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ABSTRACT Bacterial species in the polymicrobial community evolve interspecific inter-
action relationships to adapt to the survival stresses imposed by neighbors or environmental
cues. Pseudomonas aeruginosa and Staphylococcus aureus are two common bacterial patho-
gens frequently coisolated from patients with burns and respiratory disease. Whether
the application of commonly used antibiotics influences the interaction dynamics of the
two species still remains largely unexplored. By performing a series of on-plate competi-
tion assays and RNA sequencing-based transcriptional profiling, we showed that the pres-
ence of the cephalosporin antibiotic cefotaxime or the quinolone antibiotic levofloxacin at
subinhibitory concentration contributes to selecting P. aeruginosa from the coculture with
S. aureus by modulating the quorum-sensing (QS) system of P. aeruginosa. Specifically, a
subinhibitory concentration of cefotaxime promotes the growth suppression of S. aureus
by P. aeruginosa in coculture. This process may be related to the increased production
of the antistaphylococcal molecule pyocyanin and the expression of lasR, which is the
central regulatory gene of the P. aeruginosa QS hierarchy. On the other hand, subinhibi-
tory concentrations of levofloxacin decrease the competitive advantage of P. aeruginosa
over S. aureus by inhibiting the growth and the las QS system of P. aeruginosa. However,
pgs signaling of P. aeruginosa can be activated instead to overcome S. aureus. Therefore,
this study contributes to understanding the interaction dynamics of P. aeruginosa and S. aur-
eus during antibiotic treatment and provides an important basis for studying the pathogene-
sis of polymicrobial infections.

IMPORTANCE Increasing evidence has demonstrated the polymicrobial characteristics
of most chronic infections, and the frequent communications among bacterial pathogens
result in many difficulties for clinical therapy. Exploring bacterial interspecific interaction
during antibiotic treatment is an emerging endeavor that may facilitate the understanding
of polymicrobial infections and the optimization of clinical therapies. Here, we investigated
the interaction of cocultured P. aeruginosa and S. aureus with the intervention of com-
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ncreasing clinical evidence has revealed the polymicrobial characteristics of the majority of

chronic infections (1-3). Cocolonization of bacterial pathogens in a common ecosystem or
infection nidus frequently results in a variety of physical and chemical interactions among
species. In addition to biofilms, which encapsulate different bacterial pathogens in a dense
matrix and protect the microcommunity from host immunity, antibiotic clearance, and other
environmental stresses, bacteria also evolve capacities to resolve survival competition with
their neighbors or coexist with them in the same ecological niche (4-9).

Pseudomonas aeruginosa and Staphylococcus aureus are the two most relevant bacterial
pathogens in patients with chronic respiratory infections, especially the genetic disease
cystic fibrosis (10-15). It is recognized that P. aeruginosa has a significant growth advantage
over S. aureus because it secretes a series of antistaphylococcal metabolites that are con-
trolled by the quorum-sensing (QS) system. However, S. aureus usually coexists with P. aer-
uginosa by producing small-colony variants (16-19). Remarkably, the frequent emergence
and prevalence of QS-deficient P. aeruginosa isolates (typically lasR mutants), which lose
the ability to kill S. aureus, enable persistent cocolonization by the two species in host lung
or even facilitate the formation of mutually beneficial interactions (20). Furthermore, both
the virulence and resistance of P. aeruginosa and S. aureus can be enhanced by the each
other’s presence and thus worsen the outcomes of diseases (7, 14, 18, 21-24).

Antibiotic therapy is a routine method of treating bacterial infection. However, the
heterogeneous diffusion of antibiotics in host tissues or the obstruction created by biofilms
may reduce the functional concentration of antibiotics and enhance the tolerance of bacterial
cells. In this case, the phenotype and intracellular transcription of coexisting bacterial species
will also be changed by antibiotics at subinhibitory concentrations (7, 25-27). It is reported
that although P. aeruginosa has an innate growth advantage over S. aureus in coculture,
repeated antibiotic therapy frequently selects methicillin-resistant S. aureus (MRSA) in patients
and causes the shift of the dominant species from P. aeruginosa to S. aureus (10, 19, 22, 28).
Our prior work (29) further identified that the application of subinhibitory aminoglycoside anti-
biotics induced a large scale of transcriptional changes in P. aeruginosa and cocultured MRSA.
Specifically, subinhibitory streptomycin inhibited the QS regulation of P. aeruginosa but
increased the iron acquisition capacity of MRSA. As a consequence, P. aeruginosa and MRSA
could coexist by forming a periodical change in frequencies along with the intermittent appli-
cation of aminoglycosides (29).

We have also noticed that the growth of P. aeruginosa treated with subinhibitory cefotax-
ime (CTX) concentrations on a MRSA lawn produced a remarkably larger inhibitory zone than
normal coculture (29). A previous study reported that later-generation cephalosporins, includ-
ing cefotaxime, appear to enhance the QS-controlled virulence of P. aeruginosa (30). These
observations indicated that the cephalosporin antibiotic cefotaxime may enhance the growth
inhibition ability of P. geruginosa on MRSA by promoting the expression of the QS system.
Hence, in this study, we further explored the roles of CTX and another quinolone antibiotic
commonly used against respiratory infections in the clinic, levofloxacin (LVX), on the interac-
tion of coisolated P. aeruginosa and MRSA by using a series of phenotypic identification and
RNA sequencing methods. We found that both CTX and LVX could select P. aeruginosa from
the coculture with MRSA, although the functional mechanisms were different.

RESULTS

Influences of CTX and LVX on P. aeruginosa and MRSA each grown on a lawn of the
other. The influences of CTX and LVX on the interactions of P. aeruginosa and MRSA
were first studied by coculturing each organism on a lawn of the other. P. geruginosa PA-
COP2 grew normally on an S. aureus MRSA-COP112 lawn on a blank lysogeny broth (LB)
plate and produced a small inhibitory zone, while MRSA-COP112 could hardly grow on a
PA-COP2 lawn (Fig. 1). Our prior work determined that the MICs of CTX on PA-COP2 and
MRSA-COP112 were around 200 and 50 ng mL~", and the MICs of LVX on these strains
were 4 and >8 ug mL™", respectively (29, 31). Here, we showed that PA-COP2 produced
distinctly larger inhibitory zone on a MRSA-COP112 lawn on LB-CTX plates than on blank
LB plates, while MRSA-COP112 failed to grow on a PA-COP2 lawn on plates containing any
tested concentrations of CTX (Fig. 1). On the other hand, MRSA-COP112 began to grow on
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FIG 1 Growth of PA-COP2 and MRSA-COP112 on lawns of the other on LB plates supplemented with
different concentrations of cefotaxime (CTX) and levofloxacin (LVX). Equal amounts of PA-COP2 and
MRSA-COP112 were each spotted on lawns of the other and cultured for 24 h. Images are representative
of three independent replicates. Dishes were 9 cm in diameter. Red arrows indicate the edges of inhibitory
zones.

a PA-COP2 lawn when the concentration of LVX was 0.5 g mL~" and produced an inhibi-
tory zone around the colony. Growth of PA-COP2 on a MRSA-COP112 lawn was gradually
inhibited on the plates with increasing concentrations of LVX but left a distinct green dot
or blank trace (Fig. 1). Moreover, although the resistance of P. aeruginosa reference strain
PAO1 to CTX and LVX was weaker than that of PA-COP2 (31), outcomes of interaction
between PAOT and MRSA-COP112 were similar to those between PA-COP2 and MRSA-
COP112 (see Fig. ST in the supplemental material). These results preliminarily suggested
that the intervention of subinhibitory CTX and LVX might have different effects on the inter-
actions of P. aeruginosa and MRSA.

Extracellular product-mediated interactions of P. aeruginosa and MRSA with CTX or
LVX intervention. Previous studies have confirmed that the growth suppression of S. aureus
by P. aeruginosa is mainly attributed to the extracellular metabolites of P. aeruginosa with
antistaphylococcal activities (18, 19). In this study, we performed a series of pairwise proxim-
ity assays to investigate the extracellular-product-mediated interactions of P. aeruginosa and
MRSA with the intervention of subinhibitory concentrations of CTX (15 wg mL™") or LVX
(0.5 g mL™"). The growth of MRSA-COP112 was slowed by treatment with 15 ug mL~" of
CTX but was similar to that of the blank control on the plate containing 0.5 ug mL~" of LVX
(Fig. S2A). In contrast, the growth of PA-COP2 was slightly inhibited by 15 wg mL~" of CTX
or 0.5 ug mL~" of LVX (Fig. S2B). The results of pairwise growth assays showed that com-
pared to the distal colonies, the growth of proximal MRSA-COP112 on blank LB or LB-CTX
plates was significantly suppressed by neighboring PA-COP2 after 24 h. In contrast, the

June 2022 Volume 88 Issue 12 10.1128/aem.00592-22 3


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00592-22

CTX and LVX Select PA in Coculture with MRSA

A 24 h 48 h 72h

-
N

Blank

Colony size
(log10 CFU/mL)

CTX-15

Colony size
(log10 CFU/mL)

LVX-0.5
Colony size
(log10 CFU/mL)

B D
< 807 —= EE Blank Bl Proximal to PA-COP2
N W CTX-15 T 12- [ Distal to PA-COP2
Y . 0]
s 60 O3 Lvx05 g%
© = L 104
» 40 g‘o
a ©2
220' ns 08 8-
. ] = g
Dh- 0- i.? —= 6-
24 h 48 h 72h Blank CTX-15 LVX-0.5

[ MRSA-proximal Bl PA-proximal
-2 MRSA-distal PA-distal

Blank

E MRSA-proximal Bl PA-proximal
12-E2 MRSA-distal PA-distal

CTX-15

24 h 48 h 72h
_I- MRSA-proximal Bl PA-proximal
MRSA-distal PA-distal

LVX-0.5

C

= N
e 5

o
¢

Proximal/Distal MRSA, %
o
o

Applied and Environmental Microbiology

24 h

*k

Blank CTX-15 LVX-0.5

FIG 2 Pairwise proximity assay of PA-COP2 and MRSA-COP112. (A) Pairwise growth of PA-COP2 and MRSA-COP112 on LB plates containing subinhibitory
CTX (15 ug mL™") or LVX (0.5 ug mL™") concentrations for different time durations. The proximal and distal colonies of the two species were harvested for
CFU enumeration. (B) Proximity of PA-COP2 and MRSA-COP112 to each other's extracellular products on LB plates containing subinhibitory CTX (15 ug mL™") or
LVX (0.5 ug mL™") concentrations for 24 h. Images are representative of three independent replicates. Dishes were 9 cm in diameter. (C) The colony sizes of MRSA-
COP2 at the proximal ends were normalized (proximal CFU/distal CFU x 100) to those at the distal ends on the same plates (corresponding to panel A). (D) Colony
sizes of MRSA-COP112 proximal and distal to the extracellular products of PA-COP2 on blank LB plates and LB plates containing 15 g mL~" of CTX or 0.5 ug mL™’
of LVX (corresponding to panel B). (E) The colony sizes of MRSA-COP2 at the proximal ends were normalized (proximal CFU/distal CFU x 100) to those at the distal
ends on the same plates (corresponding to panel B). Data are means and standard deviations (SD) for three independent replicates and were compared by using
two-tailed paired (A and D) or unpaired (C and E) t tests. *, P < 0.05; P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.

growth of proximal MRSA-COP112 on LB-LVX plate was significantly inhibited by PA-COP2
after 48 h (Fig. 2A). To eliminate the killing effects of antibiotics on bacterial cells, the colony
sizes of MRSA-COP2 at the proximal ends were normalized to those at the distal ends on
the same plates. We found that CTX could significantly promote the growth suppression of
MRSA-COP2 by PA-COP2 at 24 h, while LVX protected MRSA-COP112 from growth inhibition
by PA-COP2 (Fig. 2B).

We further verified the influences of CTX and LVX on the interaction of P. aeruginosa
and MRSA by growing each on the extracellular products of the other. The results showed
that the suppression of MRSA-COP112 growth by PA-COP2 extracellular products was signif-
icantly enhanced by the presence of CTX but alleviated by LVX (Fig. 2C to E). Similar outcomes
were obtained for the interactions of MRSA-COP112 and PAO1 on LB plates containing 15 g
mL~" of CTX or 0.25 ug mL~" of LVX (Fig. S3 and S4). Therefore, these results demonstrated
that the intervention of subinhibitory CTX might promote the selection of P. aerugi-
nosa in the coculture with MRSA, while this process might be delayed by subinhibi-
tory LVX concentrations.

Interaction dynamics of P. aeruginosa and MRSA with CTX or LVX intervention. We
then investigated the interaction dynamics of PA-COP2 and MRSA-COP112 by using
the on-plate competition assay developed in our prior work (29). Bacterial cells of the two
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FIG 3 Interaction dynamics of cocultured PA-COP2 and MRSA-COP112. On-plate competition of PA-COP2 and
MRSA-COP112 on blank LB plates (A to C) and LB plates containing subinhibitory concentrations of CTX (D to
F) and LVX (G to ). Equal amounts of PA-COP2 and MRSA-COP112 were mixed at ratios of 9:1 (A, D, and G), 1:1
(B, E, and H), and 1:9 (C, F, and 1) and cocultured for different times as described elsewhere (29). Bacterial cells
from each time point were harvested for CFU enumeration and cell discrimination on blank LB and King's B

plates. Data are means and SD for six independent replicates.

species were mixed in different ratios and cocultured on blank LB and plates containing
15 g mL~" of CTX or 0.5 wg mL~" of LVX. On blank LB plates, PA-COP2 always defeated
MRSA-COP112 and became the dominating species in cocultures that started with different
ratios of them (Fig. 3A to C; Fig. S5A to C). As expected, the presence of subinhibitory CTX
accelerated the decline of MRSA-COP112 population compared to those on blank LB plates
(Fig. 3D to F; Fig. S5D to F). Specifically, it took PA-COP2 approximately 12 to 16 h to domi-
nate the coculture started from a low population proportion (ratio of MRSA-COP112 to PA-
COP2 = 9:1) on blank LB plates, while it took only 4 to 8 h on CTX plates (Fig. 3C and F; Fig.
S5C and F). On the other hand, subinhibitory LVX prolonged the interacting time of PA-
COP2 and MRSA-COP112 compared to blank LB plates (Fig. 3G to |; Fig. S5G to I), especially
in the coculture started from low population proportion of PA-COP2 (ratio of MRSA-COP112
to PA-COP2 = 9:1). However, PA-COP2 was still the dominating species at the end of the
competition. These results suggested that the presence of subinhibitory concentrations of
either CTX or LVX would select P. aeruginosa in the mixed coculture with MRSA. However,
this process could be accelerated by CTX but delayed by LVX.

CTX and LVX stimulate pyocyanin production in P. aeruginosa. In the on-lawn competi-
tion experiments described above (Fig. 1), we noticed that PA-COP2 produced more pyocya-
nin pigment on CTX or LVX plates, even on the plates containing higher concentrations of
antibiotics, and fewer bacterial cells. We verified this phenomenon by smearing pure PA-COP2
on blank LB plates and the plates containing CTX (15 g mL™") or LVX (0.5 ug mL™"). As
shown in Fig. 4A, the CTX and LVX plates were greener than the blank. We then quantified
the production of pyocyanin by culturing PA-COP2 in LB broth containing different concentra-
tions of antibiotics. Although increasing the concentration of antibiotics significantly decreased
the cell densities, PA-COP2 produced significantly larger amounts of pyocyanin than on the
blank control, especially in LB-CTX medium (Fig. 4B and C). Similar results were obtained
when the reference strain PAO1 was cultured in LB broth containing different concentrations
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FIG 4 Subinhibitory CTX and LVX concentrations promote the production of pyocyanin in Pseudomonas
aeruginosa. (A) Colors of PA-COP2 on blank LB, LB-CTX (15 g mL™"), and LB-LVX (0.5 wg mL™") plates.
Images are representative of three independent replicates. (B to E) Percent pyocyanin levels of PA-COP2 (B
and C) and P. aeruginosa PAO1 (D and E) in LB broth containing different concentrations of CTX (B and D)
and LVX (C and E). Data are means and SD for three independent replicates and were compared by using
two-tailed unpaired t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Black dots indicate
pyocyanin level as a percentage of the blank control value; gray squares indicate cell density.

of CTX or LVX (Fig. 4D and E). These results confirmed that the presence of subinhibitory CTX
or LVX would promote the production of pyocyanin in P. aeruginosa.

Influence of CTX or LVX on P. aeruginosa transcriptional profile. We then profiled
the transcriptional change of PA-COP2 with CTX or LVX intervention by using RNA sequencing
(RNA-seq). The results showed that compared to the control, a subinhibitory CTX concentra-
tion (15 wg mL™") upregulated the expression of 275 genes (enriched in ribosome, citrate
cycle, starch, and sucrose metabolism, carbon metabolism, and fructose and mannose me-
tabolism) and downregulated the expression of 115 genes (enriched in sulfur metabolism,
oxidative phosphorylation, beta-lactam resistance, ribosome, and ABC transporters) of PA-
COP2 (Fig. S6A and B and Data Set S1). In contrast, subinhibitory LVX (0.5 ug mL™") caused
more extensive transcriptional changes in PA-COP2. Specifically, the 1,199 upregulated
genes were significantly enriched in sulfur metabolism, purine metabolism, riboflavin me-
tabolism, and RNA degradation, while the 1,288 downregulated genes were enriched in
valine, leucine, and isoleucine degradation, bacterial chemotaxis, starch and sucrose me-
tabolism, biosynthesis of siderophore group nonribosomal peptides, propanoate metabo-
lism, synthesis and degradation of ketone bodies, and tryptophan metabolism (Fig. S6C
and D and Data Set S2).

Influence of CTX or LVX on P. aeruginosa QS regulation. The production of pyocyanin
is a complex process positively controlled by P. aeruginosa QS circuitry (32). To further
explore the effect of subinhibitory CTX or LVX on the QS regulation of PA-COP2, the signifi-
cantly differentially expressed genes identified by RNA-seq were mapped to the list of QS-acti-
vated genes in P. aeruginosa reported by Schuster et al. (33). The result showed that sub-
inhibitory CTX upregulated the expression of 37 genes (including lasR and phzBT7) and
downregulated 7 genes activated by the QS system (Fig. 5A; Fig. S7). In PA-COP2 treated
with subinhibitory LVX concentrations, 20 QS-activated genes, including the pgs operon
and phzB1, were identified among the upregulated genes, while 213 QS-activated genes
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FIG 5 Influence of subinhibitory CTX and LVX concentrations on QS regulation in PA-COP2. (A and B) Effect of subinhibitory concentrations
of CTX (A) and LVX (B) on the expression of QS-regulated genes in PA-COP2. The genes that were significantly differentially expressed in PA-
COP2 treated with CTX (15 ug mL™") and LVX (0.5 ug mL™") were mapped to the list of QS-activated genes (n = 315) released by Schuster
et al. (33). (O) Pairwise growth of MRSA-COP112 with PA-COP2, PA-AlasR, or PA-ApgsA on blank LB and LB-CTX plates for 24 h and on LB-
LVX plates for 48 h. Images are representative of three independent replicates. Data are means and SD for three independent replicates and

were compared by using a two-tailed paired t test. *, P < 0.05; **, P < 0.01; ns, not significant.

(315 in total), including the core regulatory genes lasR and rhIR and the majority of the
typical downstream functional genes, were all downregulated (Fig. 5B; Fig. S7). These data
suggested that subinhibitory LVX could decrease the expression of lasR and rhiR and their
downstream genes but activate pgs signaling in P. aeruginosa.

We then verified the roles of las and pgs QS systems in the interaction of PA-COP2 with
MRSA-COP112 by performing a batch of pairwise proximity assays. The results showed that
knockout of lasR or pgsA abolished the growth inhibition ability of PA-COP2 on MRSA-COP112
on blank LB plates (Fig. 5C). The presence of subinhibitory CTX failed to promote the growth
inhibition of PA-AlasR on MRSA-COP112 but restored the ability of PA-ApgsA to inhibit the
growth of MRSA-COP112 (Fig. 5C). This suggested that lasR might be the target of CTX in pro-
moting the growth inhibition of PA-COP2 on MRSA-COP112. On the other side, MRSA-
COP112 grew normally in proximity to wild-type (WT) PA-COP2, PA-AlasR, or PA-ApgsA on LB-
LVX plates after 24 h but was significantly inhibited only by WT PA-COP2 after 48 h (Fig. 5C;
Fig. S8). We further tested the influence of LVX (0.25 wg mL™") on the QS regulation of PAO1
by using RNA-seq. We found that subinhibitory LVX significantly upregulated the expression
of 475 genes and downregulated 294 genes in PAO1 (Fig. S9A and Data Set S3). After these
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FIG 6 Influence of subinhibitory LVX concentrations on the transcriptional pattern of interacting PA-COP2 and MRSA-COP112. Cells of PA-COP2 and MRSA-
COP112 each cultured on lawns of the other on LVX plates (0.5 ug mL™") were harvested at 24 h and subjected to RNA-seq. (A to C) Volcano plots (A), significantly
enriched KEGG terms (B), and expression of QS-activated genes (C) for the differentially expressed genes in PA-COP2 cultured on MRSA-COP112 lawns on LVX plates
compared to LVX-treated PA-COP2. (D and E) Volcano plots (D) and significantly enriched KEGG terms (E) for the differentially expressed genes in MRSA-COP112
cultured on PA-COP2 lawns on LVX plates compared to LVX-treated MRSA-COP112. In panels B and E, gene number is the number of differentially expressed genes

relating to the pathway, while the number in parentheses is the total number of genes relating to the pathway.

differentially expressed genes were mapped to the list of QS activated genes, 8 upregulated
genes (including pgsD in the pgs operon) and 74 downregulated genes (including /asR and rhiR
and their typical downstream genes), were identified (Fig. S9B). Therefore, these results collec-
tively indicated that the las and pgs QS systems played an important role in the competition of
P. aeruginosa and MRSA with CTX or LVX intervention. Subinhibitory LVX inhibited the lasR reg-
ulon but might activate pgs signaling in P. aeruginosa to defeat MRSA during further culture.
Influence of LVX on the transcriptional patterns of interacting P. aeruginosa and
MRSA. RNA-seq was then conducted to profile the transcriptional changes of PA-COP2
and MRSA-COP112 during interspecific interaction. In the colony of PA-COP2 grown on LB-
LVX plate (Fig. 1), the presence of a MRSA-COP112 lawn upregulated the expression of 325
genes and downregulated 257 genes in PA-COP2 (Fig. 6A; Data Set S4). The upregulated
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genes of PA-COP2 were mainly enriched in valine, leucine, and isoleucine degradation, propa-
noate metabolism, citrate cycle, synthesis and degradation of ketone bodies, etc. The downre-
gulated genes were mainly enriched in beta-lactam resistance and arginine and proline me-
tabolism (Fig. 6B). Intriguingly, when the differentially expressed genes of PA-COP2 on LB-LVX
plates with a MRSA-COP112 lawn were mapped to a list of QS-activated genes, we found that
62 QS-activated genes, including the pyocyanin synthesis genes phzM, phzS, and phzB1, the
regulatory genes rhiR and pgsR, and the typical QS-controlled downstream genes in PA-COP2,
were upregulated by the presence of MRSA-COP112 (Fig. 6C). These results revealed that
although subinhibitory LVX suppressed the las-QS regulation of P. aeruginosa (Fig. 5B), the
presence of MRSA might still induce P. aeruginosa to produce QS-controlled extracellular
products.

On the other hand, compared to the low impact (3 upregulated genes and 1 downregu-
lated) of LVX (0.5 ug mL~") on the transcription of MRSA-COP112 (Fig. S10), the presence of
PA-COP2 lawn upregulated 571 genes and downregulated 641 genes in MRSA-COP112 on
LB-LVX plates (Fig. 6D; Data Set S5). The upregulated genes of MRSA-COP112 were mainly
enriched in ribosome, protein export, and terpenoid backbone biosynthesis. The downregu-
lated genes were mainly enriched in histidine metabolism and biosynthesis of amino acids
(Fig. 6E). Therefore, these results confirmed that P. aeruginosa and MRSA could remarkably
influence each other’s transcriptional network in an LVX background and emphasized the cen-
tral role of the P. aeruginosa QS system in the complicated interactions of the two species.

DISCUSSION

It is well known that P. geruginosa has an innate competitive advantage over S. aureus by
virtue of its QS system, which dominates the production of various antistaphylococcal
metabolites (17-19). The emergence and enrichment of P. aeruginosa lasR mutants con-
tribute to the coexistence of P. aeruginosa with S. aureus or other bacterial pathogens (7, 19,
20). In consideration of the nonuniform distribution of antibiotics in host tissues or bacterial
community, we focused on studying the effects of commonly used antibiotics on bacterial
interspecific interactions at subinhibitory concentrations. In this study, we identified the
influences of CTX and LVX on the interactions of P. aeruginosa and S. aureus and found
that subinhibitory CTX or LVX influences the P. geruginosa QS system and selects P. aeruginosa
from the coculture with S. aureus.

A previous study by Okada et al. (30) tested the impact of cephalosporin antibiotics
from each generation on P. aeruginosa QS regulation by using several indicator genes posi-
tively controlled by QS. They found that the expression levels of QS-activated genes increased
with the later generations of cephalosporins (30). Our present study reports that the third-gen-
eration cephalosporin CTX could promote pyocyanin production and upregulate a portion of
the genes controlled by the las QS system of P. aeruginosa (Fig. 4 and 5A). This might be plau-
sibly explained by the result of molecular docking, which predicts that CTX can correctly bind
only to LasR with lower Gibbs free energy but fewer active sites than the native signal 3-oxo-
C,,-homoserin lactone (HSL) (Fig. S11 to S13). In any case, our present study demonstrates
that subinhibitory CTX could significantly promote the growth suppression of MRSA by P. aer-
uginosa with an intact lasR regulon (Fig. 2 and 5C) and thus emphasizes the important role of
the las QS system in mediating the accelerated selection of P. aeruginosa from the coculture
with MRSA.

Our prior work revealed that the aminoglycoside antibiotic streptomycin could suppress
the QS system and reduce the production of pyocyanin in P. aeruginosa (29). In the present
study, we found that the quinolone antibiotic LVX could also downregulate the las and rh/
QS systems of P. aeruginosa. However, the pgs QS system and pyocyanin production of P.
aeruginosa were promoted by subinhibitory LVX (Fig. 4 and 5B; Fig. S7). This might be
explained by the fixed binding of LVX to two active sites of LasR in a form different from
that of the native signal (Fig. S11 to S13), which thus antagonistically inhibited the expres-
sion of the las and rhl QS system, since LasR sits on top of RhIR in the QS hierarchy (34). The
increased pgs signaling might be related to fact that the binding of LVX to PgsR is similar to
that of the native Pseudomonas quinolone signal (PQS), which can activate the expression of
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partial genes controlled by the las and rhl QS systems (32). Correspondingly, although subin-
hibitory LVX concentrations delayed the growth suppression of MRSA-COP112 by PA-COP2
and prolonged the competition process compared to blank LB plates, PA-COP2 was always
the final dominating species in cocultures started with any species ratio (Fig. 2 and 3G to |).
These results are also supported by the observation that the presence of LVX failed to
restore the growth inhibition ability of PA-COP2 pgsA mutant on MRSA-COP112 (Fig. 5C). In
general, the pgs QS system is considered a backup for the las QS system and contributes to
the extended survival of P. aeruginosa population in host tissues (32, 35). Clinical evidence
showed that although P. aeruginosa isolates with spontaneous loss-of-function mutations in
lasR were frequently detected in sputum samples, hardly any pgsR mutants have been
reported (36-38). Some environmental cues, such as iron level, can also activate pgs signal-
ing in a lasR-independent pathway (39, 40). Therefore, our present study further expands
the functional aspect of P. aeruginosa pgs signaling to bacterial interspecific interaction by
using antibiotics as environmental cues.

Moreover, compared to the inhibited growth of MRSA-COP112 on a PA-COP2 lawn on
the plates containing low concentrations of LVX (=0.25 wg mL™"), MRSA-COP112 could
grow on a PA-COP2 lawn and produce an inhibitory zone around the colony when the LVX
concentration was higher than 0.5 ug mL~" (Fig. 1). However, growth suppression of PA-
COP2 by MRSA-COP112 was not observed in the extracellular-product-mediated pairwise
proximity assay (Fig. 2B). After checking the in situ transcriptions of interacting PA-COP2 and
MRSA-COP112 colonies, we did not identify any specific genes which might contribute to
the suppression of PA-COP2 by MRSA-COP112 (Fig. 6; Data Sets S4 and S5). These results
indicated that the mutual inhibition of PA-COP2 and MRSA-COP112 determined by LVX con-
centration in the on-lawn coculture assays is different from that on LB-streptomycin plates.
Our previous study showed that PA-COP2 and MRSA-COP112 were capable of inhibiting
each other on LB plates containing the same concentration of streptomycin, and the inhibi-
tion of MRSA-COP112 on PA-COP2 was associated with their differentiated capacities in iron
acquisition (29). On the other hand, we found that in comparison to the significantly down-
regulated las QS system of PA-COP2 by subinhibitory LVX (Fig. 5B), the presence of a MRSA-
COP112 lawn induced higher expression levels of QS-controlled genes in PA-COP2 than in
that treated solely with LVX (Fig. 6C). This is in agreement with previous findings that the
presence of S. aureus could enhance the QS-related virulence of P. aeruginosa (24). These
results collectively revealed the complicated interaction of P. aeruginosa and MRSA with LVX
intervention, and the interaction process might be associated with the bactericidal effect of
LVX and the influences of LVX on the intracellular transcription of the two species. It is
believed that further genetic characterizations of P. aeruginosa and S. aureus will help identify
the detailed mechanism of their interaction.

In conclusion, the present study characterized the dynamics of P. aeruginosa and S. aureus
interactions in the presence of the commonly used antibiotics CTX and LVX. Both antibiotics
are beneficial to the fitness of P. aeruginosa in coculture with S. aureus, although the under-
lying functional mechanisms are different. The enhanced ability of P. aeruginosa to inhibit
growth of S. aureus on CTX plates is partially related to the induction of the las QS system in
P. aeruginosa. In contrast, LVX inhibits the las and rh/ QS systems of P. aeruginosa but acti-
vates pgs signaling to overcome S. aureus. Therefore, this study provides an explanation for
the enrichment of P. aeruginosa in the lungs of patients with polymicrobial colonization after
antibiotic therapy and lays an important basis for further studying the complicated interac-
tions and pathogenesis of bacterial individuals in the community.

MATERIALS AND METHODS

Bacterial strains and medium. The clinical P. aeruginosa strain COP2 (PA-COP2), the isogenic lasR
mutant (PA-AlasR), the pgsA mutant (PA-ApgsA), the coisolated S. aureus strain MRSA-COP112 from the sputum
of a patient with chronic obstructive pulmonary disease (COPD), and the P. aeruginosa reference strain PAO1
were preserved in the laboratory and are described elsewhere (19, 29, 31). Single colonies of all the strains
were cultured in LB broth overnight (16 to 18 h) at 37°C. Bacterial cells were then harvested and adjusted to an
optical density at 600 nm (ODg,) of 1.0 in 1.0 mL of sterile saline for use.

Culture conditions. For the on-plate inhibition assay, 100 uL of P. aeruginosa or S. aureus was smeared
on LB plates containing different concentrations of cefotaxime (CTX) or levofloxacin (LVX) (Sigma-Aldrich).
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After the plate surface of one species was naturally dried, 5 uL of the other species was spotted on the
center of the plate and statically cultured for 24 h at 37°C.

For the pairwise proximity assay, equal amounts (5 ul) of P. aeruginosa and S. aureus were successively
spotted on the two sides of blank LB plates and plates containing 15 ug mL™" of CTX or 0.5 ug mL™" of LVX.
The distance between spots of the same species was set as 0.5 cm, while the distance between different spe-
cies ranged from 0.5 to 3.0 cm. After static culture for 24 h, 48 h, and 72 h at 37°C, the colony sizes at the proxi-
mal and distal ends were determined by enumerating the CFU.

For the extracellular-product-mediated interspecific interaction, inoculation was similar to that for the pair-
wise proximity assay. However, one species (5 L) was first spotted on one side of the plates and statically cul-
tured for 24 h at 37°C. Subsequently, all the colonies were removed with a sterile blade, and then the other
species was successively spotted on the other side at increasing distances from the spaces occupied by the
removed species. All the experiments described above were independently repeated three times.

On-plate competition assay. The influence of subinhibitory concentrations of CTX or LVX on the
interaction of PA-COP2 and MRSA-COP112 was studied by using on-plate competition assay as described pre-
viously (29). Briefly, sterile plastic tubes (1.0 cm in diameter, 1.0 cm in length) were inserted into the center of
blank LB plates and the plates containing 15 wg mL™" of CTX or 0.5 ug mL™" of LVX during plate preparation.
Mixtures (1:9, 1:1, and 9:1) of PA-COP2 and MRSA-COP112 were spotted (5 ulL) on the inner region of tubes
and statically cultured at 37°C for different times. In this way, the growth of a PA-MRSA mixed colony will not
spread around on the plate and the interaction of the two species can be limited in a fixed region. The colony
sizes and proportions of PA-COP2 and MRSA-COP112 were monitored by enumerating the CFU on blank LB
and King's B plates. All the experiments were independently repeated six times.

Pyocyanin production assay. The influence of subinhibitory CTX or LVX concentrations on the pro-
duction of pyocyanin by PA-COP2 was determined by using the method described by Essar et al. (41).
Briefly, 10 uL of PA-COP2 was inoculated into 2.0 mL of LB broth containing different concentrations of
CTX or LVX and statically cultured at 37°C for 24 h. Pyocyanin was extracted from the supernatants by
using chloroform and 0.2 N HCl, followed by measuring the OD.,,.

Transcriptomic analysis. PA-COP2 and MRSA-COP112 were spotted (5 ulL) on CTX (15 ug mL™")
and LVX (0.5 ug mL™") plates, respectively. PA-COP2 and MRSA-COP112 were each spotted (5 L) on lawns of
the other on CTX and LVX plates as described for the on-plate inhibition assay above. All the bacterial colonies
from each experiment were harvested after 24 h and subjected to total RNA isolation using the Cell Total RNA
isolation kit with genomic DNA (gDNA) removal (Forgene, Chengdu, China). RNA samples from two parallel
experiments with at least three independent biological replicates were used for library construction.
Prokaryotic strand-specific RNA-seq was performed on a HiSeq 2500 platform by Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China). Bowtie2-2.2.3 (42) and HTSeq v0.6.1 (43) were used to map the read data
to the genomes of P. aeruginosa PAO1 (NCBI accession number AE004091.2) and S. aureus USA300 (NCBI acces-
sion number CP000255.1) and assemble the transcriptome, respectively. The values of differential gene expres-
sion were calculated by DESeq 2 (44) using expected fragments per kilobase of transcript per million frag-
ments, and an adjusted P value (P,4) of <0.05 was set as the criterion. Enrichment of KEGG and GO terms
among the differentially expressed genes were performed by using clusterProfiler 4.0 (45). Finally, Venn
Diagram (http://bioinformatics.psb.ugent.be/webtools/\Venn/) was used to mapped the differentially expressed
genes of P. aeruginosa to the list of QS-activated genes established by Schuster et al. (33).

Molecular docking. The software AutoDock 4.2.6 (https://autodock.scripps.edu/download-autodock4/)
and AutoDockTools (https://ccsb.scripps.edu/mgltools/) were used to predict the interactions of CTX and LVX
to the three main QS regulatory proteins of P. aeruginosa. The pdb files containing the crystal structures of
CTX, LVX, LasR, RhIR, and PgsR were downloaded from the PubChem database (https://pubchem.ncbi.nlm
.nih.gov). The docking of ligands and proteins was performed according to the manufacturer’s guidelines.

Statistical analyses. Data analysis and statistical tests were performed by using GraphPad Prism ver-
sion 9.0 (San Diego, CA, USA). Mean values and standard deviations were compared by using a two-
tailed paired or unpaired t test or one-way analysis of variance (ANOVA).

Data availability. The data from this study are presented in the article and supplemental material.
The raw RNA sequencing data are available from the NCBI database under accession number PRINA600167.
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