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Abstract

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that produces numer-
ous virulence factors and causes serious infections in trauma patients and patients with
severe burns. We previously showed that the growth of P. aeruginosa in blood from severely
burned or trauma patients altered the expression of numerous genes. However, the specific
influence of whole blood from healthy volunteers on P. aeruginosa gene expression is not
known. Transcriptome analysis of P. aeruginosa grown for 4 h in blood from healthy volun-
teers compared to that when grown in laboratory medium revealed that the expression of
1085 genes was significantly altered. Quorum sensing (QS), QS-related, and pyochelin syn-
thesis genes were downregulated, while genes of the type Il secretion system and those for
pyoverdine synthesis were upregulated. The observed effect on the QS and QS-related
genes was shown to reside within serum fraction: growth of PAO1 in the presence of 10%
human serum from healthy volunteers significantly reduced the expression of QS and QS-
regulated genes at 2 and 4 h of growth but significantly enhanced their expression at 8 h.
Additionally, the production of QS-regulated virulence factors, including LasA and pyocya-
nin, was also influenced by the presence of human serum. Serum fractionation experiments
revealed that part of the observed effect resides within the serum fraction containing <10-
kDa proteins. Growth in serum reduced the production of many PAO1 outer membrane pro-
teins but enhanced the production of others including OprF, a protein previously shown to
play a role in the regulation of QS gene expression. These results suggest that factor(s)
within human serum: 1) impact P. aeruginosa pathogenesis by influencing the expression of
different genes; 2) differentially regulate the expression of QS and QS-related genesin a
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growth phase- or time-dependent mechanism; and 3) manipulate the production of P. aeru-
ginosa outer membrane proteins.

Introduction

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes serious
infections in immunocompromised hosts, including severely burned patients and HIV
patients [1-3]. Although it grows ubiquitously in the environment and transiently colonizes
the surface of the host’s body, P. aeruginosa colonizes nearly any site where there is a break
in the host’s defenses (such as a surgical wound or burn infection) [1,4]. Once established
within the wound environment, P. aeruginosa then translocates into the bloodstream, lead-
ing to sepsis and septic shock [5]. The ability to cause sepsis, combined with its increasing
resistance to commonly used antibiotics and the possession of numerous virulence factors,
renders P. aeruginosa a particularly difficult pathogen to treat in clinical settings [6]. P. aer-
uginosa is notorious for its ability to survive on different surfaces, especially medical devices
such as indwelling urinary catheters and endotracheal tubes [7,8]. Therefore, patients hospi-
talized for prolonged periods are particularly susceptible to P. aeruginosa infection. P. aeru-
ginosa is also one of the leading pathogens responsible for secondary infection in cystic
fibrosis patients [9]. Although P. aeruginosa pathogenesis at different infection sites has
been extensively analyzed, little is known regarding the pathogenesis of P. aeruginosa upon
its entry into the bloodstream.

To survive within different host niches and to combat host defenses, P. aeruginosa adjusts
the production of numerous extracellular and cell-associated virulence factors [10-15]. The
production of different virulence factors is coordinated by the cell density-dependent signaling
system known as quorum sensing (QS) [16,17]. This signaling system depends on the produc-
tion of small diffusible N-acylhomoserine lactone (AHL) signaling molecules known as autoin-
ducers [18]. P. aeruginosa possesses two well-characterized AHL-based QS systems, las and
rhl. Each system utilizes a transcriptional activator (LasR, RhIR) and an autoinducer synthase
(LasI, RhII) [19]. The las autoinducer N-(3-oxododecanoyl)-L-homoserine lactone
(30C12-HSL) is produced by Lasl, whereas Rhll is responsible for the production of N-
(butyryl)-L-homoserine lactone (C4-HSL), the rhl autoinducer [16,20]. Besides las and rhl, P.
aeruginosa also produces a quinolone-based intercellular signaling molecule (2-heptyl-
3-hydroxy-4-quinolone) termed the Pseudomonas quinolone signal, or PQS [21]. The PQS
autoinducer is synthesized by the pgsA-E operon, and binds to and activates the transcriptional
regulator PqsR (also known as MvfR) [21,22]. The QS systems function in a hierarchy; experi-
mental evidence suggests that LasR positively regulates the rhl and pgs branches [19,23-25],
RhIR inhibits pgs while PqsR stimulates rhl [25-27], and the LasR-regulated gene lasB is
induced by PQS autoinducer [17,20,21]. Together, the interconnected QS systems control the
production of numerous virulence factors including exotoxin A, proteases and elastases
(including LasA and LasB), rhamnolipids (including 3-(hydroxyalkanoyloxy)alkanoic acid,
mono-rhamnolipids, and di-rhamnolipids produced by RhlA, RhIB, and RhIC, respectfully),
and pyocyanin [12-15,28].

Another QS-related P. aeruginosa virulence factor is pyocyanin. Pyocyanin is a redox-active
pigment that, as a zwitterion, can easily penetrate host biological membranes, where it gener-
ates reactive oxygen species that disrupt the electron transport chain of host tissues [29,30].
This disruption leads to the accumulation of toxic superoxides and cell injury [29,30].
Enzymes involved in pyocyanin production are encoded by two nearly identical operons,
phzA1-G1 and phzA2-G2 [31]. Additional genes, phzM, phzH, and phzS, are involved in the
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processing and modification of pyocyanin and other related phenazine molecules [15,31].
Very little is known about the specific regulation of phzAI-GI and pzhA2-G2. However, exper-
imental evidence and sequence analyses strongly suggest that they are regulated by the QS sys-
tems, including las, rhl, and pgs [32-35].

We previously investigated the effect of severe burn-induced and other trauma-induced
changes in blood on the pathogenesis of P. aeruginosa during bacteremia [36,37]. Compared
with its growth in whole blood from healthy volunteers (WBHV?s), the growth of P. aeruginosa
strain PA14 in whole blood from severely burned patients significantly decreased the expres-
sion of QS, QS-controlled, and pyoverdine synthesis genes and increased expression of type III
secretion system (T3SS) genes [37]. Growth of PA14 in whole blood from trauma patients also
downregulated expression of the pyoverdine synthesis genes but only a few T3SS or QS genes
were affected; instead, multiple genes of the type VI secretion system were significantly down-
regulated while genes for malonate utilization and carbohydrate uptake were upregulated [36].
Genes of the malonate operon were also found to be upregulated in the study by Kruczek et al.
[37]. These results suggest that other conditions associated with P. aeruginosa bacteremia (e.g.,
patients undergoing cancer chemotherapy) could alter P. aeruginosa pathogenesis in a specific
manner. To establish a reference point for future studies on P. aeruginosa pathogenesis during
bacteremia, it is essential to determine the influence that whole blood from healthy individuals
would have on the expression of different P. aeruginosa genes. In this study, we addressed this
by growing P. aeruginosa strain PAOLI in either laboratory medium or WBHYV and assessing
the expression of the PAO1 transcriptome.

Materials and methods
Ethics approval and consent to participate

This study was approved by the Texas Tech University Health Sciences Center Institutional
Review Board. Written consent was obtained from healthy volunteers (HV) by an individual
both trained and approved by the IRB for this particular IRB-approved protocol. A total of 25
mL of whole blood (WB) was collected by venipuncture from each HV, with a total of 3 healthy
adult volunteers participating in this study. Blood was collected in three tubes (8.3 mL/tube)
containing sodium polyanetholesulfonate as an anticoagulant (BD Vacutainer; Becton, Dickin-
son and Company, Franklin Lakes, NJ). Samples were identified only as HV1, HV2, and HV3.

Bacterial strains, plasmids, media, and growth conditions

The prototrophic P. aeruginosa strain PAO1 [38] was used in all experiments. PAOL1 cultures
were grown overnight in Luria-Bertani broth (LBB) at 37°C with shaking at 200 RPM. Aliquots
of the overnight cultures were pelleted by centrifugation at ~15000 x g for 1 min, the superna-
tant was discarded, and the pellet was resuspended in fresh LBB to a final ODgq, of 0.02-0.03
(3.0 x 10” to 5.0 x 10" CFU/mL). For experiments involving WBHYV, separate 5-mL aliquots
were inoculated to a similar density (as determined by CFU/mL) with freshly diluted PAOL.
All blood cultures were grown at 37°C under shaking conditions to 1.0 x 10° CFU/mL (4 h of
incubation post-inoculation).

For experiments involving pooled normal human serum (PHS) (MilliporeSigma, St. Louis,
MO), cultures were grown in either LBB or LBB supplemented with 10% human serum
(LBBS) under conditions described above for LBB, and samples were collected at specific time
points within the growth cycle. For experiments involving human serum albumin (HSA),
17.5-25 mg of lyophilized HSA (MilliporeSigma, St. Louis, MO) was added to 5 mL of LBB for
a final concentration of 3.5-5.0 mg/mL (LBBA). This concentration matches the concentration
of HSA found in LBBS; that is, 10% of the concentration found in normal human serum,
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which is 35-50 mg/mL. Cultures were grown in either LBB or LBBA as described above for
LBB; samples were collected at specific time points within the growth cycle.

For experiments involving PAO1 carrying plasmids, antibiotics—carbenicillin at 200 pg/mL
(for pMW303) or streptomycin at 300 ug/mL (for pMP190::pvdD-lacZ)-were added to LBB,
LBBS, or LBBA to maintain the plasmids in PAOL. Both plasmids are described below (B-
Galactosidase assays for gene expression).

RNA isolation

For isolation of RNA for RNA-Seq or qRT-PCR, cultures were harvested at specific time
points, from 2 h to 12 h depending on the experiment, within the growth cycle of PAOL1. For
blood cultures, red and white blood cells were removed by differential centrifugation in lym-
phocyte separation medium (Lonza, Walkersville, MD) as previously described [37]. PAO1
cells were pelleted by centrifugation at 5,000 RPM for 10 min and resuspended in fresh LBB
containing RNAprotect (QIAGEN, Valencia, CA). The supernatant was discarded, and pellets
were stored at -80°C. RNA was extracted from these pellets using the RNAeasy Mini Kit
(QIAGEN).

RNA-Seq and qRT-PCR

Genomic DNA was digested from the samples using RNase-free DNase (QIAGEN). Purified
RNA was then quantified by NanoDrop spectrophotometer (NanoDrop Technologies, Wil-
mington, DE). Integrity of the RNA was analyzed using RNA Nano Chip on an Agilent 2100
Bioanalyzer (Agilent, Palo Alto, CA). RNA samples with 1.8-2.2 ratios of absorbance at 260/
280 nm were either prepared for RNA-Seq or converted to cDNA using the QuantiTect
Reverse Transcription Kit (QIAGEN) for qRT-PCR as previously described [37].

For RNA-Seq, RNA was purified with an rRNA removal kit (Ribo-Zero; Epicentre Biotech-
nologies, Madison, WI). RNA-Seq libraries were constructed as described previously [37]. The
cDNA libraries were constructed from the prepared RNA-Seq libraries, validated, and loaded
onto MiSeq v2 300 cycle reagent cartridges for sequencing using a MiSeq Sequencer (Illumina,
San Diego, CA). Paired end sequencing was performed to obtain 150 bp reads. Rockhopper 2
[39,40] was used in RNA-Seq data analysis, implementing reference-based transcript assembly
with PAO1 as a reference genome as described previously [36]. Briefly, after reads alignment,
transcript abundance was normalized by upper quartile normalization and quantified using
reads per kilobase of transcript per million mapped reads (RPKM) method. Then, differential
gene expression was determined using a negative binomial distribution as the statistical model
to compute P value in Rockhopper 2. P values were corrected (q values) for false discovery rate
using the Benjamini-Hochberg procedure [41]. Genes were identified as significantly differen-
tially expressed if there was a > twofold change in expression and a false discovery rate correc-
tion g-value of < 0.05 for each of the three HV samples (S1 Table). The data for the samples
have been deposited in the BioProject at NCBI (https://www.ncbi.nlm.nih.gov/bioproject/)
under PRINA287707.

For qRT-PCR, equal amounts of cDNA was mixed with SYBR Green PCR Master Mix (Life
Technologies, Carlsbad, CA) together with 250 nM of specific primers for each gene examined.
Amplification and detection was done using StepOne Plus real-time PCR system (Life Tech-
nologies). Each qRT-PCR experiment consisted of three independent biological replicates gen-
erated from RNA extraction and cDNA conversion as described above. Additionally, each
biological replicate was analyzed in triplicate. Quantity of cDNA in the samples was normal-
ized using the housekeeping 30S ribosomal RNA gene rpsL. Analysis of gene expression was
done using StepOne Plus software (Life Technologies).
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Assays for staphylolytic activity, pyocyanin, and pyoverdine

For all assays, PAO1 was inoculated in LBB and LBBS or LBBA and grown as described above.
For each assay, samples were collected at specific time points throughout the growth cycle and
the supernatant fractions and cell pellets were collected by centrifugation at 12,000 RPM for 1
min.

Staphylolytic activity of the LasA protease was determined by the ability of PAO1 superna-
tant fractions to lyse boiled cells of Staphylococcus aureus subsp. aureus strain Newman D2C
(ATCC 25904; ATCC, Manassas, VA) [42]. A 30-mL volume of an overnight culture of S.
aureus Newman D2C was boiled for 10 min and then centrifuged for 10 min at 10,000 x g. The
pellet was resuspended in 10 mM Na,PO, (pH 7.5) to an ODg of approximately 0.8. A 100-
uL aliquot of bacterial supernatant was then added to 900 uL of S. aureus suspension, and the
ODyggo was determined at 5 min intervals for 60 min (beginning at time 0) and then at 90 and
120 min [43,44].

Pyocyanin levels within supernatant fractions of PAO1 were determined as previously
described. Samples were collected at different time points from 4 to 72 h and the amount of
pyocyanin was calculated using the formula ODs;¢ X 17.072 = pg/mL of pyocyanin [45].

Pyoverdine levels were analyzed by measuring the OD,q5 values of each supernatant sam-
ple of PAOL. Samples were collected at different time points from 4 to 72 h. Values were
adjusted by dividing OD 45 readings by their corresponding ODg, values.

B-Galactosidase assays for gene expression

Overnight cultures of PAO1 containing plasmid pMP190::pvdD-lacZ (a transcriptional fusion
plasmid) [46] or pMW303 (pEX1.8 carrying a phzA1B1ClI-lacZ translational fusion reporter)
[47] were resuspended in fresh LBB, LBBS, or fractionated LBBS (see below) to a final ODgg
0f 0.02-0.03. Cultures were incubated at 37°C with shaking at 200 RPM. At specific time
points between 4 and 16 h of growth, cells in 1-mL aliquots of the cultures were harvested by
centrifugation at 4000 x g for 1 min. B-galactosidase assays were performed as previously
described [48-50]. Cells were lysed and the units of B-galactosidase activity were determined.
The calculation for units of activity includes the amount of growth [50].

Fractionation of LBBS

LBBS was fractionated by centrifugation for 15 min at 8,000 x g using Vivaspin centrifugation
columns with 50-, 30-, 10-, or 5-kDa molecular weight cutoffs (Vivaproducts, Littleton, MA)
according to the manufacturer’s instructions. The filtrate (containing proteins smaller than the
MWCO of the column) and the retentate (containing proteins larger than the MWCO of the
column) were collected separately. As a control, LBB was fractionated in a similar manner.

To determine if the observed effect on phzA1-G1 expression is due to a small peptide (<10
kDa), we boiled LBBS fraction containing those proteins (LS<10) for 5 min at 100°C and
cooled the fraction to 22°C (LS<10-HI). To exclude the contribution of non-polar lipids such
as hormones and steroids or cytokines that can be absorbed with charcoal [51-53], we added
50 mg/mL activated charcoal (MilliporeSigma) to LS< 10, incubated the medium for 15 min at
room temperature, and removed the charcoal by centrifugation for 10 min at 10,000 x g
(LS<10-CT).

Isolation of PAO1 outer membrane proteins and SDS-PAGE

LBB and LBBS were inoculated with PAO1 in triplicate as described above and grown at 37°C
for 16 h with shaking at 200 RPM. Cultures were centrifuged and cells were washed and lysed
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by sonication (10 min pulses at 50% power 3 times) using a Kinematica Polytron P10-35 PCU-
11 homogenizer) (Kinematica AG, Luzern, Switzerland). Lysed cells were pelleted by centrifu-
gation for 20 min at 18,450 X g. The pellet (containing both inner and outer membranes) was
then resuspended in sterile water, sarcosyl (MilliporeSigma) was added to a final 1% concen-
tration, and the sample was incubated for 1 h rotating at room temperature to remove most of
the inner membranes [54]. The samples underwent ultracentrifugation for 1 h at 100,000 x g,
pellets were collected and washed with water, and then centrifuged for an additional 30 min at
100,000 x g. The resulting outer membrane protein (OMP)-rich pellet was resuspended in ster-
ile water and the total protein content of each sample was determined using Bradford estima-
tion (Bio-Rad, Hercules, CA). Equal amounts of the prepared OMP (50 pg) were separated by
SDS-PAGE and gels were stained by silver staining to visualize the OMP [55].

Statistical analyses

Statistical analyses of the results were done using GraphPad Prism 8.4.2 (GraphPad Software,
LaJolla, CA). One-way analysis of variance (ANOVA) with Tukey’s multiple comparison post-
test was used to analyze changes in levels across time. Two-tailed, unpaired ¢-tests were per-
formed to determine significance between pairs of data. One-way ANOVA with Dunnett’s
multiple comparison posttest was used to determine significance of different among fractions
of LBB and LBBS using untreated LBB or LBBS as controls.

Results
Growth of PAO1 in WBH Vs altered its transcriptome

Results from our previous investigations showed that severe burn- or trauma-induced changes
in blood differentially altered the expression of numerous P. aeruginosa genes in diverse ways
[36,37]. To determine the effect of whole blood from a healthy host on the P. aeruginosa tran-
scriptome, we grew the fully virulent P. aeruginosa strain PAO1 [38] separately in WB from
three HVs (obtained through a protocol approved by the Institutional Review Board at Texas
Tech University Health Sciences Center) or the laboratory medium LBB. LBB and WBHV
were inoculated and grown for 4 h as described in Materials and methods. Cells were harvested
and RNA was obtained for analysis. Based on our RNA-Seq analysis, gene expression was con-
sidered significantly altered if the change in the level of expression was > twofold. As seen in
several studies that involve normal human subjects, variations among the blood samples
obtained from the three HVs were expected to occur. Such variations are reflected in the vari-
able values of expression of any single gene (S2 Table). Taking this into consideration with our
analysis, we defined the expression of a gene as enhanced when the increase in the fold change
was > twofold in PAO1 that was grown in each of the three blood samples. Similarly, the
expression was considered repressed when the reduction in expression was > twofold in
PAO1 grown in each of the three blood samples. Thus, our main focus was on the direction of
the change in gene expression rather than the variations in the level of expression upon the
growth of PAO1 in the three blood samples. The RNA-Seq analysis identified 1085 genes
whose expression was considered significantly altered by the growth of PAO1 in WBHYV com-
pared to its growth in LBB. The data for the samples have been deposited in the BioProject at
NCBI (https://www.ncbi.nlm.nih.gov/bioproject/) under PRINA287707. Of these 1085 genes,
747 were significantly upregulated, while 338 genes were significantly downregulated. We cate-
gorized the gene products by gene ontology (GO) enrichment analysis using ShinyGO v0.61
(available at http://bioinformatics.sdstate.edu/go/) [56] and the P. aeruginosa PAO1 reference
genome (Pseudomonas database; http://www.pseudomonas.com/) [57-59]. GO terms and
terms associated with KEGG pathways were counted in this analysis if their enrichment false
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discovery rate p value was <0.05. The 1085 genes returned multiple terms considered signifi-
cantly enriched within the three GO categories and among the KEGG pathways: cellular com-
ponents (1207 terms), biological processes (7089), molecular functions (2466), and KEGG
pathways (987) (Fig 1). Cellular components (not otherwise specified) and cytoplasmic and
membrane proteins dominated the cellular components (Fig 1A), metabolic processes formed
the majority of the biologic processes (Fig 1B), and binding functions led the molecular func-
tions (Fig 1C). The KEGG pathway analysis was dominated by metabolism and metabolic
pathways (Fig 1D).

Growth of PAO1 in WBHVs downregulated the expression QS and QS-
regulated virulence genes

The expression of many QS and QS-controlled genes was repressed by the growth of PAO1 in
WBHYVs. The reduction in the expression of several QS-related genes was pronounced (Fig 2).
For example, lasB, phzB1 and phzB2 expression was reduced >200-fold and expression of rhlA
and rhIB was reduced between 96- and 87-fold, respectively (Fig 2). Two almost identical phz
operons, phzA1-G1 and phzA2-G2, code for the enzymes that synthesize pyocyanin [31], a sec-
ondary metabolite that interferes with host cellular metabolism [29,30,60]. Overall, the expres-
sion of all seven genes of each phz operon was significantly reduced in parallel except the
reduction in phzBI expression was about four times greater than that of phzB2 (Fig 2). Addi-
tionally, the expression of the pyocyanin processing genes phzH, phzM, and phzS was reduced
(Fig 2).

To confirm the reduction in QS gene expression observed in the RNA-Seq analysis, we ana-
lyzed the expression of some of these genes by qRT-PCR using the same RNA samples as tem-
plates. Only two of the three HV samples were sufficient for parallel testing, those from HV1
and HV2. The samples were assayed individually and the results shown are the averages of
three replicate tests on each sample, whether RNA-Seq or qRT-PCR. Expression of lasA, lasB,
rhiR, rhil, rhIA, phzCl, and phzB2 was reduced (Fig 3). Similar to the results of the RNA-Seq
analysis, the results of the qRT-PCR revealed that the expression of these genes is reduced
upon the growth of PAO1 in whole blood (compared to its growth in LBB) (Fig 3). Compared
to the level of reduction in expression based on the RNA-Seq analysis, the level of reduction
based on the qRT-PCR was comparable and in the same direction. Evaluation of the genes
originally found to be significantly up- or downregulated (1208 genes) revealed 123 genes
whose pattern of expression was not consistent among PAO1 grown in each of the three blood
samples (S2 Table). Among those genes are pgsA and lasI (S2 Table). However, the qRT-PCR
analysis of the same RNA sample showed a reduction in pgsA expression in both samples ana-
lyzed while the expression of lasI was increased in both (S1 Fig). The level of lasR expression
was not significant in the RNA-Seq; therefore, it was not examined by qRT-PCR. These results
are puzzling, considering that the expression of both lasB and lasA, stringently controlled by
the las QS system, was reduced significantly in both assays (Figs 2 and 3, S1 Table).

Growth of PAO1 in WBHVs enhanced type III secretion system gene
expression

The P. aeruginosa T3SS is a highly complex system that includes five components encoded by
40 genes in PAOL1 [61]. The system includes the needle complex, the translocation apparatus,
three effector proteins (exoenzymes S, T, and Y in strain PAO1), one chaperone specific for
exoenzyme S, and proteins that regulate transcription of T3SS genes and secretion of the effec-
tor proteins [61]. Previous studies showed that the T3SS contributes to P. aeruginosa patho-
genesis during infection, including burn wound infections and acute pneumonia [62,63]. We
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Cell component, total (449)
Cytoplasmic, total (287)

Periplasmic (9)

Membrane components, general (181)
Plasma membrane components (52)
Outer membrane components (18)
Cell periphery (47)

External encapsulating structure (23)
Extracellular region (13)

Organelle, general (20)

Organelle, non-membrane bounded (18)
Macromolecular complex, NOS (28)
Protein complexes, NOS (30)
Enzyme complexes (16)

Ribosome complexes (16)

Biosynthetic processes, general (498)
AA/protein/N, CHO, FA/lipids (biosyn) (453)

P/S/O; cofactors/vitamins; NTs/NSs (biosyn) (480)
Other biosynthetic processes (136)

Metabolic processes, general (1006)
AA/protein/N, CHO, FA/lipids (metabolic) (984)
P/SI0O; cofactors/vitamins; NTs/NSs (862)

Other metabolic processes (329)

Catabolic processes (183)

Biological processes, general (413)

Responses to stimuli, homeostasis, pathogenesis (170)
Pathways/Energy, respiration (104)
Transcription/translation; Regulation (423)

Cellular processes, general (350)
Localization/Biogenesis/Assembly (259)
Signaling/Movement/Responses (132)
Secretion/Transport (307)

Molecular functions, general (218)

Molecular functions, specific (NOS) (44)
Binding, general (123)

lon and metal binding (382)

Cofactor, coenzyme, small molecule binding (144)
Organic compound binding (195)

Amino acid, protein binding (6)

Nucleotide, nucleoside binding (481)
Catalytic activity (165)

Enzyme activity, group 1 (321)

Enzyme activity, group 2 (154)

Enzyme activity, group 3 (52)

Enzyme activity, group 4 (22)

Transporter activity, general (40)
Substrate-specific transporter activity, all (98)
Channel activity, all (9)

Symporter activity, all (12)

Carbon metabolism, all (146)

Nitrogen metabolism, all (157)

Sulfur metabolism (8)

Microbial metabolism in diverse environments (75)
Amino acid biosynthesis, all (74)

Fatty acid biosynthesis, all (10)

Vitamin biosynthesis (9)

Biosynthesis of secondary metabolites (90)
Amino acid degradation, all (20)

Fatty acid degradation, all (11)

RNA degradation (4)

Xenobiotic degradation (13)

Metabolic pathways, NOS (180)
Glucogenesis/glycolysis/PPS pathways (18)
TCA cycle (10)

One carbon pool by folate (5)
Sensor/response systems (49)

Chemotaxis and motility (21)

Transport and secretion (79)

Ribosome (8)
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Fig 1. Gene Ontology (GO) functional terms assigned to the products of the 1085 differentially expressed genes.
The 1085 genes whose expression was up- or downregulated by the growth of PAO1 in WBHV's compared to its
growth LBB were analyzed by GO enrichment analysis using ShinyGO v0.61 and the PAO1 reference genome from the
Pseudomonas Genome Database. The GO and KEGG pathway terms were considered to be significantly enriched if
their false discovery rate p value was <0.05. (A) Cellular components (1207 terms out of 6533 terms were considered
significant), (B) biological processes (7089 of 33620), (C) molecular functions (2466 of 12341), and (D) KEGG
pathways (987 of 3711). In all four sections, some genes were assigned more than one term and most terms were
assigned to more than one gene. AA, amino acids; CHO, carbohydrates; enzyme group 1: transferases, oxoreductases,
hydrolases; enzyme group 2: peptidases, lyases, ligases, phosphorylases; enzyme group 3: racemases/epimerases,
synthases, oxidases, dehydrogenases, dehydratases; enzyme group 4: carboxylases, isomerases, transaminases,
dismutases; FA, fatty acids; N, nitrogen; NOS, not otherwise specified; NTs/NSs, nucleotides/nucleosides; PPS,
pentose-phosphate shunt; P/S/O, phosphorus/sulfur/oxygen; TCA, tricarboxylic acid cycle.

https://doi.org/10.1371/journal.pone.0240351.9001

recently showed that compared with the growth in WBHVss, the growth of P. aeruginosa in
whole blood from severely burned patients significantly enhanced the expression of numerous
T3SS genes [37]. Similarly, compared to its growth in LBB, the growth of PAO1 in WBHVs
significantly enhanced the expression of 32 of the 40 T3SS genes found within PAO1, with an
average enhancement ranging from twofold to 37-fold (Fig 4). The greatest enhancement was
detected among the genes of the popNpcr1234DRGVHpopBD operon, which encodes proteins
of the translocation apparatus and regulatory proteins, and the gene for SpcS, the specific
chaperone for exoenzyme S (Fig 4).

Fold Change / Color Scale
>-1001 -501 to -1000 -201 to -500 -101to -200 -51to -100

21to-50 -6t0-20 2to-5  -1to-1.9

Gene QS and QS-Regulated Genes
Number Name HV1 HV2 HV3 Product/Function
PA1871 lasA LasA protease precursor
PA3724 lasB Elastase LasB
PA3476 rhll Autoinducer synthesis protein Rhll
PA3477 rhiR Transcriptional regulator RhIR
PA3478 rhlA Rhamnosyltransferase chain A, RhlA
PA3479 rhiB Rhamnosyltransferase chain B, RhiB
PA0SS7 pgsB Secondary metabolite biosynthesis protein PgsB
PA0SS8 pgsC Secondary metabolite biosynthesis protein PqsC

PA0SSS pqsD 3-Oxoacyl-[acyl-carrier-protein] synthase Ill PgsD
PA1000 pqsE Quinolone signal response protein PqsE

PA1001 phnA Anthranilate synthase component | PhnA
PA1002 phnB Anthranilate synthase component Il PhnB
PA2587 pgsH Probable FAD-dependent monooxygenase PqsH
PA420S Phenazine-specific methyltransferase PhzM

PA4210 Probable phenazine biosynthesis protein PhzA1
PA4211 Probable phenazine biosynthesis protein PhzB1
PA4212 Phenazine biosynthesis protein PhzC1

PA4213 Phenazine biosynthesis protein PhzD1

PA4214 Phenazine biosynthesis protein PhzE1

PA4215 Probable phenazine biosynthesis protein PhzF1
PA4216 | Probable pyridoxamine 5-phosphate oxidase PhzG1
PA4217 Flavin-containing monooxygenase PhzS

PA183S Probable phenazine biosynthesis protein PhzA2
PA1900 Probable phenazine biosynthesis protein PhzB2
PA1901 Phenazine biosynthesis protein PhzC2

PA1902 Phenazine biosynthesis protein PhzD2

PA1903 Phenazine biosynthesis protein PhzE2

PA1S04 Probable phenazine biosynthesis protein PhzF2
PA1S05 Probable pyridoxamine 5-phosphate oxidase PhzG2

Fig 2. Color scale map depicting the changes in expression of genes involved in quorum sensing (QS). Expression
of genes by PAO1 grown in WBHV's for 4 h was compared with their expression when PAO1 was grown in LBB for 4
h. Information regarding gene product functions as well as the organization of their operons was obtained from the
Pseudomonas Genome Database. Red shading indicates levels of downregulation of the genes (WBHV compared to
LBB); bold text indicates g value < 0.05 and fold change > 2.00 for all 3 samples; regular text, fold change > 2.00 but g
value > 0.05 for 1 sample; gray shading indicates genes composing operons.

https://doi.org/10.1371/journal.pone.0240351.g002
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Fig 3. Confirmation of reduction in gene expression observed by RNA-Seq. The level of expression of the indicated genes was determined by
qRT-PCR using the same RNA samples as templates. Only two of the three HV samples were sufficient for parallel testing, those from HV1 and HV2.
PAO1 gene expression at 4 h post-inoculation in WBHYV is relative to its expression in LBB at the same time point; dashed line, twofold change. Bars in
each column indicate the median of 3 replicates on 2 independent samples. No significant differences were determined by two-tailed t-test.

https://doi.org/10.1371/journal.pone.0240351.g003

lasB rhiA rhll rhiR phzC1 phzB2

Growth of PAO1 in WBHVs enhanced expression of pyoverdine
siderophore genes

At different infection sites, free iron is sequestered within iron-binding proteins such as trans-
ferrin and lactoferrin [64]. In response, the infecting P. aeruginosa produces iron-scavenging
molecules known as siderophores, the most characterized of which are pyoverdine and pyo-
chelin [65]. Numerous P. aeruginosa genes encode the proteins required for the production
and transport of each siderophore. During P. aeruginosa bloodstream infection in severely
burned patients, expression of multiple pyoverdine- and pyochelin-related genes was signifi-
cantly enhanced [37]. Thus, we examined expression of these genes when PAO1 was grown in
blood from HVs. Compared to its growth in LBB, the growth of PAO1 in WBHVs significantly
enhanced the expression of 15 pyoverdine synthesis genes, including pvdA, pvdN, and pvdQ,
11 genes related to efflux of pyoverdine and release of iron from ferripyoverdine, and the posi-
tive regulator for pyoverdine biosynthesis pvdS; expression of fpvA that encodes the ferripyo-
verdine receptor was also enhanced (Fig 5). In contrast, the expression of the pyochelin
synthesis genes was reduced (Fig 5). Similar to fpvA, expression of the ferripyochelin receptor
gene fptA was also enhanced (Fig 5). At this time, the cause of the variation in the level of
expression between the pyoverdine and pyochelin synthesis genes is not known.

Growth of PAOL1 in the presence of human serum altered the expression of
QS and QS-related virulence genes
Serum, the fluid left after clot formation in whole blood, contains many different proteins such

as albumin, globulins (primarily immunoglobulins), transferrin, hormones, and enzymes (but
no fibrinogen or clotting factors) as well as numerous small molecule metabolites and ions

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351

October 15, 2020 10/39


https://doi.org/10.1371/journal.pone.0240351.g003
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE P. aeruginosa alters expression of QS and virulence genes during bacteremia
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41t0250 31t040 26t030 21to25 16t020

11t015 6to10 26to5 15t025 1to14
Gene Genes of the T3SS
Number Name HV1 HV 2 HV 3  Product Name/Function

Pa00ss  exoT |  <oznzyme T

PA1692 PA1692 Probable translocation protein
PA1693 pscR PscR

PA1694 pscQ | | ] PscQ

PA1695 pscP PscP

PA16596 pscO PscO

PA1697 PA1697 ATP synthase in T3SS
PA1698 popN - -OMP PopN precursor
PA1699 PA1699 | Translocation protein Pcr1
PA1700  PA1700 | [

PA1702 PA1702 Pcr4

PA1703 perD Secretory apparatus protein PcrD
PA1704 pcrR Transcriptional regulator PcrR

PA1705 perG Regulator in T3SS PcrG

PA1706 perV Translocator protein PcrV

PA1707 perH Regulatory protein PcrH

PA1708 popB Translocator protein PopB

PA170S popD Translocator OMP PopD precursor
PA1710 exsC | | Anti-antiactivator protein ExsC
PA1713 exsA Transcriptional regulator of T3SS genes ExsA
PA1714 [ TexsD' Antiactivator protein ExsD

PA1715 pscB Export apparatus protein PscB
PA1716 pscC OMP PscC precursor

PA1717 pscD Export protein PscD

PA1718 pscE PscE

PA1718 | pscF PscF

PA1721 | pscH PscH

PA1722 | pscl Pscl

PA1724 | pscK PscK

PA2191 exoY | Adenylate cyclase ExoY

PA3841 exoS Exoenzyme S

PA3842 spcShSpeciﬁc chaperone for exoenzyme S SpcS

Fig 4. Color scale map depicting changes in expression of genes of type III secretion system. Expression of genes by
PAO1 grown in WBHVs for 4 h was compared with their expression when PAO1 was grown in LBB for 4 h.
Information regarding gene product functions as well as the organization of their operons was obtained from the
Pseudomonas Genome Database. Blue shading indicates levels of upregulation of the genes (WBHV compared to LBB);
bold text indicates g value < 0.05 and fold change > 2.00 for all three samples; regular text, fold change > 2.00 but g
value > 0.05 for one of the three samples; gray shading indicates genes composing operons; OMP, outer membrane
protein; T3SS, type III secretion system.

https://doi.org/10.1371/journal.pone.0240351.g004

[66]. Potential factors within whole blood that influence P. aeruginosa gene expression are
likely to be localized to the serum fraction. Besides the possibility of localizing the potential
influencing factor, serum-based experiments offered key experimental advantages. First, in
experiments using WB, our analysis was limited to a specific time point in the P. aeruginosa
growth cycle (~ 4 h post inoculation) due to extensive lysis of the red blood cells at later time
points (7% at 8 h and 71% by 12 h post inoculation), which interferes with growth of the
organism and analysis of gene expression [37]. Use of serum-based experiments allowed exten-
sion of the experimental design to different time points throughout the P. aeruginosa growth
cycle. Second, in experiments using WB, potential inherent variations between blood samples
(including age and sex of HV's and their dietary habits) cannot be eliminated. These variations
were eliminated in serum-based experiments by the use of commercially-available pooled
serum prepared from at least 10 adult HVs (PHS) (MilliporeSigma, St. Louis, MO). We
assessed the effect of 10% PHS on the expression of relevant genes by growing PAOLI in either
LBB or LBB containing 10% PHS (LBBS) as previously described [67]. Using the same
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Gene Iron-Acquisition Genes

Number Name HV1 HV 2 HV 3  Product
PA2386 pvdA L-Ornithine N5-oxygenase PvdA
PA2389 pvdR Pyoverdine efflux pump PvdR
PA2390 pvdT Pyoverdine efflux pump PvdT
PA2391 opmQ Pyoverdine efflux pump OpmQ

PA2392 _ Pyoverdine biosynthesis protein PvdP
PA2393 PA2393 Pyoverdine biosynthesis dipeptidase

PA2394 Pyoverdine biosynthesis protein PvdN
PA2395 Pyoverdine biosynthesis protein PvdO

PA2396 pvdF | Pyoverdine synthetase PvdF

PA2397 Pyoverdine biosynthesis protein PvdE

PA2398 Fernpyoverdine receptor FpvA

PA2399 Pyoverdine synthetase PvdD

PA2400 Pyoverdine biosynthesis protein PvdJ

PA2402 Probable non-ribosomal peptide synthetase
PA2403 Iron reductase FpvG

PA2404 Related to iron release from ferripyoverdine FpvH
PA2405 'Related to iron release from ferripyoverdine FpvJ

PA2406 ‘Related to iron release from ferripyoverdine FpvK
PA2407 Fea’iron-chelating‘ metal-binding protein FpvC
PA2408 fpvD Permease FpvD

PA2409 fpvE ATPase FpvE

PA2410 fpvF Fernsiderophore binding protein FpvF

PA2411 | PA2411
PA2412
PA2413
PA2424
PA2425

Non-ribosomal peptide biosynthesis thioesterase
MbtH-like protein, related to pyoverdine biosynthesis
Pyoverdine biosynthesis aminotransferase PvdH
Non-ribosomal peptide synthase PvdL

Pyoverdine biosynthesis protein PvdG

PA2426 Iron-starvation sigma factor PvdS

PA4221 Fe(lll)-pyochelin OMR FptA

PA4222 ATP-binding component of transporter Pchl
PA4223 ATP-binding component of transporter PchH
PA4230 Salicylate biosynthesis protein PchB

PA4231 ‘Salicylate biosynthesis isochorismate synthase PchB
PA3531 Bacterioferritin BfrB

PA3899 fecl ECF sigma factor Fecl
PA4156 fvbA FvbA [TonB-like iron OMR])

PA4158 'Fernc enterobactin transporter FepC
PA4159 ~ Fernc enterobactin transporter PBP FepB
PA4161 Fernc enterobactin transporter FepG
PA4687 Ferrc iron-binding PBP HitA

PA4683 Feric transporter permease HitB

PA5531 Iron transport protein TonB1

PA3407 Heme acquisition protein HasAp

PA3408 Heme uptake OMR HasR

PA3410 ECF subfamily sigma-70 factor Hasl
PA4705 Hypothetical; probable heme uptake related
PA4706 Hemin importer ATP-binding subunit PhuV
PA4707 ‘Heme-related ABC transporter permease PhuU
PA4709 ‘Hemin degrading factor PhuS

PA4710 Heme/hemoglobin uptake OMR PhuR
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Fig 5. Color scale map depicting changes in expression of genes involved in iron acquisition. Expression of genes by
PAO1 grown in WHBVs for 4 h was compared with their expression when PAO1 was grown in LBB for 4 h. Information
regarding gene product functions as well as the organization of their operons was obtained from the Pseudomonas
Genome Database. Blue shading indicates levels of upregulation of the genes and red shading indicates levels of
downregulation of the genes (WBHV compared to LBB); bold text indicates g value < 0.05 and fold change > 2.00 for all
three samples; regular text, fold change > 2.00 but q value > 0.05 for one of the three samples; gray shading indicates genes
composing operons; [], putative function; ECF, extracytoplasmic function; OMR, outer membrane receptor; PBP,
periplasmic binding protein.

https://doi.org/10.1371/journal.pone.0240351.9005

standardized PAO1 inoculum that was used for the transcriptome analysis, PAO1 consistently
reached a similar growth index (ODgg0) from 2 to 72 h post-inoculation whether grown in
LBB or LBBS (Fig 6). There were no significant differences at any time point (Fig 6). The figure
clearly shows the log, stationary, and decline phases of growth (Fig 6).

Using qRT-PCR to assess gene expression, we found that, as seen with its growth in whole
blood, the relative expression of lasR and lasI in PAO1 grown in LBBS compared to LBB was
reduced at early time points of growth (2 and 4 h) (Fig 7A). Expression of these genes
increased by 6 h, and was significantly enhanced by 8 h (Fig 7A). Among the different las QS-
controlled virulence factors, LasB and LasA are the most stringently controlled [68,69]. Expres-
sion of the las-regulated virulence factor genes lasA and lasB followed the same pattern of
expression as lasR and lasI (Fig 7A). To determine whether LasB synthesis and secretion fol-
lowed this established pattern, we used the previously described elastin Congo red assay [70];
however, serum by itself produced too much elastase activity to interpret the assay. As an alter-
native, we tried to detect the LasB protein using immunoblotting experiments with specific
LasB polyclonal antibodies; again, elastase within the serum cross-reacted with the antibody
and prevented determination of the presence of LasB. Next, we examined PAO1 LasA activity
using the previously described staphylolytic assay [44]. Similar to the reduced expression of
lasA seen at 2, 4, and 6 h of growth post-inoculation, human serum significantly repressed
LasA production by PAO1 at 4 and 6 h (Fig 7A and 7B). While lasA gene expression was
enhanced in the presence of serum at 8 h post-inoculation (Fig 7A), LasA production was sig-
nificantly enhanced at 12 h post-inoculation (Fig 7C).

We then examined the expression of the pgs transcriptional activator pqsR and one of the
PQS synthesis genes pgsA. Expression of pgsR was repressed at early stages of PAO1 growth in
LBBS (2 and 4 h post-inoculation) and enhanced by 6 h post-inoculation while pgsA expres-
sion did not rise until 8 h post-inoculation (Fig 7D). Expression of phzCI and phzB2, represen-
tative of the two phz synthesis operons, was similar to that of pgsA (Fig 7D). The production of
pyocyanin followed this pattern but remained reduced through 12 h post-inoculation, began
to rise at 24 h, and became significantly enhanced only at the very late (48 and 72 h) stage of
the PAO1 growth cycle in LBBS (Fig 7E). Thus, even though the expression of phzA1-GI and
phzA2-G2 was enhanced prior to the late stages of growth, synthesis and release of pyocyanin
was delayed considerably beyond the expected time of 16 h [71,72].

WB and 10% PHS regulate the expression of different regulators of the QS
systems

Besides lasR, rhIR, and pgsR, numerous genes that regulate one or more of the P. aeruginosa
QS systems have been identified [17]. In the RNA-Seq analysis, expression of several genes was
enhanced (pvdQ, cysB, mvaT, mvaU, and anr) (Fig 8A), expression of eight, including pgsR,
vfr, gacA, and lasR, was relatively unaffected (< two-fold change) (Fig 8A); and that of 11 of
these genes was repressed > twofold at 4 h of growth of PAO1 in WBHV's compared to its
growth at 4 h in LBB (Fig 8B). Thus, it is possible that at the early stage of growth, WBHV's
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Fig 6. Growth of PAO1 in the presence of 10% PHS paralleled its growth in LBB. PAO1 was inoculated at ODgg,
~0.020 into LBB or LBBS and incubated with shaking at 200 RPM to the time points indicated on the graph and the
ODgo0, representative of the growth index, was determined. Data were log-transformed before graphing. Values
represent the means of 3 independent experiments + SEM. One-way ANOVA comparing pairs of time points revealed
no significant differences between growth in LBB and LBBS.

https://doi.org/10.1371/journal.pone.0240351.9006

represses the expression of the QS genes either by repressing the expression of one or more of
the positive regulatory genes (oprF, rpoS, vqsR, relA, and/or vqsM) (Fig 8B); or by enhancing
the expression of the negative regulators pvdQ, cysB, mvaT, and mvaU (Fig 8A).

Similar to the effect of WBHYV and at early time points of growth, 10% PHS significantly
reduced the expression of rpoS and gscR QS genes (Fig 8C). Thus, the effect of PHS on the
expression of one or more of the QS regulatory genes may parallel that of WB, suggesting that
WB influences the expression of these genes through serum. Alternatively, the effect of either
whole blood or serum may be unique. To examine that possibility, we determined, using
qRT-PCR, the expression of several QS-regulatory genes of PAO1 that was grown in LBB or
LBBS for 4 h post-inoculation. In contrast to the effect of WB, 10% PHS enhanced the expres-
sion of gacA, rpoN, rsmA, and vgsR, and reduced the expression of vfr (Fig 8C). However, simi-
lar to the effect of WB, 10% PHS reduced the effect of rpoS and gscR suggesting that these
genes may be key regulators through which whole blood and serum influence the expression
of the QS genes at early time points of growth (Fig 8C).

At different time points of PAO1 growth, human serum differentially regulated the expres-
sion of QS genes, significantly decreasing their expression at early stages of growth (2 and 4 h)
but significantly enhancing it at later stages of growth (6 and 8 h) (Fig 7A and 7D). Thus, we
determined if this influence occurs through one of the QS regulatory genes by comparing,
using qRT-PCR, the expression of these genes in PAO1 that was grown to 4 h and 8 h post-
inoculation in LBB and LBBS. Among all tested genes, only the expression of rpoS was signifi-
cantly reduced at early stages of growth in either WB or LBBS (Fig 8C and 8D) but enhanced
at later stages of growth in LBBS (Fig 8D).

Growth of PAO1 in the presence of 10% PHS influenced the expression of
siderophore-related genes

The production of the siderophores pyoverdine and pyochelin by P. aeruginosa is suggested to
be regulated by the QS system. The upstream region of the pyoverdine regulator pvdS contains
a potential LasR binding site [17,73]. Additionally, PQS is known to bind iron, forming a PQS-
iron complex that can transfer iron directly to the siderophores pyochelin and pyoverdine in
iron retrieval [74-76]. Pyoverdine genes are upregulated in the absence of pgsA, suggesting a
role for PQS in the negative regulation of P. aeruginosa iron-scavenging systems [75]. Results

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 14/39


https://doi.org/10.1371/journal.pone.0240351.g006
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

ok

Fold Change in Gene Expression >
v o N

%—[
[

I
H H
]

1

lasl lasR lasA lasB
B
o LBB-4h 0.8
~e~ LBBS-4h 0.8
X ‘7”
1 $*eeq, ~e— LBB-12h
071 "% teee, e~ LBBS-12h

0.6 b 3 S
g \ h—}?— T
0.5 i
B
0.4+ . ST \+
0.3 EALS 1
= (BB-6h"

0.2 *kkk \\\\\*‘***
1 = LBBS6h b —
0.3+ et ———r 22 J 0.1

0 30 60 90 120 0 30 60 90 120
Min Min

T

0.5 |

Staphylolytic Activity (ODgno)
Staphylolytic Activity (ODggo) ©

L wkx

54 ok wx

Fold Change in Gene Expression O
N Ao
i

-50-+— T T T T T T T T T T T T T T T
2 4 6 8 2 4 6 8 2 4 6 8 2 4 6 8 Time (h)

PgsR PgsA phzC1 phzB2

m

6— Hkkk

Pyocyanin Level (ug/mL)
N
P

-
M

o+ T T T
0 4 8 12 16 24 48 72
Time (h)

Fig 7. Growth in 10% PHS affected expression of QS genes and synthesis of QS-related virulence factors. For all
experiments, PAO1 was grown in either LBB or LBBS and samples were collected at the time points indicated on each
figure. Values represent the means of 3 independent experiments + SEM for all experiments presented in the figure.
(A) las system gene expression: the level of expression of the indicated genes was determined using qRT-PCR. Fold
change in gene expression at each time point is relative to its expression in LBB at the same time point (onefold level of
expression, dotted line). Significance was determined by two-tailed ¢-test and the cut-off of > twofold (dashed line); *,
P < 0.05; **, P < 0.01. (B and C) LasA activity: supernatant fractions were collected at (B) 4 h and 6 h post inoculation
and at (C) 12 h post inoculation. Staphylolytic activity of LasA was determined as described in Materials and methods.
Significance was determined by one-way ANOVA with Tukey’s multiple comparisons posttest; *, P < 0.05; **,

P <0.01; %%, P < 0.001; ****, P < 0.0001. (D) pgs system gene expression: PAO1 was grown and samples were
collected and analyzed as described in (A). Significance was determined by two-tailed ¢-test and the cut-off

of > twofold (dashed line); *, P < 0.05; **, P < 0.01. (E) Pyocyanin production: supernatant fractions were collected
throughout the growth cycle from 4 h to 72 h. Pyocyanin levels were assayed as previously described (Materials and
methods). Significance was determined by one-way ANOVA with Tukey’s multiple comparisons posttest; **, P < 0.01;
P < 0.0001.

https://doi.org/10.1371/journal.pone.0240351.9007
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gray line indicates the cut-off for significance, fold change > 2.00. (A and B) Fold change in expression at 4 h of growth
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values < 0.05; green asterisks indicate significant difference in gene expression for that individual sample. Values in
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shades of blue, all or 2 of 3 values for gene expression were above 0 among the three samples; values in shades of
purple, some values for gene expression were above 0 and some values were below 0 (A); values in shades of red, all or
2 of 3 values for gene expression were 0 or below among the three samples (B). (C) Comparison of the effect of
WBHV:s with that of 10% PHS on the expression of selected QS regulatory genes at 4 h of growth of PAO1 post-
inoculation. RNA-Seq analysis of the effect of WBHV is described in (A). To determine the effect of 10% PHS, PAO1
was grown in LBB or LBBS and the expression level was determined by qRT-PCR. Values represent the means of
replicate tests from 3 independent samples; the bar represents the median. Significance was determined by unpaired
two-tailed t test. Black asterisk over black bar, WBHV:LBBS; dark red asterisk, WBHV:LBB; dark blue asterisk, LBBS:
LBB; %, P <0.05, **, P <0.01. (D) The effect of 10% PHS on the expression of selected QS regulatory genes in PAO1
grown in either LBB or LBBS for 4 h and 8 h post-inoculation. The level of expression of the indicated genes was
determined using qRT-PCR. Values represent the means of 3 independent experiments + SEM. Significance was
determined by unpaired two-tailed t test; *, P <0.05; **, P < 0.01; ***, P < 0.001; ****, P <0.0001; LBBS:LBB at 4 h,
blue *; LBBS:LBB at 8 h, red *; LBBS-4h:LBBS-8h, black *.

https://doi.org/10.1371/journal.pone.0240351.g008

of the RNA-Seq analysis revealed that, while the expression of the pyoverdine synthesis genes
was enhanced between five- and 58-fold by the growth of PAO1 in WBHVs, the expression of
the pyochelin synthesis genes tended to be repressed (Fig 5). In the presence of 10% PHS, the
expression of the pyoverdine gene pvdA was enhanced at 2, 4, 6, and 8 h post-inoculation of
PAO1 in LBBS compared to LBB (Fig 9A). In contrast to the reduction produced by the
growth of PAO1 in WBHYV, expression of pchA was significantly enhanced by 3.5- and fivefold
at 2 h and 4 h post-inoculation in LBBS, respectively (Fig 9B). At all time points, the increase
in pvdA expression was considerably higher than that of pchA expression although expression
of the two genes followed the same pattern-peaking at 4 h and decreasing after that (Fig 9A
and 9B). Additional transcriptional analysis of the pyoverdine operon using a pvdD-lacZ tran-
scriptional fusion system supported the above-described effect of serum on pvdA expression.
The level of pvdD expression was significantly elevated from 4 h through 10 h post-inoculation
and declined thereafter (at 12 and 16 h) (S2 Fig). Furthermore, pyoverdine production was
increased throughout the growth cycle of PAO1; however, unlike pvdA and pvdD expression,
pyoverdine production was greatest at the end of the growth cycle (Fig 9C). The variation
between gene expression and pyoverdine production is expected as the pyoverdine molecule
detected by the pyoverdine assay is synthesized by proteins encoded by the pyoverdine synthe-
sis operon. It is possible that, rather than measuring the production of pyoverdine, we mea-
sured the accumulation of pyoverdine within the supernatant of PAO1 throughout the growth
cycle. However, even if we consider this scenario of accumulated pyoverdine within PAO1
supernatant, the levels of pyoverdine were still significantly higher within the supernatant of
PAO1 grown in LBBS.

Growth of PAO1 in the presence of human serum albumin repressed the
expression of QS and QS-related virulence genes

Serum contains several proteins that may differentially affect the expression of different PAO1
genes throughout its growth cycle. One of the most abundant serum proteins is albumin; a
binding molecule that transports fatty acids and steroids throughout the bloodstream [77].
Smith et al. [78] recently demonstrated that the growth of P. aeruginosa in the presence of
bovine serum albumin (BSA) reduced the expression of lasl, rsaL, lasB, and rhil at 8, 12 and 24
h post-inoculation. Smith et al. [78] confirmed that BSA binds the P. aeruginosa las signaling
molecule 30C12-HSL and its degradation product C12-TA-HSL [78]. Based on these and
other findings, Smith et al. [78] suggested that BSA interferes with the function of the QS sys-
tem by directly sequestering 30C12-HSL.

As 10% PHS significantly influenced the expression of QS and QS-regulated genes at differ-
ent time points throughout the growth cycle of PAO1 (Figs 7-9), we examined the effect of
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Fig 9. Growth in 10% PHS enhanced PAO1 expression of iron-acquisition genes. PAO1 was grown in either LBB or
LBBS, and samples were collected at the time points indicated. Values represent the means of 3 independent
experiments + SEM for all experiments in the figure. The levels of expression of (A) pvdA and (B) pchA were
determined by qRT-PCR. Fold change in gene expression at each time point is relative to its expression in LBB at the
same time point (value of 1, dotted line). Significance was determined by two-tailed -test and the cut-off of > twofold
(dashed line); ****, P <0.0001. (C) Compared with its growth in LBB, the growth of PAOI in LBBS enhanced
pyoverdine throughout the growth cycle. Supernatant fractions were collected at time points indicated and pyoverdine
assays were conducted as described in Material and methods. Significant differences in pyoverdine levels were
determined by one-way ANOVA with Tukey’s multiple comparison posttest; ****, P <0.0001.

https://doi.org/10.1371/journal.pone.0240351.g009

human serum albumin (HSA) (MilliporeSigma, St. Louis, MO), rather than BSA, on the
expression of lasB, phzB2, and pgsA. Since we analyzed the effect of 10% serum in LBB, we
adjusted the amount of added HSA to reflect 10% of the normal physiological levels (HSA-
10%-pl) present within whole serum range (35-50 g/L) [79]; therefore, LBB plus HSA-10%-pl
(LBBA) contained HSA at 3.5-5.0 g/L. There were no significant differences in PAO1 growth
in LBBA compared to that in LBB (S3 Fig). The growth of PAO1 in LBBA significantly reduced
pqsA and phzB2 expression at 4 h post-inoculation; lasB expression was also reduced, but not
significantly (Fig 10A). At 12 h post-inoculation, expression lasB and pgsA expression were
significantly reduced; phzB2 expression was also reduced, although not significantly (Fig 10A).
We also examined the effect of HSA-10%-pl on the production of pyocyanin throughout the
growth cycle of PAO1. HSA-10%-pl reduced pyocyanin production throughout the growth
cycle of PAO1 (Fig 10B). Unlike the enhancement in pyocyanin levels observed at 48 and 72 h
post-inoculation in the presence of 10% serum (Fig 7E), the presence of HSA-10%-pl signifi-
cantly reduced pyocyanin production at 48 and 72 h post-inoculation (Fig 10B). Thus, in con-
trast to 10% PHS, which differentially regulated the expression of QS and QS-related genes,
HSA-10%-pl produced a significant repressive effect throughout the PAO1 growth cycle, sug-
gesting the presence of more than one component through which serum differentially regu-
lates the expression of PAO1 genes. The mechanism by which HSA influences the expression
of the QS genes is not known at this time.
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Fig 10. HSA at 10% physiological level regulated expression of P. aeruginosa las- and pgs-related genes. PAO1 was
grown in LBB, LBBS, or LBBA and samples were collected at the time points indicated. Values represent the means of 3
independent experiments + SEM for both experiments in the figure. (A) Expression of lasB, pgsA, and phzB2 was
determined by qRT-PCR. Fold change in gene expression at each time point is relative to its expression in LBB at the
same time point (value of 1, dotted line). Significance was determined by two-tailed t-test and the cut-off of > twofold
(dashed line); *, P <0.05; **, P <0.01; ***, P <0.001; ****, P <0.0001. LBB:LBBA—red *; LBB:LBBS—Dblue *; LBBS:
LBBA—black *. (B) Pyocyanin production is repressed by the presence of HSA. Pyocyanin assays were conducted on
supernatant fractions as described in Methods. Significance was determined by one-way ANOVA with Tukey’s
multiple comparison posttest; “**, P <0.001; ****, P <0.0001. The effect of LBBS is shown in Fig 7E.

https://doi.org/10.1371/journal.pone.0240351.g010

Serum factors <10-kDa in molecular weight enhanced PAO1 expression of
phz genes at late stages of growth

Besides albumin, serum contains numerous proteins, peptides, and factors that may influence
(negatively or positively) the expression of different PAO1 QS and QS-related genes. At this
stage, we were specifically interested in identifying a potential serum factor(s) responsible for
the observed positive regulation of PAO1 phenazine genes at later time points of the growth
cycle. As a first step of the identification process (due to the complexity of the human serum),
we fractionated LBBS using 50-, 30-, and 10-kDa size exclusion columns. As a control, we also
fractionated LBB. We analyzed the effect of the different fractions on the expression of the
phzA1-G1 operon (phz) using plasmid pMW303, which contains a phzA1B1ClI-lacZ transcrip-
tional fusion [47]. Compared with unfractionated LBB and its fractions, all the LBBS fractions
significantly enhanced phz expression at 16 h of PAO1 growth (S4A Fig). However, expression
of phz in fractions LS>50 and LS <50 was significantly reduced compared to the level observed
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https://doi.org/10.1371/journal.pone.0240351.g011

in unfractionated LBBS (LS-NF) (Fig 11A). In contrast, there was a small, but significant, step-
wise increase in phz expression with the each of the remaining fractions (LS>30, LS<30,
LS>10, and LS<10) over that seen with LS<50 (Fig 11A). The exact cause of these differences
in phz expression related to these fractions is not known at this time, but there is a correlation
between the reduction in the MW cutoff of the fraction and the increase in the expression of
phZ (54B Fig). Since we were interested in a protein or other molecule within serum that
enhances phz expression, we then focused on fraction LS< 10, which was the only fraction that
significantly enhanced phz expression over that seen in LS-NF (Fig 11A), and examined its
effect on expression of QS genes using QRT-PCR. As the previously observed enhancement in
phzClI expression occurred in PAO1 grown in LBBS to 8 h post-inoculation (Fig 7), we con-
ducted the qRT-PCR experiments using LS<10 on PAO1 grown to the same time point. As
with LS-NF, the growth of PAO1 in LS<10 significantly enhanced the expression of phzC1
(Fig 11B). We also examined the effect of LS<10 on the expression of other QS genes. To our
surprise, lasB expression and pgsA expression were reduced rather than enhanced (Fig 11B).
These results suggest that human serum factor(s) of <10-kDa MW uniquely enhance the
expression of phzA1-G1. Whether the originally observed serum-induced enhancement in the
expression of other QS and QS related genes is localized to other serum fractions is yet to be
determined.

We then conducted preliminary experiments to explore the nature of the factor(s) within
LS<10 that enhanced the expression of the phzA1-G1 operon. Previous studies demonstrated
that high temperatures (>100°C) denature most proteins and renders them non-functional
[80,81]. Heat inactivation of LS<10 by boiling for 15 min did not alter the enhancement of
phClI expression nor change the expression of lasB or pqsA at 8 h of growth post-inoculation
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(Fig 11B) or the expression of phz at 16 h of growth (S4C Fig). Among different serum compo-
nents are non-polar lipid factors such as cytokines and hormones [82]. To assess if any of these
components contributes to the observed enhancement in phzA-GI expression, we treated the
LS<10 with charcoal, which has been shown previously to absorb these components from
serum [53]. As we saw with heat inactivation, charcoal treatment did not affect the expression
of phz expression at 16 h of growth post-inoculation (S4C Fig). These results suggest that small
peptides, hormones, and cytokines within human serum do not influence the expression of the
phenazine genes at later stages of growth of PAO1. Future experiments are needed to deter-
mine the nature of the potential factor(s).

The experiments described in Fig 11A and S4C Fig were conducted using PAO1 carrying
the phz fusion plasmid pMW303. Although the experimental conditions were similar (cultures
were grown in the presence of LS<10), the two experiments were not conducted simulta-
neously on the same day. Therefore, in one experiment (Fig 11A), we detected 9600 units of B-
galactosidase activity from phz but 6250 units in the other experiment (S4C Fig). We compared
the conditions in each experiment in relationship to other conditions within the same experi-
ment. Thus, even though the level of B-galactosidase activity between the two experiments var-
ied, the trend remained the same; fraction LS<10 increased phz expression.

Growth in LBBS altered the production of several PAO1 outer membrane
proteins

Factors within serum may affect the expression of different PAO1 genes through one or more
outer membrane proteins (OMPs) that function as receptors with which the potential serum
factor(s) interacts. Alternatively, factors within serum may influence (positively or negatively)
the production of specific PAO1 OMPs. To explore the influence of human serum on PAO1
OMPs, we grew PAOL for 16 h post-inoculation in both LBB and LBBS. Cells were harvested
and the OMPs were extracted and enriched as previously described [54]. Equal amounts of
OMPs were then separated by SDS-PAGE and the gel was stained with silver stain. Compared
with its growth in LBB, the growth of PAO1 for 16 h post-inoculation in LBBS induced the
production of some OMPs (Fig 12, blue and red bars) and reduced the production of others
(Fig 12, black bar). We selected a 35-kDa band that appeared to be more strongly enhanced
than the others, excised the band, eluted the protein, and determined the amino acid sequence
of the protein with LC-MS/MS (Texas Tech University Center for Biotechnology and Geno-
mics, Lubbock, TX). The protein was identified in the initial analysis as OprF (28 peptide
match, 70.9% coverage) (Fig 12, red bar). Interestingly, OprF has been shown to affect QS and
P. aeruginosa virulence [83,84]. Additional experiments are underway to determine if OprF
plays a role in the induction of QS and QS-related gene expression by serum. We also plan to
identify the ~30-kDa protein whose synthesis was significantly reduced in the presence of
serum (Fig 12, black bar).

Discussion

In this study, we demonstrated the influence of WBHV's on the expression of different PAO1
genes. Compared with its growth in LBB, the growth of PAO1 in WBHVs significantly
enhanced the expression of 747 genes and significantly reduced the expression of 338 genes
(1085 total). As expected, numerous genes involved in metabolism and biosynthesis were
affected (Fig 1) (S3 Table). Among these genes, five genes whose products are related to urea
metabolism were enhanced (S3A in S3 Table); as were 44 genes related to metabolism and bio-
synthesis of coenzymes, cofactors and vitamins (S3B in S3 Table); and four genes related to lac-
tate metabolism (S3C in S3 Table). Many additional genes for amino acid (129) and protein
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Fig 12. Growth of PAO1 in 10% PHS altered the production of outer membrane proteins. PAO1 was grown in
either LBB or LBBS for 16 h post-inoculation. Samples were harvested, lysed, and enriched for OMPs. Samples
containing 50 ug of OMPs were separated by SDS-PAGE and stained with silver stain. Lanes: MWS, (molecular mass
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enhanced by growth in LBBS; red bar, OprF; black bar, protein reduced by growth in LBBS.
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(62) metabolism (S3A in S3 Table); carbohydrate metabolism (55) (including gluconeogenesis
and glycolysis) and lipid metabolism (59) (S3C in S3 Table); and respiration and energy trans-
fer (74) (S3D in S3 Table) were differentially expressed in PAO1 grown in WBHV's compared
to LBB. Changes in expression of these genes reflect the adjustment required of PAOI in its
metabolism/catabolism following its transfer from one environment to another. Numerous
genes related to P. aeruginosa virulence and pathogenesis (S4 Table); cell wall, LPS, and O anti-
gen synthesis (S5 Table); the types VI and II secretion systems (S6 Table); motility, adhesion
and chemotaxis (S7 Table); and Mex-related efflux systems related to drug resistance (S8
Table) were also differentially expressed. Strikingly, genes related to all three QS systems were
reduced (Figs 2 and 3), while genes of the T3SS (Fig 4) and genes for pyoverdine biosynthesis
and uptake (Fig 5) were enhanced.

WBHY affected all three QS systems, multiple QS-regulated genes, and
genes encoding regulators of QS

We previously assessed the influence of adult bovine serum (ABS) on the expression of QS and
QS-related genes at two specific time points of growth of PAO1; early and late [48]. Compared
to its growth in LBB, the growth of PAO1 in LBB containing 10% ABS significantly repressed
the expression of QS and QS-related genes at early stages of growth but significantly enhanced
it at late stages of growth [48]. In this study and as an extension of our analysis of the effect of
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WBHYV on the expression of different PAO1 genes, we analyzed the effect of 10% PHS on the
expression of QS and QS-related genes at different time points within the growth cycle of
PAOL. Similarly, expression of several las, pgs, and phz genes were repressed (>onefold
change) by 10% PHS at 2 h (las, lasA, pgsR, and pqsA) and 4 h (all except pgsR) of growth
post-inoculation and all genes were significantly induced by 8 h of growth post-inoculation
(Fig 7A and 7D). Analysis of expression of these genes at the different time points suggests that
the progression from log phase (2 to 6 h post-inoculation) to the entry into stationary phase
(by 8 h of growth post-inoculation) (Fig 6), is the critical point at which the genes recover
from their serum-repressed state and enter their serum-induced state. The extended growth
analysis revealed that a transition in expression from repressed to induced occurs at 6 h post-
inoculation for the las genes, while the transition was earlier for pgsR (between 2 and 4 h) and
later for pgsA and phzB2 (between 6 and 8 h) (Fig 7A and 7D). In the presence of 10% PHS
and at 6 h post-inoculation, several QS genes were neither repressed nor enhanced (lasR, lasI,
lasA, lasB, and phzC1) (Fig 7A and 7D). The simplest explanation for this observation is that
during the progression from log phase to early stationary phase (2 to 8 h), the bacteria enter a
state of quorum. As they enter the state of quorum, the bacteria overcame the serum-induced
repressing signal of the QS and QS-related genes and responded strongly to the serum-induced
enhancing signal. This switching phenomenon is likely limited to the QS genes. Other P. aeru-
ginosa virulence genes/operons such as the siderophore genes as well as the genes for the T3SS
were significantly induced by serum throughout the growth cycle of PAO1 (unpublished
observations, C. Kruczek and A. N. Hamood) [48]. The specific mechanism though which
these QS genes transit from a serum-repressed to a serum-induced is yet to be determined.

Regulation of the QS systems in P. aeruginosa is complicated and involves numerous posi-
tive and negative regulators [17,85]. Thus, whole blood and serum may differentially regulate
the expression of PAO1 QS genes at early and late stages of growth through one or more of
these regulators. We previously showed that ABS significantly reduced the expression of the P.
aeruginosa global regulator vfR at early stages of growth of PAO1 but enhanced it at late stages
of growth [48]. However, in this study, vfR expression at 4 h of PAO1 growth post-inoculation
was essentially unchanged in WBHYV and LBBS (Fig 8A and 8B). Therefore, we searched spe-
cifically for a potential positive regulator(s) whose expression is significantly reduced at 4 h of
growth in WBHYV and in LBBS but significantly induced at 8 h of growth in LBBS. We identi-
fied numerous regulators whose expression was decreased at 4 h of growth in WBHV (Fig 8A).
However, among several selected regulators, there were only two, gscR and rpoS, whose expres-
sion was also decreased at 4 h of growth in LBBS (Fig 8B). Additionally, of these two genes, the
expression of rpoS only was enhanced at 8 h of growth in LBBS (Fig 8C). The gscR regulatory
gene is a less likely possibility, as previous studies showed that the gene counter-regulates P.
aeruginosa QS systems [34,86]. Deletion of gscR led to early synthesis of pyocyanin as well as
the autoinducers 30C12-HSL and C4-HSL [86]. The stationary phase sigma factor RpoS posi-
tively regulates lasR and rhIR [47,87]. However, compared with its parent strain, the rpoS
mutant of PAO1 produced significantly higher levels of pyocyanin [47]. We are currently ana-
lyzing the effect of growth in LBBS on the expression of QS and QS regulated genes, including
phzA1-G1 and phzA2-G2, at early and later stages of growth of PAOI and its rpoS mutant.

Another possibility is that instead of a single regulator, WBHV or PHS may influence the
expression of QS genes through multiple regulators. Thus, for example, the significant
increases in the expression of pvdQ, cysB, mvaU, and mvaT upon the growth of PAO1 in
WBHYV (Fig 8A) may reduce the expression of different QS genes. All four genes negatively
regulate certain aspects of the QS systems. PvdQ is an acylase that functions as a quorum
quencher by degrading 30C12-HSL and decreasing the production of QS related violence fac-
tors [88,89]. CysB represses pgsR transcription and PQS production [90] while MvaU and
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MvaT repress the expression of lasR, pqsR, and the pyocyanin synthesis operons [85,91,92].
On the other hand, the significant decrease in vgsM expression (Fig 8B) may reduce the
expression of the QS genes. VgsM is an AraC-type global regulator of QS in P. aeruginosa
[93,94]. The expression of las, rhil, rhiR, pgsR, and other QS regulars is suppressed in a vqsM
mutant [93]. The reduction in the expression of rsaL, qteE, cdpR, gscR, and gsrO is less likely to
be a contributing factor as these genes negatively influence the QS systems [17,85,86,94-98].

We previously showed that, compared with its growth in WBHYV, the growth of P. aerugi-
nosa in WB from severely burned patients significantly enhanced the expression of TTSS, pyo-
chelin, and pyoverdine genes compared to the level of their expression in WBHYV, but
significantly repressed the expression of QS and QS-related virulence genes [37]. Comparing
the results of our current study with that of Kruczek et al. leads us to the conclusion that the
expression of the above genes and operons is influenced by two potential signals; one within
the WBHYV and the other due to the changes in WB induced by severe burn injury. However,
such a conclusion is not possible at this time since the studies were conducted using two differ-
ent P. aeruginosa strains; this study was conducted using PAO1 while that of Kruczek et al.
[37] was conducted using strain PA14. Our recent preliminary analysis of gene expression of
PA14 that was grown in LBB and LBBS supports this argument. Regulation of certain virulence
genes in PA14 in response to PHS is different from their regulation in PAO1 (unpublished
observations, K. L. Beasley and A. N. Hamood). Thus, a comprehensive analysis of the PA14
transcriptome during its growth in WBHYV is essential to identify different P. aeruginosa genes
whose expression is the same in both strains.

Growth of PAO1 in HSA at 10% physiological level affected expression of
the QS genes

One major component of serum that may influence the expression of PAO1 QS genes at early
and/or late stages of growth is albumin. Albumin is one of the largest components within
human serum, with normal physiological levels ranging from 35-50 g/L [79]. Identification of
structural similarities between bovine serum albumin (BSA) ligands and the QS molecules led
to the suggestion that BSA influences the QS systems [78]. It was further shown that BSA
reduced the expression of multiple QS and QS-related genes throughout the growth cycle of P.
aeruginosa, suggesting that BSA interferes with QS activities by binding to and sequestering P.
aeruginosa QS signaling molecules [78]. Therefore, we examined the effect of human serum
albumin (HSA) on the expression of PAO1 QS genes. As expected, HSA at physiological levels
found in 10% PHS repressed the expression of lasB, pgsA, and phzB2 at both 4 h and 12 h of
growth of PAO1 post-inoculation although this repression was significantly less for lasB and
phzB2 than that produced by 10% PHS (Fig 10A). Additionally, HSA-10%-pl repressed pyo-
cyanin production throughout the growth cycle of PAO1, even at 72 h post-inoculation (Fig
10B). It is likely that, similar to BSA, HSA affects the QS genes during the log and stationary
phases of PAO1 by binding directly to QS signaling molecules. Using the modeling program
Molecular Operating Environment (https://www.chemcomp.com/Products.htm), we illus-
trated specific sites within the HSA molecule where P. aeruginosa PQS is predicted to interact
(S4 Fig). The contrast between the effect of PHS and HSA on the expression of different QS
genes at 12 h of growth post-inoculation (Fig 10A) suggests that serum components other than
albumin significantly induced the expression of QS genes. The effect of these potential compo-
nents appeared to be strong enough to overcome the negative effect of HSA (Figs 7 and 10).
Fractionation experiments using columns with different MWCO to identify the serum
component(s) that influence the expression of QS and QS-related virulence genes at either 8 h
or 16 h of growth post-inoculation suggested the presence of more than one potential serum
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factor that affected expression of the phz genes. Compared to the LBB controls, all fractions
significantly enhanced phz expression (S4A Fig). Compared to nonfractionated LBBS (LS-NF),
the fraction of LBBS containing proteins <50-kDa (LS<50) significantly reduced phz expres-
sion while the fraction containing <10-kDa proteins (LS<10) significantly enhanced phz
expression (Fig 11A). The presence of more than one serum factor is not surprising as serum
is complicated and contains numerous proteins and molecules [82]. What was surprising,
however, was the apparent restriction of the effect of the LS<10 fraction to the phzAI-G1
operon only. Unlike the induction of phzCl, a gene within the phzA1-G1 operon, the LS<10
fraction repressed the expression of pgsA (and possibly the entire pgsA-E operon) as well as
lasB at 16 h of growth (Fig 11B). Compared with the extensive analysis of different components
of the P. aeruginosa QS systems, available information regarding the regulation of the
phzA1-G1 and phzA2-G2 operons is limited. Experimental data, as well as sequence analyses,
suggest potential roles for LasR, RhIR, and PqsR in the regulation of the operons. Identification
of a lux-box-like sequence within the upstream region of phzA1, indicated a potential role for
regulation of phzA1-G1 by either LasR or RhIR (or both) [35]. Additionally, deletion of the
PgsR gene resulted in a severe reduction of pyocyanin levels, suggesting PqsR is necessary for
full expression of the phz operons [26]. Our results suggest that the component(s) within frac-
tion LS< 10 responsible for induction of the phzA1-G1I operon does not work through the typi-
cal hierarchical las or pgs QS systems. To explore the nature of the potential serum factor(s)
within the LS<10, we used heat inactivation and charcoal treatment and determined that nei-
ther treatment eliminated the ability of LS<10 to induce phz expression (S4C Fig). Besides the
factor(s) within LS< 10, the nature of the potential factor(s) within the other serum fractions
and how they regulate QS genes is yet to be determined.

Besides determining the serum factor that regulates phzA1-G1 and the QS systems, it is
important to determine the bacterial mechanism through which this regulation occurs. We
hypothesized that a serum component may manipulate the QS system by initially interacting
with a potential outer membrane protein (OMP). Through enhancement or reduction of the
synthesis of such a protein, thus, providing a sufficient or a limited amount of receptor with
which the serum factor can interact, the function of the QS systems may either be augmented
or limited. Analysis of OMPs from PAO1 that was grown for 16 h post-inoculation in LBBS
supported this hypothesis. PHS at 10% increased the synthesis of certain OMPs while reducing
the synthesis of others (Fig 12). Among the OMPs whose synthesis was considerably increased
in the presence of 10% PHS is OprF (Fig 12). Fito-Boncompte et al. [83] previously showed
that OprF is important for P. aeruginosa virulence as it influences the production of different
virulence factors. A P. aeruginosa oprF deletion mutant was compromised in its adhesion to
eukaryotic cells as well as in its ability to produce T3SS toxins and QS-controlled virulence fac-
tors including LasB, pyocyanin, and lectin PA-1L [83]. Further, the mutation reduced
30C12-HSL synthesis, delayed C4-HSL synthesis, and interfered with PQS secretion [83].
Compared with its parent strain, the level of PQS within the supernatant of the oprF deletion
mutant was significantly reduced while the intracellular level of the PQS precursor HHQ was
significantly increased [83]. Our data also suggest the possibility that PHS affects the QS sys-
tems through OprF. The delay in the production/release of pyocyanin (Fig 7D) could be due to
lower levels of OprF resulting in failure of the conversion of HHQ to PQS at earlier stages of P.
aeruginosa growth despite the enhanced expression of pgsA-E by early stationary phase (Fig
7C). Further analyses, including the utilization of PAOAoprF, are essential to delineate the role
of OprF in the observed effect of serum.

An additional role for OprF in the response of P. aeruginosa to the host immune response
was reported by Wu et al. [99] who showed that P. aeruginosa alters its virulence in response
to interferon-gamma (IFN-y). Only IFN-y (but not other tested cytokines) significantly
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increased the expression of PA-1L lectin as well as pyocyanin production by P. aeruginosa
[99]. This effect, which required functional rhil and rhiR, was growth phase dependent; it was
observed at early stationary but not late log phase of growth [99]. Further analysis showed that
IFN-v specifically binds to OprF [99]. More importantly, Wu et al. [99] provided evidence that
IFN-v influences the P. aeruginosa QS systems through OprF, as IFN-v failed to enhance PA-
1L expression in a P. aeruginosa OprF deletion mutant. Based on these results, Wu et al. [99]
suggested that P. aeruginosa has evolved a contingency-based mechanism to mount an effec-
tive countermeasure to immune activation by the host. Our observed changes in pgsR expres-
sion (at 4 h) and rhil/R expression (at 8 h) followed by a later increase in OprF synthesis (at 16
h) concomitantly with the enhanced release of pyocyanin (from 24 h to 72 h) supports the
potential role for the OprF in the P. aeruginosa response to the host’s immune response. Since
we detected the enhancement in the phz genes within LS-NF as well as all the LS fractions
(compared to LBB), the potential factor may reside in any of the treated fractions. In this
regard, during bacteremia, and as part of its strategy of maintaining a countermeasure to the
host response, P. aeruginosa would augment OprF production in response to a signal gener-
ated by a potential serum factor. Increased OprF would allow sufficient protein for interaction
with IFN-y, which may be increased above baseline levels during Gram-negative bacteremia
[100]. This interaction would lead to an increase in the expression of QS and QS-related genes.
Alternatively, OprF has been shown to bind to serum amyloid A, an acute phase protein ele-
vated during the innate immune response [101], and to the complement component C3b pro-
duced by activation of complement on the surface of the bacterium [102]. Although the
pathway(s) subsequently activated within P. aeruginosa have not been determined, OprF bind-
ing with either or both of these proteins may be the mechanism by which P. aeruginosa orches-
trates part of its response to the host.

Growth of PAO1 in WBHVs affected T3SS genes

Our results suggest that at 4 h of growth, whole blood regulates PAO1 T3SS genes at the tran-
scriptional level (Fig 4). This regulation probably occurs through exsA, the master regulator of
T3SS. The product of exsA, ExsA, upregulates expression of the genes within all four T3SS
operons, the genes encoding the exoenzyme effector proteins, and their specific chaperones
[103]. This regulation includes the additional T3SS regulatory genes exsD (anti-activator),
exsC (anti-anti-activator), and exsE (secreted/translocated ExsE, partner of ExsC and ExsD)
[104] as expression of all of these genes was enhanced (Fig 4). Among the different signals that
regulate the expression of different P. aeruginosa T3SS genes are calcium levels within the sur-
rounding medium and bacterial contact with target eukaryotic cells via the type IV pilus [105].
These signals enhance exsA transcription through the global regulator Vfr [104]. However, this
is less likely to be the mechanism through which WBHYV upregulates the expression of the
T3SS genes as the expression of vfr in WBHYV or in LBBS was essentially unchanged

(< onefold change) (Fig 8). Another possible mechanism through which WBHV may upregu-
late the expression of T3SS genes is through its negative effect on the expression of QS genes,
specifically rhll, at early stages of growth of PAO1 (Fig 2). However, this is also less likely to be
the mechanism since rhil negatively regulates the expression of the T3SS genes under low Ca**
conditions, and this regulation does not include the T3SS main regulatory gene exsA [106]. A
third possibility is that WBHV may influence the T3SS by significantly reducing the level of
the QS autoinducer molecule PQS, which is produced by the pgs QS system. However, such a
scenario would occur through the secretion of T3SS cytotoxins rather than the expression of
the T3SS genes. Singh et al. [107] previously suggested that the P. aeruginosa QS autoinducer
molecule PQS regulates secretion of the T3SS cytotoxins post-translationally by direct or
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indirect inhibition. Although increased levels of PQS had no effect on the amount of synthe-
sized T3SS cytotoxins, it inhibited their secretion [107].

With respect to the potential blood component that influences the expression of the T3SS
genes, serum albumin may be the potential contributing factor. It has been previously sug-
gested that, through its calcium-binding capacity, serum albumin enhances the release of intra-
cellularly accumulated effectors of the T3SS but does not enhance the expression of T3SS
genes directly [108]. Such an effect is thought to occur through the PopN outer membrane
protein component of the T3SS [108]. However, through the enhanced release of intracellu-
larly accumulated T3SS proteins, serum albumin may indirectly enhance the expression of
T3SS genes by influencing the interaction between the anti-activator (ExsD) and the anti-anti-
activator (ExsC) [104]. Under conditions in which the T3SS is repressed, ExsE binds ExsC
leaving the anti-activator ExsD to bind to ExsA, the transcriptional activator of exsA, thus
reducing the expression of T3SS genes[104]. Secretion of ExsE (possibly through PopN) trig-
gered by serum albumin releases ExsC, which then binds ExsD; ExsD releases ExsA, allowing
it to transactivate expression of exsA and the other T3SS genes [104]. Further studies are
required to explore this possibility. Regardless of the potential mechanism through which
blood regulates the PAO1 T3SS genes, the enhancement of expression in 32 of 40 T3SS genes
in blood from three different healthy volunteers suggests that the T3SS plays a critical role in
the pathogenesis of P. aeruginosa infection at early stages of bacteremia.

Growth of PAO1 in WBHYV and 10% PHS differentially regulated the
expression of the siderophore genes

Iron has been shown to repress the expression of different P. aeruginosa iron acquisition
genes; therefore, the growth of P. aeruginosa in iron-limited conditions enhances the expres-
sion of these genes [11]. Compared with its growth in LBB, the growth of PAO1 in WBHYV sig-
nificantly enhanced the expression of genes for pyoverdine synthesis, uptake, and release of
iron from ferripyoverdine, as well as the gene encoding the ferripyochelin receptor FptA (Fig
5). Additionally, expression of the genes encoding the hemin degrading factor PhuS, the heme
acquisition protein HasAP, and bacterioferritin plus genes for the uptake of ferric enterobactin
(fep genes, fovA and tonBI) was enhanced (Fig 5). Within human blood, free iron is limited by
its sequestration within the plasma protein transferrin [109]. Thus, the iron-limited environ-
ment within the blood may have induced expression of the PAO1 iron-repressed genes. Our
analysis using 10% PHS supported this possibility. The expression of the pyoverdine synthesis
gene pvdA was significantly enhanced at 2, 4, 6 and 8 h post-inoculation in PAO1 grown in
LBBS compared to its expression in PAO1 grown in LBB (Fig 9A). We previously showed that
the addition of ABS to the iron-deficient medium trypticase soy broth dialysate (TSB-DC) sig-
nificantly enhanced the expression of numerous iron acquisition genes [67]. Further analysis
revealed that the expression of two main transcriptional regulators of iron acquisition genes,
pvdS and toxR, was significantly increased by the addition of the serum iron-binding protein
apotransferrin to TSB-DC [67]. We also provided evidence suggesting that serum albumin
enhances the expression of iron-regulated genes through a mechanism independent of iron
acquisition as absorption of albumin from either ABS or PHS eliminated the enhancement in
pvdS and toxR expression [67]. In the present study, serum iron-binding proteins may bind
iron within LBB and convert the medium (LBBS) into an iron-deficient environment. Alterna-
tively, albumin within PHS may enhance the expression of the siderophore genes through an
iron-independent mechanism as we previously demonstrated [67].

In contrast to the enhancement in pyoverdine synthesis gene expression, growth of PAO1
for 4 h in whole blood repressed the expression of genes within the pyochelin synthesis
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operons pchDCBA and pchEFGHI (Fig 5). Such an effect is limited to WBHV. The expression
of pchA (and likely the entire pchDCBA operon) was induced by PHS at 2, 4, and 6 h post-inoc-
ulation in LBBS, but unchanged at 8 h (Fig 9B). Although these results are limited at this time,
they raise several questions that need to be answered by detailed future analyses. First, is the
reduction in the expression of the pyochelin genes due to a component(s) of whole blood such
as RBC or WBC that counteracts the induction of these genes by serum? Second, why is this
effect of WBHV unique to pyochelin genes? The expression of both the pyochelin and pyover-
dine genes in P. aeruginosa is stringently controlled by the iron-activated ferric uptake regula-
tor Fur [65,110]. Finally, is the effect of WBHYV limited to 4 h of growth post-inoculation or
does it occur throughout the growth cycle of PAO1?

WB influenced gene expression in P. aeruginosa and other bacterial
pathogens

Previous studies described the influence of whole blood on gene expression in different patho-
genic bacteria [111-116], who examined Bacillus anthracis, Bordetella pertussis, Streptococcus
pyogenes, Staphylococcus aureus, Streptococcus agalactiae, and Enterococcus faecalis, respec-
tively. The type of blood used ranged from bovine [111] to horse [112] to sheep [116] to
human [113-115]. Additionally, the expression of the genes of the target organism were exam-
ined at radically different times, most ranging from time of inoculation (time 0) to 120 min
[112-116] to as long as 4 h [111]. The closest of those studies to ours is that of Carlson et al.
[111] who analyzed the expression of B. anthracis genes by a low inoculum of the bacteria in
whole blood for 4 h at 37°C. Despite the differences, our study and all above described studies
(except the one by Graham et al. [113]) revealed the upregulation of iron acquisition and
uptake genes, particularly those related to siderophores and heme (Fig 5). In addition, and
similar to Vebo et al. (2009) who reported differential expression of virulence factors, we
found that QS-related virulence factor genes were downregulated, while others such as pyover-
dine, the T3SS effector toxins, and QS-independent hemolysins were upregulated. Further-
more, results of our study and that of Carlson et al. (2015), whose experimental conditions
were similar to ours, revealed that whole blood differentially regulated the expression of 62
amino acid transport and biosynthesis genes, with 37 upregulated and 25 downregulated. Sim-
ilarly, we found that, of 157 genes related to amino acid metabolism/biosynthesis and trans-
port, 123 were upregulated and 34 were downregulated (S1 and S2 Tables). Additionally, in
both studies, expression of the phenazine genes (Fig 2), genes coding for penicillin-binding
proteins, and the gene encoding alkaline phosphatase were downregulated (S4 Table) [111].

In summary, the growth of P. aeruginosa in WB and in the presence of PHS significantly
impacts its pathogenesis. Within a few hours of its growth in WBHV, P. aeruginosa adopts a
unique strategy that involves the differential expression of numerous genes including virulence
and virulence-related genes (Fig 13A). While P. aeruginosa reduced the expression of multiple
QS and QS-related genes, it significantly enhanced the expression of most of the genes
involved in the T3SS (Fig 13A). Another unique aspect of this adaptation is the differential reg-
ulation of numerous iron-acquisition genes. While the growth of P. aeruginosa in WB (an
iron-restricted environment) induced the expression of the pyoverdine operon, it repressed
the expression of genes involved in pyochelin synthesis (Fig 13A). The intricate mechanism of
this differential regulation in iron-scavenging gene expression is yet to be determined.

Similar to its strategy upon its growth in WB, P. aeruginosa repressed the expression of sev-
eral QS and QS-related genes upon its growth in the presence of PHS at early stages of growth
(2-4 h) (Fig 13B and 13C). In contrast, at later stages of growth (6-8 h) and in the presence of
PHS, P. aeruginosa significantly induced the expression of the same QS and QS-related genes
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Fig 13. Summary diagrams of the QS and QS-related genes and systems affected by growth of P. aeruginosa in
WBHY or PHS. (A) Growth in WBHYV for 4 h affected expression of genes of the las, rhl, and pgs QS systems and their
related virulence genes as well as genes of the T2SS, T3SS, and T6SS, genes for iron acquisition, and genes for antibiotic
resistance. See embedded legend for description of symbols used in figure. HSI-I, HSI-II, HSI-III: Hcp secretion
islands I, II, and III, respectively. (B, C, D) Growth in PHS revealed temporal changes in genes expression and
production of virulence factors. Gene expression (left y-axis, 0 indicated by dashed line) is shown as fold change
(WBHYV to LBB). The related virulence factor (right y-axis, 0 indicated by dotted line) is shown as change in
production in WBHYV over (or under) the production of that factor in LBBS. (B) Expression of genes of the las system
and LasA activity. (C) Expression of genes of the pgs system and pyocyanin production. (D) Expression of genes for
pyoverdine and pyochelin synthesis and pyoverdine production.

https://doi.org/10.1371/journal.pone.0240351.g013

(Fig 13B). Concomitantly with the increase in expression of the QS genes at later stages of
growth, we also observed an increase in the production of LasA and pyocyanin at late time
points, further into the growth cycle than observed with gene expression (16 h for LasA to 48-
72 h for pyocyanin) (Fig 13B and 13C). Our evidence suggests that the induction of these
genes at late stages of growth is a complicated phenomenon that involves serum components
of variable molecular weights (Fig 11). In contrast to the observed decrease in expression of
pyochelin genes in WBHYV, expression of pchA was increased early in the growth cycle (2-6 h)
and decreased by 8 h (Fig 13D). Similar to the expression of the pyoverdine genes in WBHV,
expression of pvdA was increased at all tested time points (Fig 13D). As observed with pyocya-
nin production, pyoverdine was produced at the later stages of growth (48-72 h) (Fig 13D).

Conclusions

The present study provides a reference point of comparison for future studies focused on P.
aeruginosa bacteremia induced by different immunocompromising conditions including dia-
betes and cancer. Our results strongly suggest that the influence of whole blood and/or serum
from healthy volunteers on the expression of different P. aeruginosa genes is complex, compre-
hensive, and variable. While the expression of the T3SS operons and genes was induced at the
4 h time point (Fig 4) and several operons/genes for iron acquisition were induced throughout
the growth cycle of P. aeruginosa (Figs 5 and 9, S2 Fig), that of others including QS and QS-
related virulence genes was variable; repressed during early stages but enhanced at later stages
of growth (Figs 2, 7 and 8). The study also suggests that several potential serum components
manipulate the expression of P. aeruginosa genes (Figs 10 and 11). Finally, the study suggests
that outer membrane proteins represent the link through which whole blood or serum influ-
ences the expression of P. aeruginosa virulence genes (Fig 12).

Supporting information

S1 Fig. PAO1 expression of lasI and pgsA was inconsistent in WBHVs by RNA-Seq, but
consistent by QRT-PCR. The level of expression of the indicated genes was determined by
qRT-PCR using the same RNA samples as templates. Only two of the three HV samples were
sufficient for parallel testing, those from HV1 and HV2. PAO1 gene expression at 4 h post-
inoculation in WBHYV is relative to its expression in LBB at the same time point; dotted lines
indicate onefold level of expression. Values represent the means of 3 sets of 3 replicates on 2
independent samples; bar indicates median.

(PDF)

S2 Fig. Growth of PAOL1 in the presence of 10% PHS enhanced the expression of the pyo-
verdine synthesis gene pvdD at 4 to 16 h post-inoculation. PAO1/pMP190::pvdD-lacZ (tran-
scriptional fusion) was grown in LBB or LBBS and samples were collected every 2 h from 4-12
h and at 16 h. Cell pellets were collected and lysed, and B-galactosidase activity within the
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lysates was determined. Values represent the means of 3 independent experiments + SEM. Sig-
nificance was determined by two-tailed ¢-test; ***, P < 0.01; ****, P <0.0001.
(PDF)

S3 Fig. Growth of PAOL1 in the presence of HSA at 10% physiological level (LBBA) paralleled
its growth in LBB. PAO1 was inoculated at ODgqy ~0.020 into LBB or LBBA and incubated with
shaking at 200 RPM to the time points indicated on the graph and the ODg, representative of
the growth index, was determined. Data were log-transformed before graphing. Values represent
the means of 3 independent experiments + SEM. One-way ANOVA comparing pairs of time
points revealed no significant differences between growth in LBB and LBBA.

(PDF)

S4 Fig. Different fractions of LBBS enhanced phzA1B1ClI expression. (A) Both LBB and
LBBS were fractionated using molecular weight cut-off columns of 50-, 30-, and 10-kDa.
PAO1/pMW303, which carries a phzA1BI1Cl-lacZ transcriptional reporter fusion, was grown
for 16 h post-inoculation in nonfractionated LBB (LB-NF), fractionated LBB (LB<30, LB<10),
nonfractionated LBBS (LS-NF) and/or fractionated LBBS (LS>50, LS<50, LS>30, LS<30,
LS>10 and LS<10). Cell pellets were collected and lysed, and B-galactosidase activity within
the lysates was determined. Values represent the means of 3 independent experiments + SEM.
Significance was determined by one-way ANOVA with Dunnett’s multiple comparisons post-
test using LB-NF, LB<30, and LB<10 as controls (dashed lines) or LS-NF as the control (solid
lines); *, P <0.05; ****, P <0.0001. (B) Simple linear regression analysis of the LS fractions ver-
sus their B-galactosidase activity. There is a linear relationship between the values; as x
increases, y decreases. Dotted lines represent the 95% confidence interval for the regression
line. (C) Inactivation treatments did not alter phzAI1BICI expression. LS<10 was subjected to
heat inactivation (LS<10-HI) by boiling for 15 min or charcoal treatment (LS<10-CT).
PAO1/pMW303 was grown for 16 h post-inoculation in LS<10, LS<10-CT, or LS<10-HI.
Cell pellets were collected and lysed, and B-galactosidase activity within the lysates was deter-
mined. Values represent the means of 3 independent experiments + SEM. No significant dif-
ferences were found by two-tailed #-test.

(PDF)

S5 Fig. Diagram depicting potential PQS autoinducer binding sites to human serum albu-
min (HSA). Potential binding sites for HSA within the PQS autoinducer were determined
using the modeling software Molecular Operating Environment (MOE) version 2019.01 [117]
available at http://www.chemcomp.com. The crystal structure for HSA (PDB ID 1A06) [118]
was downloaded from the Protein Data Bank [119] available at http://www.rcsb.org/pdb.
(PDF)

S6 Fig. Original gel silver stained.
(TIF)

S7 Fig. Original silver stained gel.
(TIF)

S1 Table. PAO1 genes significantly upregulated or downregulated by growth in WBHV's
compared to growth in LBB.
(PDF)

S2 Table. PAO1 genes whose expression was inconsistent following growth in WBHVs
compared to growth in LBB.
(PDF)
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S3 Table. PAO1 genes for metabolic and biosynthetic processes that were up- or downre-
gulated by growth in WBHVs compared to growth in LBB. A. Nitrogen metabolism: amino
acids, proteins, urea, and heterocyclic compounds. B. Sulfur metabolism and coenzyme, cofac-
tor, and vitamin metabolism and biosynthesis. C. Carbon metabolism: glucose, other carbohy-
drates, tricarboxylic acid cycle, fatty acids and lipids, and carbon (general). D. Energy
metabolism, respiration, and stress responses.

(PDF)

S$4 Table. PAO1 genes encoding virulence factors upregulated or downregulated by growth
in WBHVs compared to growth in LBB.
(PDF)

S5 Table. PAO1 genes for cell wall/LPS/O antigen synthesis upregulated or downregulated
by growth in WBHVs compared to growth in LBB.
(PDF)

S6 Table. PAOL1 genes of the type VI and type II secretion systems upregulated or downre-
gulated by growth in WBHVs compared to growth in LBB.
(PDF)

S$7 Table. PAO1 genes related to motility, chemotaxis, and adhesion that were upregulated
or downregulated by growth in WBHVs compared to growth in LBB.
(PDF)

S8 Table. PAO1 mex genes related to multidrug efflux were predominantly downregulated
by growth in WBHV's compared to growth in LBB.
(PDF)

Acknowledgments

The authors thank Dr. Beverly Chilton for the gracious (and frequent) use of her Kinematica
Polytron P10-35 PCU-11 homogenizer and Dr. Afzal Siddiqui for use of his StepOne Plus real-
time PCR system. The authors also thank Joanna E. Swickard for critical reading of this
manuscript.

Author Contributions
Conceptualization: Abdul N. Hamood.
Data curation: Moamen M. Elmassry.

Formal analysis: Kellsie L. Beasley, Shane A. Cristy, Moamen M. Elmassry, Jane A. Colmer-
Hamood.

Investigation: Kellsie L. Beasley, Shane A. Cristy, Nyaradzo Dzvova.
Methodology: Kellsie L. Beasley, Nyaradzo Dzvova.

Project administration: Abdul N. Hamood.

Resources: Abdul N. Hamood.

Software: Moamen M. Elmassry.

Supervision: Abdul N. Hamood.

Validation: Kellsie L. Beasley, Shane A. Cristy.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 32/39


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240351.s015
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

Visualization: Kellsie L. Beasley, Jane A. Colmer-Hamood.

Writing - original draft: Kellsie L. Beasley, Abdul N. Hamood.

Writing - review & editing: Jane A. Colmer-Hamood.

References

1.

10.

11.

12.

13.

14.

15.

16.

Church D, Elsayed S, Reid O, Winston B, Lindsay R. Burn wound infections. Clin Microbiol Rev. 2006
Apr; 19(2):403-34. https://doi.org/10.1128/CMR.19.2.403-434.2006 PMID: 16614255. Epub 2006/04/
15.

Hassuna NA, Mohamed AHI, Abo-Eleuoon SM, Rizk HAA. High prevalence of multidrug resistant
Pseudomonas aeruginosa recovered from infected burn wounds in children. Arch Clin Microbiol. 2015;
6(4:1):1-7.

Meynard JL, Barbut F, Guiguet M, Batisse D, Lalande V, Lesage D, et al. Pseudomonas aeruginosa
infection in human immunodeficiency virus infected patients. J Infect. 1999 May; 38(3):176-81. https:/
doi.org/10.1016/s0163-4453(99)90247-5 PMID: 10424798. Epub 1999/07/29.

Lyczak JB, Cannon CL, Pier GB. Establishment of Pseudomonas aeruginosa infection: lessons from a
versatile opportunist. Microbes Infect. 2000 Jul; 2(9):1051-60. https://doi.org/10.1016/s1286-4579
(00)01259-4 PMID: 10967285. Epub 2000/09/01.

Huang YC, Lin TY, Wang CH. Community-acquired Pseudomonas aeruginosa sepsis in previously
healthy infants and children: analysis of forty-three episodes. Pediatr Infect Dis J. 2002 Nov; 21
(11):1049-52. https://doi.org/10.1097/00006454-200211000-00015 PMID: 12442028. Epub 2002/11/
21.

Bassetti M, Vena A, Croxatto A, Righi E, Guery B. How to manage Pseudomonas aeruginosa infec-
tions. Drugs Context. 2018; 7:212527. https://doi.org/10.7573/dic.212527 PMID: 29872449. Epub
2018/06/07.

Cole SJ, Records AR, Orr MW, Linden SB, Lee VT. Catheter-associated urinary tract infection by
Pseudomonas aeruginosa is mediated by exopolysaccharide-independent biofiims. Infect Immun.
2014 May; 82(5):2048-58. https://doi.org/10.1128/IA1.01652-14 PMID: 24595142. Epub 2014/03/07.

Hotterbeekx A, Xavier BB, Bielen K, Lammens C, Moons P, Schepens T, et al. The endotracheal tube
microbiome associated with Pseudomonas aeruginosa or Staphylococcus epidermidis. Sci Rep. 2016
Nov 4; 6:36507. https://doi.org/10.1038/srep36507 PMID: 27812037. Epub 2016/11/05.

Goldberg JB, Pier GB. The role of the CFTR in susceptibility to Pseudomonas aeruginosa infections in
cystic fibrosis. Trends Microbiol. 2000 Nov; 8(11):514—20. https://doi.org/10.1016/s0966-842x(00)
01872-2 PMID: 11121762. Epub 2000/12/21.

Bucior |, Pielage JF, Engel JN. Pseudomonas aeruginosa pili and flagella mediate distinct binding and
signaling events at the apical and basolateral surface of airway epithelium. PLoS Pathog. 2012; 8(4):
e€1002616. https://doi.org/10.1371/journal.ppat.1002616 PMID: 22496644. Epub 2012/04/13.

Cornelis P, Dingemans J. Pseudomonas aeruginosa adapts its iron uptake strategies in function of the
type of infections. Front Cell Infect Microbiol. 2013; 3:75. https://doi.org/10.3389/fcimb.2013.00075
PMID: 24294593. Epub 2013/12/03.

Gambello MJ, Kaye S, Iglewski BH. LasR of Pseudomonas aeruginosa s a transcriptional activator of
the alkaline protease gene (apr) and an enhancer of exotoxin A expression. Infect Immun. 1993 Apr;
61(4):1180—-4. https://doi.org/10.1128/IAl.61.4.1180-1184.1993 PMID: 8454322. Epub 1993/04/01.

Lau GW, Hassett DJ, Ran H, Kong F. The role of pyocyanin in Pseudomonas aeruginosa infection.
Trends Mol Med. 2004 Dec; 10(12):599-6086. https://doi.org/10.1016/j.molmed.2004.10.002 PMID:
15567330. Epub 2004/11/30.

Medina G, Juarez K, Valderrama B, Soberon-Chavez G. Mechanism of Pseudomonas aeruginosa
RhIR transcriptional regulation of the rh/AB promoter. J Bacteriol. 2003 Oct; 185(20):5976-83. https:/
doi.org/10.1128/jb.185.20.5976-5983.2003 PMID: 14526008. Epub 2003/10/04.

Recinos DA, Sekedat MD, Hernandez A, Cohen TS, Sakhtah H, Prince AS, et al. Redundant phena-
zine operons in Pseudomonas aeruginosa exhibit environment-dependent expression and differential
roles in pathogenicity. Proc Natl Acad Sci U S A. 2012 Nov 20; 109(47):19420-5. https://doi.org/10.
1073/pnas.1213901109 PMID: 23129634. Epub 2012/11/07.

de Kievit TR, Iglewski BH. Bacterial quorum sensing in pathogenic relationships. Infect Immun. 2000
Sep; 68(9):4839-49. https://doi.org/10.1128/iai.68.9.4839-4849.2000 PMID: 10948095. Epub 2000/
08/19.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 33/39


https://doi.org/10.1128/CMR.19.2.403-434.2006
http://www.ncbi.nlm.nih.gov/pubmed/16614255
https://doi.org/10.1016/s0163-4453%2899%2990247-5
https://doi.org/10.1016/s0163-4453%2899%2990247-5
http://www.ncbi.nlm.nih.gov/pubmed/10424798
https://doi.org/10.1016/s1286-4579%2800%2901259-4
https://doi.org/10.1016/s1286-4579%2800%2901259-4
http://www.ncbi.nlm.nih.gov/pubmed/10967285
https://doi.org/10.1097/00006454-200211000-00015
http://www.ncbi.nlm.nih.gov/pubmed/12442028
https://doi.org/10.7573/dic.212527
http://www.ncbi.nlm.nih.gov/pubmed/29872449
https://doi.org/10.1128/IAI.01652-14
http://www.ncbi.nlm.nih.gov/pubmed/24595142
https://doi.org/10.1038/srep36507
http://www.ncbi.nlm.nih.gov/pubmed/27812037
https://doi.org/10.1016/s0966-842x%2800%2901872-2
https://doi.org/10.1016/s0966-842x%2800%2901872-2
http://www.ncbi.nlm.nih.gov/pubmed/11121762
https://doi.org/10.1371/journal.ppat.1002616
http://www.ncbi.nlm.nih.gov/pubmed/22496644
https://doi.org/10.3389/fcimb.2013.00075
http://www.ncbi.nlm.nih.gov/pubmed/24294593
https://doi.org/10.1128/IAI.61.4.1180-1184.1993
http://www.ncbi.nlm.nih.gov/pubmed/8454322
https://doi.org/10.1016/j.molmed.2004.10.002
http://www.ncbi.nlm.nih.gov/pubmed/15567330
https://doi.org/10.1128/jb.185.20.5976-5983.2003
https://doi.org/10.1128/jb.185.20.5976-5983.2003
http://www.ncbi.nlm.nih.gov/pubmed/14526008
https://doi.org/10.1073/pnas.1213901109
https://doi.org/10.1073/pnas.1213901109
http://www.ncbi.nlm.nih.gov/pubmed/23129634
https://doi.org/10.1128/iai.68.9.4839-4849.2000
http://www.ncbi.nlm.nih.gov/pubmed/10948095
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein Cell.
2015 Jan; 6(1):26—41. https://doi.org/10.1007/s13238-014-0100-x PMID: 25249263. Epub 2014/09/
25.

Nealson KH, Platt T, Hastings JW. Cellular control of the synthesis and activity of the bacterial lumi-
nescent system. J Bacteriol. 1970 Oct; 104(1):313-22. https://doi.org/10.1128/JB.104.1.313-322.
1970 PMID: 5473898. Epub 1970/10/01.

Pesci EC, Pearson JP, Seed PC, Iglewski BH. Regulation of /as and rh/ quorum sensing in Pseudomo-
nas aeruginosa. J Bacteriol. 1997 May; 179(10):3127-32. https://doi.org/10.1128/jb.179.10.3127-
3132.1997 PMID: 9150205. Epub 1997/05/01.

Kostylev M, Kim DY, Smalley NE, Salukhe I, Greenberg EP, Dandekar AA. Evolution of the Pseudo-
monas aeruginosa quorum-sensing hierarchy. Proc Natl Acad Sci U S A. 2019 Apr 2; 116(14):7027—
32. https://doi.org/10.1073/pnas.1819796116 PMID: 30850547. Epub 2019/03/10.

Pesci EC, Milbank JB, Pearson JP, McKnight S, Kende AS, Greenberg EP, et al. Quinolone signaling
in the cell-to-cell communication system of Pseudomonas aeruginosa. Proc Natl Acad Sci U S A. 1999
Sep 28; 96(20):11229-34. https://doi.org/10.1073/pnas.96.20.11229 PMID: 10500159. Epub 1999/
09/29.

McGrath S, Wade DS, Pesci EC. Dueling quorum sensing systems in Pseudomonas aeruginosa con-
trol the production of the Pseudomonas quinolone signal (PQS). FEMS Microbiol Lett. 2004 Jan 15;
230(1):27-34. https://doi.org/10.1016/S0378-1097(03)00849-8 PMID: 14734162. Epub 2004/01/22.

Latifi A, Foglino M, Tanaka K, Williams P, Lazdunski A. A hierarchical quorum-sensing cascade in
Pseudomonas aeruginosa links the transcriptional activators LasR and RhIR (VsmR) to expression of
the stationary-phase sigma factor RpoS. Mol Microbiol. 1996 Sep; 21(6):1137—46. https://doi.org/10.
1046/j.1365-2958.1996.00063.x PMID: 8898383. Epub 1996/09/01.

Pearson JP, Pesci EC, Iglewski BH. Roles of Pseudomonas aeruginosa las and rhl quorum-sensing
systems in control of elastase and rhamnolipid biosynthesis genes. J Bacteriol. 1997 Sep; 179
(18):5756—67. https://doi.org/10.1128/jb.179.18.5756-5767.1997 PMID: 9294432. Epub 1997/09/19.

Wade DS, Calfee MW, Rocha ER, Ling EA, Engstrom E, Coleman JP, et al. Regulation of Pseudomo-
nas quinolone signal synthesis in Pseudomonas aeruginosa. J Bacteriol. 2005 Jul; 187(13):4372-80.
https://doi.org/10.1128/JB.187.13.4372-4380.2005 PMID: 15968046. Epub 2005/06/22.

Diggle SP, Winzer K, Chhabra SR, Worrall KE, Camara M, Williams P. The Pseudomonas aeruginosa
quinolone signal molecule overcomes the cell density-dependency of the quorum sensing hierarchy,
regulates rhl-dependent genes at the onset of stationary phase and can be produced in the absence of
LasR. Mol Microbiol. 2003 Oct; 50(1):29—43. https://doi.org/10.1046/j.1365-2958.2003.03672.x PMID:
14507361. Epub 2003/09/26.

Farrow JM 3rd, Sund ZM, Ellison ML, Wade DS, Coleman JP, Pesci EC. PgsE functions indepen-
dently of PgsR-Pseudomonas quinolone signal and enhances the rh/ quorum-sensing system. J Bac-
teriol. 2008 Nov; 190(21):7043-51. https://doi.org/10.1128/JB.00753-08 PMID: 18776012. Epub
2008/09/09.

Wood TL, Gong T, Zhu L, Miller J, Miller DS, Yin B, et al. Rhamnolipids from Pseudomonas aeruginosa
disperse the biofilms of sulfate-reducing bacteria. NPJ Biofilms Microbiomes. 2018; 4:22. https://doi.
org/10.1038/s41522-018-0066-1 PMID: 30302271. Epub 2018/10/12.

Hall S, McDermott C, Anoopkumar-Dukie S, McFarland AJ, Forbes A, Perkins AV, et al. Cellular
effects of pyocyanin, a secreted virulence factor of Pseudomonas aeruginosa. Toxins (Basel). 2016
Aug 9; 8(8):E236. https://doi.org/10.3390/toxins8080236 PMID: 27517959. Epub 2016/08/16.

Hassan HM, Fridovich I. Mechanism of the antibiotic action pyocyanine. J Bacteriol. 1980 Jan; 141
(1):156-63. https://doi.org/10.1128/JB.141.1.156-163.1980 PMID: 6243619. Epub 1980/01/01.

Mavrodi DV, Bonsall RF, Delaney SM, Soule MJ, Phillips G, Thomashow LS. Functional analysis of
genes for biosynthesis of pyocyanin and phenazine-1-carboxamide from Pseudomonas aeruginosa
PAO1. J Bacteriol. 2001 Nov; 183(21):6454—65. https://doi.org/10.1128/JB.183.21.6454-6465.2001
PMID: 11591691. Epub 2001/10/10.

Gallagher LA, McKnight SL, Kuznetsova MS, Pesci EC, Manoil C. Functions required for extracellular
quinolone signaling by Pseudomonas aeruginosa. J Bacteriol. 2002 Dec; 184(23):6472-80. https://
doi.org/10.1128/jb.184.23.6472-6480.2002 PMID: 12426334. Epub 2002/11/12.

Higgins S, Heeb S, Rampioni G, Fletcher MP, Williams P, Camara M. Differential regulation of the
phenazine biosynthetic operons by quorum sensing in Pseudomonas aeruginosa PAO1-N. Front Cell
Infect Microbiol. 2018; 8:252. https://doi.org/10.3389/fcimb.2018.00252 PMID: 30083519. Epub 2018/
08/08.

Ledgham F, Ventre |, Soscia C, Foglino M, Sturgis JN, Lazdunski A. Interactions of the quorum sens-
ing regulator QscR: interaction with itself and the other regulators of Pseudomonas aeruginosa LasR

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 34/39


https://doi.org/10.1007/s13238-014-0100-x
http://www.ncbi.nlm.nih.gov/pubmed/25249263
https://doi.org/10.1128/JB.104.1.313-322.1970
https://doi.org/10.1128/JB.104.1.313-322.1970
http://www.ncbi.nlm.nih.gov/pubmed/5473898
https://doi.org/10.1128/jb.179.10.3127-3132.1997
https://doi.org/10.1128/jb.179.10.3127-3132.1997
http://www.ncbi.nlm.nih.gov/pubmed/9150205
https://doi.org/10.1073/pnas.1819796116
http://www.ncbi.nlm.nih.gov/pubmed/30850547
https://doi.org/10.1073/pnas.96.20.11229
http://www.ncbi.nlm.nih.gov/pubmed/10500159
https://doi.org/10.1016/S0378-1097%2803%2900849-8
http://www.ncbi.nlm.nih.gov/pubmed/14734162
https://doi.org/10.1046/j.1365-2958.1996.00063.x
https://doi.org/10.1046/j.1365-2958.1996.00063.x
http://www.ncbi.nlm.nih.gov/pubmed/8898383
https://doi.org/10.1128/jb.179.18.5756-5767.1997
http://www.ncbi.nlm.nih.gov/pubmed/9294432
https://doi.org/10.1128/JB.187.13.4372-4380.2005
http://www.ncbi.nlm.nih.gov/pubmed/15968046
https://doi.org/10.1046/j.1365-2958.2003.03672.x
http://www.ncbi.nlm.nih.gov/pubmed/14507361
https://doi.org/10.1128/JB.00753-08
http://www.ncbi.nlm.nih.gov/pubmed/18776012
https://doi.org/10.1038/s41522-018-0066-1
https://doi.org/10.1038/s41522-018-0066-1
http://www.ncbi.nlm.nih.gov/pubmed/30302271
https://doi.org/10.3390/toxins8080236
http://www.ncbi.nlm.nih.gov/pubmed/27517959
https://doi.org/10.1128/JB.141.1.156-163.1980
http://www.ncbi.nlm.nih.gov/pubmed/6243619
https://doi.org/10.1128/JB.183.21.6454-6465.2001
http://www.ncbi.nlm.nih.gov/pubmed/11591691
https://doi.org/10.1128/jb.184.23.6472-6480.2002
https://doi.org/10.1128/jb.184.23.6472-6480.2002
http://www.ncbi.nlm.nih.gov/pubmed/12426334
https://doi.org/10.3389/fcimb.2018.00252
http://www.ncbi.nlm.nih.gov/pubmed/30083519
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

and RhIR. Mol Microbiol. 2003 Apr; 48(1):199-210. https://doi.org/10.1046/].1365-2958.2003.03423.x
PMID: 12657055. Epub 2003/03/27.

Whiteley M, Greenberg EP. Promoter specificity elements in Pseudomonas aeruginosa quorum-sens-
ing-controlled genes. J Bacteriol. 2001 Oct; 183(19):5529-34. https://doi.org/10.1128/JB.183.19.
5529-5534.2001 PMID: 11544214. Epub 2001/09/07.

Elmassry MM, Mudaliar NS, Kottapalli KR, Dissanaike S, Griswold JA, San Francisco MJ, et al. Pseu-
domonas aeruginosa alters its transcriptome related to carbon metabolism and virulence as a possible
survival strategy in blood from trauma patients. mSystems. 2019 Jul-Aug; 4(4):e00312—18. https://doi.
org/10.1128/mSystems.00312-18 PMID: 31086830. Epub 2019/05/16.

Kruczek C, Kottapalli KR, Dissanaike S, Dzvova N, Griswold JA, Colmer-Hamood JA, et al. Major tran-
scriptome changes accompany the growth of Pseudomonas aeruginosa in blood from patients with
severe thermal injuries. PLoS One. 2016; 11(3):e0149229. https://doi.org/10.1371/journal.pone.
0149229 PMID: 26933952. Epub 2016/03/05.

Holloway BW. Genetic recombination in Pseudomonas aeruginosa. J Gen Microbiol. 1955 Dec; 13
(8):572-81. https://doi.org/10.1099/00221287-13-3-572 PMID: 13278508. Epub 1955/12/01.

McClure R, Balasubramanian D, Sun Y, Bobrovskyy M, Sumby P, Genco CA, et al. Computational
analysis of bacterial RNA-Seq data. Nucleic Acids Res. 2013 Aug; 41(14):e140. https://doi.org/10.
1093/nar/gkt444 PMID: 23716638. Epub 2013/05/30.

Tjaden B. De novo assembly of bacterial transcriptomes from RNA-seq data. Genome Biol. 2015 Jan
13; 16:1. https://doi.org/10.1186/s13059-014-0572-2 PMID: 25583448. Epub 2015/01/15.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and pwerful approach to mul-
tiple testing. J Roy Stat Soc B. 1995; 57(1):289-300. https://doi.org/10.1111/j.2517-6161.1995.
tb02031.x.

Hawiger J, Niewiarowski S, Gurewich V, Thomas DP. Measurement of fibrinogen and fibrin degrada-
tion products in serum by staphylococcal clumping test. J Lab Clin Med. 1970 Jan; 75(1):93-108.
PMID: 4243578. Epub 1970/01/01.

Diggle SP, Winzer K, Lazdunski A, Williams P, Camara M. Advancing the quorum in Pseudomonas
aeruginosa: MvaT and the regulation of N-acylhomoserine lactone production and virulence gene
expression. J Bacteriol. 2002 May; 184(10):2576—86. https://doi.org/10.1128/jb.184.10.2576-2586.
2002 PMID: 11976285. Epub 2002/04/27.

Kessler E, Safrin M, Olson JC, Ohman DE. Secreted LasA of Pseudomonas aeruginosa is a staphylo-
lytic protease. J Biol Chem. 1993 Apr 5; 268(10):7503-8. PMID: 8463280. Epub 1993/04/05.

Essar DW, Eberly L, Hadero A, Crawford IP. Identification and characterization of genes for a second
anthranilate synthase in Pseudomonas aeruginosa: interchangeability of the two anthranilate
synthases and evolutionary implications. J Bacteriol. 1990 Feb; 172(2):884—900. https://doi.org/10.
1128/jb.172.2.884-900.1990 PMID: 2153661. Epub 1990/02/01.

Rombel IT, McMorran BJ, Lamont IL. Identification of a DNA sequence motif required for expression
of iron-regulated genes in pseudomonads. Mol Gen Genet. 1995 Feb 20; 246(4):519-28. https://doi.
org/10.1007/BF00290456 PMID: 7891666. Epub 1995/02/20.

Whiteley M, Parsek MR, Greenberg EP. Regulation of quorum sensing by RpoS in Pseudomonas aer-
uginosa. J Bacteriol. 2000 Aug; 182(15):4356—60. https://doi.org/10.1128/jb.182.15.4356-4360.2000
PMID: 10894749. Epub 2000/07/14.

Kruczek C, Qaisar U, Colmer-Hamood JA, Hamood AN. Serum influences the expression of Pseudo-
monas aeruginosa quorum-sensing genes and QS-controlled virulence genes during early and late
stages of growth. Microbiologyopen. 2014 Feb; 3(1):64—79. https://doi.org/10.1002/mbo3.147 PMID:
24436158. Epub 2014/01/18.

Miller JH. Experiments in molecular genetics. Cold Spring Harbor, NY: Cold Spring Harbor Labora-
tory; 1972. 477 p.

Stachel SE, An G, Flores C, Nester EW. A Tn3 /acZtransposon for the random generation of beta-
galactosidase gene fusions: application to the analysis of gene expression in Agrobacterium. EMBO J.
1985 Apr; 4(4):891-8. PMID: 2990912. Epub 1985/04/01.

Cao Z, West C, Norton-Wenzel CS, Rej R, Davis FB, Davis PJ, et al. Effects of resin or charcoal treat-
ment on fetal bovine serum and bovine calf serum. Endocr Res. 2009; 34(4):101-8. https://doi.org/10.
3109/07435800903204082 PMID: 19878070. Epub 2009/11/03.

Dang ZC, Lowik CW. Removal of serum factors by charcoal treatment promotes adipogenesis via a
MAPK-dependent pathway. Mol Cell Biochem. 2005 Jan; 268(1-2):159-67. https://doi.org/10.1007/
s11010-005-3857-7 PMID: 15724449. Epub 2005/02/24.

Gundersen GG, Kim |, Chapin CJ. Induction of stable microtubules in 3T3 fibroblasts by TGF-beta and
serum. J Cell Sci. 1994 Mar; 107 (Pt 3):645-59. PMID: 8006078. Epub 1994/03/01.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 35/39


https://doi.org/10.1046/j.1365-2958.2003.03423.x
http://www.ncbi.nlm.nih.gov/pubmed/12657055
https://doi.org/10.1128/JB.183.19.5529-5534.2001
https://doi.org/10.1128/JB.183.19.5529-5534.2001
http://www.ncbi.nlm.nih.gov/pubmed/11544214
https://doi.org/10.1128/mSystems.00312-18
https://doi.org/10.1128/mSystems.00312-18
http://www.ncbi.nlm.nih.gov/pubmed/31086830
https://doi.org/10.1371/journal.pone.0149229
https://doi.org/10.1371/journal.pone.0149229
http://www.ncbi.nlm.nih.gov/pubmed/26933952
https://doi.org/10.1099/00221287-13-3-572
http://www.ncbi.nlm.nih.gov/pubmed/13278508
https://doi.org/10.1093/nar/gkt444
https://doi.org/10.1093/nar/gkt444
http://www.ncbi.nlm.nih.gov/pubmed/23716638
https://doi.org/10.1186/s13059-014-0572-2
http://www.ncbi.nlm.nih.gov/pubmed/25583448
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://www.ncbi.nlm.nih.gov/pubmed/4243578
https://doi.org/10.1128/jb.184.10.2576-2586.2002
https://doi.org/10.1128/jb.184.10.2576-2586.2002
http://www.ncbi.nlm.nih.gov/pubmed/11976285
http://www.ncbi.nlm.nih.gov/pubmed/8463280
https://doi.org/10.1128/jb.172.2.884-900.1990
https://doi.org/10.1128/jb.172.2.884-900.1990
http://www.ncbi.nlm.nih.gov/pubmed/2153661
https://doi.org/10.1007/BF00290456
https://doi.org/10.1007/BF00290456
http://www.ncbi.nlm.nih.gov/pubmed/7891666
https://doi.org/10.1128/jb.182.15.4356-4360.2000
http://www.ncbi.nlm.nih.gov/pubmed/10894749
https://doi.org/10.1002/mbo3.147
http://www.ncbi.nlm.nih.gov/pubmed/24436158
http://www.ncbi.nlm.nih.gov/pubmed/2990912
https://doi.org/10.3109/07435800903204082
https://doi.org/10.3109/07435800903204082
http://www.ncbi.nlm.nih.gov/pubmed/19878070
https://doi.org/10.1007/s11010-005-3857-7
https://doi.org/10.1007/s11010-005-3857-7
http://www.ncbi.nlm.nih.gov/pubmed/15724449
http://www.ncbi.nlm.nih.gov/pubmed/8006078
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Balyimez A, Colmer-Hamood JA, San Francisco M, Hamood AN. Characterization of the Pseudomo-
nas aeruginosa metalloendopeptidase, Mep72, a member of the Vir regulon. BMC Microbiol. 2013
Nov 27; 13:269. https://doi.org/10.1186/1471-2180-13-269 PMID: 24279383. Epub 2013/11/28.

Chevallet M, Luche S, Rabilloud T. Silver staining of proteins in polyacrylamide gels. Nat Protoc. 2006;
1(4):1852-8. https://doi.org/10.1038/nprot.2006.288 PMID: 17487168. Epub 2007/05/10.

Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for animals and plants. Bioin-
formatics. 2020 Apr 15; 36(8):2628-9. https://doi.org/10.1093/bicinformatics/btz931 PMID: 31882993.
Epub 2019/12/29.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene ontology: tool for the uni-
fication of biology. The Gene Ontology Consortium. Nat Genet. 2000 May; 25(1):25-9. https://doi.org/
10.1038/75556 PMID: 10802651. Epub 2000/05/10.

The Gene Ontology Consortium. The Gene Ontology Resource: 20 years and still GOing strong.
Nucleic Acids Res. 2019 Jan 8; 47(D1):D330-D8. https://doi.org/10.1093/nar/gky 1055 PMID:
30395331. Epub 2018/11/06.

Winsor GL, Griffiths EJ, Lo R, Dhillon BK, Shay JA, Brinkman FS. Enhanced annotations and features
for comparing thousands of Pseudomonas genomes in the Pseudomonas genome database. Nucleic
Acids Res. 2016 Jan 4; 44(D1):D646—D53. https://doi.org/10.1093/nar/gkv1227 PMID: 26578582.
Epub 2015/11/19.

Hassett DJ, Charniga L, Bean K, Ohman DE, Cohen MS. Response of Pseudomonas aeruginosa to
pyocyanin: mechanisms of resistance, antioxidant defenses, and demonstration of a manganese-
cofactored superoxide dismutase. Infect Immun. 1992 Feb; 60(2):328—-36. https://doi.org/10.1128/IAl.
60.2.328-336.1992 PMID: 1730464. Epub 1992/02/01.

Hauser AR. The type Ill secretion system of Pseudomonas aeruginosa: infection by injection. Nat Rev
Microbiol. 2009 Sep; 7(9):654—65. https://doi.org/10.1038/nrmicro2199 PMID: 19680249. Epub 2009/
08/15.

Holder IA, Neely AN, Frank DW. Type Il secretion/intoxication system important in virulence of Pseu-
domonas aeruginosa infections in burns. Burns. 2001 Mar; 27(2):129-30. https://doi.org/10.1016/
s0305-4179(00)00142-x PMID: 11226648. Epub 2001/02/28.

Lee VT, Smith RS, Tummler B, Lory S. Activities of Pseudomonas aeruginosa effectors secreted by
the type Il secretion system in vitro and during infection. Infect Immun. 2005 Mar; 73(3):1695-705.
https://doi.org/10.1128/IA1.73.3.1695-1705.2005 PMID: 15731070. Epub 2005/02/26.

Britigan BE, Roeder TL, Rasmussen GT, Shasby DM, McCormick ML, Cox CD. Interaction of the
Pseudomonas aeruginosa secretory products pyocyanin and pyochelin generates hydroxyl radical
and causes synergistic damage to endothelial cells. Implications for Pseudomonas-associated tissue
injury. J Clin Invest. 1992 Dec; 90(6):2187-96. https://doi.org/10.1172/JCI116104 PMID: 1469082.
Epub 1992/12/01.

Cornelis P. Iron uptake and metabolism in pseudomonads. Appl Microbiol Biotechnol. 2010 May; 86
(6):1637-45. https://doi.org/10.1007/s00253-010-2550-2 PMID: 20352420. Epub 2010/03/31.

Leeman M, Choi J, Hansson S, Storm MU, Nilsson L. Proteins and antibodies in serum, plasma, and
whole blood-size characterization using asymmetrical flow field-flow fractionation (AF4). Anal Bioanal
Chem. 2018 Aug; 410(20):4867—73. https://doi.org/10.1007/s00216-018-1127-2 PMID: 29808297.
Epub 2018/05/29.

Kruczek C, Wachtel M, Alabady MS, Payton PR, Colmer-Hamood JA, Hamood AN. Serum albumin
alters the expression of iron-controlled genes in Pseudomonas aeruginosa. Microbiology. 2012 Feb;
158(Pt 2):353—-67. https://doi.org/10.1099/mic.0.053371-0 PMID: 22053004. Epub 2011/11/05.

Rust L, Pesci EC, Iglewski BH. Analysis of the Pseudomonas aeruginosa elastase (lasB) regulatory
region. J Bacteriol. 1996 Feb; 178(4):1134-40. https://doi.org/10.1128/jb.178.4.1134-1140.1996
PMID: 8576049. Epub 1996/02/01.

Toder DS, Gambello MJ, Iglewski BH. Pseudomonas aeruginosa LasA: a second elastase under the
transcriptional control of /asR. Mol Microbiol. 1991 Aug; 5(8):2003—10. https://doi.org/10.1111/j.1365-
2958.1991.tb00822.x PMID: 1766376. Epub 1991/08/01.

Hamood AN, Griswold J, Colmer J. Characterization of elastase-deficient clinical isolates of Pseudo-
monas aeruginosa. Infect Immun. 1996 Aug; 64(8):3154—-60. https://doi.org/10.1128/IAl.64.8.3154-
3160.1996 PMID: 8757847. Epub 1996/08/01.

Dietrich LE, Price-Whelan A, Petersen A, Whiteley M, Newman DK. The phenazine pyocyanin is a ter-
minal signalling factor in the quorum sensing network of Pseudomonas aeruginosa. Mol Microbiol.
2006 Sep; 61(5):1308-21. https://doi.org/10.1111/].1365-2958.2006.05306.x PMID: 16879411. Epub
2006/08/02.

Reimmann C, Beyeler M, Latifi A, Winteler H, Foglino M, Lazdunski A, et al. The global activator GacA
of Pseudomonas aeruginosa PAO positively controls the production of the autoinducer N-butyryl-

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 36/39


https://doi.org/10.1186/1471-2180-13-269
http://www.ncbi.nlm.nih.gov/pubmed/24279383
https://doi.org/10.1038/nprot.2006.288
http://www.ncbi.nlm.nih.gov/pubmed/17487168
https://doi.org/10.1093/bioinformatics/btz931
http://www.ncbi.nlm.nih.gov/pubmed/31882993
https://doi.org/10.1038/75556
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/gky1055
http://www.ncbi.nlm.nih.gov/pubmed/30395331
https://doi.org/10.1093/nar/gkv1227
http://www.ncbi.nlm.nih.gov/pubmed/26578582
https://doi.org/10.1128/IAI.60.2.328-336.1992
https://doi.org/10.1128/IAI.60.2.328-336.1992
http://www.ncbi.nlm.nih.gov/pubmed/1730464
https://doi.org/10.1038/nrmicro2199
http://www.ncbi.nlm.nih.gov/pubmed/19680249
https://doi.org/10.1016/s0305-4179%2800%2900142-x
https://doi.org/10.1016/s0305-4179%2800%2900142-x
http://www.ncbi.nlm.nih.gov/pubmed/11226648
https://doi.org/10.1128/IAI.73.3.1695-1705.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731070
https://doi.org/10.1172/JCI116104
http://www.ncbi.nlm.nih.gov/pubmed/1469082
https://doi.org/10.1007/s00253-010-2550-2
http://www.ncbi.nlm.nih.gov/pubmed/20352420
https://doi.org/10.1007/s00216-018-1127-2
http://www.ncbi.nlm.nih.gov/pubmed/29808297
https://doi.org/10.1099/mic.0.053371-0
http://www.ncbi.nlm.nih.gov/pubmed/22053004
https://doi.org/10.1128/jb.178.4.1134-1140.1996
http://www.ncbi.nlm.nih.gov/pubmed/8576049
https://doi.org/10.1111/j.1365-2958.1991.tb00822.x
https://doi.org/10.1111/j.1365-2958.1991.tb00822.x
http://www.ncbi.nlm.nih.gov/pubmed/1766376
https://doi.org/10.1128/IAI.64.8.3154-3160.1996
https://doi.org/10.1128/IAI.64.8.3154-3160.1996
http://www.ncbi.nlm.nih.gov/pubmed/8757847
https://doi.org/10.1111/j.1365-2958.2006.05306.x
http://www.ncbi.nlm.nih.gov/pubmed/16879411
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

homoserine lactone and the formation of the virulence factors pyocyanin, cyanide, and lipase. Mol
Microbiol. 1997 Apr; 24(2):309-19. https://doi.org/10.1046/j.1365-2958.1997.3291701.x PMID:
9159518. Epub 1997/04/01.

Gilbert KB, Kim TH, Gupta R, Greenberg EP, Schuster M. Global position analysis of the Pseudomo-
nas aeruginosa quorum-sensing transcription factor LasR. Mol Microbiol. 2009 Sep; 73(6):1072-85.
https://doi.org/10.1111/j.1365-2958.2009.06832.x PMID: 19682264. Epub 2009/08/18.

Bredenbruch F, Geffers R, Nimtz M, Buer J, Haussler S. The Pseudomonas aeruginosa quinolone sig-
nal (PQS) has an iron-chelating activity. Environ Microbiol. 2006 Aug; 8(8):1318-29. https://doi.org/
10.1111/1.1462-2920.2006.01025.x PMID: 16872396. Epub 2006/07/29.

Diggle SP, Matthijs S, Wright VJ, Fletcher MP, Chhabra SR, Lamont IL, et al. The Pseudomonas aeru-
ginosa 4-quinolone signal molecules HHQ and PQS play multifunctional roles in quorum sensing and
iron entrapment. Chem Biol. 2007 Jan; 14(1):87-96. https://doi.org/10.1016/j.chembiol.2006.11.014
PMID: 17254955. Epub 2007/01/27.

Jimenez PN, Koch G, Thompson JA, Xavier KB, Cool RH, Quax WJ. The multiple signaling systems
regulating virulence in Pseudomonas aeruginosa. Microbiol Mol Biol Rev. 2012 Mar; 76(1):46—65.
https://doi.org/10.1128/MMBR.05007-11 PMID: 22390972. Epub 2012/03/07.

Merlot AM, Kalinowski DS, Richardson DR. Unraveling the mysteries of serum albumin-more than just
a serum protein. Front Physiol. 2014; 5:299. https://doi.org/10.3389/fphys.2014.00299 PMID:
25161624, Epub 2014/08/28.

Smith AC, Rice A, Sutton B, Gabrilska R, Wessel AK, Whiteley M, et al. Albumin inhibits Pseudomo-
nas aeruginosa quorum sensing and alters polymicrobial interactions. Infect Immun. 2017 Sep; 85(9).
https://doi.org/10.1128/IA1.00116-17 PMID: 2863007 1. Epub 2017/06/21.

Choi S, Choi EY, Kim DJ, Kim JH, Kim TS, Oh SW. A rapid, simple measurement of human albumin in
whole blood using a fluorescence immunoassay (l). Clin Chim Acta. 2004 Jan; 339(1-2):147-56.
https://doi.org/10.1016/j.cccn.2003.10.002 PMID: 14687905. Epub 2003/12/23.

Kim TD, Ryu HJ, Cho HI, Yang CH, Kim J. Thermal behavior of proteins: heat-resistant proteins and
their heat-induced secondary structural changes. Biochemistry. 2000 Dec 5; 39(48):14839-46. https://
doi.org/10.1021/bi001441y PMID: 11101300. Epub 2000/12/02.

Nikolaidis A, Moschakis T. Studying the denaturation of bovine serum albumin by a novel approach of
difference-UV analysis. Food Chem. 2017 Jan 15; 215:235—-44. https://doi.org/10.1016/j.foodchem.
2016.07.133 PMID: 27542472. Epub 2016/08/21.

Psychogios N, Hau DD, Peng J, Guo AC, Mandal R, Bouatra S, et al. The human serum metabolome.
PLoS One. 2011 Feb 16; 6(2):16957. https://doi.org/10.1371/journal.pone.0016957 PMID:
21359215. Epub 2011/03/02.

Fito-Boncompte L, Chapalain A, Bouffartigues E, Chaker H, Lesouhaitier O, Gicquel G, et al. Full viru-
lence of Pseudomonas aeruginosa requires OprF. Infect Immun. 2011 Mar; 79(3):1176-86. hitps://
doi.org/10.1128/IA1.00850-10 PMID: 21189321. Epub 2010/12/30.

Nestorovich EM, Sugawara E, Nikaido H, Bezrukov SM. Pseudomonas aeruginosa porin OprF: prop-
erties of the channel. J Biol Chem. 2006 Jun 16; 281(24):16230-7. https://doi.org/10.1074/jbc.
M600650200 PMID: 16617058. Epub 2006/04/18.

Coggan KA, Wolfgang MC. Global regulatory pathways and cross-talk control Pseudomonas aerugi-
nosa environmental lifestyle and virulence phenotype. Curr Issues Mol Biol. 2012; 14(2):47-70. PMID:
22354680. Epub 2012/02/23.

Chugani SA, Whiteley M, Lee KM, D’Argenio D, Manoil C, Greenberg EP. QscR, a modulator of quo-
rum-sensing signal synthesis and virulence in Pseudomonas aeruginosa. Proc Natl Acad Sci U S A.

2001 Feb 27; 98(5):2752-7. https://doi.org/10.1073/pnas.051624298 PMID: 11226312. Epub 2001/
02/28.

Schuster M, Hawkins AC, Harwood CS, Greenberg EP. The Pseudomonas aeruginosa RpoS regulon
and its relationship to quorum sensing. Mol Microbiol. 2004 Feb; 51(4):973-85. https://doi.org/10.
1046/).1365-2958.2003.03886.x PMID: 14763974. Epub 2004/02/07.

Nadal Jimenez P, Koch G, Papaioannou E, Wahjudi M, Krzeslak J, Coenye T, et al. Role of PvdQ in
Pseudomonas aeruginosa virulence under iron-limiting conditions. Microbiology (Reading). 2010 Jan;
156(Pt 1):49-59. https://doi.org/10.1099/mic.0.030973-0 PMID: 19778968. Epub 2009/09/26.

Sio CF, Otten LG, Cool RH, Diggle SP, Braun PG, Bos R, et al. Quorum quenching by an N-acyl-
homoserine lactone acylase from Pseudomonas aeruginosa PAO1. Infect Immun. 2006 Mar; 74
(3):1673-82. https://doi.org/10.1128/IA1.74.3.1673-1682.2006 PMID: 16495538. Epub 2006/02/24.

Farrow JM 3rd, Hudson LL, Wells G, Coleman JP, Pesci EC. CysB negatively affects the transcription
of pgsR and Pseudomonas quinolone signal production in Pseudomonas aeruginosa. J Bacteriol.
2015 Jun 15; 197(12):1988-2002. https://doi.org/10.1128/JB.00246-15 PMID: 25845844. Epub 2015/
04/08.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 37/39


https://doi.org/10.1046/j.1365-2958.1997.3291701.x
http://www.ncbi.nlm.nih.gov/pubmed/9159518
https://doi.org/10.1111/j.1365-2958.2009.06832.x
http://www.ncbi.nlm.nih.gov/pubmed/19682264
https://doi.org/10.1111/j.1462-2920.2006.01025.x
https://doi.org/10.1111/j.1462-2920.2006.01025.x
http://www.ncbi.nlm.nih.gov/pubmed/16872396
https://doi.org/10.1016/j.chembiol.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17254955
https://doi.org/10.1128/MMBR.05007-11
http://www.ncbi.nlm.nih.gov/pubmed/22390972
https://doi.org/10.3389/fphys.2014.00299
http://www.ncbi.nlm.nih.gov/pubmed/25161624
https://doi.org/10.1128/IAI.00116-17
http://www.ncbi.nlm.nih.gov/pubmed/28630071
https://doi.org/10.1016/j.cccn.2003.10.002
http://www.ncbi.nlm.nih.gov/pubmed/14687905
https://doi.org/10.1021/bi001441y
https://doi.org/10.1021/bi001441y
http://www.ncbi.nlm.nih.gov/pubmed/11101300
https://doi.org/10.1016/j.foodchem.2016.07.133
https://doi.org/10.1016/j.foodchem.2016.07.133
http://www.ncbi.nlm.nih.gov/pubmed/27542472
https://doi.org/10.1371/journal.pone.0016957
http://www.ncbi.nlm.nih.gov/pubmed/21359215
https://doi.org/10.1128/IAI.00850-10
https://doi.org/10.1128/IAI.00850-10
http://www.ncbi.nlm.nih.gov/pubmed/21189321
https://doi.org/10.1074/jbc.M600650200
https://doi.org/10.1074/jbc.M600650200
http://www.ncbi.nlm.nih.gov/pubmed/16617058
http://www.ncbi.nlm.nih.gov/pubmed/22354680
https://doi.org/10.1073/pnas.051624298
http://www.ncbi.nlm.nih.gov/pubmed/11226312
https://doi.org/10.1046/j.1365-2958.2003.03886.x
https://doi.org/10.1046/j.1365-2958.2003.03886.x
http://www.ncbi.nlm.nih.gov/pubmed/14763974
https://doi.org/10.1099/mic.0.030973-0
http://www.ncbi.nlm.nih.gov/pubmed/19778968
https://doi.org/10.1128/IAI.74.3.1673-1682.2006
http://www.ncbi.nlm.nih.gov/pubmed/16495538
https://doi.org/10.1128/JB.00246-15
http://www.ncbi.nlm.nih.gov/pubmed/25845844
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Castang S, McManus HR, Turner KH, Dove SL. H-NS family members function coordinately in an
opportunistic pathogen. Proc Natl Acad Sci U S A. 2008 Dec 2; 105(48):18947-52. https://doi.org/10.
1073/pnas.0808215105 PMID: 19028873. Epub 2008/11/26.

Dong L, Pang J, Wang X, Zhang Y, Li G, Hu X, et al. Mechanism of pyocyanin abolishment caused by
mvaT mvaU double knockout in Pseudomonas aeruginosa PAO1. Virulence. 2019 Dec; 11(1):57-67.
https://doi.org/10.1080/21505594.2019.1708052 PMID: 31885331. Epub 2019/12/31.

Dong YH, Zhang XF, Xu JL, Tan AT, Zhang LH. VgsM, a novel AraC-type global regulator of quorum-
sensing signalling and virulence in Pseudomonas aeruginosa. Mol Microbiol. 2005 Oct; 58(2):552—64.
https://doi.org/10.1111/j.1365-2958.2005.04851.x PMID: 16194239. Epub 2005/10/01.

Liang H, Deng X, Li X, Ye Y, Wu M. Molecular mechanisms of master regulator VgsM mediating quo-
rum-sensing and antibiotic resistance in Pseudomonas aeruginosa. Nucleic Acids Res. 2014; 42
(16):10307-20. https://doi.org/10.1093/nar/gku586 PMID: 25034696. Epub 2014/07/19.

Kohler T, Ouertatani-Sakouhi H, Cosson P, van Delden C. QsrO a novel regulator of quorum-sensing
and virulence in Pseudomonas aeruginosa. PLoS One. 2014; 9(2):e87814. https://doi.org/10.1371/
journal.pone.0087814 PMID: 24551066. Epub 2014/02/20.

Siehnel R, Traxler B, An DD, Parsek MR, Schaefer AL, Singh PK. A unique regulator controls the acti-
vation threshold of quorum-regulated genes in Pseudomonas aeruginosa. Proc Natl Acad SciU S A.
2010 Apr 27; 107(17):7916-21. https://doi.org/10.1073/pnas.0908511107 PMID: 20378835. Epub
2010/04/10.

Venturi V. Regulation of quorum sensing in Pseudomonas. FEMS Microbiol Rev. 2006 Mar; 30
(2):274-91. https://doi.org/10.1111/j.1574-6976.2005.00012.x PMID: 16472307. Epub 2006/02/14.

Zhao J, Yu X, Zhu M, Kang H, Ma J, Wu M, et al. Structural and molecular mechanism of CdpR
Involved in quorum-sensing and bacterial virulence in Pseudomonas aeruginosa. PLoS Biol. 2016
Apr; 14(4):e1002449. https://doi.org/10.1371/journal.pbio.1002449 PMID: 27119725. Epub 2016/04/
28.

Wu L, Estrada O, Zaborina O, Bains M, Shen L, Kohler JE, et al. Recognition of hostimmune activation
by Pseudomonas aeruginosa. Science. 2005 Jul 29; 309(5735):774-7. https://doi.org/10.1126/
science.1112422 PMID: 16051797. Epub 2005/07/30.

Li X, Yuan X, Wang C. The clinical value of IL-3, IL-4, IL-12p70, IL17A, IFN-gamma, MIP-1beta, NLR,
P-selectin, and TNF-alpha in differentiating bloodstream infections caused by gram-negative, gram-
positive bacteria and fungi in hospitalized patients: An Observational Study. Medicine (Baltimore).
2019 Sep; 98(38):e17315. https://doi.org/10.1097/MD.0000000000017315 PMID: 31568018. Epub
2019/10/01.

Hari-Dass R, Shah C, Meyer DJ, Raynes JG. Serum amyloid A protein binds to outer membrane pro-
tein A of gram-negative bacteria. J Biol Chem. 2005 May 13; 280(19):18562—7. https://doi.org/10.
1074/jbc.M500490200 PMID: 15705572. Epub 2005/02/12.

Mishra M, Ressler A, Schlesinger LS, Wozniak DJ. Identification of OprF as a complement component
C3 binding acceptor molecule on the surface of Pseudomonas aeruginosa. Infect Immun. 2015 Aug;
83(8):3006—14. https://doi.org/10.1128/IA1.00081-15 PMID: 25964476. Epub 2015/05/13.

Brutinel ED, Vakulskas CA, Brady KM, Yahr TL. Characterization of ExsA and of ExsA-dependent pro-
moters required for expression of the Pseudomonas aeruginosa type |ll secretion system. Mol Micro-
biol. 2008 May; 68(3):657-71. https://doi.org/10.1111/1.1365-2958.2008.06179.x PMID: 18373522,
Epub 2008/04/01.

Williams McMackin EA, Djapgne L, Corley JM, Yahr TL. Fitting pieces into the puzzle of Pseudomonas
aeruginosa type lll secretion system gene expression. J Bacteriol. 2019 Jul 1; 201(13). https://doi.org/
10.1128/JB.00209-19 PMID: 310109083. Epub 2019/04/24.

Dasgupta N, Ashare A, Hunninghake GW, Yahr TL. Transcriptional induction of the Pseudomonas
aeruginosa type lll secretion system by low Ca2+ and host cell contact proceeds through two distinct
signaling pathways. Infect Immun. 2006 Jun; 74(6):3334—41. https://doi.org/10.1128/IA1.00090-06
PMID: 16714561. Epub 2006/05/23.

Bleves S, Soscia C, Nogueira-Orlandi P, Lazdunski A, Filloux A. Quorum sensing negatively controls
type Il secretion regulon expression in Pseudomonas aeruginosa PAO1. J Bacteriol. 2005 Jun; 187
(11):3898-902. https://doi.org/10.1128/JB.187.11.3898-3902.2005 PMID: 15901720. Epub 2005/05/
20.

Singh G, Wu B, Baek MS, Camargo A, Nguyen A, Slusher NA, et al. Secretion of Pseudomonas aeru-
ginosatype lll cytotoxins is dependent on Pseudomonas quinolone signal concentration. Microb
Pathog. 2010 Oct; 49(4):196—203. https://doi.org/10.1016/j.micpath.2010.05.013 PMID: 20570614.
Epub 2010/06/24.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 38/39


https://doi.org/10.1073/pnas.0808215105
https://doi.org/10.1073/pnas.0808215105
http://www.ncbi.nlm.nih.gov/pubmed/19028873
https://doi.org/10.1080/21505594.2019.1708052
http://www.ncbi.nlm.nih.gov/pubmed/31885331
https://doi.org/10.1111/j.1365-2958.2005.04851.x
http://www.ncbi.nlm.nih.gov/pubmed/16194239
https://doi.org/10.1093/nar/gku586
http://www.ncbi.nlm.nih.gov/pubmed/25034696
https://doi.org/10.1371/journal.pone.0087814
https://doi.org/10.1371/journal.pone.0087814
http://www.ncbi.nlm.nih.gov/pubmed/24551066
https://doi.org/10.1073/pnas.0908511107
http://www.ncbi.nlm.nih.gov/pubmed/20378835
https://doi.org/10.1111/j.1574-6976.2005.00012.x
http://www.ncbi.nlm.nih.gov/pubmed/16472307
https://doi.org/10.1371/journal.pbio.1002449
http://www.ncbi.nlm.nih.gov/pubmed/27119725
https://doi.org/10.1126/science.1112422
https://doi.org/10.1126/science.1112422
http://www.ncbi.nlm.nih.gov/pubmed/16051797
https://doi.org/10.1097/MD.0000000000017315
http://www.ncbi.nlm.nih.gov/pubmed/31568018
https://doi.org/10.1074/jbc.M500490200
https://doi.org/10.1074/jbc.M500490200
http://www.ncbi.nlm.nih.gov/pubmed/15705572
https://doi.org/10.1128/IAI.00081-15
http://www.ncbi.nlm.nih.gov/pubmed/25964476
https://doi.org/10.1111/j.1365-2958.2008.06179.x
http://www.ncbi.nlm.nih.gov/pubmed/18373522
https://doi.org/10.1128/JB.00209-19
https://doi.org/10.1128/JB.00209-19
http://www.ncbi.nlm.nih.gov/pubmed/31010903
https://doi.org/10.1128/IAI.00090-06
http://www.ncbi.nlm.nih.gov/pubmed/16714561
https://doi.org/10.1128/JB.187.11.3898-3902.2005
http://www.ncbi.nlm.nih.gov/pubmed/15901720
https://doi.org/10.1016/j.micpath.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20570614
https://doi.org/10.1371/journal.pone.0240351

PLOS ONE

P. aeruginosa alters expression of QS and virulence genes during bacteremia

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

Yang H, Shan Z, Kim J, Wu W, Lian W, Zeng L, et al. Regulatory role of PopN and its interacting part-
ners in type Ill secretion of Pseudomonas aeruginosa. J Bacteriol. 2007 Apr; 189(7):2599-609. https://
doi.org/10.1128/JB.01680-06 PMID: 17237176. Epub 2007/01/24.

Brock JH. Iron-binding proteins. Acta Paediatr Scand Suppl. 1989; 361:31—-43. https://doi.org/10.
1111/apa.1989.78.s361.31 PMID: 2485582. Epub 1989/01/01.

Prince RW, Cox CD, Vasil ML. Coordinate regulation of siderophore and exotoxin A production: molec-
ular cloning and sequencing of the Pseudomonas aeruginosa fur gene. J Bacteriol. 1993 May; 175
(9):2589-98. https://doi.org/10.1128/jb.175.9.2589-2598.1993 PMID: 8478325. Epub 1993/05/01.

Carlson PE Jr., Bourgis AE, Hagan AK, Hanna PC. Global gene expression by Bacillus anthracis dur-
ing growth in mammalian blood. Pathog Dis. 2015 Nov; 73(8):ftv061. https://doi.org/10.1093/femspd/
ftv061 PMID: 26316554. Epub 2015/09/01.

Gestal MC, Rivera |, Howard LK, Dewan KK, Soumana IH, Dedloff M, et al. Blood or serum exposure
induce global transcriptional changes, altered antigenic profile, and increased cytotoxicity by classical
Bordetellae. Front Microbiol. 2018; 9:1969. https://doi.org/10.3389/fmicb.2018.01969 PMID:
30245672. Epub 2018/09/25.

Graham MR, Virtaneva K, Porcella SF, Barry WT, Gowen BB, Johnson CR, et al. Group A Streptococ-
cus transcriptome dynamics during growth in human blood reveals bacterial adaptive and survival
strategies. Am J Pathol. 2005 Feb; 166(2):455-65. https://doi.org/10.1016/S0002-9440(10)62268-7
PMID: 15681829. Epub 2005/02/01.

Malachowa N, Whitney AR, Kobayashi SD, Sturdevant DE, Kennedy AD, Braughton KR, et al. Global
changes in Staphylococcus aureus gene expression in human blood. PLoS One. 2011 Apr 15; 6(4):
e18617. https://doi.org/10.1371/journal.pone.0018617 PMID: 21525981. Epub 2011/04/29.

Mereghetti L, Sitkiewicz |, Green NM, Musser JM. Extensive adaptive changes occur in the transcrip-
tome of Streptococcus agalactiae (group B Streptococcus) in response to incubation with human
blood. PLoS One. 2008 Sep 4; 3(9):€3143. https://doi.org/10.1371/journal.pone.0003143 PMID:
18769548. Epub 2008/09/05.

Vebo HC, Snipen L, Nes IF, Brede DA. The transcriptome of the nosocomial pathogen Enterococcus
faecalis V583 reveals adaptive responses to growth in blood. PLoS One. 2009 Nov 4; 4(11):e7660.
https://doi.org/10.1371/journal.pone.0007660 PMID: 19888459. Epub 2009/11/06.

MOE (The Molecular Operating Environment). 2019.01 ed. Montreal, Canada: Chemical Computing
Group; 2019.
Sugio S, Kashima A, Mochizuki S, Noda M, Kobayashi K. Crystal structure of human serum albumin at

2.5 A resolution. Protein Eng. 1999 Jun; 12(6):439—46. https://doi.org/10.1093/protein/12.6.439 PMID:
10388840. Epub 1999/07/02.

Berman H, Henrick K, Nakamura H. Announcing the worldwide Protein Data Bank. Nat Struct Biol.
2003 Dec; 10(12):980. https://doi.org/10.1038/nsb1203-980 PMID: 14634627. Epub 2003/11/25.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240351 October 15, 2020 39/39


https://doi.org/10.1128/JB.01680-06
https://doi.org/10.1128/JB.01680-06
http://www.ncbi.nlm.nih.gov/pubmed/17237176
https://doi.org/10.1111/apa.1989.78.s361.31
https://doi.org/10.1111/apa.1989.78.s361.31
http://www.ncbi.nlm.nih.gov/pubmed/2485582
https://doi.org/10.1128/jb.175.9.2589-2598.1993
http://www.ncbi.nlm.nih.gov/pubmed/8478325
https://doi.org/10.1093/femspd/ftv061
https://doi.org/10.1093/femspd/ftv061
http://www.ncbi.nlm.nih.gov/pubmed/26316554
https://doi.org/10.3389/fmicb.2018.01969
http://www.ncbi.nlm.nih.gov/pubmed/30245672
https://doi.org/10.1016/S0002-9440%2810%2962268-7
http://www.ncbi.nlm.nih.gov/pubmed/15681829
https://doi.org/10.1371/journal.pone.0018617
http://www.ncbi.nlm.nih.gov/pubmed/21525981
https://doi.org/10.1371/journal.pone.0003143
http://www.ncbi.nlm.nih.gov/pubmed/18769548
https://doi.org/10.1371/journal.pone.0007660
http://www.ncbi.nlm.nih.gov/pubmed/19888459
https://doi.org/10.1093/protein/12.6.439
http://www.ncbi.nlm.nih.gov/pubmed/10388840
https://doi.org/10.1038/nsb1203-980
http://www.ncbi.nlm.nih.gov/pubmed/14634627
https://doi.org/10.1371/journal.pone.0240351

