFX software (Bio-Rad, Hercules, CA).

Determination of S. aureus strain sensitivity to S. pneumoniae. Inocula of S. aureus strains
prepared as stated above, with known densities, were serially diluted in THY to generate inocula.
Decreasing densities of S. aureus strains were inoculated along with 1.5 X 107 CFU/ml of S. pneumoniae
and incubated for 4 h in 96-well microplates. The cultures were diluted and plated on TSA supplemented
with optochin (5 ug/ml). The highest density of each S. aureus strain killed by 1.5 X 107 CFU/ml of S.
pneumoniae within 4 h was then determined.

Competition between resistant and sensitive S. aureus strains under S. pneumoniae selection.
For the competition experiments, we prepared an NRS408-derived rifampin-resistant mutant (NRS408J)
by plating an overnight tryptic soy broth (TSB) culture concentrated 10-fold on a TSA plate supple-
mented with 4 ng/ml rifampin. S. pneumoniae strain TIGR4 (1.5 X 107 CFU/mI) was then cocultured in
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TABLE 3 Primers and probes used in this study

Target Primer or probe sequence (5'-3)4 Reference
S. pneumoniae lytA F, ACGCAATCTAGCAGATGAAGCA 46

R, TCGTGCGTTTTAATTCCAGCT

Probe, FAM-TGCCGAAAACGCTTGATACAGGGAG

S. aureus nuc F, GTTGCTTAGTGTTAACTTTAGTTGTA 47
R, AATGTCGCAGGTTCTTTATGTAATTT
Probe, HEX-AAGTCTAAGTAGCTCAGCAAATGCA

UP_spxB_DN F, TATCAATCACGCTCCTGC 13
R, CTCGTTATGGACAATGCT
Xbal-erm(B)-Xhol F, CAGTCTAGAAAAAATTTGTAATTAAGAAGGAGT This study
R, CAGCTCGAGCCAAATTTACAAAAGCGACTCA
IctO_UP-FW TGGAAAGTAGGCATCAGC This study
IctO_UP (Spl_KnSpc)-RV TCCTCCTCACTATTTTGATAAACTGTCCTCCTCG This study
IctO_DN (Spl_KnSpc)-FW TGGAAACACTTCGTGAAGACTTAAAATTGTATTG This study
IctO_DN-RV CGTAATTCCACTTGATCC This study
SpcK7-FW CAAAATAGTGAGGAGGA This study
SpcK7-RV TTCACGAAGTGTTTCCA This study

aF, forward; R, reverse; FAM, 6-carboxyfluorescein; HEX, 6-carboxy-2,4,4,5,7,7-hexachlorofluorescein. Sequences
overlapping the spectinomycin resistance cassette are in boldface.

THY with three different mixtures of S. aureus strains (5 X 106 CFU/ml of each S. aureus strain). A mixture
contained NRS049, NRS408J, or both strains NRS049 and NRS408J. Experiments with negative controls
without S. pneumoniae were performed for each of the S. aureus strain mixtures. All the cultures (3 ml
each) were incubated without shaking at 37°C in a 5% CO, atmosphere. Cocultures were sampled at 0-,
15-, and 30-min and 1-, 2-, 3-, and 4-h time points. Sample dilutions were then spotted on TSA plates
supplemented with 16 ug/ml tetracycline or 4 ug/ml rifampin to detect NRS049 and the NRS408
rifampin-resistant mutant (NRS408J), respectively. The following day, spot colonies were enumerated to
calculate the number of residual CFU per milliliter at each time point.

Growth curves and hydrogen peroxide sensitivity. Strains were grown at 37°C in TSB or TSB
supplemented with 0.1, 2.5, or 5.0 mM H,0,. The initial ODs were normalized to between 0.1 and 0.2
(roughly a 1/100 dilution of the overnight culture) readings from a microplate reader (Eon; BioTek, Inc.)
before the growth curves were performed. Growth curves (ODy,,) were determined in a plate reader
collecting data every 10 minutes for up to 12 h.

Confocal-microscopy studies. Bacteria grown in experiments performed using the plate model (Fig.
1A) were imprinted onto rounded glass slides and immediately fixed with 2% paraformaldehyde (PFA)
for 15 min at room temperature. The fixed bacteria were then blocked with 1% bovine serum albumin
(BSA) for 30 min at 37°C and incubated first with a rabbit polyclonal anti-S. aureus antibody (4 ug/ml;
Santa Cruz Biotechnology, Inc.) for 1 h at room temperature, followed by phosphate-buffered saline (PBS)
washes and 1 h of incubation with a secondary Alexa Fluor 555-labeled goat anti-rabbit antibody
(20 png/ml; Molecular Probes). The preparation was then washed with sterile PBS and incubated for
30 min with anti-S. pneumoniae antibodies raised in rabbit (Statens Serum Institute) that had been
previously labeled with Alexa Fluor 488 (50 ug/ml; Molecular Probes). The stained preparations were
finally washed twice with PBS, mounted with ProLong Diamond antifade mountant with DAPI (Molecular
Probes), and analyzed with an Olympus FV1000 confocal microscope. The confocal images were analyzed
with Image J version 1.49k (National Institutes of Health).

Preparation of TIGR4-derived AspxB, AlctO, and AspxB AlctO mutants. Isogenic spxB mutant
derivatives of S. pneumoniae strain TIGR4 (43) were prepared as described in our recent publication (13).
A deletion within the /ctO gene in the wild-type TIGR4, or TIGR4 AspxB, was generated using a cassette
containing IctO upstream (IctO_UP-FW and IctO_UP-RV) and downstream (IctO_DN-FW and IctO_DN-RV)
sequences and the spectinomycin resistance gene (SpcK7-FW and SpcK7-RV). This cassette was prepared
by splicing overlap extension PCR with primers (in parentheses above and listed in Table 3) (48, 49) and
transformed into pneumococci using standard procedures (50). BAP with spectinomycin (100 wg/ml) or
erythromycin (0.5 ug/ml) was used to select /ctO or spxB mutants, respectively. All deletions were
confirmed by PCR and sequencing.

Microplate model to investigate killing of S. aureus by S. pneumoniae strains. An S. pneumoniae
strain was inoculated along with S. aureus strain Newman at a density of ~1 X 106 CFU/ml in a 6-well
microplate containing THY and incubated for 4 h at 37°C in a 5% CO, atmosphere. Control wells were
inoculated with only S. pneumoniae or only S. aureus. In another set of experiments, S. aureus was
inoculated, along with increasing amounts of hydrogen peroxide (Sigma), with the TIGR4 AspxBE (SPJV29)
mutant alone or with TIGR4 AspxBF and hydrogen peroxide. Technical duplicates were included throughout
these experiments. At the end of the incubation, planktonic cells were removed, diluted, and plated onto BAP
with gentamicin to obtain the number of CFU of S. pneumoniae per milliliter or onto LBA plates with optochin
to obtain the number of CFU of S. aureus per milliliter. The biofilms were washed once with PBS, resuspended
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in 1 ml of sterile PBS, and sonicated for 15 s using a Bransonic ultrasonic water bath (Branson, Danbury, CT),
followed by extensive pipetting to remove the remaining attached biofilm bacteria. The biofilms were then
diluted and plated as described above. Experiments were repeated three times.

Quantifying production of hydrogen peroxide. S. pneumoniae strains were inoculated at a density
of ~1 X 10° CFU/ml in a 6-well plate containing THY and incubated at 37°C in a 5% CO, atmosphere. The
supernatant containing planktonic bacteria was collected 0, 1, 2, or 4 h postinoculation and then
centrifuged at 8,000 rpm for 10 min to separate the planktonic cells; the supernatant was further filtered
through a 0.45-um syringe filter. The concentration of H,0O, present in each cell-free supernatant was
assessed using an Amplex Red hydrogen peroxide/peroxidase assay kit (Invitrogen) following the
manufacturer’s instructions.

Detection of hydroxyl radicals by spin trapping. A spin-trapping system was utilized to detect the
formation of hydroxyl radicals essentially as described previously (38, 51). Briefly, pneumococci were
grown in 100 ml of THY broth to an ODg,, of 0.4 to 0.5. The pellets were harvested and washed twice
with Hanks balanced salt solution lacking calcium and magnesium (HBSS) and finally resuspended in
500 wl of HBSS. The reaction mixtures included 200 ul of cell suspension, 100 uM diethylenetriamine-
pentaacetic acid (DETAPAC), 10 mM 4-POBN, 170 mM ethanol, and HBSS for a final volume of 1 ml. The
reaction mixture was incubated for 10 min at room temperature and immediately transferred to a quartz
capillary tube (2-mm outer diameter), and X-band electron paramagnetic resonance (EPR) spectra were
acquired under the following conditions: microwave frequency, 9.346 GHz; microwave power, 10 mW;
modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; temperature, 295 K; the spectra represent
an average of 92 scans minus a medium baseline (224 scans).

S. aureus strain sequence and phylogeny. In brief, Nextera random shotgun libraries were
prepared, and 300-bp paired-end reads were sequenced to >20 to 100X coverage. Sequence types were
ascribed based on BLASTN against the BIGSdb database (52, 53). The phylogeny was created using
Parsnp (54) based on mapping to the Newman reference. The tree was midpoint rooted and visualized
using iTOL (55).

Statistical analysis. Differences between S. aureus strain sensitivities to S. pneumoniae were calcu-
lated by a Kruskal-Wallis test for overall variability in the collection. The test was performed for all strains
with or without the two most sensitive strains (NRS408 and NRS170). All other statistical analysis was
performed using a two-tailed Student t test and the software SigmaPlot version 14.0.

Accession number(s). The data were deposited in NCBI BioProject under accession no. PRINA289526
as part of a larger study that will be described in more detail elsewhere.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00474-19.
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Streptococcus pneumoniae colonizes the upper airways of children and the elderly.
Colonization progresses to persistent carriage when S. pneumoniae forms biofims,
a feature required for the development of pneumococcal disease. Nasopharyngeal
biofilms are structured with a matrix that includes extracellular DNA (eDNA), which
is sourced from the same pneumococci and other bacteria. This eDNA also allows
pneumococci to acquire new traits, including antibiotic resistance genes. In this
study, we investigated the efficacy of lactoferrin (LF), at physiological concentrations
found in secretions with bactericidal activity [i.e., colostrum (100 uM), tears (25 nM)],
in eradicating pneumococcal biofims from human respiratory cells. The efficacy of
synthetic LF-derived peptides was also assessed. We first demonstrated that LF
inhibited colonization of S. pneumoniae on human respiratory cells without affecting
the viability of planktonic bacteria. LF-derived peptides were, however, bactericidal
for planktonic pneumococci but they did not affect viability of pre-formed biofilms.
In contrast, LF (40 and 80 wM) eradicated pneumococcal biofims that had been
pre-formed on abiotic surfaces (i.e., polystyrene) and on human pharyngeal cells, as
investigated by viable counts and confocal microscopy. LF also eradicated biofilms
formed by S. pneumoniae strains with resistance to multiple antibiotics. We investigated
whether treatment with LF would affect the biofiim structure by analyzing eDNA.
Surprisingly, in pneumococcal biofims treated with LF, the eDNA was absent in
comparison to the untreated control (~10 pwg/ml) or those treated with LF-derived
peptides. EMSA assays showed that LF binds S. pneumoniae DNA and a time-
course study of DNA decay demonstrated that the DNA is degraded when bound
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by LF. This LF-associated DNase activity inhibited acquisition of antibiotic resistance
genes in both in vitro transformation assays and in a life-like bioreactor system. In
conclusion, we demonstrated that LF eradicates pneumococcal-colonizing biofilms at
a concentration safe for humans and identified a LF-associated DNAse activity that
inhibited the acquisition of resistance.

Keywords: lactoferrin, disaggregates, pneumococcal biofilms, DNAse activity, resistance acquisition

INTRODUCTION

Streptococcus pneumoniae is a Gram positive bacterium
that resides in the children nasopharynx principally. These
bacteria reside asymptomatically in the host, but may become
invasive, resulting in pneumococcal disease (Shak et al., 2013).
S. pneumoniae is the most common cause of community-
acquired pneumonia, primarily affecting children (<5 years
old) and the elderly (>65 years old). However, it can lead to a
variety of other pathologies, such as otitis media, meningitis,
or septicemia (Klein, 1994; Schuchat et al., 1997; Musher et al.,
2000; Syrogiannopoulos et al., 2002; Regev-Yochay et al., 2004;
Nunes et al., 2005). S. pneumoniae is a major cause of morbidity
and mortality, where about 15 million individuals suffer from a
pneumococcal disease and nearly 500,000 people die each year
(O’brien et al., 2009). This burden of morbidity and mortality is
greatly attributed to S. pneumoniae’s virulence factors including
the ability to colonize the human host forming biofilms.

Biofilms are a community of bacteria that attach to inert
or living surfaces. Once attached, the bacteria produce an
exopolysaccharide matrix to encase the biofilm and protect it
against the host immune response and antibiotics (Dunne, 2002).
Biofilm formation initiates as the bacteria sense their own cell
density via a process known as quorum sensing (QS), in which
S. pneumoniae’s competence-stimulating peptide (CSP) plays a
critical role via comC and the [uxS system (Oggioni et al., 2004,
2006; Vidal et al, 2011; Yadav et al., 2018). Another major
constituent of biofilms is extracellular DNA (eDNA), which
can stimulate adherence, transfer genetic information, provide
structural stability, and act as an energy source (Das et al., 2013).

Biofilm formation and acquisition of new traits by genetic
transformation appear to be linked in S. pneumoniae and
perhaps other naturally transformable bacteria. As such, a
variety of proteins and peptides from the immune system,
including lactoferrin, are natural candidates to disaggregate
biofilms and/or inhibit acquisition of resistance. Lactoferrin is a
cationic monomeric glycoprotein that is a part of the transferrin
family because it binds iron. This protein is produced by acinary
cells and glands present in different mucosal sites, at different
concentrations. For example, the colostrum contains 100 M of
LE and tears have 25 pM of LF whereas saliva, cerebrospinal
fluid, and serum only contains <0.11 wM. In addition, LF is
released by the secondary granules of neutrophils present in
inflamed sites; its function at these sites is to sequester the iron,
a crucial element for the growth and proliferation of pathogens
(Vogel, 2012). LF is a multifunctional protein whose function is
determined by the location in which it is found, thus being termed
as a moonlighting protein (Baker and Baker, 2009).

Once ingested, LF, as other proteins, is digested in the
gastrointestinal tract and this leads to the release of different
peptides that also exhibit bioactive properties. Because of this
evidence, peptides derived from LF have been synthetically
produced. Among them, LFcinl7-30 and LFampin265-284
have shown important microbicidal activities. These peptides
were synthetically bound using a lysine, creating the peptide
LFchimera, which is more active, compared to its peptides of
origin (Van Der Kraan et al., 2004; Bolscher et al., 2009).

Due to its structure and ability to bind iron, LF presents
two important effects against bacteria. LF is a bacteriostatic
antimicrobial because it sequesters iron from the environment,
acting as an iron chelator, inhibiting the bacterial metabolism
and growth (Oram and Reiter, 1968). LF has also a demonstrated
bactericidal effect mainly related to its cationic charge, which
was also preserved in those LF-derivative peptides. The cationic
charge allows LF to interact with negatively charged cell
membrane, specifically lipopolysaccharides (LPS) in Gram
negative bacteria or lipotechoic acids (LTA) in Gram positive
bacteria, leading to membrane destabilization and loss of selective
permeability, inducing bacterial lysis (Van Der Kraan et al., 2004,
2005; Haney et al., 2007; Leon-Sicairos et al., 2009; Lopez-Soto
et al., 2009; Flores-Villasenor et al., 2010).

Bactericidal activity of LF and its peptides have been
demonstrated in different bacteria such as Escherichia coli,
Staphylococcus aureus, and Vibrio parahaemolyticus (Leon-
Sicairos et al., 2009; Flores-Villasenor et al., 2010). LF has a
high isoelectric point and can bind or interact with several
molecules such as LPS, DNA, RNA, and several cell receptors.
In fact, LF’s strong concentration of positive charge in residues
1-5 and in the C-terminal end of helix 1 (residues 27-30),
forms the proposed binding site for DNA. In a report with
S. aureus and LF, it was demonstrated that LF and LF peptides
presented high affinity for bacterial DNA (Huo et al, 2011).
Whether binding of LF to DNA leads to changes in the DNA
structure, or degradation, have not been investigated. The ability
of LF to bind DNA could change expression of some genes. In
our previous study, we demonstrated that treatment of cultures
of pneumococcus with LF decreased the transcription of the
luxS gene, a gene whose product is involved in the regulation
of early steps of biofilm formation in S. pneumoniae strains.
Furthermore, it was also demonstrated that bLF and LF peptides
decreased >90% of S. pneumoniae viability, perhaps through
stable complexes formed among LF and LTA that were potentially
liberated from the membrane, causing cell permeabilization
(Leon-Sicairos et al., 2014).

The overall goal of this work was to evaluate the antimicrobial
effect of LF used at concentrations spanning those found in
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human colostrum (100 M) and tears (25 wM) and LF-derivative
peptides against pneumococcal biofilms. The current study
demonstrated a remarkable antimicrobial activity of bLF against
pneumococci colonizing human respiratory cells, including
antimicrobial activity against antibiotic resistant strains at a
concentration safe for humans of <80 WM. We also described a
non-previously recognized DNAse activity of bLF.

MATERIALS AND METHODS

Strains and Bacterial Culture Media
Streptococcus pneumoniae strains utilized in this study are
shown in Table 1. Strains were cultured on blood agar
plates (BAP), brain heart infusion broth (BHI), or in Todd
Hewitt broth containing 0.5% (w/v) yeast extract (THY).
Where indicated, streptomycin (Str), trimethoprim (Tmp), or
tetracycline (Tet) was added.

Lactoferrin and Peptides

Bovine LF (bLF), approximately 20% iron saturated, was
purchased from Abial Biotech (Spain). LPS contamination
and iron concentration were previously evaluated (Cutone
et al, 2014). Synthetic peptides LFcin17-30, LFampin265-
284, and LFchimera were produced by solid phase peptide
synthesis using Fmoc chemistry, as described previously
(Bolscher et al., 2009, 2012).

HEp-2, A549, and Detroit Cells

HEp-2 (ATCC CCL-23) human laryngeal cells, A549 (ATCC
CC-L185) human lung cells, and Detroit 562 (ATCC CCL-
138) human nasopharyngeal cells were used in this study, the
cells were thawed and resuspended in aseptic conditions in
a T-25 culture flask (Corning, NY, United States) in EMEM
(Detroit and HEp-2) and F-12K (A-549) media supplemented
with 10% fetal bovine serum, antibiotics 1% (Streptomycin
10 mg/ml + Penicillin 10,000 IU/ml). They were incubated at
37°C in a 5% CO; atmosphere until about 85-100% confluency
for future use in experiments.

TABLE 1 | Streptococcus pneumoniae strains used in this study.

S. pneumoniae Characteristics References

strain

D39 Serotype 2 strain Avery et al. (1944)

TIGR4 Serotype 4, isolated from a Tettelin et al. (2001)
case of bacteremia

SPJv22 D39S Lattar et al. (2018)

SPJV17 Dagtet Vidal et al. (2011)

SPJV27 TIGR4T™P Lattar et al. (2018)

SPJV23 TIGR4S" Lattar et al. (2018)

GA47281 19FTet.Ery.Cm Chancey et al. (2011b)

GA44194 19ATet.Ery,Cm Chancey et al. (2011a)

Str, streptomycin; Tet, tetracycline; Tmp, trimethoprim; Ery, erythromycin; Cm,
chloramphenicol.

Preparation of the Inoculum for Biofilm

Assays

Inoculums were prepared as previously described (Vidal et al.,
2011). An overnight culture of S. pneumoniae grown on blood
agar plates (BAP) was used to prepare a bacterial suspension in
THY broth. This suspension was incubated at 37°C, 5% CO, until
the culture reached an ODggg of ~0.2 (early log phase). Glycerol
was then added to give a final 10% (v/v) and stored at —80°C
until used.

Inhibition of Initial Colonization Events
by bLF and bLF Peptides

7.5 x 10* CFU/ml of S. pneumoniae strain D39 was inoculated
in 24-well plates containing A549 cells (1 x 10* confluence)
and treated with the following: 40 pM bLF, 10 pM LFcin17-30,
LFampin265-284, or LFchimera, and 20 pM erythromycin for
4 or 6 h in F-12K medium without antibiotics and fetal bovine
serum, then it was incubated at 37°C in 5% CO,. Supernatants
were taken to determinate viability of planktonic bacteria by
serial dilution and CFU/ml and the density of pneumococcal
biofilm was quantified as described earlier (Vidal et al., 2013).
Briefly, biofilms were washed three times with sterile 1X PBS and
plates were sonicated for 15 s in a Bransonic ultrasonic water
bath (Branson, Dunburry, CT, United States). This was followed
by extensive pipetting to remove all attached bacteria. Detached
biofilms were serially diluted and platted onto BAP, density of
biofilms was expressed in CFU/ml.

Antibacterial Activity of bLF and
LF-Derivative Peptides Against

Pneumococcal Biofilms

~7 x 10* CFU/ml of S. pneumoniae (strains with or without
antibiotic resistance) were inoculated (1) onto tissue culture-
treated, polystyrene, 24-well plates (Corning) and (2) HEp-2 cells
(ATCC CCL-23) with a confluency of 1 x 10% of cells per well
that were subsequently fixed with 2% paraformaldehyde (Sigma)
during 15 min. To form biofilms, samples were incubated during
4 or 8 h, respectively at 37°C in a 5% CO, atmosphere. After
that, planktonic cells were removed and fresh THY or cell culture
medium was added. Except in the biofilm control wells, 20, 40,
or 80 pM bLE 10 M LFamp265-285, LFcin17-30 or LFchimera
were added and incubated for 6 or 12 h at 37°C with 5% CO,.
Finally, biofilms were washed and prepared for quantification as
was previously mentioned.

Confocal Microscopy

To visualize the effect of bLF on biofilms of S. pneumoniae,
biofilms destruction assays were done. S. pneumoniae TIGR4
(~7 x 10* CFU/ml) were inoculated onto Detroit 562 cells
(ATCC CCL-138) grown to 85-100% confluency. To form
biofilms, bacterial suspensions were incubated for 4 h at 37°C in
a 5% CO, atmosphere. After that, planktonic cells were removed
and DMEM medium was added. Once the 4 h-biofilm was grown,
40 and 80 wM bLF was added and was incubated for 6 h at 37°C
with 5% CO,. Following incubation, supernatants were discarded
and biofilms were washed and fixed with 2% paraformaldehyde
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for 15 min at room temperature (RT). Biofilms were then washed
two times with 1X PBS and cells were blocked with 2% BSA
for 1 h at RT. For identification of the mammalian cells, sialic
acid was stained with 2.5 pg/ml Wheat Germ agglutinin (WGA)
conjugated with Alexa flour (Molecular probes, Invitrogen) for
15 min at RT (Wright, 1984). After that biofilms were washed
once and a serotype-specific polyclonal antibody (labeled with
Alexa 488, Molecular Probes, Thermo Fisher Scientific, Grand
Island, NY, United States) was used to stain S. pneumoniae
(40 pg/ml) for 1 h at RT (Wu et al, 2017). Then biofilms
were washed once and mounted with ProLong Diamond
antifade mountant with DAPI (Molecular Probes, Thermo Fisher
Scientific, Grand Island, NY, United States). Confocal images
were obtained using an Olympus FV1000 confocal microscope
and were analyzed with the software Image] version 1.49k.

Purification and Quantification of
Extracellular DNA

Streptococcus pneumoniae (~7 x 10* CFU/ml) was inoculated
onto (1) tissue culture-treated polystyrene 24-well plates
(Corning, NY, United States) or (2) onto 1 X 10* HEp-2 cells
(ATCC CCL-23) that had been fixed with 2% paraformaldehyde
(Sigma Aldrich, St. Luis, MO, United States) and extensively
washed to remove the PFA. Inoculated plates, or infected cells,
were incubated during 4 h or 8 h, at 37°C with 5% CO, to form
biofilms. Treatment with bLF (40 and 80 uwM) or bLFpeptides
(10 M) was subsequently added as was indicated before. The
supernatants were then collected and centrifuged for 10 min at
12,000 x g in a refrigerated centrifuge (Eppendorf, Hamburg,
Germany) and filtered by using a 0.2 WM syringe filter. They were
subsequently mixed with a 0.5 volume of ethanol and vortexed
for 10 s. The DNA from the supernatants was then purified by
using the QIAamp DNA minikit (QIAGEN, Hilden, Germany)
following the manufacturer’s instructions. To quantify amounts
of extracellular DNA, quantitative PCR (qPCR) assay, targeting
the IytA gene was utilized (Carvalho et al, 2007). Reactions
were performed with IQ™ SYBR green super mix (BioRad,
Hercules, CA, United States), 300 nM of each primer and 4 ng/j11
of DNA template. Reactions were run in duplicate using a
CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, United States) with the following conditions: 1 cycle at
55°C for 3 min, 1 cycle at 95°C for 2 min, 40 cycles of 95°C
for 15 s, 55°C for 1 min, and 72°C for 1 min. Melting curves
were generated utilizing a cycle of 95°C for 1 min, 65°C for
1 min, and 80 cycles starting at 65°C with 0.5°C increments. For
quantification purposes, standards containing 1 x 103, 1 x 102,
1 x 101, 1 x 10% 1 x 1075, 5 x 1072, or 1 x 1073 pg of
S. pneumoniae DNA were run in parallel to generate a standard
curve and amounts of eDNA were calculated by using the
software Bio-Rad CFX manager (Hercules, CA, United States).

EMSA Assay

Streptococcus pneumoniae D39 (~7 x 104 CFU/ml) was
inoculated into THY medium and incubated for 2.5 h at
37°C with 5% CO,. The suspension was centrifuged for
10 min at 12,000 x g in a refrigerated centrifuged. DNA
was purified by using the Wizard Genomic DNA Purification

Kit (PROMEGA, Madison, WI, United States) following the
manufacturer’s instructions. To analyze the interactions between
bLF and DNA, both bLF and albumin proteins were used and
evaluated with the Electrophoretic Mobility-Shift Assay (EMSA)
kit (Thermo Fisher Sicientific, Waltham, MA, United States)
following the manufacturer’s instructions. To visualize the DNA-
protein interaction, the samples were separated in a 2% agarose
gel and dyed with gel red (Invitrogen, CA, United States). Gels
were imaged using the Kodak model E1 logia 100 imaging system.

DNA Decay Rate

DNA purified as above was incubated with 40 uM bLF or
40 wM albumin for 80 min at 37°C. To measure DNA
decay, DNA concentrations were monitored every 10 min
using the Nanodrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, United States).

Transformation Frequency Assay

To evaluate the effect of bLF on genetic transformation
of S. pneumoniae, we performed the classic transformation
assay. The experiment was carried out in S. pneumoniae
D39 competent cells using standard procedures. To induce
transformation and test the effect of bLF on S. pneumoniae’s
ability to transform, a positive control consisting of competent
cells, 100 ng of competence-stimulating peptide 1 (CSP1
[EMRLSKFFRDFILQRKK]), 100 ng/mL of DNA purified from
strain SPJV22 encoding resistance to Str (200 pg/ml), in complete
transformation media was mixed. To test bLF activity against
the transformation process, 40 and 80 WM bLF were added to
the same reaction as that of the positive control. The negative
control lacked CSP1 to prevent transformation. Every sample
had a final volume of 200 pl (Havarstein et al., 1995). Samples
were incubated for 2 h at 37°C and subsequently plated in the
presence or absence of streptomycin. The plates were incubated
at 37°C with 5% CO; overnight and counted the next day.
Transformation frequency was calculated by dividing the number
of streptomycin-resistant transformants by the total population
obtained on blood agar plates without streptomycin.

Effect of bLF on Recombination
Frequency Between Two Strains of

S. pneumoniae in a Bioreactor Model

To evaluate the effect of bLF on recombination frequency
(rF), we followed the methodology established by Lattar et al.
(2018) with a small modification. Detroit 562 cells (ATCC CCL-
138) were grown on snapwell filters (Corning, Corning, NY,
United States) for about 4-5 days (until polarized). Snapwells
with cells were transferred to the bioreactor chambers and
the cells were washed with EMEM media without antibiotics
supplemented with 5% fetal serum bovine at a flow rate of
0.20 ml/min using a Master Flex L/S precision pump system
(Cole-Parmer, Vernon Hills, IL, United States). Bioreactor
chambers were then inoculated with ~1 x 10° CFU/ml of
S. pneumoniae D39%" and TIGR4*". One chamber was treated
with 40 wM DLE a second with 80 wM bLE and a third
served as a negative control with no treatment. Each chamber
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was incubated at ~35°C. After 8 h of incubation in the
bioreactor, biofilms were harvested by sonication for 15 s
in a Bransonic ultrasonic water bath. This was followed by
extensive pipetting to remove all attached bacteria. To obtain
the bacterial density, serial dilutions were done and samples
were plated on Tet (1 pg/ml) + Str (200 pwg/ml) BAP. These
plates were incubated at 37°C with 5% CO, overnight. To
calculate rE, bacteria growth in obtained from BAP with str and
tet was divided between bacteria growth in Tet. Recombination
frequency was calculated by dividing the number of Tet + Str-
resistant recombinants by the total population obtained on blood
agar plates without antibiotics.

Statistical Analyses

All experiments were performed in triplicate and analyzed by
ANOVA test and student t-test using the SigmaPlot software
version 12.0 (CA, United States).

RESULTS

Lactoferrin and LF-Derivative Peptides
Inhibit S. pneumoniae Colonization of

Human Respiratory Cells

We first sought to evaluate if bLF and LF-derived peptides
would inhibit pneumococcal colonization on human respiratory
cells, the first step of pneumococcal biofilm formation. To assess
this, confluent cultures of human A549 cells were inoculated
with S. pneumoniae strain D39 and treated with bLE or LF-
derived peptides. As a control, some A549-infected cells were
treated with erythromycin. Infected and treated human lung
cells were incubated for 4 or 6 h after which the viability of
planktonic cells or colonizing biofilms was evaluated by dilution
and platting. Experiments demonstrated that the density on
planktonic pneumococci was not affected by the treatment with
bLF while LF-derivative peptides, and erythromycin, eradicated
planktonic bacteria (Figure 1A).

Despite bLF did not affect planktonic pneumococci, the
viability of pneumococci colonizing human A549 cells and that
had been treated with bLF, decreased >90% (Figure 1B). As
expected because of the bactericidal activity against planktonic
bacteria, LFcin17-30 and LFampin265-284 decreased ~70 and
~80%, respectively, the viability of pneumococci colonizing lung
cells while LFchimera eradicated colonizing pneumococci at the
same extent as the antibiotic erythromycin did (Figure 1B).
A similar antibiotic effect was observed when infected human
lung cells were treated with bF, and LF-derivative peptides, and
incubated for 6 h (Figures 1C,D).

Lactoferrin Eradicate S. pneumoniae

Biofilms

Having demonstrated activity against planktonic and colonizing
pneumococci, we then assessed anti-biofilm activity of bLF and
LF-derived peptides against pneumococcal biofilms. To assess
this, biofilms made by S. pneumoniae strain D39 for 4 or
6 h, were challenged with 40 uM bLE or with 10 pM of
peptides LFcin17-30, LFamp264-285, and LFchimera. Biofilms

were treated for 6 or 12 h. Unexpectedly, treatment of 4 h
preformed biofilms with LF-derivative peptides did not induce
a significant reduction of pneumococcal biofilms (Figure 2A).
In contrast, eradication of biofilms was observed in those
pneumococcal biofilms treated with bLF, whether biofilms had
been preformed during 4 or 6 h, and at both treatment times, 6 or
12 h (Figures 2B,C).

We additionally tested the antibacterial effect of DbLF
against pneumococcal biofilms of antibiotic resistant strains.
Biofilms of strain TIGR4™™P that we engineered to bear
trimethoprim resistance or two naturally multidrug resistant
strains, GA47281T¢FEY+HCm  and  GA44194TeHEYHCM  yere
challenged during 6 h with bLF. Figure 3 results demonstrated a
dose-dependent decrease of the viability of bLF-treated biofilms,
in comparison with untreated bacteria.

To further investigate a potential therapeutic and/or
prophylactic use, we next determined the effect of bLF on
pneumococcal biofilms that had been preformed on human
pharyngeal cells. Similarly to the above experiments, bLF
induced a statistically significant reduction of viability of
pneumococcal biofilms that had been preformed on human
pharyngeal cells (Figure 4). Treatment for 6 and 8 h induced
a ~80% reduction of viable pneumococci (Figures 4A,B),
while 12 h post-treatment a decreased viability of only ~60%
was observed indicating that bLF was losing its activity and
therefore pneumococci that remained viable after 8 h of
incubation started to growth (Figure 4C). Pharyngeal cells
colonized by pneumococci, and those colonized and then
treated with bLE were visualized by confocal microscopy.
In line with experiments where viable counts were the
readout, a number of pneumococci colonizing pharyngeal
cells, and with the hallmark pneumococcal infection forming
bacterial chains, were observed in the micrographs of the
untreated control (Figure 5). These chains were absent in
pharyngeal cells infected with pneumococci and treated with
bLF at both concentration used, 40 and 80 M. Moreover, a
reduction in the number of pneumococcal cells was observed
in cells treated with 40 wM while in those treated with
80 WM pneumococci were scarce (Figure 5, bottom panels).
Altogether, our experiments demonstrated a strong anti-bacterial
activity of bLF against pneumococci already colonizing human
pharyngeal cells.

Lactoferrin Degrades eDNA Release

During Biofilm Formation
To begin evaluating the molecular mechanism utilized by bLF to
eradicate pneumococcal biofilms, we assessed the effect of bLF
on a main component of the biofilm matrix, the extracellular
eDNA. Fascinatingly, eDNA in pneumococcal biofilms formed
for 4 h was completely absent in biofilms treated with bLF
compared to the untreated control that contained 10 pg/ml of
eDNA, or compared to those treated with LF-derivate peptides in
which eDNA was intact (Figure 6A). eDNA was also significantly
reduced in biofilms that had been preformed for 8 h and then
treated with bLF for 6 h (Figure 6B).

Degradation of eDNA was also evaluated in biofilms formed
by antibiotic resistance strains (TIGR4T™P, GA47281 Tet+Ery+Cm,
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FIGURE 1 | Bovine Lactoferrin and LF-derived peptides inhibit the viability and attachment of pneumococci present in lung cells and supernatants. Human lung cells
A549 were inoculated with 7.5 x 10* CFU/ml Streptococcus pneumoniae strain D39 and simultaneously treated with 40 uM bLF, 10 uM LFcin17-30, 10 pM
LFampinn265-284, 10 uM LFchimera, and 20 wM Erythromycin. Infected cells were incubated for 4 h (A,B) or 6 h (C,D) at 37°C with 5% CO». Counts of planktonic
pneumococci were obtained in (A,C) while biofim pneumococci were harvested and counted (B,D). Asterisks indicate statistical significance calculated using the
ANOVA t test (p < 0.05). Viable counts of pneumococci in the untreated control were adjusted to 100% and viability on those treated was calculated.
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FIGURE 2 | Lactoferrin but not its derived peptides destroy preformed Streptococcus pneumoniae biofilms. 7.5 x 10* CFU/mI S. pneumoniae strain D39 were
inoculated in a 24-well plate containing THY and then plates were incubated for 4 h (A,B) or 8 h (C) at 37°C with 5% CO». After that, planktonic cells were removed,
biofilms were washed and then treated with 40 uM bLF, 10 pM LFcin17-30, 10 uM LFampinn265-284, and 10 wM LFchimera for 6 h (A,C) or 12 h (B). Treated
biofilms were harvested, diluted, and platted on blood agar plates to obtain viable counts. Experiments were repeated at least three times. Standard deviation of the
mean is shown. Asterisks indicate statistical significance calculated using the ANOVA test (p < 0.05). Viable counts of pneumococci in the untreated control were
adjusted to 100% and viability on those treated was calculated.

and GA44194Tet+Ery+Cm) challenged with 20, 40, and 80 WM Whereas eDNA from reference strains D39 and TIGR4
bLF. In all experiments, a statistically significant reduction of ~Wwas completely absent (ie, 1 x 10°-fold reduced) after
eDNA was observed in biofilms treated with bLF (Figure 7). the treatment with 40 pM of bLE eDNA of naturally
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number of live cells present in samples relative to untreated cells.
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FIGURE 3 | Bovine Lactoferrin eradicates antibiotic-resistance strains of Streptococcus pneumoniae biofims. S. pneumoniae strains TIGR4T™P (A),
GA47281TeHEV+Cm (B) and GA44194TeHEV+CM (C), were inoculated in a 24-well plate containing THY. The plate was incubated for 4 h at 37°C with a 5% CO,
atmosphere. Planktonic cells were removed and the remaining biofilms were washed once and bovine Lactoferrin (bLF) was added at the indicated concentration
and incubated for 6 h. Treated biofims were harvested, diluted, and platted on blood agar plates to obtain biofim viable counts. Experiments were repeated at least
three times. Standard deviation of the mean is shown. Asterisks indicate statistical significance calculated using the ANOVA test (p < 0.05). The viability (%) refers to
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FIGURE 4 | Lactoferrin eradicates pneumococcal colonization on human HEp-2 cells. Streptococcus pneumoniae strain D39 (7.5 x 10* CFU/ml) was inoculated in
cultures of human HEp-2 cells and incubated for 4 h (A,B) or 8 h (C) at 37°C with 5% CO.. Planktonic cells were removed and biofilms were washed and treated
with bovine Lactoferrin (bLF) for 6 h (A,C) or 12 h (B). Treated pneumococci were harvested, diluted, and platted on blood agar plates to obtain viable cells.
Experiments were repeated at least three times. Standard deviation of the mean is shown. Asterisks indicate statistical significance calculated using the ANOVA test
(o < 0.05). Viable counts of pneumococci in the untreated control were adjusted to 100% and viability on those treated was calculated.

resistant pneumococcal strains was 10-fold reduced, but not
completely degraded, indicating that those strains might
have evolved a mechanism to partially inactivate the DNAse
activity of bLF.

We finally evaluated whether degradation of eDNA by bLF
would be observed in the context of colonization of human

pharyngeal cells. Accordingly, eDNA from strain D39 colonizing
human cells was ~10,000-fold reduced in the supernatants
of cells infected with pneumococci and treated with bLF for
6 or 12 h in comparison to those infected cells that were
left untreated (Figure 8). Overall our data indicate that bLF
bears DNAse activity.
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FIGURE 5 | Lactoferrin eradicates preformed Streptococcus pneumoniae
biofilms in nasopharynx cells. S. pneumoniae (spn) strain TIGR4

(7.5 x 10* CFU/mI) was inoculated in a 24-well plate containing Detroit cells
and plates were incubated for 4 h at 37°C with 5% CO,. Planktonic cells were
removed and biofilms were washed and then untreated (A) or treated with
bovine Lactoferrin bLF, 40 and 80 uM (B,C, respectively) for 6 h. Treated
biofilms were slowly washed once with PBS, fixed with 2% P-formaldehyde,
and stained with Wheat germ agglutinin (WGA) for the cell membrane,
antibody serotype-specific polyclonal for S. pneumoniae and DAPI for DNA.
Confocal images with close up of 10 WM were obtained using an Olympus
FV1000 confocal microscope and were analyzed with Imaged version 1.49k.
Arrows indicate the decrement of pneumococcal cells in biofilms.

Lactoferrin Binds and Degrades DNA
Inhibiting Acquisition of Resistance by

Pneumococcal Strains
If bLF degrades DNA then it should first bind it; we therefore
performed an EMSA assay to investigate this possibility
with DNA purified from cultures of strain D39. Figure 9A
demonstrated that bLF bound genomic DNA, trapping
the DNA into the well whereas untreated pneumococcal
DNA, or pneumococcal DNA that had been incubated with
another serum protein albumin, migrated into the gel. To
further investigate degradation of genomic DNA by bLE
we conducted a time-course study of DNA decoy. Genomic
DNA (~140 ng/ml) was left untreated, or treated with
bLE or albumin for up to 60 min. Statistically significant
degradation of genomic DNA was observed soon after
20 min of incubation with bLF and continued decreasing
through the incubation time (Figure 9B). In contrast, DNA
signal remained intact in untreated DNAs or in those DNA
samples treated with albumin (Figure 9B). Together these
experiments demonstrate that bLF binds DNA to induce
its degradation.

We then hypothesize that if bLF degrades DNA, it should
inhibit acquisition of resistance. We first tested whether
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FIGURE 6 | Bovine lactoferrin digest eDNA in preformed Streptococcus
pneumoniae biofims. S. pneumoniae strain D39 (7.5 x 104 CFU/ml) was
inoculated in a 24-well plate containing THY and incubated for 4 h (A) or 8 h
(B) at 37°C with a 5% CO, atmosphere. Planktonic cells were removed;
biofilms washed once and then treated with 40 uM bLF, 10 uM, LFcin17-30,
10 uM LFampinn265-284, and 10 wM LFchimera for 6 h (A) or 12 h (B). After
that, the supernatants were removed and DNA extracted. eDNA quantification
was performed by using gPCR. Experiments were repeated at least three
times. Standard deviation of the mean is shown. Asterisks indicate statistical
significance calculated using the ANOVA test (o < 0.05).

acquisition of resistance in classic transformation reactions
would be inhibited by bLF. As shown in Figure 9C,
in transformation reactions containing competent D39
pneumococci, DNA encoding resistance to streptomycin,
and bLE the transformation frequency (tF) was significantly
decreased in comparison to the tF obtained in the
untreated control.

Given that acquisition of resistance by pneumococcal strains
is stimulated when strains D39 and TIGR4 are inoculated in
pharyngeal cells and incubated under the dynamic system of
a bioreactor, we assessed whether treatment with bLF would
inhibit acquisition of resistance by evaluating the recombination
frequency (rF) in this life-like environment. In bioreactor
chambers containing human pharyngeal cells and inoculated
with strains D39%¢ and TIGR4%", a rF of ~1 x 1072 of
pneumococci bearing tetracycline and streptomycin resistance
was obtained (Figure 9D). Bioreactors chambers incubated
also with 40 wM of bLF yielded a similar rF to that in
untreated bioreactor chambers, whereas in chambers incubated
with 80 mM of bLF the rF was 100-fold reduced confirming that
bLF inhibit the acquisition of resistance by degrading eDNA.

DISCUSSION

In the present report, we utilized in vitro models to mimic
two important biological events leading to persistence of
pneumococcus in the human airways (i.e., initial colonization
events and persistent pneumococcal biofilms), to evaluate the
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FIGURE 7 | Bovine lactoferrin degrades eDNA from antibiotic-resistance strains of Streptococcus pneumoniae. S. pneumoniae strains TIGR4T™P (A),
GA47281Tet+EV+Cm (B) and GA44194TetHEV+CM (C) were inoculated in a 24-well plate containing THY. Then, the plate was incubated for 4 h at 37°C with a 5%
CO, atmosphere. Planktonic cells were removed, biofilms washed once, and bovine Lactoferrin (bLF) was added at the indicated concentrations and incubated for
6 h. The supernatants were removed, filter-sterilized to eliminate bacteria in supernatant and DNA was extracted. eDNA quantification was performed by using
qPCR. Experiments were repeated at least three times. Standard deviation of the mean is shown. Asterisks indicate statistical significance calculated using the
ANOVA test (p < 0.05).
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FIGURE 8 | Bovine lactoferrin degrades eDNA in preformed Streptococcus
pneumoniae biofilms in Hep-2 cells. S. pneumoniae strain D39

(7.5 x 10* CFU/mI) was inoculated in a 24-well plate containing Hep-2 cells
and incubated for 4 h (A,B) at 37°C with a 5% CO, atmosphere. Then,
planktonic cells were removed, biofilms washed once, then treated with
bovine Lactoferrin (bLF) for 6 h (A) or 12 h (B). After that, the supernatants
were removed and DNA extracted. eDNA quantification was performed by
using gPCR. Experiments were repeated at least three times. Standard
deviation of the mean is shown. Asterisks indicate statistical significance
calculated using the ANOVA test (p < 0.05).

effect of physiologically relevant concentrations of LF and LF-
derivative peptides on biofilm persistence. We first demonstrated
that bLF, and LF-derivative peptides, inhibited initial colonization
events on human respiratory cells. The mechanism(s) that

blocked colonization was different for bLF compared to that of
LF-derivative peptides. For the latter, inhibition of colonization
was caused by the antibacterial activity of LF-derivative peptides
against planktonic pneumococci. The mechanism utilized by bLF
to inhibit pneumococcal colonization was different since bLF
presented low antibacterial activity against planktonic bacteria. In
line with our experiments, an effect for LF against colonization by
other organisms such as Pseudomonas aeruginosa, Streptococcus
mutans, and Candida albicans has been demonstrated (Berlutti
et al., 2004; O’may et al, 2009; Morici et al., 2016). The
iron-chelating activity of LF was demonstrated as the main
factor (Singh et al., 2002). The current study, and a previous
publication by our laboratories (Leon-Sicairos et al., 2014), allow
us to speculate that bLF inhibits biofilm formation through two
different mechanisms: (1) a decreased of luxS gene expression,
a gene that regulates biofilm formation (Vidal et al., 2011), and
the binding of LF to pneumococcal surface protein A (PspA) thus
inhibiting adherence of the pneumococcus to human epithelial
cells. Blocking adherence through PspA binding has been linked
to an increased number of non-adherent pneumococci bacteria
(Shaper et al., 2004), such as it was demonstrated in experiments
presented in Figures 1B,D.

Despite having a strong bactericidal effect against planktonic
bacteria inoculated onto human respiratory cells, to our
surprise, LF-derivative peptides did not have an effect against
pneumococci already forming a biofilm. Given that LF-
derivative peptides were very efficient for eradicating planktonic
pneumococci, these peptides likely target metabolically active
bacteria and not pneumococci in quiescent state forming a
biofilm. The possibility exist that an increased density of
pneumococci in the biofilms state, versus planktonic bacteria
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challenged with LF-peptides, was a factor to the inability of
LF-derivative peptides to affect pneumococcal biofilms.

The current study, however, demonstrated that bLF eradicates
pneumococci forming biofilms at two different density of biofilm
bacteria, those already formed after 4 h of incubation and 8 h
post-inoculation. Moreover, the density of these pneumococcal
biofilms decreased whether biofilms were formed on abiotic
substrates or on human pharyngeal cells, which bears both
prophylactic and therapeutic potential to combat nasopharyngeal
colonization or pneumococcal disease such as otitis media or
sinusitis. The concentration of LF that eradicated pneumococcal
biofilms (20, 40, and 80 wM) was similar to the concentrator
of LF found in colostrum (100 wM) and tears (25 pwM) and
therefore it is safe for humans. Both colostrum and tears protect
the human host from bacterial infections, in part because of the
antimicrobial activity of LF.

It has been reported that LF has anti-biofilm properties
when mixed with other molecules. For example, Ammons and
colleagues (2009) demonstrated that LF penetrates P. aeruginosa
biofilms and reduced 1 log reduction in viability, but in
their experiments a combination LF and xylitol reduced ~3
unit/logarithmic (Ammons et al., 2009). Sheffield et al. (2012)
tested LF to disrupt E. coli biofilms; LF reduced more than 90%
of E. coli biofilms and 100% of Klebsiella pneumoniae biofilms
(Sheffield et al., 2012) whereas an anti-biofilm effect against the
Gram positive S. mutans decreasing the density of biofilms has
also been demonstrated (Allison et al., 2015). These studies,
however, were conducted using abiotic substrates to produce
biofilms of Gram negative bacteria. Our current studies with the
Gram positive S. pneumoniae are in line with these mentioned
above but we additionally demonstrated that bLF eradicates
biofilms made on biologically relevant substrates (i.e., human
respiratory cells) and therefore supports a potential therapeutic
and/or prophylactic application for LF.

How bLF induced the decrease of the density of S. pneumoniae
biofilms? There are a number of possibilities. For example,
given that LF chelates iron and although the metabolism
in biofilms decreases these quiescent bacteria still may
require iron to maintain its structure and/or vital activities.
Another possibility is its capacity to interact with negative
components of bacteria such as LPS (Ellison et al., 1988;
Leon-Sicairos et al, 2014). Besides these two possibilities,
we experimentally provided with a mechanism when an
important component of the pneumococcal biofilm matrix
was evaluated, eDNA and found a significantly decrease of
eDNA in the supernatant. Since eDNA is an anionic molecule,
our mechanistic experiments demonstrated that in fact bLF
binds DNA and that this biding precedes DNA degradation. As
expected, degradation was observed in different pneumococcal
strains, including multi-drug resistant pneumococci, although
at different extents indicating that other individual, strain
specific, components of the biofilm matrix interfered with
bLF-induced degradation of eDNA. All evidence together led
us to formulate the following hypothesis that bLF decreased the
density of pneumococcal biofilms by chelating iron necessary
to maintain biofilm viability, and binding to negatively charged
components of the biofilm matrix such as eDNA, thus degrading
this important component of the matrix. Significant more
efforts will be required to fully dissect the mechanism of
biofilm eradication.

It very interesting that concentration that bLF that we
used to demonstrate the antimicrobial activity against
pneumococcal biofilms is inside of range or lower of some
physiological fluids of human. The higher concentration
that we used was 80 wM, lower that in colostrum 100 uM
(Sénchez et al, 1992). It means that concentration used
in this work couldn’t present adverse effect in human,
in fact 40 uM of LF was sufficient to alter the biofilms
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structure, concentration that is inside of milk range (20-60 |LM)
(Ford et al., 1977; Zavaleta et al., 1995; Hamosh, 1998). The low
concentration of LF in upper airways of human (6.25-12.5 uM)
could to influence to allow the colonization of pneumococcus
(Dubin et al., 2004).

Our studies identified an activity of bLF that had not
previously been recognized, DNAse activity (Bennett et al.,
1986). The aminoacid threonine play a central role in DNA
hydrolysis in active site of DNAse 1, this aromatic residue induces
distortion of DNA (Parsiegla et al., 2012), in comparison with
the active zone of LF to bind DNA located in C-terminal in
end of helix in the aminoacids residues 27-30, which contains
threonine, fact that could help in DNAse activity of bLF
(Baker and Baker, 2009). DNase has been successful used to
disaggregates pneumococcal biofilms (Hall-Stoodley et al., 2008),
and, of course, DNase has a profound effect on pneumococcal
acquisition of new traits (i.e., capsule genes, antibiotic resistance
genes) by recombination via transformation. Treatment with
DNase completely blocked recombination via transformation
in a life-like system such as that utilized in the current study
(Lattar et al, 2018). Accordingly, our studies demonstrated
that treatment with bLF rendered the pneumococcus unable
to uptake DNA whether the transformation reaction was
performed in vitro or using our model of recombination in
a life-like bioreactor system. Therefore, bLF not only has
the capacity to eradicate colonizing pneumococcal biofilms,
but also it appears to prevent recombination by its DNase
activity. Because human lactoferrin (hLF) has ~72% aminoacids
homology with bLF (calculated by BLAST analysis), it is likely
that hLF is also able to degrade DNA. We in the field have
speculated for a number of years now that the future of
therapeutics would include targeting important components
of the pneumococcal transformation machinery including the
competence stimulating peptide (CSP) and eDNA (Hakenbeck,
2000; Moreno-Gamez et al., 2017; Salvadori et al., 2019).
Whereas this was an interesting recommendation, it has
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