








the facts that yeast growth in wild-type C. albicans is enhanced at lower temperatures
(20) while zebrafish can be grown at a wide range of temperatures (52–54). We infected
fish with the wild-type TT21-dTomato strain and incubated fish at the yeast-inducing
temperature of 21°C (Fig. 4A). We found that the wild-type strain produces a mix of
morphologies at this temperature (21.7% � 5.5% yeast at 30 hpi, 24.5% � 9.0% yeast
at 44 hpi, 67.5% � 6.2% yeast at 68 hpi). As expected, the presence of moderate levels
of yeast led to increased dissemination over time and prolonged survival up to 68 hpi,
results similar to those obtained with the genetically modified yeast-dominant strains
(Fig. 4B and C).

We then sought to ensure that these temperature manipulations by themselves did
not affect the activities of shape-locked C. albicans strains or overall zebrafish immune
function. We used morphology-locked strains to test whether temperature affects the
ability of yeast to disseminate or of filaments to invade. After fish were raised at 33°C,
they were infected with the filament-locked UME6OEX-dTomato strain or with the
yeast-locked NRG1OEX strain labeled with near-infrared fluorescent protein (NRG1OEX-
iRFP). After fish were screened for the inoculum number, they were incubated at either
the yeast-inducing temperature of 21°C or the filament-inducing temperature of 33°C.
As we expected, we found the yeast-dominant NRG1OEX strain continued to dissemi-
nate at both low and high temperatures (Fig. 4D and F). Further, the UME6OEX strain did
not disseminate at either temperature, and most fish died by the last time point during
infection (Fig. 4D to G). These results indicate that the functions of yeast and filaments
are conserved at temperatures higher and lower than 28°C in zebrafish.

To determine if downshifting the infection temperature would affect immune
homeostasis or a sterile inflammatory response in zebrafish larvae, we assayed the
immune system in two different ways. Zebrafish were raised at 33°C until the time of
infection (as was done throughout all the experiments described above) and were then
either kept at 33°C or shifted to 28°C or 21°C for 24 h to mimic the conditions of
infection. At 24 h postshift (a developmental stage equivalent to 24 hpi), immune
homeostasis was assayed by counting overall neutrophil numbers (see Fig. S3 in the
supplemental material), and immune response was quantified by measuring neutrophil
recruitment to a sterile tail wound (see Fig. S4 in the supplemental material). No
differences were found at any temperature measured, suggesting that there are no
significant effects of temperature downshift during the time scale of these experiments.

Morphotypes do not synergize to enhance infection outcome during mixed
infections. The quantitative results from our experiments using shape-locked strains

FIG 3 Inoculum size is not a determining factor in mortality during filament infections, but invasion determines death in filament-dominant infections. Larval
AB zebrafish were raised at 33°C, infected with fungi at �35 h postfertilization, screened for the inoculum, and kept at 28°C postinfection. Zebrafish infected
with UME6OEX-dTomato were screened for the exact inoculum and were individually placed in 48-well plates, with known inoculum sizes recorded for each fish.
At 18 hpi, fish yolks were imaged for filament invasion, and imaged fish were monitored for mortality up to 24 and 30 hpi. (A, B, and C) Mortality and invasion
in UME6OEX infections with split inocula. Results were pooled from 4 independent experiments. (A) Kaplan-Meier survival curves for fish during infection with
low (1 to 10 cells) or high (11 to 20 cells) UME6OEX inocula. Shown are pooled results for 40 individual uninfected fish and for 195 or 85 individual fish infected
with a low or high UME6OEX inoculum, respectively. (B) Filament invasion, quantified by pixels in ImageJ, in fish with either low (1 to 10 cells) or high (11 to
20 cells) filament inocula (black circles, low inocula; blue squares, high inocula). (C) Mortality in fish with filament invasion at 18 hpi. Filament invasion was
quantified in confocal images taken at 18 hpi, and mortality was scored at 24 and 30 hpi (black circles indicate early fish death, at 24 hpi; blue squares indicate
late fish death, at 30 hpi). Statistical analysis was carried out by use of the Mantel-Cox log rank test with Bonferroni’s correction (A) or the Mann-Whitney U
test (B and C). Medians with interquartile ranges are displayed. **, P � 0.01; ***, P � 0.001; n.s. not significant.
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suggested the possibility that invasion and dissemination are driven by the presence of
a specific fungal shape rather than by the process of dimorphic transition alone. To test
if a mix of shapes is sufficient to make up for the inability to change shape, we infected
fish with a mixture of filament-locked (UME6OEX) and yeast-locked (NRG1OEX) strains
and compared dissemination and lethality between these mixed- and single-strain

FIG 4 Morphology-specific infection phenotypes are conserved at high and low temperatures. Larval AB zebrafish were infected with
fungi at �35 h postfertilization, screened, and incubated at either 33°C or 21°C postinfection. Infected fish were screened for dissemination
and mortality and were imaged on an Olympus confocal microscope at 18 to 68 hpi, as indicated. (A, B, and C) Low-temperature infections
with TT21 or NRG1OEX. Results were pooled from 4 independent experiments. (A) Representative image at 30 hpi of a zebrafish infected
with the single strain TT21-dTomato (a) and insets (b and c). White arrowheads indicate yeast cells in the yolk. (B) Dissemination
frequencies of TT21 and NRG1OEX after infection at 21°C. The number of live fish screened for each infection at each time point is shown.
(C) Survival of fish from the TT21-dTomato, NRG1OEX-dTomato, and uninfected-control groups at 21°C. Shown are pooled results for 63
individual uninfected fish and for 100 and 140 individual fish infected with NRG1OEX and TT21, respectively. (D and E) High-temperature
infections with UME6OEX and NRG1OEX. Results are pooled from 4 independent experiments. (D) Dissemination frequencies for single
infections with UME6OEX-dTomato and NRG1OEX-iRFP at 33°C. The number of live fish screened for each infection at each time point is
shown. (E) Survival of fish during single infections with UME6OEX and NRG1OEX at 33°C. Shown are pooled results for 78 individual
uninfected fish and for 49 and 67 individual fish infected with NRG1OEX and UME6OEX, respectively. (F and G) Low-temperature infections
with UME6OEX and NRG1OEX. Results are pooled from 4 independent experiments. (F) Dissemination frequencies for single infections with
UME6OEX and NRG1OEX at 21°C. The number of live fish screened for each infection at each time point is shown. (G) Survival of fish during
single infections with UME6OEX and NRG1OEX at 21°C. Shown are pooled results for 74 individual uninfected fish and for 40 and 59
individual fish infected with NRG1OEX and UME6OEX, respectively. Statistical analysis was carried out by use of Fisher’s exact test (B, D, and
F) or the Mantel-Cox log rank test with Bonferroni’s correction (C, E, and G). **, P � 0.01; ***, P � 0.001; ****, P � 0.0001; n.s. not significant;
#; data not analyzed, because mortality was �90%.
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infections (Fig. 5A). These experiments were enabled by our earlier finding that a 2-fold
change in the infectious dose of either strain did not quantitatively affect the efficiency
of yeast dissemination or filament invasion during single-strain infections (Fig. 3; also
Fig. S2 in the supplemental material). Surprisingly, we now found similar dissemination

FIG 5 Morphotypes do not affect each other’s abilities to disseminate or invade in mixed infections. Larval AB zebrafish were infected at
�35 h postfertilization with UME6OEX-dTomato and NRG1OEX-NEON at a 1:1 ratio, screened for the inoculum, and incubated at 28°C.
Infected fish were screened for dissemination and mortality and were imaged on an Olympus confocal microscope at 18, 24, or 30 hpi.
(A) (a) Representative image of a fish with a mixed infection with NRG1OEX-NEON and UME6OEX-dTomato at 24 hpi. Bar, 100 �m. (b and
c) Insets showing yeast and filaments in yolk (b) and disseminated yeast (c). Bars, 50 �m. (B and C) Single- and mixed-strain infections with
NRG1OEX and UME6OEX. Results are pooled from 4 independent experiments. (B) Comparison of dissemination frequencies for single- and
mixed-strain infections with NRG1OEX and UME6OEX. The number of live fish screened for each infection at each time point is shown. (C)
Survival of fish during NRG1OEX, UME6OEX, and mixed-morphology fungal infections. Shown are pooled results for 65 individual uninfected
fish and for 85, 113, and 180 individual fish infected with NRG1OEX alone, UME6OEX alone, and a mixture of the two, respectively. (D, E,
and F) Dissemination and yeast levels in mixed-strain infections with different filament inocula. Results are pooled from 7 independent
experiments. (D) Percentage of dissemination for mixed-strain infections with low (1 to 10 cells) or high (11 to 20 cells) filament inocula.
The number of live fish screened for each inoculum is shown. (E) Yeast levels, quantified by pixels in ImageJ, in fish with either low (1 to
10 cells) or high (11 to 20 cells) filament inocula (black circles, low inocula; blue squares, high inocula). (F) Levels of invasion at 18 hpi in
fish that go on to have disseminated infection at 24 hpi (black circles) or 30 hpi (blue squares), compared to those in fish that remain
without dissemination by 30 hpi (gray triangles). Filament invasion was quantified in confocal images taken at 18 hpi, and dissemination
was scored at 24 and 30 hpi. (G and H) Invasion and mortality in mixed-strain infections with different yeast inocula. Results are pooled
from 4 to 7 independent experiments. (G) Survival of fish during infection with low (1 to 10 cells) or high (11 to 20 cells) NRG1OEX inocula.
Shown are pooled results for 115 individual uninfected fish and for 517 and 257 fish infected with mixed-strain, low-NRG1OEX inocula and
with mixed-strain, high-NRG1OEX inocula, respectively. (H) Filament invasion at 18 hpi, expressed in pixels as quantified by ImageJ (Fiji),
during infections with low (blue circles) or high (gray squares) yeast inocula. Statistical analysis was carried out by use of Fisher’s exact
test with Bonferroni’s correction (B and D), the Mantel-Cox log rank test with Bonferroni’s correction (C and G), the Mann-Whitney U test
(E and H), or the Kruskal-Wallis test with Bonferroni’s correction (F). Medians with interquartile ranges are displayed. *, P � 0.05; **, P �
0.01; ***, P � 0.001; n.s., not significant.
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frequencies for mixed-strain (UME6OEX plus NRG1OEX) and single-strain (NRG1OEX)
infections (Fig. 5B). In accord with these findings, we also measured similar dissemina-
tion frequencies in infections with SC5314 and hypofilamentous mutants at all tem-
peratures tested (see Fig. S5A and B and Fig. S6A and C in the supplemental material).
These results suggest that filaments do not affect the ability of yeast to disseminate.
Interestingly, we found less mortality in mixed-strain infections than in infections with
filament-dominant strains, suggesting that yeast does somehow affect the mortality
associated with filament invasion (Fig. 5C; also Fig. S5C and S6B and D). Overall, these
results suggest that morphotypes do not synergize to enhance each other’s activities.

Our results suggesting that yeast and filaments do not enhance each other during
infection were unexpected and drove us to further investigate this lack of synergy. We
postulated that the relative number of filament- or yeast-locked cells in the mixed
infectious dose may affect dissemination or invasion/mortality. To test this idea, we split
mixed infections between low (1 to 10 cells) and high (11 to 20 cells) filament or yeast
inocula and analyzed the impact of these dosages. As noted above, we found no
significant differences in these two different infection doses in single-strain infections
(Fig. 3; also Fig. S2 in the supplemental material). In the context of yeast function, we
found that the filament inoculum size had no impact on the ability of yeast to
disseminate or proliferate in the yolk (Fig. 5D and E). Filament invasion also did not
impact the ability to disseminate (Fig. 5F). In the context of filament function, we found
that the yeast inoculum size does not affect survival or impact the ability of filaments
to invade tissue (Fig. 5G and H). These results are consistent with the idea that the
intrinsic abilities of each shape to disseminate or invade tissue are insensitive to the
presence of both morphotypes. While comparison of mixed-strain infections and
monoinfections (Fig. 5C; also Fig. S5C and S6B and D in the supplemental material)
suggests that the presence of yeast limits filament-driven mortality, these experiments
with different levels of yeast suggest that a more subtle alteration in the yeast dose
(either 1 to 10 cells or 11 to 20 cells) does not significantly impact survival.

The lower mortality associated with mixed-morphology (yeast-plus-filament) infec-
tions than with filament-only infections suggested the possibility that yeast might
reduce mortality by signaling to either the host or the filamentous cells early during the
infection. To further investigate the role of yeast in reducing mortality, we took
advantage of the potential to shut off expression of the extra copy of the yeast-
inducing NRG1 gene in the NRG1OEX strain. Because the extra copy of NRG1 is under the
control of the TET repressor, doxycycline (DOX) blocks expression both in vitro and in
murine infections (23, 24). Although initial experiments with the addition of DOX to the
water were ineffective in reversing the yeast-locked phenotype of the NRG1OEX strain
in vivo, we found that coinjection of DOX at the time of infection was highly effective
in allowing filamentous growth of this strain in vivo (see Fig. S7 in the supplemental
material). Lower concentrations of DOX were less effective, and higher concentrations
were slightly toxic to fish (data not shown). At several times postinfection, cohorts of
fish were euthanized, flattened, and imaged by epifluorescence microscopy. Images
were then quantified as described in Materials and Methods. For infections conducted
at 28°C and 33°C, this resulted in a nearly complete switch of morphology from almost
100% yeast to almost 100% hyphae, in line with what is seen for the wild-type TT21
strain. For infections at the low temperature of 21°C, this resulted in a phenocopy of the
wild-type morphology mix of approximately 25% yeast and 75% filaments. These
experiments are the first to demonstrate TET-regulated expression of fungal genes
during infection of zebrafish. However, there appeared to be slightly more yeast growth
in the wild-type TT21 strain when it was coinjected with DOX during infections at 21°C
and 28°C.

This inhibition by DOX is consistent with previous work suggesting that the iron-
chelating ability of DOX leads to inhibition of C. albicans growth (55). We confirmed
that DOX induces filamentous growth of the NRG1OEX strain but also found that higher
levels of DOX inhibited the growth of both the NRG1OEX strain (see Fig. S8 in the
supplemental material) and the wild-type CAF2 strain (data not shown). However, as
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expected on the basis of previously published work (55), the addition of approximately
equimolar levels of ferric chloride eliminated this inhibition without blocking the ability
of DOX to allow the NRG1OEX strain to make filaments. These experiments confirm the
previous work and extend it to the NRG1OEX strain, suggesting that coadministration of
DOX with equimolar levels of ferric chloride is an effective way to eliminate this
potential adverse effect of drug addition.

Our successful demonstration of conditions for DOX administration for altering
morphology in vivo put us in a position to test if switching morphology midway
through the infection could alter the survival of coinfected fish. We first coinfected fish,
then injected either a vehicle (saline) or DOX at 18 hpi, and monitored survival for an
additional 24 h. We performed all infections at 28°C, a temperature at which wild-type
strains grow almost universally as filaments, so that the addition of DOX would switch
morphology completely. We found that, in line with previous experiments, coinfected
fish injected with a vehicle at 18 hpi had lower mortality than monoinfected fish (see
Fig. S9A in the supplemental material). Interestingly, there was no difference in survival
between monoinfections and coinfections with the injection of DOX at 18 hpi. To
confirm that the later injection of DOX led to a change in the morphology of the
NRG1OEX strain, we imaged live fish and found high levels of filamentous growth at 30
hpi by live confocal microscopy (Fig. S9B) and at 44 hpi after euthanizing the fish,
flattening the samples, and imaging by epifluorescence microscopy (Fig. S9C). These
experiments suggest that switching the morphology of NRG1OEX C. albicans from yeast
to filaments midway through infection eliminates the reduced mortality associated with
mixed-strain infection. Thus, the presence of yeast throughout the infection is impor-
tant in limiting mortality during coinfection.

DISCUSSION

Invasive, disseminated C. albicans infections claim as many as 30 to 50% of those
diagnosed (16, 17). C. albicans has a pleomorphic ability to switch between yeast and
filament growth that is a crucial virulence factor during these deadly infections. It has
long been hypothesized that yeast drives dissemination while filaments are primarily
invasive, but technical limitations have prevented the visualization of these processes
during infection. We used a simplified, transparent vertebrate infection model to probe
the individual and combined abilities of both the yeast and filament forms of C.
albicans. Our findings with the larval zebrafish suggest that yeast and filaments have
specialized, independent roles during tissue-to-bloodstream spread in candidiasis.
Infections with genetically modified strains and infections with wild-type strains during
temperature shifts all show that yeast disseminates, in contrast to filaments, which
invade tissue and ultimately kill the host. Mixed-strain infections provide further
evidence of each of these roles and, surprisingly, demonstrate that the two morpho-
types, with defined numbers of morphology-locked strains, do not synergize to en-
hance infection progression. Overall, our study confirms the long-suspected roles of
each morphotype during infection and demonstrates that there is little influence of one
morphotype on the other during disease development.

Zebrafish provide a platform with which to answer questions that cannot be
investigated in murine or in vitro models during host–C. albicans interactions. Trans-
parency, a unique trait of this vertebrate, allowed us to visualize all fungal cells
throughout the host at high resolution. This enabled noninvasive quantification of
morphology, invasion, yeast proliferation, and dissemination frequency; of these, only
invasion has been quantified in vitro previously, through damage assays (56). Longitu-
dinal imaging of individual fish enabled us to link invasion directly with mortality and
to test connections between the inoculum size and pathogenesis, consistent with
results from simpler inoculum size–mortality correlations that have been analyzed in
mice (29). Another advantage of the zebrafish is the cost-effectiveness of husbandry
(57), which permitted the testing of multiple fungal strains and environmental condi-
tions using the same infection protocol. Furthermore, we could take advantage of the
flexibility of zebrafish for growth at different temperatures to manipulate C. albicans
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morphology, which has so far been analyzed only in vitro (19). In the future, we can take
advantage of multiple transgenic lines (58, 59) to examine the role of immune response
in yeast dissemination, the prevention of invasion, and the unexpected contributions of
yeast to reduced mortality during coinfections.

Balancing these unique advantages, a few differences between our model and
murine infections should be noted. Due to the small size of the fish, C. albicans
filaments can damage a significant percentage of the whole fish quite rapidly. Thus,
only a few filament cells are sufficient to kill a larval fish, while a much larger dose is
necessary in mice (29). Furthermore, since the infection spreads over much shorter
distances in the fish, extensive invasion of the whole host does not require dissemi-
nation. Therefore, movement into the bloodstream and spread to other organs likely
play a much less important role in overall virulence in larval fish than in larger animals,
such as mice and humans. Similar results have also been found in a zebrafish model of
mycobacterial infection, where comparably extensive mycobacterial growth and patho-
genesis occur in both localized hindbrain and bloodstream infections during macro-
phage ablation (60). Due to these differences, we focused on aspects of infection that
are most likely to be conserved among small and large vertebrate hosts: basic behaviors
of yeast and filaments, and the interplay between morphological forms. These behav-
iors are likely similar across species, in part because of the conservation of host factors
relevant for C. albicans– host interaction, such as immune cell types and receptors on
epithelial and endothelial cells that mediate endocytosis (57, 61–63). Furthermore, the
applicability of our study to mammalian infection is supported by the fact that our
findings are consistent with the morphotype-function relationships originally sug-
gested by experiments with mice. Specifically, intravenous murine infections with
yeast- or filament-locked strains are each associated with reduced overall virulence,
although filament-dominant infections are more virulent than infections with yeast-
locked strains (24, 28). In the murine model, it has not been feasible to quantify
dissemination and invasion in these infections, but such quantification has been made
possible here by the development of a localized infection model in zebrafish. In this
zebrafish model, we found similar overall infection dynamics with morphology-locked
strains, where filaments are associated with invasion and mortality but are not able to
disseminate, while yeast is able to disseminate but causes less invasion and delayed
mortality. These similarities between zebrafish and murine infections, combined with
the conservation of basic anatomy and cellular architecture between the two verte-
brate hosts, suggest that our findings and our model are relevant for understanding
mammalian infection. It will be interesting to examine antagonism and synergy be-
tween yeast and filaments in more-localized models of murine infection, such as
intraperitoneal infection (64).

Experiments with genetic manipulation of five separate C. albicans morphology
regulators provide strong evidence for a filament–invasion and yeast– dissemination
dichotomy. It was important to use several different genetic manipulations, since each
individual change could produce non-morphotype-specific artifacts during infection,
potentially altering other cellular functions, such as metabolism and cell wall structural
integrity (21, 48–51). Both wild-type-strain and filament-dominant UME6OEX infections
produced rapid invasion and mortality but did not spread through the blood, findings
similar to those for other zebrafish and mouse infection models (8, 28, 29). In contrast,
two hypofilamentous mutants (the efg1Δ/Δ cph1Δ/Δ and eed1Δ/Δ mutants) and a
yeast-locked overexpression strain (NRG1OEX) caused disseminated infection with low
mortality, results similar to those for murine infection models (24, 27). Both hypofila-
mentous mutants grew pseudohyphae at times, in line with mouse studies where
filamentous growth of the efg1Δ/Δ cph1Δ/Δ mutant was observed in kidneys (44, 45).
However, similar rates of dissemination and mortality were seen for infections with the
morphologically stable NRG1OEX strain, suggesting that pseudohyphae may not play
the same role as hyphae. Overall, the use of these genetic manipulations to alter
morphology and monitor the shape/location of all fungal cells in this model provided
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us with a more thorough understanding of how C. albicans utilizes shape to invade
tissue and disseminate infection throughout the host.

Temperature manipulations of C. albicans morphogenesis in the host provide further
evidence for the independent and specialized roles of each morphotype, complement-
ing our results with hypofilamentous strains. These are, to our knowledge, the first
experiments using environmental manipulation in vivo to perturb and study both yeast
and filament contributions to dissemination and invasion in candidiasis. However,
temperature alterations were recently used to probe the virulence of the fungal
dimorph Talaromyces marneffei (65). Temperature shifts can alter gene expression and
physiology in zebrafish, including responses to oxidative stress and motor activities,
and immune responses to infection and wounding can be temporarily altered (66–68).
Nonetheless, our control experiments monitoring immune homeostasis and wounding
responses provide support for the immune stability of zebrafish over short-term
infections at temperatures higher and lower than the usual 28°C. Extensive testing was
also done as an adjunct to the investigations of T. marneffei in zebrafish larvae (65).
While it is possible that other physiological changes at different temperatures may
occur, the conservation of morphotype-specific activities throughout the range of
temperatures (Fig. S6 in the supplemental material) suggests that any other physio-
logical changes do not change the specialized activities of yeast and filaments. Taken
together with the consistent results in control experiments with shape-locked strains at
multiple temperatures, these data suggest that temperature shifts can be used over
these time scales to test the functions of C. albicans pathogenesis in zebrafish without
gross consequences for immune function.

In human patients, both yeast and filaments of C. albicans are found at the infection
site, suggesting that the presence of both morphotypes contributes to systemic
candidiasis (69). Our results show that yeast and filaments have an additive effect on
dissemination and mortality during coinfections in zebrafish, providing the first evi-
dence to date for the separability of their functions in vivo. Murine infection studies
indicate that both yeast- and filament-locked strains have lower levels of virulence than
a wild-type strain that can switch forms (21, 24, 49, 70, 71). This suggests that either the
presence of both forms or a dimorphic transition is required for virulence. However,
there are no studies in mice focused on defined coinfections with yeast- and filament-
locked strains, and results from pooled mixed-strain infections suggest that in vitro
morphology and relative infection progression in vivo are not perfectly correlated (72).
The additive effect of yeast and filaments on dissemination and mortality that we find
in our mixed-strain infections supports the idea that the simultaneous presence of both
forms is a key factor in promoting full pathogenesis. Thus, while each form contributes
an important component to successful infection, the simple presence of both
morphology-locked forms allows for the distinct functions of dissemination and inva-
sion, even if the strains cannot switch back and forth between shapes.

Surprisingly, C. albicans morphotypes do not synergize to enhance yeast spread or
filament invasion in zebrafish. Interestingly, comparison of monoinfection (filament
only) to mixed-morphology infection (filaments plus yeast) suggests that the presence
of yeast during infection results in higher survival (Fig. 5C; also Fig. S5C and S6B and D
in the supplemental material), although there was no difference in overall mortality
between low and high yeast inocula in mixed-strain infections (Fig. 5G). This suggests
that the presence of yeast makes a subtle but consistent difference in reducing
mortality, but that this difference is associated only with the presence or absence of
yeast rather than with the overall level of the yeast inoculum. The DOX-mediated
morphology switching results further suggest that the reduction in mortality requires
the continuous presence of yeast, although this is a tentative conclusion that awaits
more experiments with varied times of DOX-mediated switching. We do not yet
understand how the presence or absence of yeast affects the lethality of the filaments,
but this influence could be dependent on other fungal or host factors. For instance,
several quorum-sensing factors are known to mediate intercellular communication
among C. albicans cells (73, 74). Alternatively, yeast presence could result in ongoing
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immune modulation due to differential immune responses to yeast and filaments (75,
76). Future studies concurrently analyzing immune responses in mixed-morphotype
infections may provide us with a better understanding of how yeast affects the ability
of filaments to kill fish but not to invade tissue.

Overall, the unique advantages of the zebrafish model described in this study offer
a new outlook on host–C. albicans interactions in the context of morphological effects
on pathogenesis. Taken together, these results provide detailed evidence confirming
the previously suspected links between shape and pathogenesis, revealing indepen-
dent roles for each morphotype during infection. Characterizing the roles of each
morphotype during infection has the potential to inform the development and use of
promising new morphotype-specific interventions against C. albicans (12, 25, 26).

MATERIALS AND METHODS
Ethics statement. All zebrafish protocols were conducted in accordance with the recommendations

in the Guide for the Care and Use of Laboratory Animals of the National Research Council (77). All animals
were treated in a humane manner according to the guidelines of the University of Maine Institutional
Animal Care and Use Committee (IACUC), protocols A2012-11-03 and A2015-11-03.

Zebrafish care and maintenance. Adult zebrafish were kept at 28°C in recirculating systems
(Aquatic Habitats, Apopka, FL) at the University of Maine Zebrafish Facility. Zebrafish embryos were
collected and grown at 33°C at a density of 150 eggs/dish in 150-mm petri dishes containing 150 ml egg
water (Nanopure water with 20 g/liter [final concentration, 60 mg/liter] Instant Ocean salts [Aquarium
Systems, Mentor, OH]). Egg water was supplemented with 0.1% methylene blue (final concentration,
0.00003%) (Alfa Aesar, Haverhill, MA) for 24 h to prevent microbial growth. Water was changed once a
day to keep larvae clean. For temperature experiments, larvae were placed at either 33°C, 28°C, or 21°C
after microinjection. The wild-type AB fish line from the Zebrafish International Resource Center and the
Tg(BACmpo:gfp) fish line (for neutrophil flow cytometry data) described previously (59) were used for
experiments. All zebrafish husbandry was performed as described previously (78, 79).

Fungal strains and growth conditions. Candida albicans strains are described in Table S1 in the
supplemental material. The nonfluorescent overexpression strains have been described previously (23).
C. albicans strains were grown on YPD (yeast-peptone-dextrose) agar (20 g/liter Bacto peptone, 10 g/liter
Bacto yeast extract, 20 g/liter Bacto agar, 20 g/liter dextrose; BD/Fisher Chemical) at 37°C. Liquid cultures
were grown overnight in YPD medium at 30°C for infections. For UME6OEX, the strain was grown on YPD
agar or in liquid supplemented with 50 �g/ml or 25 �g/ml doxycycline hyclate (DOX; Calbiochem, EMD
Millipore, Billerica, MA), respectively, to produce nonfilamentous colonies. Overnight cultures were
resuspended and diluted in phosphate-buffered saline (PBS) and were counted on a hemocytometer for
a concentration of 1 � 107 cells/ml or 5 � 106 cells/ml for injection. For mixed-strain infections,
concentrations of each fungal strain (1 � 107 cells/ml) were made separately before being mixed
together in a 1:1 ratio for injection (final concentration for each strain, 5 � 106 cells/ml). For infections
involving UME6OEX-dTomato, yeast cells were stained for 5 min with 750 �g/ml calcofluor white (CFW)
before being washed in PBS once or twice (Sigma-Aldrich, St. Louis, MO) for better visualization during
postinfection screening.

Engineering of NEON-expressing C. albicans strains. The NRG1OEX-NEON-NATR C. albicans strain
(NRG1OEX-NEON) was constructed by transforming the NRG1OEX strain (Table S1 in the supplemental
material) (23) with the pENO1-NEON-NATR plasmid, engineered in our lab. This plasmid contains a
codon-optimized version of the NEON gene under the control of the constitutive ENO1 promoter, with
a nourseothricin resistance selection marker (NATR) (plasmids themselves are on a pUC57 backbone). The
plasmid was cloned and ligated into the Escherichia coli competent strain NEB5� (New England BioLabs,
Ipswich, MA). Transformed cells were prepared (QIAprep Spin Miniprep kit; Qiagen, Valencia, CA), and
DNA was digested with restriction enzymes flanking the beginning and end of the NEON insert (NcoI and
PacI; New England BioLabs, Ipswich, MA) to identify correct transformants (the backbone is �5 kb; the
NEON insert is 715 bp). C. albicans was transformed using the lithium acetate protocol published
previously (80), with nourseothricin resistance as a selection marker (100 �g/ml NAT; Werner Bioagents,
Jena, Germany). At least 3 to 20 colonies were selected and screened for fluorescence via epifluorescence
microscopy (Carl Zeiss Microscopy LLC, Thornwood, NY) and flow cytometry (for NEON, a 488-nm laser
with a fluorescein isothiocyanate [FITC] filter; LSRII; Becton, Dickinson and Company, Franklin Lakes, NJ).
PCR was used to check for correct integration of the NEON plasmid in the ENO1 locus using primers PENO1

Fw and NEON Rv (�1.2 kb). All primer sets can be found in Table S2 in the supplemental material. Strains
containing dTomato or iRFP were transformed with pENO1-dTomato-NATR (68) or pENO1-iRFP-NATR (70),
respectively, according to this protocol. PCR was used to check for correct integration of the dTomato
plasmid in the ENO1 locus using primers Sp6 and dTomato Rv (�680 bp) or PENO1 Fw and dTomato Rv
(�1.2 kb). PCR was used to check for the correct integration of the iRFP plasmid using primers PENO1 Fw
and iRFP Rv1 (�1.2 kb).

Microinjection. Zebrafish at the roughly prim-22 stage were physically dechorionated and
anesthetized in 4 mg/ml Tris-buffered tricaine methanesulfonate (final concentration, 160 �g/ml in
50 ml egg water) (Western Chemical, Ferndale, WA). For injection, 2 to 4 nl of PBS or C. albicans
suspended at 1 � 107 cells/ml or 5 � 106 cells/ml in PBS was microinjected with borosilicate glass
capillary needles (Sutter Instrument, Novata, CA) through the back of the yolk near the junction of
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the yolk extension for a dose between 5 and 20 CFU. In experiments that needed exact known
inoculum sizes, fish were screened, and the inoculum sizes for all strains were counted. Fish were
then plated in individual wells until imaging and infection scoring. A small portion of fish mock
infected with PBS do die due to natural causes in the first 4 days postinjection, and this proportion
can differ from batch to batch of fish. Therefore, to make sure that these variations do not affect any
comparisons among cohorts, all cohorts are included in experiments with a given batch of fish, and
a full set of independent experiments is pooled.

Fluorescence microscopy. An FV-1000 laser-scanning confocal system on an Olympus IX-81
inverted microscope was used for confocal imaging (Olympus, Waltham, MA). Objective lenses with
powers of 10� (numerical aperture [NA], 0.40) and 20� (NA, 0.70) were used. Live fish were prepared
for imaging by anesthetizing and immobilizing them in 0.4% low-melting-point agarose (Lonza,
Rockland, ME) with tricaine. Intact fish images are overlays of differential interference contrast (DIC)
and fluorescence images or fluorescence image panels (e.g., red, red/green). Images consist of 18 to
25 slices stacked at a maximum z-projection. dTomato, enhanced green fluorescent protein (EGFP),
NEON, and iRFP were detected by optical lasers/filters with a 10� (NA, 0.4) or 20� (NA, 0.7) lens
objective for excitation/emission, respectively, at 546 nm/560 to 660 nm (dTomato), 488 nm/505 to
525 nm (both EGFP and NEON), and 647 nm/655 to 755 nm (iRFP). For 2-dimensional (2D) imaging
of yeast and filaments, fish were euthanized by an overdose of tricaine (300 �g/ml for 10 min) and
were individually placed on a glass slide (25 by 75 mm; Corning, Corning, NY). A glass coverslip (12
by 12 mm; Corning, Corning, NY) was placed on top of the fish and was pressed down using the bulb
of a plastic Pasteur pipette to gently flatten the fish. Images were acquired on a Zeiss AxioVision
epifluorescence microscope (Carl Zeiss Microscopy LLC, Thornwood, NY) using a 40� objective (NA,
0.75) and were processed using Photoshop (version CS5 12.1, 64 bit; Adobe Systems Incorporated)
and Fiji (www.fiji.sc) software.

Imaging and quantification of filament invasion and yeast colonization in intact fish. To image
fungal invasion and colonization in intact fish, fish infected with known yeast and/or filament inocula
were plated into individual wells in either 24- or 96-well glass-bottom plates, anesthetized with tricaine,
and stabilized in 0.4% low-melting-point agarose as described above. Each fish was placed on its left side,
with the head facing the right side of the well. Random, nondisseminated fish were imaged at 18 hpi.
This time point was chosen to allow for a significant period of infection progression while making sure
to image before significant mortality occurred. Yolk sacs were imaged on an Olympus IX-81 inverted
confocal microscope with consistent photomultiplier tube (PMT) voltage (high voltage [HV]; for the Alexa
Fluor 488 laser, 660 V; for the Alexa Fluor 546 laser, 700 V). Images consist of 18 to 20 slices stacked at
a maximum z-projection. Images were then transferred to ImageJ (Fiji) and were thresholded for either
bright filaments (indicating invasion outside yolk) or whole yeast-colonized areas, and each area was
quantified in pixels. If fish had infections on the far side of the yolk and thresholding could not detect
fluorescence, these fish were excluded from data analysis. The yeast level was calculated as a percentage
of the total area covered by fungi. Care was taken to ensure that images for quantification were taken
with identical settings and were processed identically.

Longitudinal analyses of survival, dissemination, filament invasion, and yeast colonization
level. To quantify the percentage of survival of infected fish for Kaplan-Meier curves, all fish were pooled
at each time point and censored for either survival (score, 0) or death (score, 1) for each group
(uninfected, infected). To quantify the percentage of dissemination in experiments with pooled infection
groups that were not followed longitudinally (Fig. 1C, 2C, 3B, D, and F, and 4B; also Fig. S5B and S6A and
C in the supplemental material), all scored, live fish were pooled from each experiment at each time
point. For longitudinal imaging experiments (Fig. 2E and F and Fig. 4D to F and H; also Fig. S2), fish were
kept in individual wells starting immediately postinfection (�1 hpi, when the inoculum size was
determined), screened for lack of dissemination at 18 hpi, imaged to determine the yeast colonization
level and filament invasion level at 18 hpi, and then followed and scored at 24 and 30 hpi for
dissemination and mortality. Results for fish from multiple independent experiments were pooled for
analysis as indicated in the figure legends.

Statistical analysis. All statistical analyses were performed in GraphPad Prism software (version 6;
GraphPad, La Jolla, CA). Cohorts of infected fish start at similar numbers during longitudinal analysis, but
some fish in infected groups succumb to infection over time, leading to a lower number of live fish at
a given time point (depicted on dissemination graphs). All data were tested with nonparametric tests, as
indicated in the corresponding figure legends.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
.00415-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 2, PDF file, 1.0 MB.
SUPPLEMENTAL FILE 3, PDF file, 0.1 MB.
SUPPLEMENTAL FILE 4, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 5, PDF file, 1.8 MB.
SUPPLEMENTAL FILE 6, PDF file, 3.4 MB.
SUPPLEMENTAL FILE 7, PDF file, 0.2 MB.

Two Candida Morphotypes Have Independent Activities Infection and Immunity

October 2018 Volume 86 Issue 10 e00415-18 iai.asm.org 13

 on M
ay 23, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://www.fiji.sc
https://doi.org/10.1128/IAI.00415-18
https://doi.org/10.1128/IAI.00415-18
https://iai.asm.org
http://iai.asm.org/


SUPPLEMENTAL FILE 8, PDF file, 0.5 MB.
SUPPLEMENTAL FILE 9, PDF file, 3.0 MB.
SUPPLEMENTAL FILE 10, PDF file, 7.8 MB.

ACKNOWLEDGMENTS
We thank Brian Peters and Glenn Palmer (U. Tennessee Health Science Center) for C.

albicans strains (TUME6, TNRG1, and TT21). We acknowledge Zachary R. Newman and
Remi L. Gratacap for technical advice on image analysis, Con Sullivan for assistance with
flow cytometry, Mark Nilan for superior fish care, and members of the Wheeler lab for
stimulating discussions.

This work was supported by NIH grants R15AI094406 and R15AI133415 and USDA
Hatch grants ME0-H-1-00517-13 and ME-021821 to R.T.W. R.T.W. is a PATH Investigator
of the Burroughs Wellcome Fund.

REFERENCES
1. Dagenais TR, Keller NP. 2009. Pathogenesis of Aspergillus fumigatus in

invasive aspergillosis. Clin Microbiol Rev 22:447– 465. https://doi.org/10
.1128/CMR.00055-08.

2. Frenkel JK. 1976. Pneumocystis jiroveci n. sp. from man: morphology,
physiology, and immunology in relation to pathology. Natl Cancer Inst
Monogr 43:13–30.

3. Medoff G, Painter A, Kobayashi GS. 1987. Mycelial- to yeast-phase tran-
sitions of the dimorphic fungi Blastomyces dermatitidis and Paracoccid-
ioides brasiliensis. J Bacteriol 169:4055– 4060. https://doi.org/10.1128/jb
.169.9.4055-4060.1987.

4. Okagaki LH, Strain AK, Nielsen JN, Charlier C, Baltes NJ, Chretien F,
Heitman J, Dromer F, Nielsen K. 2010. Cryptococcal cell morphology
affects host cell interactions and pathogenicity. PLoS Pathog
6:e1000953. https://doi.org/10.1371/journal.ppat.1000953.

5. Retallack DM, Woods JP. 1999. Molecular epidemiology, pathogenesis, and
genetics of the dimorphic fungus Histoplasma capsulatum. Microbes Infect
1:817–825. https://doi.org/10.1016/S1286-4579(99)80084-7.

6. Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K, Yamaguchi H.
2009. Candida auris sp. nov., a novel ascomycetous yeast isolated from
the external ear canal of an inpatient in a Japanese hospital. Microbiol
Immunol 53:41– 44. https://doi.org/10.1111/j.1348-0421.2008.00083.x.

7. Silva S, Negri M, Henriques M, Oliveira R, Williams DW, Azeredo J. 2011.
Adherence and biofilm formation of non-Candida albicans Candida
species. Trends Microbiol 19:241–247. https://doi.org/10.1016/j.tim.2011
.02.003.

8. Brothers KM, Newman ZR, Wheeler RT. 2011. Live imaging of dissemi-
nated candidiasis in zebrafish reveals role of phagocyte oxidase in
limiting filamentous growth. Eukaryot Cell 10:932–944. https://doi.org/
10.1128/EC.05005-11.

9. Chambô Filho A, Souza Filho JB, Pignaton CC, Zon I, Fernandes AS,
Cardoso LQ. 2014. Chronic mucocutaneous candidiasis: a case with
exuberant cutaneous horns in nipples. An Bras Dermatol 89:641– 644.
https://doi.org/10.1590/abd1806-4841.20143020.

10. Cutler JE. 1991. Putative virulence factors of Candida albicans. Annu
Rev Microbiol 45:187–218. https://doi.org/10.1146/annurev.mi.45
.100191.001155.

11. Drummond RA, Collar AL, Swamydas M, Rodriguez CA, Lim JK, Mendez
LM, Fink DL, Hsu AP, Zhai B, Karauzum H, Mikelis CM, Rose SR, Ferre EM,
Yockey L, Lemberg K, Kuehn HS, Rosenzweig SD, Lin X, Chittiboina P,
Datta SK, Belhorn TH, Weimer ET, Hernandez ML, Hohl TM, Kuhns DB,
Lionakis MS. 2015. CARD9-dependent neutrophil recruitment protects
against fungal invasion of the central nervous system. PLoS Pathog
11:e1005293. https://doi.org/10.1371/journal.ppat.1005293.

12. Graham CE, Cruz MR, Garsin DA, Lorenz MC. 2017. Enterococcus faecalis
bacteriocin EntV inhibits hyphal morphogenesis, biofilm formation, and
virulence of Candida albicans. Proc Natl Acad Sci U S A 114:4507– 4512.
https://doi.org/10.1073/pnas.1620432114.

13. Samaranayake YH, Samaranayake LP. 2001. Experimental oral candidiasis
in animal models. Clin Microbiol Rev 14:398 – 429. https://doi.org/10
.1128/CMR.14.2.398-429.2001.

14. Trevijano-Contador N, Rueda C, Zaragoza O. 2016. Fungal morphoge-
netic changes inside the mammalian host. Semin Cell Dev Biol 57:
100 –109. https://doi.org/10.1016/j.semcdb.2016.04.008.

15. Vázquez-Torres A, Balish E. 1997. Macrophages in resistance to candidi-
asis. Microbiol Mol Biol Rev 61:170 –192.

16. Horn DL, Neofytos D, Anaissie EJ, Fishman JA, Steinbach WJ, Olyaei AJ,
Marr KA, Pfaller MA, Chang CH, Webster KM. 2009. Epidemiology and
outcomes of candidemia in 2019 patients: data from the prospective
antifungal therapy alliance registry. Clin Infect Dis 48:1695–1703. https://
doi.org/10.1086/599039.

17. Gudlaugsson O, Gillespie S, Lee K, Vande Berg J, Hu J, Messer S, Herwaldt
L, Pfaller M, Diekema D. 2003. Attributable mortality of nosocomial
candidemia, revisited. Clin Infect Dis 37:1172–1177. https://doi.org/10
.1086/378745.

18. Gow NA, van de Veerdonk FL, Brown AJ, Netea MG. 2011. Candida
albicans morphogenesis and host defence: discriminating invasion from
colonization. Nat Rev Microbiol 10:112–122. https://doi.org/10.1038/
nrmicro2711.

19. Shapiro RS, Uppuluri P, Zaas AK, Collins C, Senn H, Perfect JR, Heitman
J, Cowen LE. 2009. Hsp90 orchestrates temperature-dependent Candida
albicans morphogenesis via Ras1-PKA signaling. Curr Biol 19:621– 629.
https://doi.org/10.1016/j.cub.2009.03.017.

20. Sudbery P, Gow N, Berman J. 2004. The distinct morphogenic states of
Candida albicans. Trends Microbiol 12:317–324. https://doi.org/10.1016/
j.tim.2004.05.008.

21. Kadosh D. 2017. Morphogenesis in C. albicans. In Prasad R (ed), Candida
albicans: cellular and molecular biology. Springer, Cham, Switzerland.

22. Han TL, Cannon RD, Villas-Boas SG. 2011. The metabolic basis of Candida
albicans morphogenesis and quorum sensing. Fungal Genet Biol 48:
747–763. https://doi.org/10.1016/j.fgb.2011.04.002.

23. Peters BM, Palmer GE, Nash AK, Lilly EA, Fidel PL, Jr, Noverr MC. 2014.
Fungal morphogenetic pathways are required for the hallmark inflam-
matory response during Candida albicans vaginitis. Infect Immun 82:
532–543. https://doi.org/10.1128/IAI.01417-13.

24. Saville SP, Lazzell AL, Monteagudo C, Lopez-Ribot JL. 2003. Engineered
control of cell morphology in vivo reveals distinct roles for yeast and
filamentous forms of Candida albicans during infection. Eukaryot Cell
2:1053–1060. https://doi.org/10.1128/EC.2.5.1053-1060.2003.

25. Romo JA, Pierce CG, Chaturvedi AK, Lazzell AL, McHardy SF, Saville SP,
Lopez-Ribot JL. 2017. Development of anti-virulence approaches for
candidiasis via a novel series of small-molecule inhibitors of Candida
albicans filamentation. mBio 8(6):e01991-17. https://doi.org/10.1128/
mBio.01991-17.

26. Vila T, Romo JA, Pierce CG, McHardy SF, Saville SP, Lopez-Ribot JL. 2017.
Targeting Candida albicans filamentation for antifungal drug development.
Virulence 8:150–158. https://doi.org/10.1080/21505594.2016.1197444.

27. Lo HJ, Kohler JR, DiDomenico B, Loebenberg D, Cacciapuoti A, Fink GR.
1997. Nonfilamentous C. albicans mutants are avirulent. Cell 90:
939 –949. https://doi.org/10.1016/S0092-8674(00)80358-X.

28. Carlisle PL, Banerjee M, Lazzell A, Monteagudo C, Lopez-Ribot JL, Kadosh
D. 2009. Expression levels of a filament-specific transcriptional regulator
are sufficient to determine Candida albicans morphology and virulence.
Proc Natl Acad Sci U S A 106:599 – 604. https://doi.org/10.1073/pnas
.0804061106.

29. MacCallum DM, Odds FC. 2005. Temporal events in the intravenous chal-

Seman et al. Infection and Immunity

October 2018 Volume 86 Issue 10 e00415-18 iai.asm.org 14

 on M
ay 23, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1128/CMR.00055-08
https://doi.org/10.1128/CMR.00055-08
https://doi.org/10.1128/jb.169.9.4055-4060.1987
https://doi.org/10.1128/jb.169.9.4055-4060.1987
https://doi.org/10.1371/journal.ppat.1000953
https://doi.org/10.1016/S1286-4579(99)80084-7
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1016/j.tim.2011.02.003
https://doi.org/10.1016/j.tim.2011.02.003
https://doi.org/10.1128/EC.05005-11
https://doi.org/10.1128/EC.05005-11
https://doi.org/10.1590/abd1806-4841.20143020
https://doi.org/10.1146/annurev.mi.45.100191.001155
https://doi.org/10.1146/annurev.mi.45.100191.001155
https://doi.org/10.1371/journal.ppat.1005293
https://doi.org/10.1073/pnas.1620432114
https://doi.org/10.1128/CMR.14.2.398-429.2001
https://doi.org/10.1128/CMR.14.2.398-429.2001
https://doi.org/10.1016/j.semcdb.2016.04.008
https://doi.org/10.1086/599039
https://doi.org/10.1086/599039
https://doi.org/10.1086/378745
https://doi.org/10.1086/378745
https://doi.org/10.1038/nrmicro2711
https://doi.org/10.1038/nrmicro2711
https://doi.org/10.1016/j.cub.2009.03.017
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1016/j.tim.2004.05.008
https://doi.org/10.1016/j.fgb.2011.04.002
https://doi.org/10.1128/IAI.01417-13
https://doi.org/10.1128/EC.2.5.1053-1060.2003
https://doi.org/10.1128/mBio.01991-17
https://doi.org/10.1128/mBio.01991-17
https://doi.org/10.1080/21505594.2016.1197444
https://doi.org/10.1016/S0092-8674(00)80358-X
https://doi.org/10.1073/pnas.0804061106
https://doi.org/10.1073/pnas.0804061106
https://iai.asm.org
http://iai.asm.org/


lenge model for experimental Candida albicans infections in female mice.
Mycoses 48:151–161. https://doi.org/10.1111/j.1439-0507.2005.01121.x.

30. Uppuluri P, Chaturvedi AK, Jani N, Pukkila-Worley R, Monteagudo C,
Mylonakis E, Kohler JR, Lopez Ribot JL. 2012. Physiologic expression of
the Candida albicans pescadillo homolog is required for virulence in a
murine model of hematogenously disseminated candidiasis. Eukaryot
Cell 11:1552–1556. https://doi.org/10.1128/EC.00171-12.

31. Dalle F, Wachtler B, L’Ollivier C, Holland G, Bannert N, Wilson D, Labruere
C, Bonnin A, Hube B. 2010. Cellular interactions of Candida albicans with
human oral epithelial cells and enterocytes. Cell Microbiol 12:248 –271.
https://doi.org/10.1111/j.1462-5822.2009.01394.x.

32. Filler SG, Swerdloff JN, Hobbs C, Luckett PM. 1995. Penetration and
damage of endothelial cells by Candida albicans. Infect Immun 63:
976 –983.

33. Arvanitis M, Glavis-Bloom J, Mylonakis E. 2013. Invertebrate models of
fungal infection. Biochim Biophys Acta 1832:1378 –1383. https://doi.org/
10.1016/j.bbadis.2013.03.008.

34. Phan QT, Belanger PH, Filler SG. 2000. Role of hyphal formation in
interactions of Candida albicans with endothelial cells. Infect Immun
68:3485–3490. https://doi.org/10.1128/IAI.68.6.3485-3490.2000.

35. Pukkila-Worley R, Peleg AY, Tampakakis E, Mylonakis E. 2009. Candida
albicans hyphal formation and virulence assessed using a Caenorhabdi-
tis elegans infection model. Eukaryot Cell 8:1750 –1758. https://doi.org/
10.1128/EC.00163-09.

36. Jacobsen ID, Luttich A, Kurzai O, Hube B, Brock M. 2014. In vivo imaging
of disseminated murine Candida albicans infection reveals unexpected
host sites of fungal persistence during antifungal therapy. J Antimicrob
Chemother 69:2785–2796. https://doi.org/10.1093/jac/dku198.

37. Mitra S, Dolan K, Foster TH, Wellington M. 2010. Imaging morphogenesis
of Candida albicans during infection in a live animal. J Biomed Opt
15:010504. https://doi.org/10.1117/1.3290243.

38. Shi M, Mody CH. 2016. Fungal infection in the brain: what we learned
from intravital imaging. Front Immunol 7:292. https://doi.org/10.3389/
fimmu.2016.00292.

39. Vanherp L, Poelmans J, Hillen A, Govaerts K, Belderbos S, Buelens T,
Lagrou K, Himmelreich U, Vande Velde G. 2018. Bronchoscopic fibered
confocal fluorescence microscopy for longitudinal in vivo assessment of
pulmonary fungal infections in free-breathing mice. Sci Rep 8:3009.
https://doi.org/10.1038/s41598-018-20545-4.

40. Goody MF, Sullivan C, Kim CH. 2014. Studying the immune response to
human viral infections using zebrafish. Dev Comp Immunol 46:84 –95.
https://doi.org/10.1016/j.dci.2014.03.025.

41. Gratacap RL, Wheeler RT. 2014. Utilization of zebrafish for intravital study
of eukaryotic pathogen-host interactions. Dev Comp Immunol 46:
108 –115. https://doi.org/10.1016/j.dci.2014.01.020.

42. Neely MN, Pfeifer JD, Caparon M. 2002. Streptococcus-zebrafish model
of bacterial pathogenesis. Infect Immun 70:3904 –3914. https://doi.org/
10.1128/IAI.70.7.3904-3914.2002.

43. Gratacap RL, Bergeron AC, Wheeler RT. 2014. Modeling mucosal candi-
diasis in larval zebrafish by swimbladder injection. J Vis Exp 2014:e52182.
https://doi.org/10.3791/52182.

44. Chen CG, Yang YL, Cheng HH, Su CL, Huang SF, Chen CT, Liu YT, Su IJ,
Lo HJ. 2006. Non-lethal Candida albicans cph1/cph1 efg1/efg1 transcrip-
tion factor mutant establishing restricted zone of infection in a mouse
model of systemic infection. Int J Immunopathol Pharmacol 19:561–565.
https://doi.org/10.1177/039463200601900312.

45. Riggle PJ, Andrutis KA, Chen X, Tzipori SR, Kumamoto CA. 1999. Invasive
lesions containing filamentous forms produced by a Candida albicans
mutant that is defective in filamentous growth in culture. Infect Immun
67:3649 –3652.

46. Richardson JP, Ho J, Naglik JR. 2018. Candida-epithelial interactions. J
Fungi (Basel) 4:E22. https://doi.org/10.3390/jof4010022.

47. Henry-Stanley MJ, Hess DJ, Erickson EA, Garni RM, Wells CL. 2003. Effect
of lipopolysaccharide on virulence of intestinal Candida albicans. J Surg
Res 113:42– 49. https://doi.org/10.1016/S0022-4804(03)00156-2.

48. Ene IV, Brunke S, Brown AJ, Hube B. 2014. Metabolism in fungal patho-
genesis. Cold Spring Harb Perspect Med 4:a019695. https://doi.org/10
.1101/cshperspect.a019695.

49. Murad AM, Leng P, Straffon M, Wishart J, Macaskill S, MacCallum D,
Schnell N, Talibi D, Marechal D, Tekaia F, d’Enfert C, Gaillardin C, Odds FC,
Brown AJ. 2001. NRG1 represses yeast-hypha morphogenesis and
hypha-specific gene expression in Candida albicans. EMBO J 20:
4742– 4752. https://doi.org/10.1093/emboj/20.17.4742.

50. Polke M, Sprenger M, Scherlach K, Alban-Proano MC, Martin R, Hertweck

C, Hube B, Jacobsen ID. 2017. A functional link between hyphal main-
tenance and quorum sensing in Candida albicans. Mol Microbiol 103:
595– 617. https://doi.org/10.1111/mmi.13526.

51. Wartenberg A, Linde J, Martin R, Schreiner M, Horn F, Jacobsen ID, Jenull
S, Wolf T, Kuchler K, Guthke R, Kurzai O, Forche A, d’Enfert C, Brunke S,
Hube B. 2014. Microevolution of Candida albicans in macrophages
restores filamentation in a nonfilamentous mutant. PLoS Genet 10:
e1004824. https://doi.org/10.1371/journal.pgen.1004824.

52. Long Y, Li L, Li Q, He X, Cui Z. 2012. Transcriptomic characterization of
temperature stress responses in larval zebrafish. PLoS One 7:e37209.
https://doi.org/10.1371/journal.pone.0037209.

53. Schaefer J, Ryan A. 2006. Developmental plasticity in the thermal toler-
ance of zebrafish Danio rerio. J Fish Biol https://doi.org/10.1111/j.1095
-8649.2006.01145.x.

54. Scott GR, Johnston IA. 2012. Temperature during embryonic develop-
ment has persistent effects on thermal acclimation capacity in zebrafish.
Proc Natl Acad Sci U S A 109:14247–14252. https://doi.org/10.1073/pnas
.1205012109.

55. Fiori A, Van Dijck P. 2012. Potent synergistic effect of doxycycline with
fluconazole against Candida albicans is mediated by interference with
iron homeostasis. Antimicrob Agents Chemother 56:3785–3796. https://
doi.org/10.1128/AAC.06017-11.

56. Sanchez AA, Johnston DA, Myers C, Edwards JE, Jr, Mitchell AP, Filler SG.
2004. Relationship between Candida albicans virulence during experi-
mental hematogenously disseminated infection and endothelial cell
damage in vitro. Infect Immun 72:598 – 601. https://doi.org/10.1128/IAI
.72.1.598-601.2004.

57. Lieschke GJ, Currie PD. 2007. Animal models of human disease: zebrafish
swim into view. Nat Rev Genet 8:353–367. https://doi.org/10.1038/nrg2091.

58. Ellett F, Pase L, Hayman JW, Andrianopoulos A, Lieschke GJ. 2011. mpeg1
promoter transgenes direct macrophage-lineage expression in zebrafish.
Blood 117:e49–56. https://doi.org/10.1182/blood-2010-10-314120.

59. Renshaw SA, Loynes CA, Trushell DM, Elworthy S, Ingham PW, Whyte MK.
2006. A transgenic zebrafish model of neutrophilic inflammation. Blood
108:3976 –3978. https://doi.org/10.1182/blood-2006-05-024075.

60. Clay H, Davis JM, Beery D, Huttenlocher A, Lyons SE, Ramakrishnan L.
2007. Dichotomous role of the macrophage in early Mycobacterium
marinum infection of the zebrafish. Cell Host Microbe 2:29 –39. https://
doi.org/10.1016/j.chom.2007.06.004.

61. Arbizzani F, Mayrhofer M, Mione M. 2015. Novel transgenic lines to
fluorescently label clathrin and caveolin endosomes in live zebrafish.
Zebrafish 12:202–203. https://doi.org/10.1089/zeb.2015.1501.

62. Larson JD, Wadman SA, Chen E, Kerley L, Clark KJ, Eide M, Lippert S,
Nasevicius A, Ekker SC, Hackett PB, Essner JJ. 2004. Expression of VE-
cadherin in zebrafish embryos: a new tool to evaluate vascular devel-
opment. Dev Dyn 231:204 –213. https://doi.org/10.1002/dvdy.20102.

63. Meeker ND, Trede NS. 2008. Immunology and zebrafish: spawning new
models of human disease. Dev Comp Immunol 32:745–757. https://doi
.org/10.1016/j.dci.2007.11.011.

64. Peters BM, Noverr MC. 2013. Candida albicans-Staphylococcus aureus
polymicrobial peritonitis modulates host innate immunity. Infect Immun
81:2178 –2189. https://doi.org/10.1128/IAI.00265-13.

65. Ellett F, Pazhakh V, Pase L, Benard EL, Weerasinghe H, Azabdaftari D,
Alasmari S, Andrianopoulos A, Lieschke GJ. 2018. Macrophages pro-
tect Talaromyces marneffei conidia from myeloperoxidase-
dependent neutrophil fungicidal activity during infection establish-
ment in vivo. PLoS Pathog 14:e1007063. https://doi.org/10.1371/
journal.ppat.1007063.

66. Krone PH, Evans TG, Blechinger SR. 2003. Heat shock gene expression
and function during zebrafish embryogenesis. Semin Cell Dev Biol 14:
267–274. https://doi.org/10.1016/j.semcdb.2003.09.018.

67. Lam PY, Harvie EA, Huttenlocher A. 2013. Heat shock modulates neu-
trophil motility in zebrafish. PLoS One 8:e84436. https://doi.org/10.1371/
journal.pone.0084436.

68. Malek RL, Sajadi H, Abraham J, Grundy MA, Gerhard GS. 2004. The
effects of temperature reduction on gene expression and oxidative
stress in skeletal muscle from adult zebrafish. Comp Biochem Physiol
C Toxicol Pharmacol 138:363–373. https://doi.org/10.1016/j.cca.2004
.08.014.

69. Nadir E, Kaufshtein M. 2005. Images in clinical medicine. Candida albi-
cans in a peripheral-blood smear. N Engl J Med 353:e9. https://doi.org/
10.1056/NEJMicm041054.

70. Braun BR, Kadosh D, Johnson AD. 2001. NRG1, a repressor of filamentous

Two Candida Morphotypes Have Independent Activities Infection and Immunity

October 2018 Volume 86 Issue 10 e00415-18 iai.asm.org 15

 on M
ay 23, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1111/j.1439-0507.2005.01121.x
https://doi.org/10.1128/EC.00171-12
https://doi.org/10.1111/j.1462-5822.2009.01394.x
https://doi.org/10.1016/j.bbadis.2013.03.008
https://doi.org/10.1016/j.bbadis.2013.03.008
https://doi.org/10.1128/IAI.68.6.3485-3490.2000
https://doi.org/10.1128/EC.00163-09
https://doi.org/10.1128/EC.00163-09
https://doi.org/10.1093/jac/dku198
https://doi.org/10.1117/1.3290243
https://doi.org/10.3389/fimmu.2016.00292
https://doi.org/10.3389/fimmu.2016.00292
https://doi.org/10.1038/s41598-018-20545-4
https://doi.org/10.1016/j.dci.2014.03.025
https://doi.org/10.1016/j.dci.2014.01.020
https://doi.org/10.1128/IAI.70.7.3904-3914.2002
https://doi.org/10.1128/IAI.70.7.3904-3914.2002
https://doi.org/10.3791/52182
https://doi.org/10.1177/039463200601900312
https://doi.org/10.3390/jof4010022
https://doi.org/10.1016/S0022-4804(03)00156-2
https://doi.org/10.1101/cshperspect.a019695
https://doi.org/10.1101/cshperspect.a019695
https://doi.org/10.1093/emboj/20.17.4742
https://doi.org/10.1111/mmi.13526
https://doi.org/10.1371/journal.pgen.1004824
https://doi.org/10.1371/journal.pone.0037209
https://doi.org/10.1111/j.1095-8649.2006.01145.x
https://doi.org/10.1111/j.1095-8649.2006.01145.x
https://doi.org/10.1073/pnas.1205012109
https://doi.org/10.1073/pnas.1205012109
https://doi.org/10.1128/AAC.06017-11
https://doi.org/10.1128/AAC.06017-11
https://doi.org/10.1128/IAI.72.1.598-601.2004
https://doi.org/10.1128/IAI.72.1.598-601.2004
https://doi.org/10.1038/nrg2091
https://doi.org/10.1182/blood-2010-10-314120
https://doi.org/10.1182/blood-2006-05-024075
https://doi.org/10.1016/j.chom.2007.06.004
https://doi.org/10.1016/j.chom.2007.06.004
https://doi.org/10.1089/zeb.2015.1501
https://doi.org/10.1002/dvdy.20102
https://doi.org/10.1016/j.dci.2007.11.011
https://doi.org/10.1016/j.dci.2007.11.011
https://doi.org/10.1128/IAI.00265-13
https://doi.org/10.1371/journal.ppat.1007063
https://doi.org/10.1371/journal.ppat.1007063
https://doi.org/10.1016/j.semcdb.2003.09.018
https://doi.org/10.1371/journal.pone.0084436
https://doi.org/10.1371/journal.pone.0084436
https://doi.org/10.1016/j.cca.2004.08.014
https://doi.org/10.1016/j.cca.2004.08.014
https://doi.org/10.1056/NEJMicm041054
https://doi.org/10.1056/NEJMicm041054
https://iai.asm.org
http://iai.asm.org/


growth in C. albicans, is down-regulated during filament induction.
EMBO J 20:4753– 4761. https://doi.org/10.1093/emboj/20.17.4753.

71. Shen J, Cowen LE, Griffin AM, Chan L, Kohler JR. 2008. The Candida
albicans pescadillo homolog is required for normal hypha-to-yeast mor-
phogenesis and yeast proliferation. Proc Natl Acad Sci U S A 105:
20918 –20923. https://doi.org/10.1073/pnas.0809147105.

72. Noble SM, French S, Kohn LA, Chen V, Johnson AD. 2010. Systematic
screens of a Candida albicans homozygous deletion library decouple
morphogenetic switching and pathogenicity. Nat Genet 42:590 –598.
https://doi.org/10.1038/ng.605.

73. Chen H, Fujita M, Feng Q, Clardy J, Fink GR. 2004. Tyrosol is a quorum-
sensing molecule in Candida albicans. Proc Natl Acad Sci U S A 101:
5048 –5052. https://doi.org/10.1073/pnas.0401416101.

74. Lindsay AK, Deveau A, Piispanen AE, Hogan DA. 2012. Farnesol and cyclic
AMP signaling effects on the hypha-to-yeast transition in Candida albicans.
Eukaryot Cell 11:1219–1225. https://doi.org/10.1128/EC.00144-12.

75. d’Ostiani CF, Del Sero G, Bacci A, Montagnoli C, Spreca A, Mencacci A,
Ricciardi-Castagnoli P, Romani L. 2000. Dendritic cells discriminate be-

tween yeasts and hyphae of the fungus Candida albicans. Implications
for initiation of T helper cell immunity in vitro and in vivo. J Exp Med
191:1661–1674.

76. Lowman DW, Greene RR, Bearden DW, Kruppa MD, Pottier M, Mon-
teiro MA, Soldatov DV, Ensley HE, Cheng SC, Netea MG, Williams DL.
2014. Novel structural features in Candida albicans hyphal glucan
provide a basis for differential innate immune recognition of hyphae
versus yeast. J Biol Chem 289:3432–3443. https://doi.org/10.1074/jbc
.M113.529131.

77. National Research Council. 2011. Guide for the care and use of labora-
tory animals, 8th ed. National Academies Press, Washington, DC.

78. Nusslein-Volhard C, Dahm R. 2002. Zebrafish. Oxford University Press,
Oxford, United Kingdom.

79. Westerfield M. 2000. The zebrafish book. A guide for the laboratory use
of zebrafish (Danio rerio). University of Oregon Press, Eugene, OR.

80. Gietz RD, Schiestl RH, Willems AR, Woods RA. 1995. Studies on the
transformation of intact yeast cells by the LiAc/SS-DNA/PEG procedure.
Yeast 11:355–360. https://doi.org/10.1002/yea.320110408.

Seman et al. Infection and Immunity

October 2018 Volume 86 Issue 10 e00415-18 iai.asm.org 16

 on M
ay 23, 2019 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1093/emboj/20.17.4753
https://doi.org/10.1073/pnas.0809147105
https://doi.org/10.1038/ng.605
https://doi.org/10.1073/pnas.0401416101
https://doi.org/10.1128/EC.00144-12
https://doi.org/10.1074/jbc.M113.529131
https://doi.org/10.1074/jbc.M113.529131
https://doi.org/10.1002/yea.320110408
https://iai.asm.org
http://iai.asm.org/

