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ABSTRACT Polymicrobial infections often include both fungi and bacteria and can
complicate patient treatment and resolution of infection. Cross-kingdom interactions
among bacteria, fungi, and/or the immune system during infection can enhance or
block virulence mechanisms and influence disease progression. The fungus Candida
albicans and the bacterium Pseudomonas aeruginosa are coisolated in the context of
polymicrobial infection at a variety of sites throughout the body, including mucosal
tissues such as the lung. In vitro, C. albicans and P. aeruginosa have a bidirectional
and largely antagonistic relationship. Their interactions in vivo remain poorly under-
stood, specifically regarding host responses in mediating infection. In this study, we
examine trikingdom interactions using a transparent juvenile zebrafish to model mu-
cosal lung infection and show that C. albicans and P. aeruginosa are synergistically
virulent. We find that high C. albicans burden, fungal epithelial invasion, swimblad-
der edema, and epithelial extrusion events serve as predictive factors for mortality in
our infection model. Longitudinal analyses of fungal, bacterial, and immune dynamics
during coinfection suggest that enhanced morbidity is associated with exacerbated C.
albicans pathogenesis and elevated inflammation. The P. aeruginosa quorum-sensing-
deficient ΔlasR mutant also enhances C. albicans pathogenicity in coinfection and in-
duces extrusion of the swimbladder. Together, these observations suggest that C.
albicans-P. aeruginosa cross talk in vivo can benefit both organisms to the detriment
of the host.
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Microorganisms such as fungi and bacteria form complex communities in a variety
of niches within the human body in both healthy individuals and in the event of

disease (1). During polymicrobial infection, interactions between different microbial
species can alter host responses and/or microbial virulence and pathogenesis, often
complicating patient treatment and resolution of infection. Cross-kingdom interactions
due to bacteria, fungi, the immune system, or any combination of these components
can enhance or block virulence mechanisms and influence disease progression.

The fungus Candida albicans and the bacterium Pseudomonas aeruginosa are coiso-
lated at a variety of infection sites, including burn wounds, contaminated catheters, and
lung infections, and they influence each other’s virulence (1). They are believed to be
clinically important copathogens in specific patients, such as those with underlying
pulmonary disease (2, 3). C. albicans is among the most commonly isolated fungi in
fungal-bacterial coinfections (4, 5). It is a dimorphic opportunistic pathogen with the
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ability to form invasive hyphal filaments and drug-resistant biofilms, and it produces
virulence factors such as secreted aspartyl proteases and the toxin candidalysin (6–8).
P. aeruginosa is another opportunistic pathogen with sophisticated virulence mecha-
nisms, including the production of exosomes and toxins and the formation of biofilms
(9, 10). The P. aeruginosa transcription factor LasR is the master regulator of the
quorum-sensing system that senses cell density and controls virulence factor expres-
sion (11, 12).

Cross-kingdom microbial interactions in clinically relevant species such as C. albicans
and P. aeruginosa can affect virulence factor production and thereby regulate threats to
the host (13, 14). When cocultured in vitro, P. aeruginosa suppresses C. albicans hyphal
development through a variety of different pathways that involve quorum-sensing
molecules and phenazines (15–17), some of which can be induced in the presence of
C. albicans (18). The complexity of interactions increases as one considers observations
demonstrating that different genotypes may differ in their interactions (19), that P.
aeruginosa interacts differently with fungal cells in different morphologies (16), and that
the different species compete for nutrients and, thus, interactions may be influenced by
the environment (20). In order to determine how the interactions that occur in vitro
relate to the interactions that occur in vivo, additional models for the in vivo dissection
of microbe-microbe interactions are needed.

Experiments performed in some murine C. albicans-bacterial coinfection models
have indicated synergistic virulence for one or both pathogens, suggesting that the
outcome of P. aeruginosa-C. albicans coinfections is not easily predicted from in vitro
antagonism (21–26). For example, a murine burn model found that preinfection with P.
aeruginosa increased the damage caused by C. albicans (27). However, some studies of
C. albicans-P. aeruginosa coinfections in murine and Caenorhabditis elegans models find
that combining the two species can negatively regulate overall virulence in the context
of coinfection (14, 28). These disparate results suggest that other factors, including the
host environment, can play a role in the way bacteria and fungi influence each other.

One important component of the host environment to consider is immune re-
sponse, because immunopathology can play a driving role in coinfections. Polymicro-
bial infection can stimulate excessive inflammation that causes morbidity and mortality
through neutrophil recruitment, cytokine hyperelicitation, pulmonary edema with
alveolar collapse, and severe tissue damage (23, 29–33). Enhanced expression of the
proinflammatory cytokine interleukin-6 (IL-6) has been implicated in elevated patho-
genesis during polymicrobial infection, including Candida-bacterial coinfection (23, 24,
34–37). Although host responses and immunopathology are critical components of
polymicrobial infection outcome, our current understanding of how host immune
responses play a role in mediating altered pathogenesis in polymicrobial infection
remains limited.

This gap in our knowledge may be bridged by vertebrate infection models that
recapitulate mammalian infection but allow simultaneous monitoring of host, bacteria,
and fungi. The juvenile zebrafish model offers the power to noninvasively track fungal,
bacterial, and immune dynamics simultaneously and at high resolution over the course
of a live infection with the ability to longitudinally associate infection factors with
mortality. We have recently developed a swimbladder infection route to model mucosal
infection with C. albicans in the zebrafish and study how the immune system mediates
fungal infection in real time (38–40). The swimbladder is anatomically, morphologically,
and transcriptionally similar to the human lung, with an air-epithelial interface that
produces epithelial surfactants (41–44). Due to these similarities, polymicrobial infec-
tions in the zebrafish swimbladder may share well-conserved aspects of disease that
could be applied to understand coinfection in the lung.

Using this model, we find that C. albicans-P. aeruginosa coinfection of the mucosa
leads to synergistic virulence and enhanced mortality. Coinfection mortality is associ-
ated with higher C. albicans burden and invasive pathogenesis, which serve as strong
predictive factors for mortality. Some aspects of the proinflammatory immune response
are also enhanced in polymicrobial infection. These data indicate that P. aeruginosa
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augments C. albicans pathogenesis and host inflammation, which may contribute to a
synergistic virulence associated with mucosal C. albicans-P. aeruginosa coinfection.

RESULTS
C. albicans and P. aeruginosa actively contribute to synergistic virulence in

vivo. C. albicans and P. aeruginosa are opportunistic pathogens coisolated in mucosal
tissues, but their interactions have not yet been well characterized during mucosal
infection. To further examine C. albicans-P. aeruginosa interactions in mucosal infection
and determine if the host environment influences outcome of coinfection, we adopted
our newly described zebrafish swimbladder model (38) to mimic the coinfected lung
found in some patients (2). We created a mucosal infection of the swimbladder in
immunocompetent 4-day-postfertilization (dpf) zebrafish with C. albicans, P. aeruginosa,
and C. albicans plus P. aeruginosa (coinfection). We used a red fluorescent protein-
expressing derivative of the P. aeruginosa burn isolate PA14 and a far-red fluorescent
protein-expressing derivative of the C. albicans invasive candidiasis isolate SC5314.
These are both clinical isolates that have been used in many in vitro coculture
experiments and have well-characterized virulence in multiple infection models. We
found that infection with each species alone causes little mortality, but C. albicans and
P. aeruginosa are synergistically virulent in coinfection. This was the case for both low
infection doses (Fig. 1A) and higher doses (see Fig. S1 in the supplemental material).
Representative images document the high fungal burden and damage in coinfections
(Fig. 1B). This mortality difference was also observed in the enhanced green fluores-
cence protein (EGFP) neutrophil transgenic Tg(Mpx:EGFP) fish line used in subsequent
experiments (Fig. S2). To test if the enhanced virulence associated with coinfection is
dependent on live organisms, we established coinfections with UV-inactivated bacteria
and fungi and found that microbial synergy depends on the presence of both live C.
albicans and live P. aeruginosa (Fig. 1C). Thus, the synergistic virulence of C. albicans-P.
aeruginosa mucosal infection requires viable fungi and bacteria to exacerbate mortality.

Immune responses to polymicrobial infection. Enhanced virulence in coinfection
can be due to changes in bacterial or fungal behavior, altered interactions with the
immune system, or any combination of these components that comprise trikingdom
interactions. Excessive inflammation, including immune infiltration, cytokine produc-
tion, and edema, can enhance tissue damage and mortality in the host, so we utilized
the Tg(Mpx:EGFP) fish line to determine whether coinfection amplifies neutrophilic
recruitment. We quantified neutrophil migration to the site of infection in individual
fish at 24 and 48 h postinjection (hpi) using confocal microscopy. In both C. albicans
monoinfection and C. albicans plus P. aeruginosa coinfection, neutrophils were highly
recruited to the site of infection, with a slight (but not significant [n.s.]) elevation
associated with coinfection (Fig. 2A and B). C. albicans infection developed in either the
posterior or anterior of the swimbladder, progressing around the air bubble in two-
dimensional (2D) space, as detailed in Z-stack animations (see Movies S1 to S4, which
are based on Fig. 2B). To determine whether neutrophil recruitment can serve as a
predictive factor for mortality, individual fish were first imaged by confocal microscopy
at 24 hpi. Z-stacks were blindly scored for neutrophil recruitment as level 1 (low), 2
(medium), or 3 (high), as illustrated in Fig. 2C. Individuals then were monitored for
survival until 48 hpi. This analysis found no correlation between the neutrophil recruit-
ment level and survival in individual fish (Fig. 2D). Thus, there is no excessive neutrophil
infiltration in coinfection, and neutrophil recruitment is not a predictor for mortality.

Another key cause and indicator of pathogenic inflammation is proinflammatory
cytokine and chemokine release. Therefore, we examined a number of well-known
proinflammatory cytokines and chemokines associated with polymicrobial infection,
including tumor necrosis factor alpha (TNF-�), IL-17, gamma interferon (IFN-�), IL-8, and
IL-6. Of the assessed proinflammatory mediators, we found infection-associated in-
creases in the expression of both IL-8 and IL-6 (Fig. 2E; Fig. S3). The chemokine IL-8 is
a potent neutrophil chemoattractant (45), and in coinfection its expression displayed a
slight but not statistically significant elevation (Fig. 2E). The proinflammatory cytokine
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FIG 1 C. albicans and P. aeruginosa demonstrate synergistic virulence in mucosal infection of the
swimbladder. (A and B) Wild-type zebrafish larvae at 4 days postfertilization were separated into 4 groups
and microinjected into the swimbladder with 5 nl of PVP (control), C. albicans (C. a.) at 2.5 � 107 CFU/ml,
P. aeruginosa (P. a.) at 2.5 � 108 CFU/ml, or C. albicans and P. aeruginosa (C. a. � P. a.) at 2.5 � 107 CFU/ml
and 2.5 � 108 CFU/ml, respectively. Fish were screened immediately postinjection to select for consistent
inocula, and mortality was recorded every 24 h out to 96 h postinjection. Confocal images were acquired
at �10 and �20 magnification, with scale bars at 100 �m and 200 �m. Data are representative of 4
pooled, independent experiments. Pooled numbers of individual fish are the following: n � 98, 58, 49,
and 58 for PVP, C. albicans, P. aeruginosa, and C. albicans plus P. aeruginosa, respectively. A Kaplan-Meier
survival analysis and log-rank (Mantel-Cox) test with Bonferroni correction demonstrated a significant
reduction in survival. (C) Larvae were injected and monitored as described above with the following
groups: PVP control, C. albicans (2.5 � 107 CFU/ml) plus UV-inactivated (UV-x) P. aeruginosa (2.5 � 108

CFU/ml), P. aeruginosa (2.5 � 108 CFU/ml) plus UV-x C. albicans (2.5 � 107 CFU/ml), or C. albicans plus
P. aeruginosa at 2.5 � 107 CFU/ml and 2.5 � 108 CFU/ml, respectively. Data are representative of six

(Continued on next page)
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IL-6 is produced by several cell types and has been linked to edema, sepsis, and
increased mortality in both monoinfections and C. albicans-S. aureus coinfection (22–24,
46). Interestingly, this proinflammatory cytokine was significantly upregulated in C.
albicans-P. aeruginosa coinfection compared to the C. albicans monoinfection (Fig. 2E),
suggesting that IL-6 proinflammatory gene expression contributes to increased mor-
tality. However, since quantitative PCR (qPCR) is an endpoint assay, we were not able
to determine if higher IL-6 production in individual fish predicted mortality.

Inflammation and IL-6 production are associated with edema, alveolar collapse, and
acute injury in the lung, suggesting that loss of the air bubble in the swimbladder
(deflation) serves as a noninvasive parallel indicator of inflammation and edema (33, 39,
47, 48). To longitudinally test association of this inflammatory phenotype with mortal-
ity, we compared the proportion of fish with swimbladder deflation in single infection
and coinfections. At both 24 and 48 hpi, a significantly higher percentage of fish had
swimbladder deflation in coinfection compared to monoinfection (Fig. 2F). To further
assess the relationship between swimbladder deflation and mortality, individual fish
were tracked and the incidence of deflation at 24 hpi was correlated to their survival at
48 hpi. Fish with deflation had a significantly lower survival rate than those with inflated
swimbladders (Fig. 2G). Thus, swimbladder deflation is higher in coinfection and serves
as an early predictive factor for mortality in the zebrafish. Together, these experiments
link coinfection to enhanced inflammatory cytokine responses and suggest that local
inflammation contributes to mortality in C. albicans-P. aeruginosa coinfection of the
mucosa.

Coinfection morbidity does not result from high P. aeruginosa burden or
dissemination. Given that live P. aeruginosa organisms are required for enhanced
mortality in coinfection, we aimed to further characterize the role of the bacteria in
mediating virulence in C. albicans-P. aeruginosa infection. We took advantage of the
zebrafish larva’s small size and transparency to determine if bacteria leave the swim-
bladder and cause systemic disease. However, within the limits of detection, bacterial
dissemination from the swimbladder to other parts of the zebrafish was never observed
in more than 30 experiments (more than 300 coinfected fish). Given the strong
fluorescence of the red fluorescent P. aeruginosa used and the success of others at
quantifying bacterial dissemination in zebrafish larvae (49–51), our observations sug-
gest that bacteremia is not causing mortality.

We then measured bacterial burden to determine if C. albicans enhances bacterial
growth or retention in the swimbladder. To quantify bacterial burden in the infected
fish, we conducted a CFU analysis by homogenizing representative fish from each
group at 0 and 48 hpi and plating the homogenate on selective media. The initial P.
aeruginosa load was the same for animals with P. aeruginosa alone and with combined
P. aeruginosa and C. albicans, but there was a significantly higher P. aeruginosa burden
at 48 hpi in coinfected fish (Fig. 3A). To investigate the correlation between bacterial
burden and death, P. aeruginosa infection levels were scored in individual fish as high
(level 3), medium (level 2), or low (level 1) burden via confocal microscopy at 24 hpi (Fig.
3B and C). Based on these assigned infection levels, there was no statistical difference
in bacterial burden between single and coinfections (Fig. 3C). When the infection level
at 24 hpi was mapped to survival in individual fish at 48 hpi, no correlation was
observed between the level of P. aeruginosa at 24 hpi and survival of the fish at 48 hpi
(Fig. 3B and D). P. aeruginosa burden was then quantitatively analyzed by microscopy
to determine the percent swimbladder coverage by the bacteria using ImageJ software

FIG 1 Legend (Continued)
pooled, independent experiments. Pooled numbers of individual fish are the following: n � 142, 86, 92,
33, and 96 for PVP, C. albicans, C. albicans plus UV-x P. aeruginosa, UV-x C. albicans plus P. aeruginosa, and
C. albicans plus P. aeruginosa, respectively. A log-rank (Mantel-Cox) test with Bonferroni correction
determined significant differences as indicated. Statistical significance was assigned based on GraphPad
Prism conventions (not significant [n.s.], P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001;
adjusted in panels A and C with Bonferroni correction). The swimbladder is outlined in a dotted magenta
line for clarity.
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FIG 2 Coinfection stimulates immune infiltration. Tg(Mpx:EGFP) zebrafish larvae at 4 days postfertilization were separated
into 4 groups and microinjected into the swimbladder with 5 nl of PVP (control), C. albicans at 2.5 � 107 CFU/ml, P.
aeruginosa at 2.5 � 108 CFU/ml, or C. albicans plus P. aeruginosa at 2.5 � 107 CFU/ml and 2.5 � 108 CFU/ml, respectively.
Fish were screened immediately postinjection to select for neutrophil fluorescence and consistent inocula. (A and B)

(Continued on next page)
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to calculate bacterial fluorescence in the outlined swimbladder area. Swimbladder
coverage was further analyzed relative to fish survival, and we found that there is no
significant correlation between bacterial burden as a measure of swimbladder coverage
at 24 hpi and probability of death by 48 hpi (Fig. 3E). Taken together, these data
indicate that although levels of P. aeruginosa are elevated with the coinfection, within
the population of coinfected fish there is no relationship between elevated bacterial
burden and mortality.

Coinfection enhances C. albicans virulence in the swimbladder. Since bacterial
pathogenesis was not directly associated with enhanced mortality, we investigated
whether C. albicans plays a more direct role in the synergistic virulence of coinfection.
C. albicans burden was quantified by conducting a CFU assay, as previously described
for P. aeruginosa. This analysis revealed no differences in C. albicans burden between
the single infection and coinfection at 48 hpi (Fig. 4A). However, C. albicans filaments
risk being underdetected by CFU assays due to strong adhesion and cell-cell clustering
(52, 53). Therefore, fungal burden was also measured as the percent coverage of the
swimbladder area by C. albicans using ImageJ software, as described above for P.
aeruginosa. At 24 hpi, we observed significantly higher swimbladder coverage by C.
albicans in the coinfection compared to that in the C. albicans monoinfection (Fig. 4B).
To determine if this was associated with a change in dimorphism or hyphal gene
expression, we performed infections with C. albicans expressing a protein fusion to the
hypha-specific Hwp1p protein, with or without P. aeruginosa. Quantification of fungal
morphology revealed that there was no difference in the relative yeast/hypha ratio,
while the moderate increase in median fungal burden is consistent with quantification
of live fish (Fig. S4A and B). No differences in Hwp1-EGFP levels were noted between
mono- and coinfection conditions, although green autofluorescence prevented quan-
tification of Hwp1-EGFP levels (Fig. S4C).

To further assess the impact of swimbladder coverage by C. albicans on mortality,
the fish were categorized based on their survival at 48 hpi (Fig. 4C). Fish that died at 48
hpi had significantly more C. albicans swimbladder coverage at 24 hpi than fish that
survived to 48 hpi (Fig. 4C). This difference is consistent with cumulative plots showing
that higher swimbladder coverage at 24 hpi by C. albicans correlates to death at 48 hpi
(Fig. 4D). Therefore, there is greater swimbladder coverage by C. albicans at 24 hpi in
the coinfection and higher early burden is associated with mortality.

The observation that C. albicans burden is more closely associated with mortality
than immune recruitment or bacterial burden suggests that fungal pathogenesis

FIG 2 Legend (Continued)
Neutrophils at the site of injection (SOI) were qualitatively scored and blinded, and confocal images of representative fish
at �20 magnification were taken at 24 and 48 h postinjection (hpi). Scale bar, 100 �m. Z-stack animations of the 24-hpi
and 48-hpi images of a fish infected with C. albicans only are included in the supplemental material as Movies S1 (24 hpi)
and S2 (48 hpi), and animations of a fish infected with both C. albicans and P. aeruginosa are included as Movies S3 (24
hpi) and S4 (48 hpi). Data are pooled from 3 independent experiments. Total numbers of individual fish are the following:
n � 21, 23, 27, and 18 for PVP, C. albicans, P. aeruginosa, and C. albicans plus P. aeruginosa, respectively. Analysis was
conducted using one-way analysis of variance (ANOVA) with Tukey’s multiple-comparisons posttest. (C and D) Fish were
imaged at 24 hpi and individuals were monitored to 48 hpi to measure survival. (C) Confocal images acquired at 24 hpi
were used to stratify fish based on neutrophil recruitment (level 1, low; level 2, medium; level 3, high; as demonstrated by
representative confocal images). (D) No significant differences in 24-hpi neutrophil recruitment phenotype were found
between fish that survived or died using Fisher’s exact test. (E) Representative fish were homogenized at 48 hpi for isolation
of total RNA followed by cDNA synthesis for qPCR analysis. Gene expression of IL-6 and IL-8 was normalized to that of
gapdh, with PVP control used for the reference (ΔΔCT). Fold induction (2ΔΔCT) is represented. Total RNA was extracted from
3 independent experiments; total numbers were 22, 24, 28, and 21 larvae for PVP, C. albicans, P. aeruginosa, and C. albicans
plus P. aeruginosa groups, respectively. A one-way ANOVA with Tukey’s multiple-comparisons posttest revealed signifi-
cantly higher IL-6 expression in the coinfection than the C. albicans monoinfection (P � 0.011). qPCR for both genes was
replicated in triplicate. (F) Percentage of fish with swimbladder deflation at 24 and 48 hpi. A Fisher’s exact test revealed
a significantly higher percentage of fish with swimbladder deflation in the coinfection compared to the C. albicans
monoinfection, as indicated; n � 28 fish for C. albicans infection and n � 27 fish for coinfection. (G) Confocal images
acquired at 24 hpi were stratified based on the survival of individual fish at 48 hpi relative to swimbladder deflation, with
n � 28 with deflation and n � 34 without deflation. According to a Fisher’s exact test, fish that died by 48 hpi had
significantly higher incidences of swimbladder deflation than those that survived, as indicated. Statistical significance was
assigned based on GraphPad Prism convention (n.s., P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
The swimbladder is outlined in a dotted magenta line for clarity.
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underlies exacerbated mortality in coinfection. Given that a well-known virulence factor
of C. albicans is hyphal penetration of the host epithelium causing tissue damage (7,
40), we assayed fungal epithelial invasion of the swimbladder. Overall, there were
significantly more fish with invasive C. albicans filaments penetrating the epithelium at
24 hpi in the coinfection than in the monoinfection (Fig. 4E and F). Furthermore, fish
with epithelial invasion at 24 hpi showed significantly lower survival to 48 hpi (Fig. 4G).

FIG 3 P. aeruginosa burden does not directly contribute to mortality. Tg(Mpx:EGFP) zebrafish larvae were infected
and screened as previously described. Three to 4 representative fish per group were subsequently homogenized
for quantifying CFU of P. aeruginosa by using selective media, with the remaining fish monitored out to 48 hpi.
Representative fish were imaged at 24 and 48 hpi via confocal microscopy. (A) Data are representative of 6 pooled,
independent experiments. A total of 22 individual fish were homogenized per time point (0 hpi and 48 hpi) for CFU
quantification and plotted on a log10 scale. Student’s t test demonstrated a significant increase in the number of
P. aeruginosa organisms between mono- and coinfection groups at 48 hpi, as indicated. (B, C, and D) Confocal
images acquired at 24 hpi were blinded and qualitatively scored based on Pseudomonas burden (level 1, low; level
2, medium; level 3, high), and then individuals were monitored to determine their survival at 48 hpi. Total numbers
of fish analyzed were 15 dead and 25 alive at 48 hpi. (B) Representative images of each level of burden. Fractions
in the lower left corner indicate the number of fish of a given phenotype that were scored at a given time point
postinfection (green, P. aeruginosa monoinfection; red, P. aeruginosa plus C. albicans). Percentage shown at the
lower right is from ImageJ quantification of burden, which correlates well with blinded qualitative scoring. (C) No
significant differences in average infection level were observed between mono- and coinfected fish based on
qualitative scoring of Pseudomonas burden according to Student’s t test. (D) No significant differences were found
in the percentages of fish with different qualitatively scored levels of P. aeruginosa burden between mono- and
coinfected fish, as tested by Fisher’s exact test. (E) Percent swimbladder coverage by P. aeruginosa was quantified
via ImageJ analysis of microbial fluorescence from confocal images acquired for representative fish at 24 hpi. The
calculated percent coverage from this analysis is also shown in panel B. For fish that died at 48 hpi, n � 11 for C.
albicans plus P. aeruginosa; for fish that lived at 48 hpi, n � 4 for P. aeruginosa and n � 22 for C. albicans plus P.
aeruginosa. No differences were observed using an unpaired Mann-Whitney test. Confocal images were acquired
at �20 magnification. Scale bar, 100 �m. Statistical significance was assigned based on GraphPad Prism convention
(n.s., P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). The swimbladder is outlined in a dotted
magenta line for clarity.
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FIG 4 Coinfection enhances C. albicans pathogenicity. Tg(Mpx:EGFP) zebrafish larvae infected and screened as previously described
and 3 to 4 random fish per group were subsequently homogenized for quantifying CFU of C. albicans by using selective media, with
the remaining fish monitored out to 48 hpi. Random fish were imaged at 24 and 48 hpi via confocal microscopy, and another 3 to
4 fish per group at 48 hpi were homogenized to quantify CFU as described above. Data are representative of 6 to 8 pooled,
independent experiments. (A) A total of 22 individual fish were homogenized per time point for CFU quantification and plotted on
a log10 scale. There was no significant difference in C. albicans CFU between single infection and coinfection according to Student’s
t test. (B) Median percent coverage of the swimbladder by C. albicans was quantified via ImageJ analysis of confocal images acquired
of representative fish at 24 hpi, with n � 55 and 63 for C. albicans and C. albicans plus P. aeruginosa infections, respectively. An
unpaired Mann-Whitney test revealed a significant difference between C. albicans single infection and coinfection, as indicated. (C)
Confocal images acquired at 24 hpi were stratified based on the survival of individual fish at 48 hpi relative to the median percent
swimbladder coverage by C. albicans, with n � 18 dead and n � 44 alive. Scale bar, 100 �m. According to an unpaired Mann-Whitney
test, fish that died by 48 hpi had significantly higher swimbladder coverage by C. albicans than those that survived, as indicated. (D)
Cumulative frequency distribution plots representing percent swimbladder coverage by C. albicans at 24 hpi. Fish that died at 48 hpi
are indicated by red points; for C. albicans, n � 26; for C. albicans plus P. aeruginosa, n � 36. (E) Percentage of fish with epithelial
invasion at 24 hpi; for C. albicans, n � 52; for C. albicans plus P. aeruginosa, n � 63. According to a Fisher’s exact test, there was a
significant difference between C. albicans and C. albicans plus P. aeruginosa infection, as indicated. (F and G) Confocal images acquired
at 24 hpi were quantified by ImageJ and stratified based on the survival of individual fish at 48 hpi relative to epithelial invasion by
C. albicans, with n � 15 with invasion and n � 45 without invasion. According to a Fisher’s exact test, fish that died by 48 hpi had
significantly higher incidences of C. albicans invasion than those that survived, as indicated. Statistical significance was assigned based
on GraphPad Prism conventions (n.s., P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). The swimbladder is outlined
in a dotted magenta line for clarity.

Synergistic Mucosal Candida-Pseudomonas Virulence Infection and Immunity

November 2017 Volume 85 Issue 11 e00475-17 iai.asm.org 9

http://iai.asm.org


Therefore, C. albicans epithelial invasion may serve as an additional early predictive
factor for mortality, occurring more frequently during coinfection. Taken together,
these data implicate C. albicans pathogenesis as a risk factor in coinfection, as indicated
by associations of both elevated C. albicans burden and epithelial invasion with
mortality.

Because both swimbladder collapse, indicative of immunopathology, and fungal
invasion, indicative of fungal virulence, were independent predictors of mortality, we
sought to determine if there is a relationship between these two events. We analyzed
the cooccurrence of swimbladder collapse and fungal invasion at 24 and 48 hpi and
scored changes in each over this time. Remarkably, we found that invasion only
occurred in fish with deflated swimbladders, suggesting that deflation precedes inva-
sion (Fig. S5A). Further, we found that infections in fish with deflation but no invasion
progressed to deflation plus invasion between 24 and 48 hpi (Fig. S5B). Taken together,
these data indicate that swimbladder deflation precedes fungal invasion, although they
do not establish a cause-and-effect relationship.

P. aeruginosa quorum-sensing-deficient �lasR mutant enhances mortality and
C. albicans pathogenicity in coinfection. Our data suggest that C. albicans virulence

is enhanced when combined with live P. aeruginosa, so we sought to further investigate
how P. aeruginosa modulates fungal pathogenesis. In vitro, P. aeruginosa-produced
3OC12HSL can suppress C. albicans virulence in the context of a mixed-species biofilm
through the lasR-controlled production of quorum-sensing molecules (18, 54, 55). In
contrast, the production of toxic phenazines is strongly stimulated by C. albicans in lasR
mutant strains through activation of downstream components of the quorum-sensing
pathway (19). Therefore, the role of P. aeruginosa quorum sensing on C. albicans-P.
aeruginosa coinfection was assessed using fluorescent derivatives of a lasR-defective
(ΔlasR) P. aeruginosa strain (16) and its parental PA14 wild-type strain. First, we analyzed
mortality in coinfections of C. albicans and either the ΔlasR mutant or wild-type
parental PA14 strain. As previously observed, the combination of C. albicans and
wild-type P. aeruginosa exacerbated mortality compared to that of the C. albicans-only
infection (Fig. 5A and B). Unexpectedly, the combination of C. albicans and the P.
aeruginosa ΔlasR mutant showed mortality similar to and, if anything, slightly greater
than that of the coinfection with the wild-type strain (Fig. 5A and B). Overall, there was
no statistically significant difference in survival between the two coinfection groups
(wild type versus ΔlasR mutant). This suggests that the enhanced virulence in coinfec-
tions does not depend on lasR-mediated signaling in P. aeruginosa, but loss of lasR may
even further enhance pathogenesis.

To determine if disease progression was altered in ΔlasR mutant coinfections, we
performed the same longitudinal analyses to evaluate bacterial, fungal, or immune
function in the enhanced virulence of ΔlasR mutant coinfections. CFU analysis revealed
slightly elevated levels of P. aeruginosa over time in the wild-type coinfection, but there
was no increase over time in the mutant coinfection (Fig. S6A), suggesting that bacterial
burden is even less likely to contribute to enhanced mortality in the ΔlasR mutant
coinfections. Bacterial dissemination was not seen in these coinfections, as was the case
with the wild-type PA14-C. albicans coinfections.

CFU analysis of fungal burden revealed that C. albicans levels were slightly elevated
over time in all cohorts, but there were no significant differences between groups (Fig.
S6B). A higher percent swimbladder coverage by C. albicans was observed at 24 hpi in
both coinfection groups and, if anything, a higher degree in coinfections with the ΔlasR
mutant strain (Fig. 5C). Furthermore, higher C. albicans swimbladder coverage corre-
lated with mortality (Fig. S6C and D). Therefore, we conclude that lasR-deficient P.
aeruginosa can enhance C. albicans burden, which is associated with death. Both C.
albicans epithelial invasion and swimbladder deflation were enhanced with the coin-
fection and, if anything, there was even greater enhancement with the ΔlasR mutant P.
aeruginosa (Fig. 5D and E). Furthermore, these events correlated with higher mortality,
as previously observed (Fig. S6E and F). Overall, these data suggest that ΔlasR mutant-
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FIG 5 P. aeruginosa quorum-sensing-deficient ΔlasR mutant enhances C. albicans pathogenicity in coinfection. Tg(Mpx:EGFP) zebrafish larvae at 4 days
postfertilization were separated into four groups and microinjected into the swimbladder with 5 nl of PVP (control), C. albicans at 2.5 � 107 CFU/ml, C. albicans
plus P. aeruginosa at 2.5 � 107 CFU/ml and 2.5 � 108 CFU/ml, respectively, or C. albicans plus ΔlasR mutant P. aeruginosa at 2.5 � 107 CFU/ml and 2.5 � 108

CFU/ml, respectively. Fish were screened immediately postinjection to select for neutrophil fluorescence and consistent inocula. Mortality was recorded every
24 h out to 96 hpi, and representative fish were imaged at 24 and 48 hpi via confocal microscopy. Data are representative of 5 to 8 pooled, independent
experiments. (A and B) Kaplan-Meier survival analysis and representative images. Pooled numbers of individual fish are the following: n � 96, 61, 71, and 66
for PVP, C. albicans, C. albicans plus P. aeruginosa, and C. albicans plus ΔlasR mutant P. aeruginosa, respectively. A log-rank (Mantel-Cox) test with Bonferroni
correction demonstrated a significant reduction in survival between C. albicans and C. albicans plus P. aeruginosa and between C. albicans and C. albicans plus
ΔlasR mutant P. aeruginosa, as indicated. Images were acquired at �20 magnification; scale bar, 100 �m. (C) Median percent coverage of the swimbladder by
C. albicans was quantified via ImageJ analysis of confocal images acquired of representative fish at 24 hpi, with n � 41, 44, and 44 for C. albicans, C. albicans
plus P. aeruginosa, and C. albicans plus ΔlasR mutant P. aeruginosa, respectively. According to a Kruskal-Wallis test, there was a significant difference between
C. albicans and C. albicans plus ΔlasR mutant P. aeruginosa infections, as indicated. (D) Percentage of fish with epithelial invasion at 24 hpi: C. albicans, n � 41;
C. albicans plus P. aeruginosa, n � 46; C. albicans plus ΔlasR mutant P. aeruginosa, n � 43. According to a Fisher’s exact test, there was a significant difference
between C. albicans and C. albicans plus P. aeruginosa infections and between C. albicans and C. albicans plus ΔlasR mutant P. aeruginosa, as indicated. (E)
Percentage of fish with swimbladder deflation at 24 hpi. According to a Fisher’s exact test, there was a significantly higher percentage of fish with swimbladder
deflation in the coinfection compared to the C. albicans monoinfection and a significant difference between C. albicans and C. albicans plus ΔlasR mutant P.
aeruginosa, as indicated. The numbers of fish were 41, 46, and 43 for C. albicans, C. albicans plus P. aeruginosa, and C. albicans plus ΔlasR mutant P. aeruginosa,
respectively. (F and G) Extrusion events were quantified in confocal images. (F) Representative low- and high-power images of an extrusion event. The fish is
outlined in black/white, and the extruded infected tissue is outlined in pink. Scale bars are 200 �m for the 10� images (left) and 100 �m for the �20 images
(right) (G) According to a Fisher’s exact analysis, extrusion events at 48 hpi are of significantly higher frequency in C. albicans plus ΔlasR mutant P. aeruginosa
than in C. albicans infection, as indicated; for 24 hpi, n � 41, 46, and 43 for C. albicans, C. albicans plus P. aeruginosa, and C. albicans plus ΔlasR mutant P.
aeruginosa, respectively; for 48 hpi, n � 38, 34, and 29 for C. albicans, C. albicans plus P. aeruginosa, and C. albicans plus ΔlasR mutant P. aeruginosa, respectively.
(H) Confocal images acquired at 24 hpi were quantified by ImageJ and stratified based on the survival of individual fish at 48 hpi relative to extrusion events;

(Continued on next page)
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enhanced virulence in C. albicans coinfection is associated with a set of morbidity traits
similar to those already linked to wild-type PA14-enhanced virulence.

A dramatic indicator of enhanced pathogenicity that was pronounced with the
combination of C. albicans and ΔlasR mutant P. aeruginosa was the occurrence of
extrusion events in which infected tissue containing both C. albicans and P. aeruginosa
protruded from the side of the fish. To measure these events, confocal images acquired
at 24 and 48 hpi were analyzed in 3D stacks (Fig. 5F). Interestingly, swimbladder
extrusion was observed at a significantly higher frequency at 48 hpi with the combi-
nation of C. albicans and ΔlasR mutant P. aeruginosa (Fig. 5G), and early extrusion
events were linked to higher mortality (Fig. 5H). Altogether, these data suggest that loss
of P. aeruginosa lasR functionality further stimulates C. albicans pathogenicity during
coinfection, as indicated by severe fungal burden and invasion, swimbladder deflation,
and dramatic host epithelial extrusion.

DISCUSSION

Coinfections with C. albicans and P. aeruginosa threaten a variety of patients,
including those with mucosal infections that occur in the context of underlying
pulmonary disease (2, 3). Using our newly developed zebrafish swimbladder model, we
showed that polymicrobial infection of the mucosa with C. albicans and P. aeruginosa
results in synergistic virulence that is closely associated with increased C. albicans
pathogenesis and enhanced inflammation. Overall, the high-content longitudinal im-
aging in our study clearly implicates the fungus and host in coinfection-associated
mortality while providing arguments against bacterial dissemination and disease. In the
context of coinfection, we find that C. albicans burden, fungal epithelial invasion,
edema, and IL-6 expression are all associated with the synergistic virulence of C.
albicans-P. aeruginosa coinfection, while neutrophil recruitment and P. aeruginosa
burden are not quantitative predictors of infection dynamics. Furthermore, we dem-
onstrated how the loss of LasR activity in P. aeruginosa may further stimulate virulence,
perhaps due to the absence of 3OC12HSL production, which can suppress hyphal
growth (16), combined with enhanced virulence factor production in the presence of C.
albicans (19).

The synergistic virulence and enhanced filamentous invasion of C. albicans in
coinfections were unexpected based on known antagonistic interactions of the two
microbes in vitro (1). However, the enhanced virulence is consistent with most mouse
C. albicans-bacterial coinfection models, including organotypic models, which result in
enhanced virulence, cytokine production, and/or fungal invasion (22, 23, 26, 27, 56–58).
The fact that the same strains of C. albicans and P. aeruginosa were used in these in vivo
experiments as have been used in vitro suggests that the switch from antagonism to
synergy is due to the host environment. There is high diversity among both C. albicans
and P. aeruginosa clinical isolates, and a limitation of the current study is that it does
not address the important question of whether there are differences among clinical
isolates that regulate synergistic virulence of the two pathogens. Many environmental
factors are both different and dynamic between in vitro and in vivo conditions,
including nutrient levels, microbe-substrate interactions, cell-cell interactions, secreted
products from the host, immune pressure, and biophysical effects of the three-
dimensional environment (1).

Our quantitative longitudinal analysis of infection phenotypes revealed that C.
albicans burden and epithelial invasion are most closely linked to enhanced morbidity
in the coinfected swimbladder. Similar enhancement of fungal burden and invasion is
seen in murine C. albicans-bacterial coinfection and epithelial disease models (56–60).

FIG 5 Legend (Continued)
n � 9 with extrusion and n � 121 without extrusion. According to a Fisher’s exact test, fish that died by 48 hpi had significantly higher incidence of extrusion
events than those that survived, as indicated. Statistical significance was assigned based on GraphPad Prism conventions (n.s., P � 0.05; *, P � 0.05; **, P �
0.01; ***, P � 0.001; ****, P � 0.0001; adjusted with Bonferroni correction for panel A). The swimbladder is outlined throughout in a dotted magenta line for
clarity.
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This suggests that bacteria stimulate C. albicans virulence directly and/or indirectly
through modulation of host activity. Increases in fungal burden and filamentous
invasion of the epithelium suggest the former, while enhanced IL-6 levels and swim-
bladder edema in coinfected fish are consistent with the latter. Given the links between
epithelial damage and inflammation, it is possible that epithelial-immune cross talk also
plays an important role in the greater pathology of coinfection.

The enhanced proinflammatory cytokine induction and swimbladder deflation we
observe in coinfections suggests that immunopathology plays a role in enhancing
coinfection mortality. The inflammatory role of IL-6 in immunopathology is well estab-
lished, including its association with lethal C. albicans-bacterial intraperitoneal infec-
tions (22, 23, 61), but it is not known if this cytokine’s action is necessary or sufficient
to enhance C. albicans pathogenesis. Mucosal polymicrobial infections in humans
stimulate immune cell infiltration, pulmonary edema, acute lung injury, and alveolar
collapse, all phenotypes that are associated with severe morbidity and mortality (33,
62–65). The parallels between these pathologies and what we have observed in the
swimbladder are striking and are consistent with the idea that immunopathology is a
factor in enhanced fungal virulence of swimbladder coinfection. In fact, further analyses
of our longitudinal data indicate that fungal invasion only occurs in fish with deflated
swimbladders. Although this does not establish a causal relationship, this finding is
consistent with the idea that immunopathology precedes fungal invasion.

Although P. aeruginosa burden was higher in coinfections with wild-type bacteria,
bacterial burden did not correlate with mortality risk and bacterial dissemination was
never observed. Furthermore, bacterial burden was not higher in ΔlasR mutant coin-
fections, despite the strong ability of this mutant to enhance mortality. Increased
bacterial burden and hematogenous spread were not seen, although both are hall-
marks of mortality in P. aeruginosa monoinfections of mice and humans (66, 67). This
disconnect suggests that P. aeruginosa is playing a different, indirect role in enhancing
mortality in the context of this coinfection model. Taken together, our results indicate
that C. albicans enhances the ability of P. aeruginosa to colonize the site of infection
without enhancing bacterial virulence, or that coinfection requires only a low threshold
for P. aeruginosa burden to enhance mortality, either of which would be consistent with
the LasR-independent ability of P. aeruginosa to promote virulence in our model.
Depending on the context, infections with LasR-defective P. aeruginosa can be more
virulent in mice and humans (68–72). Interestingly, coculture of ΔlasR mutants with C.
albicans restores some bacterial virulence gene expression, suggesting that interactions
between these two common human commensals enhance pathogenesis (19).

In summary, this zebrafish mucosal infection model offers high-resolution longitu-
dinal analysis as a powerful new tool to disentangle the contributions of the immune
system and coinfecting bacteria and fungi. The power of this technique is illustrated by
the ability to demonstrate that P. aeruginosa induces changes that lead to enhanced
epithelial invasion by C. albicans and death of individual host animals. The unexpected
finding that P. aeruginosa has a positive influence on C. albicans virulence in vivo raises
questions about what aspects of infection change this bacterial-fungal cross talk from
something antagonistic in vitro into a positive interaction in vivo. With new clinical
studies indicating that fungi exacerbate bacterial lung infection, which can be amelio-
rated with antifungal treatment, the importance of understanding bacterium-fungus-
host interactions in vivo is critical (2, 3, 24). Hopefully, new in vivo tools and models such
as the one described in this study will result in a more complete picture of these
trikingdom interactions in disease.

MATERIALS AND METHODS
Zebrafish care and maintenance. Adult zebrafish used for breeding embryos were housed in

recirculating systems (Aquatic Habitats, Apopka, FL) at the University of Maine Zebrafish Facility. All
zebrafish care protocols and experiments were performed in accordance with NIH guidelines under
Institutional Animal Care and Use Committee (IACUC) protocol A2015-11-03. Larvae were reared at a
density of 150/dish in 150-mm petri dishes containing 150 ml of E3 (5 mM sodium chloride, 0.174 mM
potassium chloride, 0.33 mM calcium chloride, 0.332 mM magnesium sulfate, 2 mM HEPES in Nanopure
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water, pH 7) supplemented with 0.02 mg/ml of 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich, St. Louis, MO)
to prevent pigmentation, as well as 0.3 mg/liter methylene blue (VWR, Radnor, PA) for the first 24 h to
prevent microbial growth. Larvae were manually dechorionated at 24 h postfertilization, transferred into
media containing E3 and PTU, and incubated at 33°C over the course of experiments. This temperature
was chosen as the highest safe temperature for zebrafish health and is regularly used for experiments
with temperature-sensitive alleles. Experiments were conducted using wild-type (AB) zebrafish and
Tg(Mpx:EGFP) (73) transgenic fish expressing enhanced green fluorescent protein in neutrophils.

Strains and growth conditions. The Caf2-FR C. albicans strain was constructed by transforming the
Caf2-1 strain (74) with the pENO1-iRFP-NATr plasmid. The pENO1-iRFP-NATr plasmid contains a codon-
optimized version of the iRFP670 gene (75) under the control of the constitutive ENO1 promoter with a
nourseothricin resistance marker (NATr). Codon-optimized iRFP670 was ordered from GenScript (see Fig.
S7 in the supplemental material) and was digested with NcoI and PacI and cloned into Peno1-dTomato
(39). After NotI digestion of the plasmid, C. albicans transformation was performed using the lithium
acetate protocol previously published (76) with nourseothricin resistance as a selection marker (100
�g/ml NAT; Werner Bioagents, Jena, Germany). At least 10 colonies were selected and screened for
fluorescence via epifluorescence microscopy and flow cytometry (640-nm excitation laser, 655-nm to
685-nm emission filter) on an LSRII cytometer (Becton Dickinson, Franklin Lakes, NJ). Correct integration
of the pENO1-iRFP-NATr plasmid was confirmed using primers PENO1 Fw (5=-TCCTTGGCTGGCACTGAACT
CG-3=) and iRFP Rv (5=-ATCACATGAAGTCAAATCAACTTTTCTAGC-3=).

The HWP1-EGFP-FR strain was constructed by first transforming HWP1-EGFP (77) with CIp30 (78, 79)
to complement the uracil auxotrophy. This integration was confirmed with primers CIp10-IS (5=-GATAT
CGAATTCACGCGTAG) and RP10-G (5=-GTACATTCCTACTCCGTTCG). The strain next was transformed,
screened, and verified for iRFP integration as described above for the CAF2-FR strain.

C. albicans was grown on yeast-peptone-dextrose (YPD) agar (20 g/liter peptone, 10 g/liter yeast
extract, 20 g/liter glucose, 2% agar; Difco, Livonia, MI) for 48 h on solid media at 30°C. For infections,
liquid cultures of C. albicans were grown by rotating overnight in YPD at 30°C. Overnight cultures were
washed twice and resuspended in calcium- and magnesium-free phosphate-buffered saline (PBS;
Lonza, Walkersville, MD). Due to the inability of the human eye to detect near-infrared fluorescent protein
fluorescence, C. albicans was stained with the amine-reactive green fluorophore fluorescein-5-
isothiocyanate (FITC) to enhance inoculum quantification by microscopy (1.67 mg/ml; Molecular Probes,
Eugene, OR) in PBS with sodium bicarbonate (0.037 M final concentration, pH 8.2), incubating C. albicans
in the dark for 1 h with occasional vortexing. Alternatively, in HWP1-GFP-FR experiments C. albicans was
stained for 5 min with calcofluor white (Sigma-Aldrich, St. Louis, MO) at a final concentration of 750
�g/ml and then rinsed once with PBS. This was conducted to visualize the inoculum by eye without using
FITC, which would have overlapped with the HWP1-GFP fluorescence. The culture was then washed four
times in PBS and resuspended in PBS. Using a hemocytometer, C. albicans concentration was measured
and adjusted to 2.5 � 107 CFU/ml and 5 � 107 CFU/ml for mono- and coinfection (varied by experiment),
respectively, in PBS with 5%, wt/vol, polyvinylpyrrolidone (PVP) (Sigma-Aldrich, St. Louis, MO) to ensure
a consistent small-volume injection dose with large particles, such as yeast.

A red fluorescent protein-expressing derivative of Pseudomonas aeruginosa clinical isolate strain
PA14 (PA14-dTom [80]) or the PA14-derived ΔlasR (16), transformed with the same plasmid, was
grown on LB media (10 g/liter Bacto tryptone, 5 g/liter Bacto yeast extract, 10 g/liter sodium
chloride, 1.2% agar; BD, San Jose, CA) supplemented with 750 �g/ml ampicillin (EMD Millipore,
Billerica, MA) overnight at 37°C. For infections, liquid cultures of P. aeruginosa were grown by
rotating overnight in LB-Amp (750 �g/ml) at 37°C. Overnight cultures were washed twice and
resuspended in PBS. P. aeruginosa concentration was determined using a spectrophotometer to
measure the optical density at 600 nm (OD600) of culture and adjusted to 2.5 � 108 CFU/ml and
5 � 108 CFU/ml for mono- and coinfections, respectively, in 5%, wt/vol, PVP.

UV inactivation of cultures. Caf2-FR C. albicans and PA14-dTom liquid cultures were grown
overnight, washed, and resuspended in PBS, and concentrations for C. albicans and P. aeruginosa were
calculated as described above. A volume of 2 ml from each overnight culture was taken to UV inactivate
2.5 � 107 CFU/ml of C. albicans and 1 � 109 CFU/ml of P. aeruginosa, placed in uncovered 100-mm by
15-mm polystyrene petri dishes (Fisher Scientific, Waltham, MA), and exposed to 100,000 �J/cm2 four
times using a CL-1000 UV cross-linker (UVP, Vernon Hills, IL), swirling cultures between exposures. After
UV inactivation, cultures were stained with FITC as described above and adjusted to 5 � 107 CFU/ml and
5 � 108 CFU/ml for C. albicans and P. aeruginosa, respectively, to be mixed prior to swimbladder
injection. UV inactivation was confirmed by plating C. albicans and P. aeruginosa inactivated and live
liquid cultures on YPD and LB-Amp (750 �g/ml), respectively (including PBS control), to confirm lack of
growth.

Swimbladder infections via microinjection. At 4 days postfertilization, zebrafish larvae were
anesthetized in Tris-buffered tricaine methane sulfonate (160 �g/ml; Tricaine; Western Chemicals, Inc.,
Ferndale, WA) and selected for swimbladder inflation. Larvae were transferred to E3 containing PTU and
0.033%, vol/vol, dimethyl sulfoxide (DMSO; Fisher Bioreagents, Pittsburgh, PA) to allow future experi-
ments to be conducted using dexamethasone in DMSO vehicle for repetition in an immunocompromised
model. Fish were microinjected as previously described (38) with a 5-nl volume of PVP control, C. albicans
at 2.5 � 107 CFU/ml, P. aeruginosa at 2.5 �108 CFU/ml, or a C. albicans-P. aeruginosa mixture at 2.5 �
107 CFU/ml and 2.5 �108 CFU/ml, respectively. The C. albicans-P. aeruginosa coculture was prepared by
combining equal volumes of C. albicans at 5 � 107 CFU/ml and P. aeruginosa at 5 � 108 CFU/ml prior
to injection. Within 1 h of injection, larvae were screened and selected to ensure proper inocula and
neutrophil fluorescence using a Zeiss Axio Observer Z1 microscope equipped with a Vivatome system
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(Carl Zeiss Microimaging, Thornwood, NJ). For mortality experiments, fish were kept at 33°C in E3
containing PTU out to 96 h postinjection and then euthanized by Tricaine overdose.

Confocal laser scanning fluorescence microscopy. At 24 and 48 h postinjection, larvae were
anesthetized in Tricaine and immobilized in 0.5% low-melting-point agarose (Lonza, Switzerland) in E3
containing Tricaine in a 96-well glass-bottom imaging dish (Greiner Bio-One, Monroe, NC). Confocal
images were acquired using an Olympus IX-81 inverted microscope with an FV-1000 laser scanning
confocal system (Olympus, Waltham, MA). The EGFP, dTomato, and Far-Red fluorescent proteins were
detected by laser/optical filters with a 10� (numeric aperture [NA], 0.4), 20� (NA, 0.7), or 40� objective
(NA, 0.9) for excitation/emission at 488 nm/505 to 525 nm, 543 nm/560 to 620 nm, and 635 nm/655 to
755 nm, respectively. Z-stacks of 10 to 25 slices, with an interslice interval between 7 and 13 �m, were
collected and processed using FluoView (Olympus, Waltham, MA), Photoshop (Adobe Systems, Inc., San
Jose, CA), and ImageJ (81). For scoring swimbladder deflation, �90% of all fish had full inflation or full
deflation. Any with a smaller than usual air bubble were still scored as inflated to avoid any ambiguity.
For neutrophil quantification, neutrophils recruited to the swimbladder were quantified as the average
between the number counted by eye via epifluorescence and the number counted by blindly scoring
z-stacks from the same fish. For burden quantification, acquisition parameters such as laser power,
photomultiplier voltage, and dwell time were consistent for all images collected.

Morphology quantification. Zebrafish infected with either HWP1-GFP-FR C. albicans or HWP1-
GFP-FR C. albicans and PA14-dTomato P. aeruginosa were euthanized at 24 hpi, and random fish were
mounted onto microscope slides using 0.5% low-melting-point agarose and flattened under a coverslip.
Flattened fish were imaged by epifluorescence microscopy, essentially as described previously (82).
Briefly, images were acquired, filaments and yeast were each manually outlined in Photoshop, and the
areas of each were measured in ImageJ.

RNA isolation and qPCR analysis. Total RNA was isolated from 6 to 10 whole larvae per group (all
survivors at the time point) in three independent experiments, using a combination of TRIzol (Invitrogen,
Carlsbad, CA) and Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA). Briefly, the Direct-zol RNA
isolation protocol was followed and the TRIzol-ethanol mixture containing RNA was transferred to a
Zymo-Spin IIC column, followed by the manufacturer’s recommended wash steps. Total RNA was eluted
in 25 �l of nuclease-free water and stored at �80°C. cDNA was synthesized from 500 ng of RNA per
sample using iScript reverse transcription (RT) supermix for RT-qPCR (Bio-Rad, Hercules, CA). qPCR
primers used are shown in Table 1. A CFX96 thermocycler (Bio-Rad, Hercules, CA) was used under the
following conditions: 95°C for 35 s, followed by 40 cycles of 95°C for 5 s and 60°C for 20 s; the final step
was 95°C for 10 s followed by 65°C for 5 s and included a dissociation curve. Threshold cycles (CT) and
dissociation curves were analyzed with Bio-Rad CFX Manager software. Gene expression levels were
normalized to zebrafish gapdh (ΔCT) and compared to the noninfected controls (ΔΔCT). Fold induction
(2ΔΔCT) is represented.

CFU assessments. For CFU quantification, 3 to 4 randomly selected infected larvae were pooled and
homogenized at 0 hpi and 48 hpi in 500 to 600 �l of 1� PBS. For plating, 50 �l of homogenate from
groups was plated on both YPD agar supplemented with 250 �g/ml penicillin-streptomycin (Lonza), 30
�g/ml gentamicin sulfate (BioWhittaker, Lonza), and 3 �g/ml vancomycin hydrochloride (Amresco, Solon,
OH) and on Pseudomonas isolation agar (Sigma-Aldrich) supplemented with 750 �g/ml ampicillin for C.
albicans and P. aeruginosa selection, respectively. To achieve a countable number of colonies, homog-
enate (neat) and 1:2 (homogenate:1� PBS) dilutions were plated at 0 hpi, while 1:5 (homogenate:1�
PBS) and 1:50 (homogenate:1� PBS) dilutions were plated for the 48-hpi time point. Plates were
incubated overnight at 37°C, colonies were counted the following day, and CFU/fish was calculated.

Statistical and ImageJ analyses. To calculate the percentage of C. albicans and P. aeruginosa
organisms covering the swimbladder, confocal images acquired at 24 and 48 hpi were processed by

TABLE 1 qPCR primer information

Gene Sequencea (5=–3=) Reference or source

gapdh Fw, TGGGCCCATGAAAGGAAT 39
Rv, ACCAGCGTCAAAGATGGATG

IL-6 Fw, GGACGTGAAGACACTCAGAGACG This study
Rv, AAGGTTTGAGGAGAGGAGTGCTG

IL-8 Fw, TGCATTGAAACAGAAAGCCGACG This study
Rv, ATCTCCTGTCCAGTTGTCATCAAGG

IL-17a Fw, CAATCTGAGGACGGAAAGGG This study
Rv, ACTGGGCTTCAAAGATGACC

IFN-� Fw, TGGGCGATCAAGGAAAACGA This study
Rv, TTGATGCTTTAGCCTGCCGT

TNF-� Fw, CGCATTTCACAAGCGAATTT 39
Rv, CTGGTCCTGGTCATCTCTCC

aFw, forward; Rv, reverse.
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manually outlining the swimbladder area and calculating the percent covered by C. albicans or P.
aeruginosa as a measure of microbial fluorescence in ImageJ.

Statistical analyses were conducted using GraphPad Prism 6 software (GraphPad Software, Inc., La
Jolla, CA). All significant differences are indicated in the figures, with *, **, ***, and **** indicating P values
of �0.05, �0.01, �0.001, and �0.0001, respectively. Bonferroni correction was used to assess significant
differences in Kaplan-Meier survival curves. All statistical results are available in the supplemental
material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
.00475-17.
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SUPPLEMENTAL FILE 5, MOV file, 1.1 MB.
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