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Abstract

Streptococcus pneumoniae displays increased resistance to antibiotic therapy following bio-
film formation. A genome-wide search revealed that SP 0320 and SP 0675 (respectively
annotated as 5-keto-D-gluconate-5-reductase and glucose dehydrogenase) contain the
highest degree of homology to CsgA of Myxococcus xanthus, a signaling factor that pro-
motes cell aggregation and biofilm formation. Single and double SP 0320 and SP 0675
knockout mutants were created in strain BS72; however, no differences were observed in
the biofilm-forming phenotypes of mutants compared to the wild type strain. Using the chin-
chilla model of otitis media and invasive disease, all three mutants exhibited greatly
increased virulence compared to the wild type strain (increased pus formation, tympanic
membrane rupture, mortality rates). The SP 0320 gene is located in an operon with SP
0317, SP 0318 and SP 0319, which we bioinformatically annotated as being part of the
Entner-Doudoroff pathway. Deletion of SP 0317 also resulted in increased mortality in chin-
chillas; however, mutations in SP 0318 and SP 0319 did not alter the virulence of bacteria
compared to the wild type strain. Complementing the SP 0317, SP 0320 and SP 0675
mutant strains reversed the virulence phenotype. We prepared recombinant SP 0317, SP
0318, SP 0320 and SP 0675 proteins and confirmed their functions. These data reveal that
disruption of genes involved in the degradation of ketogluconate, the Entner-Doudoroff path-
way, and glucose dehydrogenase significantly increase the virulence of bacteria in vivo; two
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hypothetical models involving virulence triggered by reduced in carbon-flux through the gly-
colytic pathways are presented.

Introduction

Streptococcus pneumoniae (pneumococcus) colonizes the human nasopharynx [1], and is also
an upper respiratory tract pathogen that is often the causative agent of both acute and chronic
otitis media with effusion [2-6]. A European Day Care study demonstrated that greater than
95% of children were colonized by S. pneumoniae during the study [7]. Moreover it has been
reported that in developed and developing countries alike, essentially all children become
nasopharyngeally colonized during the first year of life [8].

The pneumococcus can also cause life-threatening invasive diseases including pneumonia,
bacteremia and meningitis that affect millions of persons annually throughout the world [9-
14]. Infections, both acute and chronic, localized and invasive, caused by S. pneumoniae have
become increasingly difficult to treat, due to the acquisition of genetic determinants rendering
it antibiotic resistance and its ability to form a biofilm that is metabolically recalcitrant to anti-
biotic therapy [15-19].

Formation of a biofilm is initiated with the attachment of bacterial cells to the surface fol-
lowed by cell aggregation and growth [20]. In the Gram-negative rod Myxococcus xanthus, cell
aggregation and sporulation are induced by the extracellular C-signaling factor (CsgA) [21-
23]. Previous study has shown that mutants lacking CsgA are unable to aggregate and sporu-
late [23], and CsgA has been proposed to induce aggregation via a contact-dependent mecha-
nism [21, 24]. The increase in number of bacterial cells during growth and aggregation allows
for the more closely packed cells to promote C-signaling [23].

In this study, we characterized two genes SP 0320 and SP 0675 with the highest similarity to
CsgA in pneumococcus as well as SP 0317, SP 0318, SP 0319 genes cotranscribed with the SP
0320, and studied the effect of deleting these genes via examination of growth characteristic,
biofilm formation, and virulence in vivo.

Materials and methods
Bacterial strains and growth conditions

A low passage clinical strain, BS72, of S. pneumoniae serotype 23, isolated from the nasophar-
nyx of a child suffering from otitis media [17, 25], was used to make the insertional-deletion
mutants in which either an erythromycin or a tetracycline resistance cassette was inserted to
replace the gene of interest. Erythromycin at 0.25 pg/ml or 1.0 ug/ml was used for culturing
mutant strains (SP 0320::ery and SP 0320:SP0675 double mutant) in Todd Hewitt broth (THB)
or Todd Hewitt agar (THA), respectively. Tetracycline (10 ug/ml) was used to grow the SP
0317, SP 0318, SP 0319, and SP 0675 mutants. For complemented mutants, the originally dis-
rupted gene was replaced along with a spectinomycin resistance cassette. The complemented
strains were cultured in THB plus 75 pug/ml spectinomycin or on THA plus 300 pg/ml specti-
nomycin. For verifying the presence of o-hemolysis, tryptic soy agar plates with 5% sheep’s
blood (BA) were used. For overexpression of recombinant proteins, the Magic Media E. coli
expression system (Invitrogen) plus 50 pug/ml carbenicillin was used. Although primers were
designed based on the S. pneumoniae TIGR 4 or R6 sequences, mutations were introduced
into S. pneumoniae serotype 23 strain. S4 Table (S4 Table) shows the accession numbers of
genes in S. pneumoniae serotype 23 strain that correspond to the orthologous genes in TIGR 4
strain.
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Mutagenesis of SP 0320, SP 0675, SP 0317, SP 0318, and SP 0319 using
tripartite ligation

To study the function of SP 0320, an insertion-deletion mutant was constructed using a tripar-
tite ligation protocol described previously [13, 14, 26]. Briefly, an erythromycin resistance cas-
sette (Erm®) was amplified by PCR using primers, PcErm-Apal-F and PcErm-BamHI-R
(Primers are listed in S5 Table) and Pc-Erm cassette as template (S6 Table, a kind gift from Dr.
Morrison, UIC) [27, 28]. This was followed by digestion of Erm® cassette with Apal and
BamHI. Using primers, SP 0320-FInk1-F and SP 0320-FInk1-BamHI-R, a region of DNA
downstream of SP 0320 including a small portion of the 5" end of SP 0320 was amplified using
S. pneumoniae Type 23 genomic DNA as template (flank 1). The flank 1 product was digested
with BamHI. Using primers, SP 0320-FInk2-Apal-F and SP 0320-FInk2-R, a region of DNA
upstream of 0320 including a small portion of the 3’ end of SP 0320 was amplified (flank 2)
and this product was digested with Apal. The three products (Erm" cassette, flank1 and
flank2) were ligated using T4 DNA ligase, and the tripartite ligation mixture was naturally
transformed into S. pneumoniae serotype 23 wild type strain in the presence of a competent
stimulating peptide, CSP1 (a kind gift from Dr. Morrison, UIC) [29-31]. The SP 0320 inser-
tion-deletion mutant was obtained by allelic exchange. The mutation was confirmed by PCR
using primers SP 0320-MutnConfirm-F and SP 0320-MutnConfirm-R and also by
sequencing.

Mutagenesis of SP 0675, SP 0317, SP 0318, and SP 0319 was carried out as described above
except that a tetracycline resistance cassette, amplified from PcTet fragment (S6 Table, a kind
gift from Dr. Morrison, UIC) using primers PcTet-Apal-F1 and PcTet-BamHI-R1, was used
to create the deletion [27, 28]. All mutations were confirmed by PCR and DNA sequencing.

Construction of the SP 0320 and SP 0675 double mutant

The genomic DNA of the SP 0675 mutant was isolated using the Bactozol kit (Molecular
Research Center Inc, Cincinnati, Ohio). The purified SP 0675 mutant DNA was transformed
into the SP 0320 knockout strain in the presence of CSP1. Transformants from the SP
0320:0675 double mutant construct experiment were cultured on media containing both
erythromycin and tetracycline and were confirmed by PCR amplification and sequencing
using primers SP 0320-Mutn-Confirm-F, SP 0320-Mutn-Confirm-R, SP 0675-Mutn-Con-
firm-F, and SP 0675-Mutn-Confirm-R (S5 Table).

Complementation of SP 0317 mutation using a tetrapartite ligation (Fig 1
and S5 Table)

To complement the SP 0317 mutation, the SP 0317 gene of S. pneumoniae serotype 23 was
amplified using primers SP 0317-F and SP 0317-R (S2 Table) and cloned into pGEM-T
easy vector (Promega) to give the construct pGEMT: 0317. Since SP 0317 is clustered
along with SP 0320, and does not have its own promoter, the promoter upstream of SP
0320 was amplified from S. pneumoniae serotype 23 genomic DNA using primers Prom-
SphI-F and Prom-NcoI-R. The promoter fragment was then purified and digested with
Sphl and Ncol, and cloned upstream of SP 0317 between the Sphl and Ncol sites of
pGEMT: 0317 construct giving pPGEMT: Prom: 0317 construct. The ‘Prom: 0317’ frag-
ment from pGEMT: Prom: 0317 construct was then excised using SphI and Ndel and used
for the four-partite ligation (see below).

Because our aim was to avoid insertional inactivation of any other genes, the tetrapartite
ligation product was designed to be inserted into an 805 base pair intergenic region located
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Fig 1. The kdg region of S. pneumoniae TIGR 4 strain. The diagrams are not drawn to scale. Transcriptional directions of genes are shown by the direction of arrows.
Loci names correspond to S. pneumoniae TIGR 4 strain, except for spr 0112 and spr 0113 (not found in strain TIGR4), which are the designated names for strain R6, and
their corresponding names in strain serotype 23 are ZP_01834243.1 and ZP_01834246.1. Genes that constitute the kdg region are colored in orange (SP 0317-0320).
Panel A: A pseudogene (colored in blue) is directly downstream to the kdg region. Further downstream to the kdg region is SP 0314, a gene that encodes the hyaluronate
lyase (hyl) (colored in green). Upstream to the kdg region (colored in pink) are genes that encode a PTS transport system (SP 0321, SP 0323, SP 0324, SP 0325) and
glucuronyl hydrolase (SP 0322). The functions of the PTS transport system and glucuronyl hydrolase are to respectively transport hyaluronate disaccharides into the cell
and to further break down hyaluronate disaccharide into monosaccharide. Colored in yellow (SP 0328), grey (SP 0329) and purple (SP 0330) respectively represent genes
that encode a transpose, protein of unknown function, and RegR (a global regulator). Panel B: Construction of the complemented SP 0320 (panel B1) and SP 0317
(panel B2) mutant strains (see Materials and Methods).

https://doi.org/10.1371/journal.pone.0209688.9001

between two hypothetical genes (Spr0112 and Spr 0113). The Spr 0112 upstream product was
amplified from S. pneumoniae serotype 23 genomic DNA using Spr 0112 flnk1-F and Spr 0112
flnk1-NcolI-R primers, and the Spr 0113 downstream product was amplified using Spr 0113
flnk 2-Ndel-F and Spr 0113 flnk2-R1 primers. A spectinomycin resistance cassette (Spec®) was
amplified with PcSpec-Ncol-F and PcSpec-Sphl-R primers using pR412 plasmid as template
(S6 Table, a gift from Dr. Morrison, UIC) [28]. After restriction digestion of these four prod-
ucts (Spr 0112 flnk1, Spr 0113 flnk2, Spec® cassette and the ‘Prom-0317’ fragment), a four-par-
tite ligation was carried out. This ligation mixture was transformed into the SP 0317 knockout
mutant.

As a result of allelic exchange, the ‘Prom-0317" fragment along with the Spec® cassette was
introduced into the intergenic region between Spr 0112 and Spr 0113 giving rise to the comple-
mented SP 0317 mutant with a mutated and an intact copy of SP 0317. The presence of an
intact copy of SP 0317 was confirmed using SP 0317-Comple-Confirm-F and SP 0317-Com-
ple-Confirm-R. The presence of the mutated copy of SP 0317 was confirmed using SP
0317-Mutn-Confirm-F and SP 0317-Mutn-Confirm-R (S5 Table).
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Complementation of SP 0320 (Fig 1) and SP 0675 mutations using four-
partite ligation (S2 Table)

Complementation of SP 0320 and SP 0675 knockout strains along with their upstream pro-

moters was performed using DNA amplified from the S. pneumoniae serotype 23 wild type

strain in a similar manner as described for the SP 0317 complemented mutant. The primers
are listed in S6 Table.

Growth characteristics of the wild type and mutant strains

We determined whether inactivating any of the genes would result in a difference in growth
rate compared to the wild type strain. Three to four hour cultures (TSB + 0.5% Yeast Extract)
of the wild type and mutant strains were used as inocula to create the starting cultures. The
optical density of starting cultures were from 0.01 to 0.05 at 600 nm in THB. Growth of bacte-
ria at 37°C was monitored every 30 minutes at an absorbance of 600 nm using the Tecan
GENius Plus plate reader (Tecan Instruments, Salzburg, Austria). Results shown are the aver-
age of three independent experiments. Growth rates and generation times were calculated
using GrowthRates v2.0 software [32].

Polysaccharide test

The anthrone reaction was used to quantify the amount of polysaccharide in a tested solution
[33]. Anthrone Reagent (Fisher Scientific, USA) was added (0.2 grams) to 100 ml concentrated
sulfuric acid. Known concentrations of glucose (0, 25, 50, 100, and 200 mg/L) in water was
used as a standard. The culture was grown to OD600nm = 0.15 and diluted 1:1 with THB;
grew for 4 hr. Cells were harvested (750ul), washed twice with 1ml of PBS and resuspended in
150 pl of PBS. Cell concentrations were measured at OD 600 nm. Fifty microliter of the solu-
tion (test sample, standard, or PBS for a blank) was transferred into centrifuge tubes. Five hun-
dred microliters of anthrone reagent was added into each tube and mixed well. Tubes were
boiled at 100°C water bath for 10 min and were cooled for ~10 minutes at room temperature.
After that, 100 microliters was used to measure OD 630 nm. The absorbance was normalized
with the corresponding culture density. By comparing the ODs of an unknown to those of a
standard, the polysaccharide concentration was determined. The results were analyzed by Stu-
dent T test for statistical significance.

RNA isolation and quantitative PCR

Single colony was inoculated into 1 ml of THB liquid medium and incubated at 37°C for 6 h in
static 5% CO, incubator. Two microliters culture was used to inoculate 50 ml THB broth.
Total RNA was isolated from 12h cultures of all of the mutants and WT strains using RNeasy
Mini Kit (Qiagen,). RNA was treated with RNase-Free DNase (Qiagen cat. No. 79254) and
tested for the negative PCR results with GyrB primers and the DreamTaq Green PCR Master
Mix (ThermoScientific cat. No. K1081). Two micrograms of RNA from mutants and the WT
strains were used for reverse transcription (RT) reaction using Superscript III Reverse Tran-
scriptase (Invitrogen). Single reactions contained GyrB-F/GyrB-R and RegR-F/RegR-R or
Hyl-F/Hyl-R primer sets (Table A in S5 Table). Fivefold dilutions of the RT reactions were
used as a template for a Digital Droplet PCR reaction using a ddPCR SuperMix for probes
(Bio-Rad, Cat. No. 186-3025). Droplets were prepared using an Automated Droplet Genera-
tor, PCR reactions (95°C-10 min.; 94°C-30sec, 50°C-1min., x39; 95°C-10min.) were run in
C1000 Thermal Cycler (Bio-Rad). DDPCR data were analyzed with the QX200 Droplet Reader
and QuantaSoft v.1.6.6 software (Bio-Rad). Three biological replicates were analyzed.
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Biofilm studies using a flow cell system

S. pneumoniae wild type and mutant strains were injected individually into Imm x Imm
square glass capillary flow cells (Bio Surface Technologies Corporation, Bozeman, MT).
0.2X THB was pumped into each flow cell at a rate of 0.15 ml/min for 10 days. The flow
cells were positioned on a polycarbonate holder and were placed on a stage of a Leica con-
focal upright microscope so that the biofilms could be imaged in situ without interrupting
the flow.

Inoculation of the middle ears of chinchillas with S. pneumoniae serotype
23 wild type and mutant strains

Using the previously established chinchilla model of otitis media and invasive disease (OMID)
[34-36], the virulence of each of the mutant strains was compared to the wild type strain
through standardized parameters: an objective clinical scoring system that examines the sever-
ity of both middle ear and systemic infection (S3 Table) [37].

Young adult research-grade chinchillas (R and R Chinchilla Ranch, Jenera, Ohio) weighing
approximately 500 g were anaesthetized by intramuscular injection of a 0.25 ml cocktail mixture
of ketamine (0.25 mg/ml), xylaject (5 mg/ml) and acepromazine (5 mg/ml). After the animals
were anaesthetized, a 0.1 ml inoculum containing either 10> CFU/ml of a viable low passage
(n < 3) S. pneumoniae serotype 23 wild type or mutant strain was injected bilaterally via a trans-
bullar approach. Another group of animals were sham inoculated with sterile phosphate buffered
saline (PBS). The animals were housed three per cage. The protocols for animal handling were in
accordance with the IUCAC guidelines: Protocol #20507; Project #1045108; entitled “Evaluation
of the Role of Hypothetical Virulence Genes in Streptococcus pneumoniae and Haemophilus influ-
enzae infections using the Chinchilla Model of Otitis Media associated with this grant application
has been received from the Institutional Animal Care and Use Committee (Assurance # A3222-
01): Current Protocol #20507; Project #1045108; entitled “Evaluation of the Role of Hypothetical
Virulence Genes in Streptococcus pneumoniae and Haemophilus influenzae Infections Using the
Chinchilla Model of Otitis Media” has been approved by the Drexel University Bio-Safety Com-
mittee; Action #63246; 09/20/2016). Animals had 24 hour access to food and water; 14hr/10hr
light/dark cycling. The degree of otoscopic disease was monitored from day one through to day
ten (or until moribundity and euthanasia) for each ear and for each animal, and was scored by a
board-certified otolaryngologist using the following established criteria [37, 38]: 0-no change,
1-mild inflammation, 2-moderate inflammation, 3-frank purulence, 4-tympanic membrane rup-
ture. Animals with a moribundity score of 4 (S7 Table) were euthanized. After completion of the
ten day otoscopic readings, the animals were heavily sedated with 0.5 ml of the above anaesthetic
cocktail, and then euthanized with an intracardiac injection of 0.3 ml potassium chloride. The left
and right tympanic bullae were harvested by creating a vertical midline incision down to the bone
to expose the dorsal surface of the skull. A piece of the bulla was placed in sterile PBS for DNA
extraction and PCR. The lung and the brain were also harvested and stored in sterile PBS. The ear
effusions and the lung and brain tissues were homogenized and then aliquoted for PCR and plat-
ing. PCR using strain-specific primers was performed to determine persistence in the middle-ear
and to look for invasion into the brain and lung. Aliquots for plating were spread on BA plates to
test for bacterial recovery of the inoculated strain and to check for the presence/absence of o.
hemolysis. Statistical analyses of the otoscopic scores were performed using the Kruskal-Wallis
rank sum test, and the Fisher’s exact test was used (due to small sample sizes) to analyze the differ-
ence in the presence or absence of pus and the survival versus mortality rates for all animals.

Visualization of tissue specimen through FISH was conducted using 16S rRNA gene spe-
cific probe labeled with pneumococcal specific Cy3 and FAM. Pneumococcal specific tissue
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sample yielded the green color, while eubacterial generic specimen showed up in red, and yel-
low indicated the overly of the two dyes.

Recombinant expression and purification of the SP 0317, SP 0318, SP 0319,
SP 0320 and SP 0675 proteins (S2 Fig)

The SP 0317, SP 0318, SP 0319, SP 0320 and SP 0675 genes along with their start and stop
codons were PCR amplified and individually cloned downstream of a 6X His tag between the
Pmil and AvrlI sites of the pET302/NT-His vector (Invitrogen; Carlsbad, CA). The sequences
of primers used for the amplification are shown in S5 Table. The inserts were confirmed by
DNA sequencing and plasmids were transformed into E. coli BL21 DE3 cells (Invitrogen).
Each of the N-terminal His tagged proteins was overexpressed by growing the BL21 DE3 cells
in the Magic Media E. coli expression system. The cells were harvested after overnight growth
at 37°C and lysed by sonication (four pulses of 10 seconds each at 40% amplitude). After a
brief centrifugation at 3000x g for 15 minutes, the supernatant (cytosolic extract) and the cell
debris (membrane extract) were independently mixed with loading dye and loaded onto a 12%
polyacrylamide gel to check for protein expression. The SP 0319 and SP 0320 proteins were
present in the cytosolic extracts, and the SP 0317 and SP 0318 proteins were present both in
the cytosolic and the membrane extracts, with the majority in the membrane fraction. SP 0675
was present in the membrane extract. The SP 0317, SP 0318, SP 0319 and SP 0320 proteins
were purified using the native purification protocol with the ProBond nickel chelating resin
purification kit (Invitrogen). SP 0675 was purified using the hybrid purification protocol. The
purity of these proteins was approximately 97%. The protein identities were confirmed by
MALDI-TOF (Applied Biosystems Voyager DE-PRO) and the data was searched against S.
pneumoniae TIGR 4 database with Protein Prospector at the PNAS facility at the Medical Col-
lege of Wisconsin, WI.

Biochemical assay of SP 0317 (2-keto-3-deoxy-6-phospho-D-gluconate
aldolase, EC 4.1.2.14) (S1 Fig)

The sequence homology of SP 0317 indicated that it might function as a 2-keto-3-deoxy-
6-phospho-D-gluconate aldolase, and an assay was performed to confirm this. This enzyme
catalyzes the conversion of 2-keto-3-deoxygluconate 6-phosphate (KDGP) to pyruvate and
glyceraldehyde 3-phosphate (G3P). The biochemical assay was designed to check the rate of
pyruvate formation [39]. The reaction involves two steps: conversion of KDGP to pyruvate
plus G3P by SP 0317 protein, followed by the reduction of pyruvate in the presence of lactic
dehydrogenase to give lactate. The reduction of pyruvate is coupled to the oxidation of
NADH. NAD" formation from NADH can be monitored spectrophotometrically as a decrease
in the A4 readings. The reaction mixture consisted of 20 mM KH,PO,, 0.42 mM NADH
(Sigma-Aldrich Corporation, St. Louis, Missouri), 10 mM KDGP (a gift from Dr. Eric J.
Toone, Duke University), and 0.1 mg/ml of purified His tagged SP 0317 protein. After a 5 min-
ute incubation at 37 °C, 10 units of commercially available lactic dehydrogenase from Lactoba-
cillus leichmanii (Sigma) was added and the incubation continued. The A4, readings were
recorded every 30 seconds for 15 min. using a Tecan GENius Plus plate reader.

Biochemical assay of SP 0318 (2-keto-3-deoxygluconokinase, EC 2.7.1.45)
(S1 Fig)

Sequence homology searches of SP 0318 indicated that it likely functions as a 2-keto-3-deoxyglu-
conokinase; therefore we set up an assay to test this hypothesis. 2-Keto-3-deoxygluconokinases
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catalyze the phosphorylation of 2-keto-3-deoxygluconate (KDG) in the presence of ATP to give
KDGP. An indirect assay was used to test the phosphorylation activity with KDG as the substrate
(a gift from Dr. Sun Bok Lee, Pohang University of Science and Technology) [40]. The reaction
mixture consisted of 50 mM Tris-Cl, pH 8.5, 10 mM KDG, 10 mM D-glucose, 1 mM NADP", 10
mM MgCl,, 0.1 U/pl of glucose-6-phosphate dehydrogenase, 0.0077 pg/pl of ADP dependent glu-
cokinase, 2.5 mM ATP and 0.16 mg/ml of purified His tagged SP 0318 protein. The increase in
the Aj40 reading due to the formation of NADPH was recorded every minute for 30 minutes at
37 °C using the Tecan GENius Plus plate reader. D-Glucose, NADP", ATP and glucose-6-phos-
phate dehydrogenase were purchased from Sigma. ADP glucokinase was purchased from
ABNOVA Corporation, Taiwan.

Biochemical assay of SP 0320 (5-keto-D-gluconate-5-reductase, EC
1.1.1.69) (S1 Fig)

Sequence homology searches indicated the probable function of SP 0320 as 5-keto-D-gluco-
nate-5-reductase. This enzyme catalyzes the reduction of 5-keto-D-gluconate to D-gluconate
with the subsequent oxidation of NADH. The NAD" formation can be monitored by a
decrease in the Ay readings [41]. The reaction mixture consisted of 95 pl of assay buffer (100
mM Tris-Cl buffer, pH 6.5, 150 pM NADH, 300 mM of potassium-5-keto-D-gluconate) and

5 ul of purified His tagged SP 0320 protein (final concentration = 0.242 mg/ml). The A;,, read-
ings were recorded every 30 seconds for 10 minutes at 37 °C using the Tecan GENius Plus
plate reader. Potassium-5-keto-D-gluconate was purchased from Sigma.

Biochemical assay of SP 0675 (D-Glucose dehydrogenase, EC 1.1.1.47) (S1
Fig) [42]

According to the PUMA 2 database, SP 0675 was predicted to function as a glucose dehydroge-
nase. Glucose dehydrogenase catalyzes the oxidation of D-glucose in the presence of either
NAD(P)* or NAD™ to form D-glucono-1, 5-lactone. The NAD(P)H or NADH formed can be
monitored by an increase in the As4o readings. The reaction mixture consisted of 13 mM Tris-
Cl buffer, pH 8.0, 0.5 mM NADP" or NAD™ (Sigma), 0.1% bovine serum albumin (BSA), 0.5%
Triton X 100, and 50 mM D-glucose. After 15 minute incubation at 37°C, 0.034 mg/ml of puri-
fied His tagged SP 0675 protein was added and the A4 readings were monitored every 30 sec-
onds for 15 minutes at 37°C using the Tecan GENius Plus plate reader. In order to check for
substrate specificity of SP 0675, a similar assay was done using glucose 6-phosphate (Sigma)
instead of D-glucose as the substrate.

In vitro glyceraldehyde 3-phosphate dehydrogenase (GAPDH) activity
assay [43]

We adopted a previously described protocol to determine the difference in cell membrane
activities of GAPDH between mutant and wild type strains [43]. The GAPDH activity assay is
based on the conversion of G3P to 1,3 biphosphoglycerate in the presence of inorganic phos-
phate (Fig 2), and the subsequent reduction of NAD™ to NADH resulting in an increase in the
absorbance readings at 340 nm. Membrane protein lysates were extracted from overnight cul-
tures by ultrasonication and ultracentrifugation at 50,000 x g for 90 minutes. The reaction mix-
ture consisted of 10 mM NAD", 3.5 mg/ml G3P solution (stock concentration at 50 mg/ml),
0.1 mg/ml membrane protein lysate, and the volume was adjusted to 0.1 ml with GAPDH
assay buffer (40 mM Triethanolamine, 50 mM Na,HPO,, 5 mM EDTA, pH 8.6). The
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Fig 2. Proposed metabolic pathways of hyaluronate and L-idonate in S. pneumoniae. Solid arrows indicate the directions of metabolic processes. Dotted arrow shown
in the pentose phosphate pathway (purple circle) indicates further reactions down the pathway. Double arrows indicate transports of molecules. Proteins whose names
have been striked through indicate that homologs could not be identified among S. pneumonia strains. To correspond to Fig 1, candidate gene products in our study (SP
0317, SP 0318, SP 0320), the PTS transport system (SP 0321, SP 0323, SP 0324, SP 0325) along with glucuronyl hydrolase (SP 0322), and the hyaluronate lyase (Hyl)
protein have been highlighted in orange, pink, and green, respectively. We postulate that SP 0675 functions as a glucose dehydrogenase, catalyzing the conversion of D-
glucose to D-gluconate. In S. pneumoniae, KDG can be derived from two sources: mannonate and D-gluconate, via catabolism of hyaluronate (a glycosaminoglycan) and
L-idonate, respectively. Catabolism of hyaluronate is initiated by a hyaluronate lyase (Hyl, encoded by SP 0314, located downstream to the kdg region). Hyl cleaves
hyaluronate into disaccharides [55], which enter bacterial cell via a PTS transport system (encoded by SP 0321, SP 0323, SP 0324, SP 0325, upstream to the kdg region) [55,
67]. Once inside the cell, the disaccharides are further broken down into monosaccharides (D-glucuronate and N-acetyl-D-glucosamine) through glucuronyl hydrolase
(Ugl), encoded by SP 0322 [55, 68]. It is likely that the monosaccharide D-glucuronate is metabolized to KDG in S. pneumoniae via the enzymatic actions carried out by
glucuronate isomerase (UxaC), fructuronate reductase (UxuB) and mannonate dehydratase (UxuA) as described in E. coli [65, 69]. Although the homolog of E. coli’s
UxuB, which catalyzes the conversion of fructuronate to mannonate, could not be identified in S. pneumoniae (with mannitol-1-phosphate 5-dehydrogenase [SP 0397]
being the closest homolog, sharing 25% amino acid identity), it is possible that an uncharacterized enzyme or an enzyme with multiple functions could carry out this
process. Interestingly, the homologs of UxaC and UxuA of E. coli (which respectively catalyze the conversions of glucuronate to fructuronate and mannonate to KDG)
were only identified in the single S. pneumoniae strain, 70585 (their names are respectively SP70585_ 2238 and SP70585_2237). In addition to the degradation of
hyaluronate, which yields mannonate as a precursor molecule of KDG, metabolism of L-idonate and its subsequent conversion to D-gluconate is an alternative source of
KDG in S. pneumoniae. Metabolism of L-idonate to D-gluconate occurs via two enzymatic processes: 1) the conversion of L-idonate to 5KG, carried out by L-idonate 5
dehydrogenase (IdnD) (encoded by SP 0285); and 2) conversion of 5KG to D-gluconate by IdnO (encoded by one of the candidate genes in our study: SP 0320) [41].
Although it has been shown in other organisms that KDG could be derived from other sources, such as the hexuronate galacturonate and plant pectin [70-72], these are
less likely to be relevant in S. pneumoniae as none of the homologs required for the metabolism of galacturonate and pectin could be identified in S. pneumoniae.
Metabolism of KDG to G3P via the Entner-Doudoroff pathway (shown in green) requires the enzymatic actions of KdgK and KdgA, which are respectively encoded by
two of the genes in our study: SP 0318 and SP 0317. KdgK and KdgA convert KDG to KDGP and KDGP to G3P and pyruvate, respectively. G3P produced could
subsequently enter the latter steps of glycolysis (circled in orange) to yield further pyruvate and phosphoenolpyruvate. Abbreviations in the diagram: Hyl, hyaluronidase;
PTS, phosphate transport system; Ugl, glucuronyl hydrolase; UxaC, glucuronate isomerase; UxuB, fructuronate reductase; UxuA, mannonate dehydratase; KDG, 2-keto-
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absorbance readings at 340 nm were monitored every 30 seconds for 30 minutes at 37°C using
the Tecan GENius Plus plate reader.

Results
Genetic organization of the pneumococcal kdg region

SP 0320 and SP 0675 from the S. pneumoniae TIGR4 genome were identified as the two pro-
teins with the highest homology to CsgA of M. xanthus (23 and 26% respectively). Since CsgA
is implicated in biofilm formation in M. xanthus [21-23], gene deletions (knocokouts) of SP
0320 and SP 0675 were created to test this hypothesis that they might have a similar function.
The genes SP 0317, SP 0318, and SP 0319 are genes adjacent to SP 0320, and all four appear to
be within a single operon and thus, potentially functionally linked to SP 0320 (Fig 1). For con-
venience, we shall refer to the SP 0317, SP 0318, SP 0319 and SP 0320 genes collectively as the
kdg region as we bioinformatically annotated them as being involved in ketogluconate metabo-
lism with some of the proteins likely part of the Entner-Doudoroff pathway, which is an alter-
native pathway to glycolysis in the catabolism of hexose to pyruvate [44, 45] (Fig 2). Genes
involved in the kdg region have been implicated in virulence in a number of bacteria [46, 47].
In the Streptococcus dysgalactiae subsp. equisimilis, upregulation of two of the Entner-Doudor-
off pathway genes (kdgK, kdgA) were observed following four hours post infection in a murine
infection model [46]. For this reason, we postulate that the kdg region of S. pneumoniae may
play an important role in the pathogenesis of disease in this organism.

We annotated the functions of SP 0317, SP 0318, SP 0319, and SP 0320 as, respectively,
2-keto-3-deoxy-6-phospho-D-gluconate aldolase (KdgA), 2-keto-3-deoxy gluconate kinase
(KdgK), ribose 5-phosphate isomerase, and 5-keto-D-gluconate-5-reductase (IdnO) (Fig 2).
KdgA, KdgK, ribose 5-phosphate isomerase and IdnO are responsible for the conversions of
KDGP to G3P and pyruvate, KDG to KDGP, ribulose 5-phosphate to ribose 5-phosphate, and
5 keto-D-gluconate (5KG) to D-gluconate, respectively (Fig 2) [39-41, 48, 49]. KdgA and
KdgK are part of the Entner-Doudoroff pathway [50, 51]; and IdnO is involved in the catabo-
lism of ketogluconate, a precursor step to the Entner-Doudoroff pathway (Fig 2) [39].
Although SP 0319 has been postulated to function as a ribose 5-phosphate isomerase [52], the
exact pathway it is involved in is unclear at present.

SP 0675 showed homology to short chain dehydrogenases through a database search, with
more detailed searches revealing that it was likely a glucose dehydrogenase (GD) based on its
possession of five of six conserved GD motifs (S1 Table). Biochemical characterization of the
expressed recombinant protein confirmed this supposition.

Construction of mutant strains

Insertional-deletion mutant strains were created for the GD gene and each of the KDG genes
to assess whether disruption of these candidate genes would have an effect on various pheno-
types (e.g. growth rate in THB, biofilm formation, and virulence in vivo). The SP 0320 and SP
0675 single mutants as well as the SP 0320:0675 double mutant were created in the serotype 23
strain BS72 [25] background (annotation based on the TIGR4 sequence). Mutations were also
created in the SP 0317, SP 0318 and SP 0319 genes as they are likely transcribed as part of a
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single operon with SP 0320. Complemented SP 0317, SP 0320 and SP 0675 mutant strains were
constructed to assess the role these genes play in virulence (Fig 1 and S2 Table).

Growth of the mutant strains in THB

We assessed whether mutations in SP 0317, SP 0318, SP 0319, SP 0320 and SP 0675 had an
effect on the growth rate of bacteria in THB compared to the wild type (WT) strain. Three
independent experiments for each mutant:WT pair showed that the SP 0317, SP 0320 and SP
0675 knockouts had slightly shorter doubling times 0.67+0.28, 0.69+0.3 and 0.67+0.28, respec-
tively, than the WT strain. The SP 0319 knocokout showed a much longer generation time
(1.85+0.6) than the WT strain; and the SP 0318 knockout initially showed similar growth rates
(0.9+0.2) to the WT strain however, it doubling time significantly increased after first hour
(Fig 3). Furthermore, the maximal cell densities of the cultures was also different. Mutants SP
0317, SP 0320 showed OD600 higher (1.4+0.3 and 1.6£0.4, respectively) while SP 0675 mutant
showed cell density similar to the WT strain (1.12+0.13). Both the SP 0318 and SP 0319 knock-
outs showed much lower maximal cell densities than the WT strain (0.6+0.07 and 0.62+0.05
respectively) (Fig 3).

Polysaccharide tests

The capsular polysaccharide has been identified as the main virulence factor of S. pneumoniae
[53]. Pneumococcus has evolved by diversifying its capsule, and up to 90 different capsular
types synthesizing polysaccharides with different immunological properties and chemical
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Fig 3. Growth curve of the wild type and mutant strains from three representative experiments.

https://doi.org/10.1371/journal.pone.0209688.g003
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Fig 4. Total sugar content (mg/L, glucose equivalent) in the WT and mutant strains. Statistical significance compared to the wild type
group are indicated by asterisks.
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structures have been described [54]. Since candidate genes in our study are postulated to have
functions relating to sugar metabolism, we assessed whether mutations in SP 0317, SP 0318, SP
0319, SP 0320 and SP 0675 could have an effect on the amount of cellular polysaccharides. All
mutant strains produced more polysaccharide (250-290 mg/L) than the WT strain (200mg/L)
(Fig 4). All the differences except for SP 0319 were statistically significant (P> 0.05 Student’s t-
test).

Effect of SP 0675 and SP0320 mutations on regR and hyl genes expression

The Kdg region on the pneumococcal chromosome is flanked on one side by hyl (SP 0314)
and on the other by regR (SP 0330) (Fig 1) [55, 56]. We hypothesize that the kdg region of S.
pneumoniae is under the control of RegR, and byproducts of the Kdg region might regulate
expression of regR and subsequently the /iyl gene. To test these hypotheses, we ran a quantita-
tive PCR reaction using the Digital Droplet PCR method (Bio-Rad). We designed primers and
probes specific for the regR and hyl genes. Gene gyrB was used as an internal control to nor-
malize expression levels between strains and experiments. Results showed that expression of
both the regR and hyl genes in SP0675, SP0320, SP0317 and SP0318 mutants was slightly lower
or similar to those in the WT strain (Fig 5) and not statistically significant (P<0.05 Students t-
test). Expression levels in the SP0319 mutant were significantly higher (1.8 and 5 fold for the
regR and hyl, respectively; P>0.05 Students t-test) than in the WT strain. To compare, in the
regR mutant strain activity of the hyl gene was 14.4 times higher than in the WT strain (54

Fig).
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Fig 5. Expression levels of the regR (upper) and hyl genes (lower graph) in SP 0317, SP 0318, SP 0319, SP 0320, SP
0675 and the WT strains shown in arbitrary units in relation to gyrB gene expression. Data represents average of
three biological replicates. The data points for SP 0317 and SP 0319 were almost identical, hence the SD bars are
negligible. Statistical significance compared to the wild type group are indicated by asterisks.
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Characterization of the functions of SP 0317, SP 0318, SP 0320 and SP 0675
through biochemical assays

N-terminal His-tagged SP 0317, SP 0318, SP 0319, SP 0320 and SP 0675 proteins were overex-
pressed and purified using pET 302/NT-His and BL21 DE3 E. coli overexpression system (S2
Fig). The postulated functions of SP 0317, SP 0318 and SP 0320 were respectively KdgA,
KdgK, and IdnO, and these were confirmed using biochemical assays (Table 1, S1 Fig).
According to the PUMA 2 database, SP 0675 could function as an oxidoreductase or a glu-
cose dehydrogenase. A typical glucose dehydrogenase catalyzes the oxidation of D-glucose in
the presence of NAD(P)* or NAD" to form D-glucono-1,5-lactone. Our biochemical assay
confirmed that SP 0675 functions as a glucose dehydrogenase, utilizing D-glucose as the
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Table 1. Biochemical activities of SP 0317, SP 0318, SP 0320 and SP 0675 purified proteins.

Protein Protein functions Biochemical activities

names

SP 0317 2-keto-3-deoxy-6-phospho-D-gluconate Formation of NAD+ results in a decrease in A340

aldolase readings

SP 0318 2-keto-3-deoxy-glucono kinase Formation of NADH results in an increase in A340
readings

SP 0320 5-keto-D-gluconate-5-reductase Formation of NAD+ results in a decrease in A340
readings

SP 0675 D-glucose dehydrogenase Formation of NADH results in an increase in A340
readings

Biochemical activities are shown in Supplementary S1 Fig.

https://doi.org/10.1371/journal.pone.0209688.t001

substrate (S1 Fig); and thus, we hypothesize that SP 0675 is involved in the conversion of D-
glucose to D-gluconate, similar to that seen in S. solfataricus (Fig 2) [57]. According to the
Prints database (http://bioinf.man.ac.uk/dbbrowser/PRINTS/index.php) that examines con-
served motifs of proteins, we were able to identify five out of six motifs of the glucose ribitol
dehydrogenase family in SP 0675 (S1 Table). The glucose ribitol dehydrogenase protein family
encompasses closely related dehydrogenases, dehydroxylases and reductases.

Extent of biofilm formation by the wild type and mutant strains

Since SP 0320 and SP 0675 have some homology to CsgA of M. xanthus, we evaluated their
role in biofilm formation. However, we were unable to observe a significant difference in the
biofilm forming phenotype in the SP 0320 and SP 0675 knockout strains compared to the wild
type strain using the chinchilla model of otitis media (S3 Fig).

Furthermore, biofilm formation studied using flow cells visualized by live/dead staining
(Molecular Probes) on a confocal laser scanning microscope also showed no significant differ-
ence in the biomass and roughness coefficients of the biofilms formed by the wild type and
mutant strains, indicating that SP 0320 and SP 0675 are most likely not involved in biofilm
formation.

Comparative pathogenicity of the wild type BS72 strain and mutants of the
CsgA homologs

The chinchilla model of OMID was used to determine the differences in virulence between the
wild type strain BS72 and the various mutant constructs detailed above. Animals were kept in
pathogen free conditions, had 24 hour access to food and water and 14hr/10hr light/dark
cycling. Animals were followed for ten days, or until death or moribundity at which point they
were euthanized. Animals with a moribundity score of 4 (S7 Table) were euthanized. Cohorts
of ten to fifteen animals were inoculated bilaterally using a transbullar approach with 10> bac-
teria in a 100 pl volume for all wild type and mutant evaluations; a sham inoculated cohort was
similarly inoculated but with no bacterial component and monitored for ten days. Animals
were evaluated using a video otoscope on a daily basis and local disease severity was deter-
mined by two board-certified otolaryngologists using the scoring system described in Meth-
ods. Systemic signs were evaluated periodically around the clock by the animal husbandry staff
and upon moribundity, the laboratory staff was called in to euthanize the animals. All surviv-
ing animals were euthanized at the completion of the ten days evaluation period.

The cohorts of chinchillas inoculated with the SP 0320 and SP 0675 gene mutants, and the
double SP 0320:0675 mutant showed vastly greater otoscopic disease severity compared to
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Fig 6. Animal test results; (A) Maximum otological scores of animal ears inoculated with the wild type, SP 0320, SP 0675 and the SP 0320:0675 double mutant
strains. Chinchillas injected transbullarly with the SP 0320, SP 0675 or the SP 0320:0675 double mutant showed greater severity of otoscopic disease compared to the
wild type inoculated animals following a ten day study. The Kruskal-Wallis rank sum test gave a p-value of 1.47 x 10-°. Statistical significance compared to the wild type
group is indicated by asterisks. Scoring was done by board-certified otolaryngologists. (B) The presence or absence of pus formation in animal ears inoculated with the
wild type and SP 0320, SP 0675 or the SP 0320:0675 double mutant strains. No pus was recovered from the middle ears of wild type inoculated animals. Pus was
recovered in the ear effusion of nearly 86% of animals inoculated with either the SP 0320 or the SP 0675 mutant, and from 77% of animals inoculated with the SP
0320:0675 double mutant (P = 1.39x 1077, 1.39 x 10~” and 3.39 x 10" respectively using the Fisher’s exact test to compare each group to the wild type strain). Statistical
significance compared to the wild type group is indicated by asterisks. (C) Survival and mortality of animals inoculated with the wild type and SP 0320, SP 0675 or the SP
0320:0675 double mutant strains. In the SP 0320:0675 double mutant inoculated cohort, one animal died within less than 24 hours due to unknown cause and was
eliminated from the analyses. All animals survived beyond the 10" day in the wild type group. P-values are 0.016, 0.098 and 0.098 respectively using the Fisher’s exact
test to compare each group against the control. Statistical significance compared to the wild type group is indicated by asterisks.

https://doi.org/10.1371/journal.pone.0209688.g006

those animals injected with the wild type strain (Fig 6A, p = 1.47 x 10>, the Kruskal-Wallis
rank sum test). Upon postmortem dissection of the wild type and sham-inoculated animals on
the tenth day, no pus was observed from any of the ears (Fig 6B). In contrast, pus was recov-
ered from the middle-ear effusions of 86% of the animals inoculated with either the SP 0320 or
the SP 0675 mutant, and from 77% of the animals inoculated with the SP 0320:0675 double
mutant (Fig 4B, p=1.39x 10/, 1.39 x 10" and 3.39 x 10>, respectively when compared to
control, Fisher’s exact test). Twenty three percent and 35% of the ears inoculated with the dou-
ble mutant and the SP 0675, respectively, showed tympanic membrane rupture (Fig 6A).
Examination of otoscopic changes of animals inoculated with the wild type, SP 0320, SP 0675
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and the SP 0320:0675 double mutant strains were performed and recorded on a daily basis (53
Table).

Evaluation of systemic differences in disease severity based on mortality demonstrated that
43% of animals inoculated with the SP 0675 mutant strain, 29% of animals inoculated with the
SP 0320 mutant strain, and 23% of the animals inoculated with the SP 0320:0675 double
mutant died during the ten day evaluation period, whereas none of the wild type infected ani-
mals died (Fig 6C, P = 0.016, 0.098 and 0.098 respectively, Fisher’s exact test). There was no
association between the mortality rate and the severity of ear diseases in these strains (P = 0.28,
Fisher’s exact test). Inoculated bacteria could be recovered by plating from the middle-ear effu-
sions of most of the animals inoculated with the SP 0320, SP 0675 single mutants and the dou-
ble mutant, as well as from the lung and/or the brain tissues of these animals recovered at
autopsy (Fig 7). In animals inoculated with the wild type strain, bacteria could be recovered
from the middle-ear effusion of six animals, but were never recovered from the brain or the
lung. The otoscopic virulence and the mortality rate induced by infection with the SP
0320:0675 double mutant was comparable to either of the single mutants (P = 0.44 and
P =10.77, respectively, Fisher’s exact test), which indicates a lack of synergistic effect due to
individual mutations.

Comparative pathogenicity of the wild type BS72 strain and the KDG gene
mutants

Insertional deletion of SP 0317 gene also resulted in a vastly increased mortality rate compared
to the wild type (P = 0.0047, Fisher’s exact test), although the otoscopic virulence was compara-
ble to the wild type strain. Surprisingly, the virulence of SP 0318 and SP 0319 knockouts was
comparable to the wild type. The degree of virulence of the complemented SP 0317, SP 0320
and SP 0675 mutant strains was comparable to the wild type, confirming that the absence of
these genes triggers increased virulence.

In vitro GAPDH assay from membrane protein extract

We hypothesize that accumulation of GAPDH would occur in the SP 0317 mutant strain (Fig
2). Since GAPDH could be exported extracellularly to bind host zymogens such as fibrinogen
[58-62], it is possible that the increase in mortality of chinchillas inoculated with the SP 0317
mutant strain compared to the wild type strain was due to the effect of extracellular accumula-
tion of GAPDH in this mutant strain.

We used a previously described GAPDH assay [43] to help us determine the differences in
cell membrane activities of GAPDH between mutant and wild type strains. The GAPDH activ-
ity assay is based on the conversion of G3P to 1,3 biphosphoglycerate in the presence of inor-
ganic phosphate (Fig 2), and the subsequent reduction of NAD" to NADH, resulting in an
increase in absorbance reading at 340 nm.

Our results indicated that the membrane protein extract of the SP 0317 mutant strain had a
1.7 fold greater GAPDH activity compared to the wild type strain, whereas the membrane pro-
tein extract of the SP 0320 and SP 0675 mutant strains were similar to the wild type strain (1.1
and 1.2 fold greater activities compared to the wild type strain, respectively) (Fig 8).

Discussion

S. pneumoniae is frequently recovered as a carriage isolate from the human nasopharynx, but
it is also a major respiratory pathogen that can cause otitis media, bacteremia and meningitis.
One of the crucial prerequisites for a pathogen to establish an infection within its host is the
ability to invade cutaneous and mucosal surfaces and enter deep into the tissue sites.
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Fig 7. FISH of chinchilla lung and brain necropsy specimens following transbullar infection with the SP 0320 mutant strain. 16S rRNA gene specific probe labeled
with pneumococcal specific Cy3 and FAM was hybridized in the presence of formamide to the tissue samples. Green = pneumococcal specific; Red = eubacterial
generic; yellow = overlay of the two dyes. The animal died three days post infection.

https://doi.org/10.1371/journal.pone.0209688.g007

In this study, we investigated a number of genes (SP 0317, SP 0320, SP 0675) whose disrup-
tion, and hence loss of functions to the proteins they encode, significantly increases the viru-
lence of S. pneumoniae in vivo using the chinchilla OMID model. The genes SP 0320 and SP
0675 were identified because the proteins they encoded had the highest homology (23% and
26% identity, respectively) within the pneumococcal supragenome [25] to the CsgA protein of
M. xanthus, which plays an important role in biofilm formation. In spite of this homology, we
were unable to demonstrate that the pneumococcal gene products played any significant role
in biofilm formation using the chinchilla OMID study and a flow cell system. The accessible
databases of SP 0320 and SP 0675 indicated their possible involvement in sugar metabolism
through ketogluconate metabolism (a precursor step to the Entner-Doudoroff pathway) (Fig
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Fig 8. GAPDH activity of membrane protein lysates. The membrane protein lysate of the SP 0317 mutant strain (shown in green) had a 1.7 fold greater activity of
GAPDH compared to the wild type strain (shown in blue); while the membrane protein lysates of the SP 0320 (shown in purple) and SP 0675 (shown in pink) mutant

strains respectively had a 1.1 and 1.2 fold greater activities compared to the wild type strain. Data show the representative from three independent experiments.

https://doi.org/10.1371/journal.pone.0209688.9008

2) and glucose dehydrogenase, respectively. It is not unfamiliar that proteins involved in sugar
metabolism could affect virulence of bacteria, as King and colleagues have demonstrated that
pneumococcal proteins involved in sugar metabolism through deglycosylation are implicated

in the physiology and virulence of the organism [63].

Based on multiple alignment searches, we tentatively identified SP 320 as the idnO gene,
which is responsible for the conversion of 5KD to D-gluconate, a precursor step to the Entner-
Doudoroff pathway (Fig 2). We also predicted that SP 0675 acted as a glucose dehydrogenase,
involved in the conversion of D-glucose to D-gluconate, similar to that seen in S. solfataricus
(Fig 2) [57]. Our biochemical studies of recombinantly expressed SP 0320 and SP 0675 pro-

teins from E. coli confirmed these bioinformatically imputed functions.

In addition to our investigation of SP 0320, we included the rest of the genes in the same
operon (SP 0317, SP 0318 and SP 0319) in our study and bioinformatically annotated them as
kdg genes involved in the Entner-Doudoroff pathway. SP 0317, SP 0318 and SP 0319 were
found to be homologous to KdgA, KdgK, and ribose 5-phosphate isomerase, respectively.
Although ribose 5-phosphate isomerase does not seem to play a role in the Entner-Doudoroff
pathway, the other two enzymes do (Fig 2). Genes involved in KDG metabolism appear to be
important for the development of virulence of bacteria in vivo, as upregulation of both kdgK
and kdgA were observed in Streptococcus dysgalactiae subsp. equisimilis following four hour
post infection in a murine model of infection [46]. Moreover, using the Tn-Seq technique, van

Opijnen and colleagues demonstrated that mutations in SP 0317 and SP 0319 reduced
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colonization of S. pneumoniae and affected virulence of bacterium in a murine model of infec-
tion [64].

We have developed two, non-exclusive hypotheses based on our observation of the
increased virulence in the SP 0317 and SP 0320 knockout mutants in the chinchilla model of
OMID with regard to how the deletion of genes involved in the Entner-Doudoroff pathway
and ketogluconate metabolism could result in increased virulence. In the first instance, we
note that several enzymes in the glycolytic pathway (such as GAPDH and enolase) of the pneu-
mococci and other streptococci are bifunctional: in addition to their roles in glycolysis, they
are also sometimes found on the cell surface where they are known to bind host zymogens
such as fibrinogen [58-62]. The binding and activation of these host degradative enzymes by
the glycolytic enzymes serves to imbue the bacteria with increased invasiveness as they can
now degrade the intercellular matrix allowing bacterial penetration into deep tissue sites. The
mechanisms by which these glycolytic enzymes are translocated to the cell surface are
unknown, as are the signals that trigger the process. We hypothesize that a reduction in carbon
flow through glycolysis (triggered by mutation in SP 0317) is part of the signaling process that
results in increased translocation of the aforementioned bifunctional enzymes (such as
GAPDH) to the cell surface. In this scenario, the loss of function associated with the SP 0317
deletion mutant would result in the bacterium continually sensing a decrease in carbon flow
through the glycolytic pathway, which to compensate for it maximally and continuously trans-
locates the bifunctional enzyme (GAPDH) to the cell surface, resulting in high levels of zymo-
gen binding and invasiveness.

The second hypothesis comes from the fact that the kdg region of the pneumococcal chro-
mosome is flanked on one side by hyl (SP 0314) and on the other by a PTS operon (SP 0321,
SP 0323, SP 0324, SP 0325) and RegR (SP 0330) (Fig 1) [56, 65]. We hypothesize that the kdg
region of S. pneumoniae is under the control of RegR, which belongs to the LacI/GalR regula-
tor family, similar to the IdnR regulator of E. coli. The IdnR regulator of E. coli functions as a
repressor protein that regulates the expression of genes involved in the L-idonate pathway
[66]. In E. coli, both L-idonate and 5KG are inducers of the L-idonate pathway, likely through
their interaction with IdnR [66]. Since accumulation of 5KG is expected to occur in the SP
0320 mutant, and it has already been shown that RegR negatively regulates the expression of
hyl [56], 5KG that would be accumulated in the SP 0320 mutant strain could potentially act as
an inducer to both the kdg and hyl operons, leading to increased hyaluronidase activity and
conferring an increase in virulence of S. pneumoniae in vivo (as observed in our SP 0320
knockout mutant). Although our data did not support this hypothesis it cannot be rejected as
the experimental in vitro conditions are different from those the bacteria are exposed in vivo
during infection.

We still think that both models could contribute to the increased virulence observed follow-
ing infection with the knockout strains. We are currently performing experiments to validate
both hypotheses.

Supporting information

S1 Table. SP 0675 contains five out of six conserved motifs of the glucose ribitol dehydro-
genase family. According to the Prints database (SPRINT - http://130.88.97.239/dbbrowser/
sprint/), the glucose ribitol dehydrogenase protein family contains six conserved motifs http://
130.88.97.239/cgi-bin/dbbrowser/sprint/searchprintss.cgi?prints_accn=PR00081&display_
opts=Prints&category=None&queryform=false&regexpr=off and SP 0675 contains five out of
the six conserved motifs PR00081 (https://www.ebi.ac.uk/interpro/protein/ AOAOH2UP37).
This protein family consists of closely related dehydrogenases, dehydroxylases and reductases,
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and was initially derived from the alignment of eleven glucose and ribitol dehydrogenases.
(DOCX)

$2 Table. Bacterial strains used in this study.
(DOCX)

$3 Table. Degree of otoscopic changes observed in the ears of chinchillas inoculated with
the SP 0320, SP 0675 and the SP 0320:0675 double mutant and WT strains. Score of 0, 1, 2,
3 and 4 respectively indicate no symptom, mild inflammation, moderate inflammation, frank
purulence and rupture of tympanic membrane.

(DOCX)

S$4 Table. Accession numbers of candidate genes in our study.
(DOCX)

S5 Table. Table A. Primers used for mutation and confirmation (Restriction sites are in
bold). Table B. Primers used for making complemented mutants and for confirmation
(Restriction sites are in bold). Table C. Primers used for amplifying SP 0317, SP 0318, SP
0319, SP 0320 and SP 0675 to construct over expression plasmids and for confirmation
(Restriction sites are in bold). Table D. Primers and probes used for DDPCR.

(DOCX)

S6 Table. Plasmids and DNA templates used in this study.
(DOCX)

S7 Table. Otologic score for the chinchilla otitis media experiment.
(DOCX)

S1 Fig. Biochemical assays for the SP 0317, SP 0318, SP 0320 and SP 0675 purified pro-
teins. Panel A: 2-keto-3-deoxy-6-phospho-D-gluconate aldolase reaction catalyzed by His-
tagged SP 0317 protein (#). Formation of NAD™ during this reaction results in a decrease in
A4 readings. Negative control (minus SP 0317) did not show the aldolase reaction (™).

Panel B: 2-keto-3-deoxy-glucono kinase reaction catalyzed by His-tagged SP 0318 protein (¢).
Formation of NADH during this reaction results in an increase in A4 readings. Negative con-
trol (minus SP 0318) did not show the kinase reaction (m).

Panel C: 5-keto-D-gluconate-5-reductase reaction catalyzed by His- tagged SP 0320 protein
(#). Formation of NAD" during this reaction results in a decrease in Az readings. Negative
control (minus SP 0320) did not show the reductase reaction ().

Panel D: NADP*-dependent () and NAD"-dependent (™) D-glucose dehydrogenase reaction
catalyzed by His- tagged SP 0675 protein. Formation of NADH during this reaction results in
an increase in the A3,  readings. Negative control (minus SP 0675) did not show dehydroge-
nase reaction (A). In the presence of glucose 6-phosphate as the substrate, dehydrogenase
reaction did not take place (data not shown).

(TIF)

S2 Fig. SDS PAGE of pure His tagged SP 0317, SP 0318, SP 0319, SP 0320 and SP 0675 pro-
teins. The N-terminal His tagged proteins obtained were 97% pure. Molecular weights (including
that of N-terminal 6 X His tag) are as follows: SP 0317: 24 kDa (lane 2), SP 0318: 38.85 kDa (lane
3), SP 0319: 25.2 kDa (lane 4), SP 0320: 30.5 kDa (lane 5), and SP 0675: 29.5 kDa (lane 6)

(TIF)

S3 Fig. FISH of bullae of chinchillas inoculated with the SP 0320 and SP 0675 mutant and
wild type strains. 16S rRNA gene specific probe labeled with pneumococcal specific Cy3 and
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FAM was hybridized in the presence of formamide to the tissue samples. Green = Sp specific;
Red = eubacterial generic; yellow = overlay of the two dyes.
(TIF)

S4 Fig. Expression levels of the regR (upper) and hyl genes (lower graph) in SP 0317, SP 0318,
SP 0319, SP 0320, SP 0675, SP 0330 and the WT strains shown in arbitrary units in relation to
gyrB gene expression.

(TIF)

Acknowledgments

We thank: Dr Donald A. Morrison for providing us CSP1, the pEVP3 and pR412 plasmids, the
PcErm and PcTet PCR products, and for providing us with invaluable comments and sugges-
tions; Dr. Sun Bok Lee (Pohang University of Science and Technology, Korea) for his gift of
KDG; and Dr. Eric ] Toone (Duke University, North Carolina) for his gift of KDGP.

Author Contributions

Conceptualization: Fen Z. Hu, Chen Hsuan Sherry Tsai, Luisa N. Hiller, Todd Hillman,
Garth D. Ehrlich.

Data curation: Fen Z. Hu, Garth D. Ehrlich.
Formal analysis: Fen Z. Hu, Jarostaw E. Krol, Garth D. Ehrlich.
Funding acquisition: Garth D. Ehrlich.

Investigation: Jarostaw E. Krol, Chen Hsuan Sherry Tsai, Bhaswati Sen, Azad Ahmed, Laura
Nistico, Bethany Dice.

Methodology: Fen Z. Hu, Jarostaw E. Krol, Rory A. Eutsey, Bhaswati Sen, Garth D. Ehrlich.
Project administration: Fen Z. Hu, Garth D. Ehrlich.

Resources: Todd Hillman, Farrel J. Buchinsky, Mark Longwell, Edward Horsey.
Supervision: Fen Z. Hu, Garth D. Ehrlich.

Writing - original draft: Fen Z. Hu, Garth D. Ehrlich.

Writing - review & editing: Jarostaw E. Krol, Garth D. Ehrlich.

References

1. Nistico L, Kreft R, Gieseke A, Coticchia JM, Burrows A, Khampang P, et al. Adenoid Reservoir for Path-
ogenic Biofilm Bacteria. Journal of Clinical Microbiology. 2011; 49(4):1411-20. https://doi.org/10.1128/
JCM.00756-10 PMID: 21307211

2. PostJ, Preston RA, Aul JJ, et al. Molecular analysis of bacterial pathogens in otitis media with effusion.
JAMA. 1995; 273(20):1598—-604. https://doi.org/10.1001/jama.1995.03520440052036 PMID: 7745773

3. Kenneth WA, Larry AK, Jerome JA, Robert MW, Post JC, William JD, et al. Comparative Evaluation of
Culture and PCR for the Detection and Determination of Persistence of Bacterial Strains and DNAS in
the Chinchilla Laniger Model of Otitis Media. Annals of Otology, Rhinology & Laryngology. 1998; 107
(6):508—13. https://doi.org/10.1177/000348949810700609 PMID: 9635461

4. KubbaH, Pearson JP, Birchall JP. The aetiology of otitis media with effusion: a review. Clinical Otolar-
yngology & Allied Sciences. 2000; 25(3):181-94. https://doi.org/10.1046/j.1365-2273.2000.00350.x

5. Hall-Stoodley L, Hu F, Gieseke A, et al. Direct detection of bacterial biofilms on the middle-ear mucosa
of children with chronic otitis media. JAMA. 2006; 296(2):202—11. https://doi.org/10.1001/jama.296.2.
202 PMID: 16835426

PLOS ONE | https://doi.org/10.1371/journal.pone.0209688 January 8, 2019 21/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209688.s011
https://doi.org/10.1128/JCM.00756-10
https://doi.org/10.1128/JCM.00756-10
http://www.ncbi.nlm.nih.gov/pubmed/21307211
https://doi.org/10.1001/jama.1995.03520440052036
http://www.ncbi.nlm.nih.gov/pubmed/7745773
https://doi.org/10.1177/000348949810700609
http://www.ncbi.nlm.nih.gov/pubmed/9635461
https://doi.org/10.1046/j.1365-2273.2000.00350.x
https://doi.org/10.1001/jama.296.2.202
https://doi.org/10.1001/jama.296.2.202
http://www.ncbi.nlm.nih.gov/pubmed/16835426
https://doi.org/10.1371/journal.pone.0209688

®PLOS | one

Streptococcus pneumoniae increased virulence mutants

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Hiller NL, Ahmed A, Powell E, Martin DP, Eutsey R, Earl J, et al. Generation of Genic Diversity among
Streptococcus pneumoniae Strains via Horizontal Gene Transfer during a Chronic Polyclonal Pediatric
Infection. PLOS Pathogens. 2010; 6(9):e1001108. https://doi.org/10.1371/journal.ppat.1001108 PMID:
20862314

Séa-Ledo R, Simdes AS, Nunes S, Sousa NG, Frazao N, de Lencastre H. Identification, prevalence and
population structure of non-typable Streptococcus pneumoniae in carriage samples isolated from pre-
schoolers attending day-care centres. Microbiology. 2006; 152(2):367-76. https://doi.org/10.1099/mic.
0.28596-0

Gray BM, Converse GM, Dillon HC. Epidemiologic Studies of Streptococcus pneumoniae in Infants:
Acquisition, Carriage, and Infection during the First 24 Months of Life. The Journal of Infectious Dis-
eases. 1980; 142(6):923-33. PMID: 7462701

Bogaert D, de Groot R, Hermans PWM. Streptococcus pneumoniae colonisation: the key to pneumo-
coccal disease. The Lancet Inf Dis. 2004; 4(3):144-54. https://doi.org/10.1016/S1473-3099(04)00938-
7

Roos KL. Acute Bacterial Meningitis. Semin Neurol. 2000; 20(03):293-306. https://doi.org/10.1055/s-
2000-9393 PMID: 11051294

Myers C, Gervaix A. Streptococcus pneumoniae bacteraemia in children. International Journal of Anti-
microbial Agents. 2007; 30:24-8. https://doi.org/10.1016/j.ijantimicag.2007.06.018 PMID: 17707612

Kadioglu A, Weiser JN, Paton JC, Andrew PW. The role of Streptococcus pneumoniae virulence factors
in host respiratory colonization and disease. Nature Reviews Microbiology. 2008; 6:288. https://doi.org/
10.1038/nrmicro1871 PMID: 18340341

Hiller NL, Eutsey RA, Powell E, Earl JP, Janto B, Martin DP, et al. Differences in Genotype and Viru-
lence among Four Multidrug-Resistant Streptococcus pneumoniae Isolates Belonging to the PMEN1
Clone. PLOS ONE. 2011; 6(12):e28850. https://doi.org/10.1371/journal.pone.0028850 PMID:
22205975

Hu FZ, Eutsey R, Ahmed A, Frazao N, Powell E, Hiller NL, et al. In Vivo Capsular Switch in Streptococ-
cus pneumoniae—Analysis by Whole Genome Sequencing. PLOS ONE. 2012; 7(11):e47983. https://
doi.org/10.1371/journal.pone.0047983 PMID: 23144841

Dagan R, Leibovitz E, Cheletz G, Leiberman A, Porat N. Antibiotic Treatment in Acute Otitis Media Pro-
motes Superinfection with Resistant Streptococcus pneumoniae Carried before Initiation of Treatment.
The Journal of Infectious Diseases. 2001; 183(6):880—6. https://doi.org/10.1086/319250 PMID:
11237804

Stewart PS, William Costerton J. Antibiotic resistance of bacteria in biofilms. The Lancet. 2001; 358
(9276):135-8. https://doi.org/10.1016/S0140-6736(01)05321-1

Hall-Stoodley L, Nistico L, Sambanthamoorthy K, Dice B, Nguyen D, Mershon WJ, et al. Characteriza-
tion of biofilm matrix, degradation by DNase treatment and evidence of capsule downregulation in
Streptococcus pneumoniae clinical isolates. BMC Microbiology. 2008; 8(1):173. https://doi.org/10.
1186/1471-2180-8-173 PMID: 18842140

Ehrlich GD, Hu FZ, Shen K, Stoodley P, Post JC. Bacterial Plurality as a General Mechanism Driving
Persistence in Chronic Infections. Clinical orthopaedics and related research. 2005;(437):20—4.
PMC1351326. PMID: 16056021

Ehrlich GD, Ahmed A, Earl J, Hiller NL, Costerton JW, Stoodley P, et al. The Distributed Genome
Hypothesis as a Rubric for Understanding Evolution in situ During Chronic Bacterial Biofilm Infectious
Processes. FEMS immunology and medical microbiology. 2010; 59(3):269-79. https://doi.org/10.1111/
j.1574-695X.2010.00704.x PMC2910629. PMID: 20618850

Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, Dasgupta M, et al. Bacterial Biofilms in
Nature and Disease. Annual Review of Microbiology. 1987; 41(1):435-64. https://doi.org/10.1146/
annurev.mi.41.100187.002251 PMID: 3318676

Kim SK, Kaiser D. C-factor: A cell-cell signaling protein required for fruiting body morphogenesis of M.
Xanthus. Cell. 1990; 61(1):19-26. https://doi.org/10.1016/0092-8674(90)90211-V PMID: 2107980

Kim SK. Intercellular signaling in Myxococcus development: The role of C factor. Trends in Genetics.
1991; 7(11):361-5. https://doi.org/10.1016/0168-9525(91)90256-P

Kruse T, Lobedanz S, Berthelsen NMS, Sggaard-Andersen L. C-signal: a cell surface-associated mor-
phogen that induces and co-ordinates multicellular fruiting body morphogenesis and sporulation in Myx-
ococcus xanthus. Molecular Microbiology. 2001; 40(1):156—68. https://doi.org/10.1046/j.1365-2958.
2001.02365.x PMID: 11298283

Shimkets LJ, Rafiee H. CsgA, an extracellular protein essential for Myxococcus xanthus development.
Journal of Bacteriology. 1990; 172(9):5299-306. PMID: 2118510

PLOS ONE | https://doi.org/10.1371/journal.pone.0209688 January 8, 2019 22/25


https://doi.org/10.1371/journal.ppat.1001108
http://www.ncbi.nlm.nih.gov/pubmed/20862314
https://doi.org/10.1099/mic.0.285960
https://doi.org/10.1099/mic.0.285960
http://www.ncbi.nlm.nih.gov/pubmed/7462701
https://doi.org/10.1016/S1473-3099(04)00938-7
https://doi.org/10.1016/S1473-3099(04)00938-7
https://doi.org/10.1055/s-2000-9393
https://doi.org/10.1055/s-2000-9393
http://www.ncbi.nlm.nih.gov/pubmed/11051294
https://doi.org/10.1016/j.ijantimicag.2007.06.018
http://www.ncbi.nlm.nih.gov/pubmed/17707612
https://doi.org/10.1038/nrmicro1871
https://doi.org/10.1038/nrmicro1871
http://www.ncbi.nlm.nih.gov/pubmed/18340341
https://doi.org/10.1371/journal.pone.0028850
http://www.ncbi.nlm.nih.gov/pubmed/22205975
https://doi.org/10.1371/journal.pone.0047983
https://doi.org/10.1371/journal.pone.0047983
http://www.ncbi.nlm.nih.gov/pubmed/23144841
https://doi.org/10.1086/319250
http://www.ncbi.nlm.nih.gov/pubmed/11237804
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1186/1471-2180-8-173
https://doi.org/10.1186/1471-2180-8-173
http://www.ncbi.nlm.nih.gov/pubmed/18842140
http://www.ncbi.nlm.nih.gov/pubmed/16056021
https://doi.org/10.1111/j.1574-695X.2010.00704.x
https://doi.org/10.1111/j.1574-695X.2010.00704.x
http://www.ncbi.nlm.nih.gov/pubmed/20618850
https://doi.org/10.1146/annurev.mi.41.100187.002251
https://doi.org/10.1146/annurev.mi.41.100187.002251
http://www.ncbi.nlm.nih.gov/pubmed/3318676
https://doi.org/10.1016/0092-8674(90)90211-V
http://www.ncbi.nlm.nih.gov/pubmed/2107980
https://doi.org/10.1016/0168-9525(91)90256-P
https://doi.org/10.1046/j.1365-2958.2001.02365.x
https://doi.org/10.1046/j.1365-2958.2001.02365.x
http://www.ncbi.nlm.nih.gov/pubmed/11298283
http://www.ncbi.nlm.nih.gov/pubmed/2118510
https://doi.org/10.1371/journal.pone.0209688

®PLOS | one

Streptococcus pneumoniae increased virulence mutants

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hiller NL, Janto B, Hogg JS, Boissy R, Yu S, Powell E, et al. Comparative Genomic Analyses of Seven-
teen Streptococcus pneumoniae Strains: Insights into the Pneumococcal Supragenome. Journal of
Bacteriology. 2007; 189(22):8186—95. https://doi.org/10.1128/JB.00690-07 PMID: 17675389

Shankarappa B, Balachandran R, Gupta P, Ehrlich GD. Introduction of multiple restriction enzyme sites
by in vitro mutagenesis using the polymerase chain reaction. Genome Research. 1992; 1(4):277-8.

Lee MS, Morrison DA. Identification of a New Regulator in Streptococcus pneumoniae Linking Quorum
Sensing to Competence for Genetic Transformation. Journal of Bacteriology. 1999; 181(16):5004—16.
PMC93990. PMID: 10438773

Claverys J-P, Dintilhac A, Pestova EV, Martin B, Morrison DA. Construction and evaluation of new
drug-resistance cassettes for gene disruption mutagenesis in Streptococcus pneumoniae, using an ami
test platform. Gene. 1995; 164(1):123-8. https://doi.org/10.1016/0378-1119(95)00485-O PMID:
7590300

Havarstein LS, Coomaraswamy G, Morrison DA. An unmodified heptadecapeptide pheromone induces
competence for genetic transformation in Streptococcus pneumoniae. Proceedings of the National
Academy of Sciences. 1995; 92(24):11140.

Pozzi G, Masala L, lannelli F, Manganelli R, Havarstein LS, Piccoli L, et al. Competence for genetic
transformation in encapsulated strains of Streptococcus pneumoniae: two allelic variants of the peptide
pheromone. Journal of Bacteriology. 1996; 178(20):6087—-90. PMC178474. PMID: 8830714

Martin B, Prudhomme M, Alloing G, Granadel C, Claverys J-P. Cross-regulation of competence phero-
mone production and export in the early control of transformation in Streptococcus pneumoniae. Molec-
ular Microbiology. 2000; 38(4):867—78. https://doi.org/10.1046/j.1365-2958.2000.02187.x PMID:
11115120

Hall BG, Acar H, Nandipati A, Barlow M. Growth Rates Made Easy. Molecular Biology and Evolution.
2014; 31(1):232-8. https://doi.org/10.1093/molbev/mst187 PMID: 24170494

Herbert D, Phipps PJ, Strange RE. Chapter |l Chemical Analysis of Microbial Cells. In: Norris JR, Rib-
bons DW, editors. Methods in Microbiology. 5: Academic Press; 1971. p. 209-344.

Bakaletz LO. Chinchilla as a robust, reproducible and polymicrobial model of otitis media and its preven-
tion. Expert Review of Vaccines. 2009; 8(8):1063—-82. https://doi.org/10.1586/erv.09.63 PMID:
19627188

Giebink GS, Payne EE, Mills EL, Juhn SK, Quie PG. Experimental Otitis Media Due to Streptococcus
pneumoniae: Immunopathogenic Response in the Chinchilla. The Journal of Infectious Diseases. 1976;
134(6):595-604. https://doi.org/10.1093/infdis/134.6.595 PMID: 12236

Giebink GS. The Pathogenesis of Pneumococcal Otitis Media in Chinchillas and the Efficacy of Vacci-
nation in Prophylaxis. Reviews of Infectious Diseases. 1981; 3(2):342-52. https://doi.org/10.1093/
clinids/3.2.342 PMID: 7256090

Forbes ML, Horsey E, Hiller NL, Buchinsky FJ, Hayes JD, Compliment JM, et al. Strain-Specific Viru-
lence Phenotypes of Streptococcus pneumoniae Assessed Using the Chinchilla laniger Model of Otitis
Media. PLOS ONE. 2008; 3(4):e1969. https://doi.org/10.1371/journal.pone.0001969 PMID: 18398481

Buchinsky FJ, Forbes ML, Hayes JD, Shen K, Ezzo S, Compliment J, et al. Virulence phenotypes of
low-passage clinical isolates of Nontypeable Haemophilus influenzae assessed using the chinchilla
laniger model of otitis media. BMC Microbiology. 2007; 7(1):56. https://doi.org/10.1186/1471-2180-7-56
PMID: 17570853

Griffiths JS, Wymer NJ, Njolito E, Niranjanakumari S, Fierke CA, Toone EJ. Cloning, isolation and char-
acterization of the Thermotoga maritima KDPG aldolase. Bioorganic & Medicinal Chemistry. 2002; 10
(3):545-50. https://doi.org/10.1016/S0968-0896(01)00307-8

Ohshima T, Kawakami R, Kanai Y, Goda S, Sakuraba H. Gene expression and characterization of 2-
keto-3-deoxygluconate kinase, a key enzyme in the modified Entner—Doudoroff pathway of the aerobic
and acidophilic hyperthermophile Sulfolobus tokodaii. Protein Expression and Purification. 2007; 54
(1):73-8. https://doi.org/10.1016/j.pep.2007.02.013 PMID: 17407821

Bausch C, Peekhaus N, Utz C, Blais T, Murray E, Lowary T, et al. Sequence Analysis of the Gntll (Sub-
sidiary) System for Gluconate Metabolism Reveals a Novel Pathway for I-ldonic Acid Catabolism in
Escherichia coli. Journal of Bacteriology. 1998; 180(14):3704—10. PMID: 9658018

Avigad G, Englard S. [33] Aldohexose dehydrogenase from Gluconobacter cerinus. Methods in Enzy-
mology. 41: Academic Press; 1975. p. 142—7.

Seifert KN, McArthur WP, Bleiweis AS, Brady LJ. Characterization of group B streptococcal glyceralde-
hyde-3-phosphate dehydrogenase: surface localization, enzymatic activity, and protein—protein interac-
tions. Canadian Journal of Microbiology. 2003; 49(5):350-6. https://doi.org/10.1139/w03-042 PMID:
12897829

PLOS ONE | https://doi.org/10.1371/journal.pone.0209688 January 8, 2019 23/25


https://doi.org/10.1128/JB.00690-07
http://www.ncbi.nlm.nih.gov/pubmed/17675389
http://www.ncbi.nlm.nih.gov/pubmed/10438773
https://doi.org/10.1016/0378-1119(95)00485-O
http://www.ncbi.nlm.nih.gov/pubmed/7590300
http://www.ncbi.nlm.nih.gov/pubmed/8830714
https://doi.org/10.1046/j.1365-2958.2000.02187.x
http://www.ncbi.nlm.nih.gov/pubmed/11115120
https://doi.org/10.1093/molbev/mst187
http://www.ncbi.nlm.nih.gov/pubmed/24170494
https://doi.org/10.1586/erv.09.63
http://www.ncbi.nlm.nih.gov/pubmed/19627188
https://doi.org/10.1093/infdis/134.6.595
http://www.ncbi.nlm.nih.gov/pubmed/12236
https://doi.org/10.1093/clinids/3.2.342
https://doi.org/10.1093/clinids/3.2.342
http://www.ncbi.nlm.nih.gov/pubmed/7256090
https://doi.org/10.1371/journal.pone.0001969
http://www.ncbi.nlm.nih.gov/pubmed/18398481
https://doi.org/10.1186/1471-2180-7-56
http://www.ncbi.nlm.nih.gov/pubmed/17570853
https://doi.org/10.1016/S0968-0896(01)00307-8
https://doi.org/10.1016/j.pep.2007.02.013
http://www.ncbi.nlm.nih.gov/pubmed/17407821
http://www.ncbi.nlm.nih.gov/pubmed/9658018
https://doi.org/10.1139/w03-042
http://www.ncbi.nlm.nih.gov/pubmed/12897829
https://doi.org/10.1371/journal.pone.0209688

®PLOS | one

Streptococcus pneumoniae increased virulence mutants

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cynkin MA, Ashwell G. Uronic Acid Metabolism in Bacteria: V. Purification and properties of 2-keto-3-
deoxy-d-Gluconokinase in Escherichia coli. Journal of Biological Chemistry. 1960; 235(6):1576-9.

Pouysségur JM, Stoeber FR. Etude du rameau dégradatif commun des hexuronates chez Escherichia
coli K 12. Eur J of Biochem. 1971; 21(3):363-73. https://doi.org/10.1111/j.1432-1033.1971.tb01478.x

Watanabe S, Shimomura Y, Ubukata K, Kirikae T, Miyoshi-Akiyama T. Concomitant Regulation of Host
Tissue-Destroying Virulence Factors and Carbohydrate Metabolism During Invasive Diseases Induced
by Group G Streptococci. The Journal of Infectious Diseases. 2013; 208(9):1482-93. https://doi.org/10.
1093/infdis/jit353 PMID: 23901096

Franza T, Michaud-Soret |, Piquerel P, Expert D. Coupling of Iron Assimilation and Pectinolysis in Erwi-
nia chrysanthemi 3937. Molecular Plant-Microbe Interactions. 2002; 15(11):1181-91. https://doi.org/10.
1094/MPMI.2002.15.11.1181 PMID: 12423024

Kovachevich R, Wood WA. Carbohydrate metabolism by Pseudomonas fluorescens:: Ill. Purification
and properties of a 6-Phosphogluconate dehydrase. Journal of Biological Chemistry. 1955; 213
(2):745-56. PMID: 14367335

Pouyssegur J, Stoeber F. Study of the common degradative pathway of hexuronates in Escherichia coli
K 12. Purification, properties and individuality of 2-keto-3-deoxy-D-gluconnokinase. Biochimie 1971; 53
(6):771-81. PubMed Central PMCID: PMC4944816. PMID: 4944816

Lin ECC. Sugars, polyols, and carboxylates. In: Neidhardt RCIFC, Ingraham J. L., Lin E. C. C., Low K.
B., Magasanik B., Reznikoff W. S., et al., editors. Escherichia coli and Salmonella: cellular and molecu-
lar biology. 2nd ed. Washington, D.C.: ASM Press; 1996. p. 307—42.

Conway T. The Entner-Doudoroff pathway: history, physiology and molecular biology. FEMS Microbiol-
ogy Letters. 1992; 103(1):1-28. https://doi.org/10.1111/j.1574-6968.1992.tb05822.x

Wu R., Z.R. AJ, Joachimiak A. The Crystal Structure of Uncharacterized Ribose 5-phosphate Isomer-
ase Rpib From Streptococcus Pneumoniae https://www.ncbi.nlm.nih.gov/Structure/pdb/2PPW2007.

Griffith F. The Significance of Pneumococcal Types. J Hyg. 1928; 27(2):113-59. PMC2167760. PMID:
20474956

Henrichsen J. Six newly recognized types of Streptococcus pneumoniae. Journal of Clinical Microbiol-
ogy. 1995; 33(10):2759-62. PMC228570. PMID: 8567920

Marion C, Stewart JM, Tazi MF, Burnaugh AM, Linke CM, Woodiga SA, et al. Streptococcus pneumo-
niae Can Utilize Multiple Sources of Hyaluronic Acid for Growth. Infection and Immunity. 2012; 80
(4):1390-8. https:/doi.org/10.1128/IA1.05756-11 PMID: 22311922

Chapuy-Regaud S, Ogunniyi AD, Diallo N, Huet Y, Desnottes J-F, Paton JC, et al. RegR, a Global Lacl/
GalR Family Regulator, Modulates Virulence and Competence in Streptococcus pneumoniae. Infection
and Immunity. 2003; 71(5):2615-25. https://doi.org/10.1128/IA1.71.5.2615-2625.2003 PMC153264.
PMID: 12704136

Lamble HJ, Heyer NI, Bull SD, Hough DW, Danson MJ. Metabolic Pathway Promiscuity in the Archaeon
Sulfolobus solfataricus Revealed by Studies on Glucose Dehydrogenase and 2-Keto-3-deoxygluconate
Aldolase. Journal of Biological Chemistry. 2003; 278(36):34066—72. https://doi.org/10.1074/jbc.
M305818200 PMID: 12824170

Bergmann S, Rohde M, Chhatwal GS, Hammerschmidt S. a-Enolase of Streptococcus pneumoniae is
a plasmin(ogen)-binding protein displayed on the bacterial cell surface. Molecular Microbiology. 2001;
40(6):1273-87. https://doi.org/10.1046/j.1365-2958.2001.02448.x PMID: 11442827

Bergmann S, Rohde M, Hammerschmidt S. Glyceraldehyde-3-Phosphate Dehydrogenase of Strepto-
coccus pneumoniae Is a Surface-Displayed Plasminogen-Binding Protein. Infection and Immunity.
2004; 72(4):2416-9. https://doi.org/10.1128/IAl.72.4.2416-2419.2004 PMID: 15039372

Holmes AR, McNab R, Millsap KW, Rohde M, Hammerschmidt S, Mawdsley JL, et al. The pavA gene
of Streptococcus pneumoniae encodes a fibronectin-binding protein that is essential for virulence.
Molecular Microbiology. 2001; 41(6):1395-408. https://doi.org/10.1046/j.1365-2958.2001.02610.x
PMID: 11580843

Pancholi V, Fischetti VA. A major surface protein on group A streptococci is a glyceraldehyde-3-phos-
phate-dehydrogenase with multiple binding activity. The Journal of Experimental Medicine. 1992; 176
(2):415. PMID: 1500854

Pancholi V, Fischetti VA. a-Enolase, a Novel Strong Plasmin(ogen) Binding Protein on the Surface of
Pathogenic Streptococci. Journal of Biological Chemistry. 1998; 273(23):14503—15. PMID: 9603964

King SJ, Hippe KR, Gould JM, Bae D, Peterson S, Cline RT, et al. Phase variable desialylation of host
proteins that bind to Streptococcus pneumoniae in vivo and protect the airway. Molecular Microbiology.
2004; 54(1):159-71. https://doi.org/10.1111/j.1365-2958.2004.04252.x PMID: 15458413

van Opijnen T, Camilli A. A fine scale phenotype—genotype virulence map of a bacterial pathogen.
Genome Research. 2012; 22(12):2541-51. https://doi.org/10.1101/gr.137430.112 PMID: 22826510

PLOS ONE | https://doi.org/10.1371/journal.pone.0209688 January 8, 2019 24/25


https://doi.org/10.1111/j.1432-1033.1971.tb01478.x
https://doi.org/10.1093/infdis/jit353
https://doi.org/10.1093/infdis/jit353
http://www.ncbi.nlm.nih.gov/pubmed/23901096
https://doi.org/10.1094/MPMI.2002.15.11.1181
https://doi.org/10.1094/MPMI.2002.15.11.1181
http://www.ncbi.nlm.nih.gov/pubmed/12423024
http://www.ncbi.nlm.nih.gov/pubmed/14367335
http://www.ncbi.nlm.nih.gov/pubmed/4944816
https://doi.org/10.1111/j.1574-6968.1992.tb05822.x
https://www.ncbi.nlm.nih.gov/Structure/pdb/2PPW2007
http://www.ncbi.nlm.nih.gov/pubmed/20474956
http://www.ncbi.nlm.nih.gov/pubmed/8567920
https://doi.org/10.1128/IAI.05756-11
http://www.ncbi.nlm.nih.gov/pubmed/22311922
https://doi.org/10.1128/IAI.71.5.2615-2625.2003
http://www.ncbi.nlm.nih.gov/pubmed/12704136
https://doi.org/10.1074/jbc.M305818200
https://doi.org/10.1074/jbc.M305818200
http://www.ncbi.nlm.nih.gov/pubmed/12824170
https://doi.org/10.1046/j.1365-2958.2001.02448.x
http://www.ncbi.nlm.nih.gov/pubmed/11442827
https://doi.org/10.1128/IAI.72.4.2416-2419.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039372
https://doi.org/10.1046/j.1365-2958.2001.02610.x
http://www.ncbi.nlm.nih.gov/pubmed/11580843
http://www.ncbi.nlm.nih.gov/pubmed/1500854
http://www.ncbi.nlm.nih.gov/pubmed/9603964
https://doi.org/10.1111/j.1365-2958.2004.04252.x
http://www.ncbi.nlm.nih.gov/pubmed/15458413
https://doi.org/10.1101/gr.137430.112
http://www.ncbi.nlm.nih.gov/pubmed/22826510
https://doi.org/10.1371/journal.pone.0209688

®PLOS | one

Streptococcus pneumoniae increased virulence mutants

65.

66.

67.

68.

69.

70.

71.

72.

Portalier RC, Robert-Baudouy JM, Némoz GM. Etudes de mutations affectant les genes de structure
de 'isomerase uronique et de I'oxydoreductase altronique chez Escherichia coli K12. Molec Gen Genet
1974 128:(4):301-19. https://doi.org/10.1007/BF00268518 PMID: 4594010

Bausch C, Ramsey M, Conway T. Transcriptional Organization and Regulation of the I-ldonic Acid Path-
way (Gntll System) in Escherichia coli. Journal of Bacteriology. 2004; 186(5):1388-97. https://doi.org/
10.1128/JB.186.5.1388-1397.2004 PMC344402. PMID: 14973046

Bidossi A, Mulas L, Decorosi F, Colomba L, Ricci S, Pozzi G, et al. A Functional Genomics Approach to
Establish the Complement of Carbohydrate Transporters in Streptococcus pneumoniae. PLOS ONE.
2012; 7(3):e33320. https://doi.org/10.1371/journal.pone.0033320 PMID: 22428019

Maruyama Y, Nakamichi Y, ltoh T, Mikami B, Hashimoto W, Murata K. Substrate Specificity of Strepto-
coccal Unsaturated Glucuronyl Hydrolases for Sulfated Glycosaminoglycan. Journal of Biological
Chemistry. 2009; 284(27):18059-69. https://doi.org/10.1074/jbc.M109.005660 PMID: 19416976

Robert-Baudouy JM, RC. P. [Studies of mutations in glucuronate catabolism in Escherichia coli K12
(author’s transl)]. Mol Gen Genet 1974; 131(1):31-46. PubMed Central PMCID: PMC 4603847. PMID:
4603847

Smiley JD, Ashwell G. Uronic Acid Metabolism in Bacteria: IIl. Purification and properties of d-altronic
acidand d-mannonic acid dehydratases in Escherichia coli. Journal of Biological Chemistry. 1960; 235
(6):1571-5.

Pouyssegur J, Stoeber F. Genetic Control of the 2-Keto-3-Deoxy-d-Gluconate Metabolism in Escheri-
chia coli K-12: kdg Regulon. Journal of Bacteriology. 1974; 117(2):641-51. PMID: 4359651

Hugouvieux-Cotte-Pattat N, Nasser W, Robert-Baudouy J. Molecular characterization of the Erwinia
chrysanthemi kdgK gene involved in pectin degradation. Journal of Bacteriology. 1994; 176(8):2386—
92. PMID: 8157608

PLOS ONE | https://doi.org/10.1371/journal.pone.0209688 January 8, 2019 25/25


https://doi.org/10.1007/BF00268518
http://www.ncbi.nlm.nih.gov/pubmed/4594010
https://doi.org/10.1128/JB.186.5.1388-1397.2004
https://doi.org/10.1128/JB.186.5.1388-1397.2004
http://www.ncbi.nlm.nih.gov/pubmed/14973046
https://doi.org/10.1371/journal.pone.0033320
http://www.ncbi.nlm.nih.gov/pubmed/22428019
https://doi.org/10.1074/jbc.M109.005660
http://www.ncbi.nlm.nih.gov/pubmed/19416976
http://www.ncbi.nlm.nih.gov/pubmed/4603847
http://www.ncbi.nlm.nih.gov/pubmed/4359651
http://www.ncbi.nlm.nih.gov/pubmed/8157608
https://doi.org/10.1371/journal.pone.0209688

