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ABSTRACT Phenotypic plasticity is a common strategy adopted by fungal pathogens
to adapt to diverse host environments. Candida haemulonii is an emerging multidrug-re-
sistant human pathogen that is closely related to Candida auris. Until recently, it was
assumed that C. haemulonii is incapable of phenotypic switching or filamentous growth.
In this study, we report the identification of three distinct phenotypes in C. haemulonii:
white, pink, and filament. The white and pink phenotypes differ in cellular size, colony
morphology, and coloration on phloxine B- or CuSO4-containing agar. Switching between
the white and pink cell types is heritable and reversible and is referred to as “the primary
switching system.” The additional switch phenotype, filament, has been identified and
exhibits obviously filamentous morphology when grown on glycerol-containing medium.
Several unique characteristics of the filamentous phenotype suggest that switching from
or to this phenotype poses as a second yeast-filament switching system. The yeast-fila-
ment switch is nonheritable and temperature-dependent. Low temperatures favor the fila-
mentous phenotype, whereas high temperatures promote filament-yeast transition. We
further demonstrated that numerous aspects of the distinct cell types differ in numerous
biological aspects, including their high temperature response, specific gene expression,
CuSO4 tolerance, secreted aspartyl protease (SAP) activity, and virulence. Therefore, transi-
tion among the three phenotypes could enable C. haemulonii to rapidly adapt to, survive,
and thrive in certain host niches, thereby contributing to its virulence.

IMPORTANCE The capacity to switch between distinct cell types, known as phenotypic
switching, is a common strategy adopted by Candida species to adapt to diverse envi-
ronments. Despite considerable studies on phenotypic plasticity of various Candida spe-
cies, Candida haemulonii is considered to be incapable of phenotypic switching or fila-
mentous growth. Here, we report and describe filamentation and three distinct
phenotypes (white, pink, and filament) in C. haemulonii. The three cell types differ in
cellular and colony appearance, gene expression profiles, CuSO4 tolerance, and virulence.
C. haemulonii cells switch heritably and reversibly between white and pink cell types,
which is referred to as the “primary switching system.” Switching between pink and fila-
mentous phenotypes is nonheritable and temperature-dependent, representing a sec-
ond switching system. As in other Candida species, switching among distinct morpho-
logical types may provide C. haemulonii with phenotypic plasticity for rapid responses
to the changing host environment, and may contribute to its virulence.

KEYWORDS Candida haemulonii, phenotypic switching system, filamentous growth,
glycerol, temperature dependent

C andida species are recognized as the most prominent commensals of human hosts
and comprise a range of dominant fungal pathogens in immunocompromised

hosts. Among them, Candida auris is an emerging multidrug-resistant pathogen that has
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caused significant concern due to its rapid outbreaks and high mortality rates (1–4).
Candida haemulonii was clinically isolated for the first time in 1984 from the blood of a
patient, and it is closely related to C. auris in the Metschnikowiaceae clade (5, 6). Because
of the high similarities of the biochemical profiles and antifungal resistance proper-
ties between C. haemulonii and C. auris, C. auris is frequently misidentified as C. hae-
mulonii (6–9). Therefore, exploring biological characteristics highlighting the differen-
ces between the two species is important for accurate and rapid identification.

C. haemulonii reportedly causes both superficial and systemic infections, such as
chronic otitis media, vaginal candidiasis, peritonitis, and candidemia (10–13). Although
regarded as a rare Candida species, it has been attracting considerable attention due
to its multidrug resistance to amphotericin B (AMB), triazoles, and echinocandins (14–17).
Switching among diverse morphological phenotypes, known as phenotypic plasticity, is a
common strategy adopted by Candida species to adapt to diverse environments, respond
to antifungal drugs, and cause infections (18, 19). However, until recently, it had been
assumed that C. haemulonii cannot undergo phenotypic switching or filamentous growth.

The best example of a phenotypic switching system is yeast-filament transition and
the white-opaque switch in Candida albicans (20, 21). Yeast-filament transition has
been considered as a common response to environmental changes. A range of host
environmental factors, such as elevated CO2 levels, neutral pH, physiological tempera-
ture (37°C), and the presence of N-acetylglucosamine, induce filament development. In
contrast, acidic pH, low temperature, and rich nutritional conditions promote the stabi-
lization of the yeast phenotype (20, 21). In the white-opaque switching system, C. albi-
cans cells switch heritably and reversibly between the white and opaque cell types,
which show differences in cellular morphology, mating, secreted aspartyl protease
(SAP) activity, and virulence (22–25). To better adapt to the changing host environ-
ment, white and opaque cells could undergo filament development, showing an inte-
gration of the white-opaque switching and yeast-filament transition systems in C. albi-
cans (20, 26). This integrated phenotypic system has been widely considered to lead to
increased complexity and plasticity of phenotypic switching, as well as enhanced envi-
ronmental adaptation ability. Recently, a novel phenotypic switching system that con-
tains both a heritable and a nonheritable switch has been demonstrated in C. auris
(27). The heritable switch represents transitions between the typical yeast and filamen-
tation-competent (FC) yeast/filamentous phenotypes, which is triggered by passage
through a mammalian host. The nonheritable switch involved in the transition between
the FC yeast and filamentous phenotype is demonstrated to be temperature-dependent.

The morphological diversity and plasticity of Candida species are strongly associated
with their abilities to adapt to ever-changing environments and cause infection (18, 19).
White cells are more virulent than opaque cells in systemic infections, while opaque cells
are better at colonizing cutaneous tissues (24, 25). Filamentous cells are more invasive and
penetrate host tissues more effectively than yeast form cells. The ability to undergo fila-
mentation is a defining feature of virulence across Candida species (28).

In this study, we report and describe two novel cell types (pink and filament) and
two phenotypic switching systems, a primary white-pink switch and a secondary yeast-
filament switch, in C. haemulonii. Numerous biological aspects differ between the
white, pink, and filament cell types, including cellular/colonial morphology, specific
gene expression, CuSO4 tolerance, SAP activity, and virulence. Cells switch reversibly
and heritably between the white and pink phenotypes. The presence of glycerol or low
temperatures favor the filamentous phenotype, whereas high temperatures promote
the yeast phenotype. Furthermore, global gene profiles and virulence assays suggest
that various features of distinct phenotypes provide C. haemulonii with an advantage
in the ever-changing host environment.

RESULTS
Discovery of the pink phenotype and the white-pink switching system in C.

haemulonii. We isolated the C. haemulonii strain CH001 from the blood of a patient at
Changzheng Hospital, Second Military Medical University in Shanghai, China. Analysis
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of rDNA sequences of the 18S internal transcribed spacer (ITS) region verified that
CH001 is indeed a C. haemulonii strain (Fig. S1 in the supplemental material). When
this strain was grown on yeast-peptone-dextrose (YPD) agar plates containing the red
dye phloxine B at 25°C (25), we observed two distinct colony phenotypes, including
white and pink colonies (Fig. 1A). White colonies were similar to the colonies formed
by standard laboratory strains of C. haemulonii and appeared large and white. Pink col-
onies were consistently smaller than white colonies after equal periods of incubation
and could be stained pink on phloxine B-containing YPD medium. Both white and pink
phenotypes produced round and budding yeast cells on YPD medium, but the pink
cells exhibited two to three times the volume produced by white cells (Fig. 1B).
Although both C. haemulonii pink cells and C. albicans opaque cells formed pink colo-
nies on phloxine B-containing media, the cellular morphologies were highly different.
Pink cells of C. haemulonii were round and relatively small, while opaque cells of C. albi-
cans were elongated and large (Fig. 1B). Moreover, the effect of CuSO4 on the morphol-
ogy of C. haemulonii was investigated. When cells from white and pink colonies on
phloxine B-containing YPD were grown on CuSO4-containing agar medium, they
exhibited opposite color intensities (dark brown and light brown, respectively, Fig. 1C).
Subsequently, we revealed that C. haemulonii cells could switch heritably and reversi-
bly between the white and the pink phenotypes. On YPD medium at 25°C, the

FIG 1 Pink phenotype and the white-pink switching system of C. haemulonii on YPD medium. (A) Morphologies of
white, pink, and sectored colonies of C. haemulonii on YPD agar containing phloxine B dye. The colonies were
imaged after 5 days of growth at 25°C. The pink phenotype, but not the white phenotype, was stained pink with
phloxine B. W, white; W-Sec, white sector; P, pink; P-Sec, pink sector. Scale bar, 1 mm. (B) Colony and cellular
morphologies of distinct phenotypes of C. haemulonii (CH001) and C. albicans (BJ1097). White and pink cells of C.
haemulonii were grown on YPD agar containing phloxine B for 5 days at 25°C. White and opaque cells of C.
albicans were grown on Lee’s glucose medium containing phloxine B for 5 days at 25°C. The cellular length/
diameter of each phenotype was indicated in the corresponding image. Scale bar for colonies, 1 mm; Scale bar for
cells, 10 mm. (C) Morphologies of white and pink colonies of C. haemulonii on YPD agar containing 1 mM CuSO4.
White and pink cells (1 � 107 cells) in 10 ml double-distilled water were spotted onto YPD- CuSO4 medium plates
and grown at 25°C for 2 days. The mean length/diameters of white and pink cells were indicated in the
corresponding images. Scale bar for spots, 1 mm; Scale bar for cells, 10 mm. (D) Switching frequencies of the white-
pink bistable switching system on YPD medium at 25°C. A single colony of the white or pink phenotype was
replated onto YPD agar containing phloxine B. The total number of colonies is the sum of three experiments.
Switching frequencies represent the average percentages of white or pink colonies grown on YPD agar. Strain
CH001 was used.
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switching frequencies of white-to-pink and pink-to-white were (0.09 6 0.01)% and
(1.61 6 0.25)%, respectively, indicating a novel white-pink switching system of C. hae-
mulonii (Fig. 1D). Considering that the switching frequencies between white-to-opaque
and opaque-to-white in C. albicans (BJ1097 a/a) were also very low (,0.2) on YPD me-
dium (29), we proposed that the distinct phenotypes of both C. haemulonii and C. albi-
cans are relatively stable under this culture condition.

The presence of the white-pink switching system in other clinical isolates of C.
haemulonii. To test whether other clinical strains of C. haemulonii could undergo
white-pink switching, 20 C. haemulonii strains isolated from different hospitals in China
were plated on YPD 1 phloxine B medium and cultured at 25°C. The results showed
that 15 of them are competent at white-pink switching. Six examples are shown in
Fig. S2 in the supplemental material. As expected, both the colony and cellular mor-
phologies of white and pink cells were similar to those of strain CH001. Moreover,
these strains were isolated from various clinical specimens including pus, venous cath-
eter, and blood (15) (Table S1). Taken together, these results suggest that the white-
pink switch is a general feature of clinical strains of C. haemulonii.

White and pink cells differ in growth rate under physiological temperature.
Temperature is an important environmental factor that efficiently regulates the mor-
phology of Candida species (21). We further examined the effect of various tempera-
tures on cell growth of the white and pink phenotypes. Cells of the two cell types were
inoculated into liquid YPD medium and grown at 25, 30, and 37°C. The growth rate
was determined by measuring the OD600 of each sample at different time points. As
shown in Fig. 2, the pink cells exhibited a severe growth defect at physiological tem-
perature (37°C), and they grew more slowly than the white cell type at both 25°C and
30°C. To verify these results, switching frequency between white and pink cells grown

FIG 2 Growth curves of white and pink cells under different temperatures. Cells from white and pink colonies on YPD agar plates
were inoculated into liquid YPD medium for growth overnight at 25°C. Cells were then washed twice with double-distilled water
and reinoculated into liquid YPD medium at a concentration of 2 � 106 cells/ml and incubated at 25°C (A), 30°C (B), and 37°C (C).
The OD600 values were measured at different time points as indicated. Three biological repeats were performed. Growth curve
fitting of viable count data was performed using DMFit program (https://browser.combase.cc/DMFit.aspx) to measure growth
parameters using the Baranyi & Roberts model. The maximal growth rate (Vmax, OD/h) and lag time (h) were shown in each
figure. W: white; P: pink; x axis, incubation time; y axis, OD600 value.
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in liquid YPD medium was examined by counting CFU/ml (CFU per ml) counting
method. As shown in Table 1, the switching frequency was constantly low during the
whole culture period, thus confirming the reliability and validity of the growth rate
analysis. Taken together, these results suggest that white and pink cells are relatively
stable under laboratory culture conditions, and white cells are more resistant to physi-
ological temperature than pink cells.

Discovery of the filamentous phenotype and pink-filament switching system.
Yeast-filament switching is the most common strategy by which Candida species rap-
idly adapt to diverse environments and increase their virulence. C. auris, a close relative
of C. haemulonii in the Metschnikowiaceae clade, has recently been reported to
undergo filamentous growth on YPD medium at 25°C (27). However, under these cul-
ture conditions, no filamentous phenotype has been observed in C. haemulonii. Since
the yeast-filament switch of Candida species is often associated with metabolism alter-
ations, we investigated the effects of various carbon sources on the development of fil-
aments in C. haemulonii. The results showed that C. haemulonii cells of the pink pheno-
type exclusively formed highly wrinkled colonies containing elongated filaments when
they were grown on a yeast-peptone-glycerol (YPG) medium plate at 25°C. A relatively
low proportion of filaments were also observed in pink cells grown on Lee’s glucose
plates (Fig. 3A). However, no filamentous cells were observed in cells of the white phe-
notype under all tested culture conditions.

In C. auris, temperature fluctuation from high to low has been demonstrated to pro-
mote yeast-filament switching (27). We also found that the fluctuation of temperature
from 37°C to 25°C could promote filamentous growth of the white phenotype in C.
haemulonii. However, this white-derived filamentous phenotype was unstable and
quickly reverted to the yeast form after two additional days of incubation (data not
shown). These results indicated that both the white and pink phenotypes of C. haemulonii
can undergo filamentous growth; however, only the filamentous phenotype formed by
pink cells (hereafter referred to as “filament cells”) was stable. Taken together, the three
cell types (white, pink, and filament cells) form a novel switching system that combines
white-pink switching and yeast-filament switching.

Differential interference contrast microscopy and Calcofluor White staining demon-
strated that C. haemulonii filaments elongated from round or ellipsoidal mother cells
and had chitin-containing septa at the junctions between compartments. DAPI stain-
ing indicated that the filaments are often multicellular. Filament cells of C. haemulonii
were morphologically more similar to the filaments of C. auris than those of C. albicans.
The diameters of filaments produced by C. haemulonii, C. auris, and C. albicans were
(1.4–2.4 mm), (1.5–2.3 mm), and (2.1–3.2 mm), respectively. The percentages of filament
cells containing branches were 9, 23, and 48%, respectively. Therefore, filaments

TABLE 1 Switching frequencies between white and pink phenotypes in liquid YPD mediuma

Culture
time

25oC 30oC 37oC

Total W
colonies Swit. freq

Total P
colonies Swit. freq

Total W
colonies Swit. freq

Total P
colonies Swit. freq

Total W
colonies Swit. freq

Total P
colonies Swit. freq

3 h 2,288 0.056 0.09 1964 0.336 0.34 3166 0.136 0.06 2048 0.936 0.16 1431 0.006 0.00 0 –
6 h 3,135 0.036 0.06 2443 0.406 0.37 4084 0.036 0.04 2799 0.496 0.12 932 0.006 0.00 0 –
9 h 4,208 0.086 0.09 3731 0.606 0.12 5116 0.026 0.03 3308 0.506 0.55 1525 0.006 0.00 0 –
12 h 3,620 0.056 0.05 4556 0.446 0.06 3456 0.056 0.09 2525 0.586 0.28 2472 0.006 0.00 0 –
15 h 4,520 0.086 0.09 4483 0.746 0.10 5868 0.026 0.03 3264 1.396 0.41 2497 0.006 0.00 0 –
18 h 3,942 0.006 0.00 2602 0.776 0.31 5114 0.106 0.03 2829 1.666 0.38 1234 0.006 0.00 0 –
21 h 5,970 0.026 0.03 4260 1.306 0.49 4923 0.026 0.03 3545 2.376 1.50 1870 0.006 0.00 0 –
24 h 5,151 0.026 0.03 2388 1.266 0.50 4290 0.076 0.07 2100 1.996 1.03 1379 0.006 0.00 0 –
27 h 5,132 0.026 0.03 2513 2.196 1.41 4130 0.006 0.00 2888 2.146 0.39 1245 0.006 0.00 0 –
30 h 5,394 0.046 0.03 4112 2.516 1.27 4873 0.046 0.03 4429 3.026 0.52 992 0.006 0.00 0 –
33 h 5,138 0.066 0.06 3136 3.646 1.20 4948 0.066 0.06 3555 2.636 1.01 944 0.006 0.00 0 –
36 h 4,371 0.026 0.03 3799 2.326 0.91 5328 0.066 0.06 2900 3.536 0.86 924 0.006 0.00 0 –
aW, white; P, pink; Swit. freq., Switching frequency (%). Switching frequencies represent the average percentages of white or pink colonies grown on YPD agar. “–” indicates
that no cell growth was observed. This table is related to Fig. 2.
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produced by C. haemulonii or C. auris had a thinner diameter and were shorter and less
branched than those produced by C. albicans (Fig. 3B).

Effects of temperature on maintenance of the filamentous phenotype. The pink
phenotype exhibited severe growth defects at physiological temperature (37°C). We
further found that filament cells displayed a growth defect similar to that of the pink
phenotype at 37°C (Fig. S3 in the supplemental material). To test the effects of temper-
ature on the maintenance of the filamentous phenotype, filament cells derived from
the wrinkled colony were plated on YPG agar and incubated at 25 or 30°C. After 8 days
of incubation, most of the colonies incubated at 25°C were observed to be wrinkled
and 68.88 6 1.80% of the cells maintained the filamentous phenotype. However, at
30°C, more than 80% of the filament cells converted to yeast form cells, which gener-
ated “blebs” on the surfaces of the wrinkled colonies (Fig. S4A). Similar phenomena
were observed when filament cells were incubated in liquid YPG medium. After 48 h of
incubation, 26.86 6 1.07% of the cells maintained a filamentous phenotype at 25°C,
whereas most of the filament cells (.90%) switched to yeast form cells at 30°C
(Fig. S4B). These results showed that the filamentous phenotype was more stable at
25°C than at 30°C. These results suggested that similar to the inhibitory effect of high
temperatures on filamentation in C. auris, elevated temperatures also promote fila-
ment-yeast switching in C. haemulonii.

Global gene expression profiles of C. haemuloniiwhite and pink cells. To further
reveal the differences between the white and pink cells, RNA sequencing (RNA-seq)
analysis was performed. The filament phenotype was not investigated because

FIG 3 Morphologies of white and pink phenotypes observed on Lee’s glucose and YPG agar containing phloxine
B. (A) Strain CH001 was used. White and pink cells were plated on Lee’s glucose or YPG media for 5 days of
growth at 25°C. On Lee’s glucose agar, phloxine B dyestained white cells light pink and pink cells dark pink; on
YPG agar, the white colonies remained white and the pink colonies were stained dark pink. Filamentous growth
of the pink phenotype was promoted under both culture conditions. No filament cells were observed in white
colonies. Percentages of filament cells for each sample are shown in the figure. Scale bar for colonies, 1 mm;
scale bar for cells, 10 mm. (B) Calcofluor White and DAPI staining of C. haemulonii CH001, C. auris BJCA001 and C.
albicans SC5314. C. haemulonii cells were grown in liquid YPG medium at 25°C for 48 h. C auris cells were grown
on YPD medium at 25°C for 5 days. C. albicans cells were grown in liquid YPD plus 10% FBS medium at 37°C for
24 h. White arrows indicate septin rings or nuclei. Scale bar for colonies, 1 mm; scale bar for cells, 10 mm.
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filament cells were not stable under the culture conditions used. Using a 1.5-fold cut-
off, a total of 746 genes were differentially expressed in white and pink cells (Fig. 4A).
Among these identified genes, 470 were upregulated in pink cells and 276 were upreg-
ulated in white cells. A more detailed analysis of the differentially expressed genes is
shown in Fig. 4B and C and Data set S1 in the supplemental material. As expected, a
subset of genes associated with carbohydrate metabolism and energy in C. albicans
were differentially expressed between C. haemulonii white and pink cells. Genes
belonging to the Krebs cycle pathway (IDH2, ACO2, KGD2, IDP2, and MDH1-1) were up-
regulated in pink cells, whereas a range of glucose transporter encoding genes (HGT7,
HGT17, HGT18, and HGT19) were upregulated in white cells (30, 31). Several morphol-
ogy-related genes were differentially expressed between the white and pink cell types.
For example, CDC11 (encoding a septin), HGC1 (encoding a hyphal-specific G1 cyclin-

FIG 4 Differential gene expression (DGE) profiles of C. haemulonii in white and pink cells. Analysis of DGE was performed using HiSat2 and the Stringtie
pipeline. (A). Venn diagram depicting differentially expressed genes. A 1.5-fold difference cutoff and false discovery rates (FDRs) , 0.05 were used to define
differentially expressed genes. (B) GO enrichment analysis of differentially expressed genes was conducted. The GO enrichment analysis was performed
with Gene Ontology Consortium (http://www.geneontology.org/). The pheatmap and GOplot packages for R were used to visualize clustering. Red or blue
circles represent upregulated or downregulated genes in white or filament cells, respectively. The inner cycle bars represent statistical significance. (C) R
package heatmap was used to depict selected differentially expressed genes. Functional categories of genes are indicated. Log2(W/P), Log2 (read counts of
white cells/read counts of pink cells).
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related protein), AGA1 (encoding an agglutinin) and secreted aspartyl proteinase
encoding genes (SAP3, SAP9) were expressed at higher levels in pink cells, while OFI1
(encoding a phenotypic switching regulator), and phosphate transporter encoding
genes (PHO84, PHO89) were strongly enriched in white cells (18, 32–36). Moreover,
some transcriptional regulator-encoding genes that are involved in filamentous regula-
tion in C. albicans were differentially expressed. For example, UME6, which encodes a
positive regulator of filamentation in C. albicans, was upregulated in pink cells, and the
negative regulators in C. albicans Cup9 and Fcr1 exhibited higher expression in white
cells (37–39).

A large subset of cell wall-associated and GPI-anchored protein-encoding genes
were differentially expressed between white and pink cells. ALS4 (encoding a GPI-anch-
ored adhesin), CSA1 (encoding a hyphal-specific surface antigen), RBT4 (encoding a
hyphal-specific cell wall protein), PGA31, and PGA54 were upregulated in pink cells
(40–43). Many genes involved in cell wall integrity, including chitin synthase encoding
genes (CHS2, CHS3, and CHS4), CRH11 (encoding a GPI-anchored cell wall transglycosy-
lase), XOG1 (encoding an exo-1,3-b-glucanase), and PMT4 (encoding a protein manno-
syltransferase) showed higher expression in pink cells (44–47). Strikingly, a subset of
drug resistance-related genes (e.g., ERG1, ERG2, ERG7, ERG26, and PDR16, and RCT1)
were significantly enriched in pink cells (48, 49). In addition, we verified the RNA-Seq
data with quantitative RT-PCR to measure the expression of 11 identified differentially
expressed genes. As shown in Fig. S5 in the supplemental material, the expression pat-
terns of these genes were generally consistent with those of the RNA-Seq assays, indi-
cating that the RNA-Seq analysis is reliable and valid.

CuSO4 tolerance of C. haemulonii white, pink, and filament cells. The transition
metal copper (Cu) is a potentially toxic metal, and various forms of Cu have been
widely used for biological control (50, 51). Therefore, we investigated the inhibitory
effect of CuSO4 on the different phenotypes of C. haemulonii. At 25°C, the order of sen-
sitivity to CuSO4 from highest to lowest was filament cells . pink cells . white cells
(Fig. 5). When increased to 20 mM, CuSO4 completely inhibit the growth of all three
phenotypes of C. haemulonii. Compared with C. auris, which could not grow in the
presence of 5 mM CuSO4, C. haemulonii exhibited much higher tolerance to CuSO4

(52). In addition, we investigated CuSO4 tolerance of the white and opaque cells in C.

FIG 5 Inhibitory effect of CuSO4 on the growth of C. haemulonii white, pink, and filament cells at 25°C. The C.
haemulonii strain was adjusted to 5 � 108 cells/ml, and 10-fold serial dilutions of cells (2 ml) were spotted onto
YPD and YPD agar containing serial concentrations of CuSO4 for 2 days of growth. w/o: without CuSO4.
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albicans (Fig. S6). The results indicate that C. albicans is even more resistant to CuSO4

than C. haemulonii. Both white cells and opaque cells could grow in the presence of
20 mM CuSO4, and white cells exhibited higher copper tolerance than opaque cells.

White, pink, and filament cells exhibit different SAP activities and virulence.
SAPs are an important virulence factor that often represents the ability of pathogenic
fungi to adhere to or invade host niches (53). We therefore investigated the SAP activ-
ity of the three different cell types using the yeast carbon base (YCB)-bovine serum al-
bumin (BSA) assay. As shown in Fig. 6A, both pink and filament cells exhibited higher
SAP activity than white cells at 25°C, as indicated by the size of the white halos of pre-
cipitated BSA. As expected, C. albicans opaque cells showed higher SAP activity than
white cells (Fig. S7A in the supplemental material). However, at 37°C, C. haemulonii
white cells exhibited higher SAP activity than at 25°C. Pink and filament cells did not
show any SAP activity due to their growth defect at 37°C. These results indicate that
both environmental temperature and phenotypic switching modulate SAP activity.
Since morphological diversity is often associated with pathogenesis in Candida species,
we further examined virulence of the different cell types of C. haemulonii and C.

FIG 6 SAP activities of white, pink, and filament cells, and virulence in a G. mellonella infection
model. (A) SAP activity. Cells of each cell type (5 � 106 cells) in 5 ml double-distilled water were
spotted on YCB-BSA medium and incubated at 25°C or 37°C for 3 days. The width of the white
precipitation zones representing SAP activity was measured and indicated. Cellular images of the
corresponding spots are shown below. Scale bar for spots, 1 mm; scale bar for cells, 10 mm. (B)
Survival rates of G. mellonella infected by white, pink, and filament cells of strain CH001 at 25°C. Cells
of each cell type (2 � 105 cells) in 10 ml double-distilled water were injected into larvae of G.
mellonella. For each cell type, 10 larvae were used for infection.
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albicans by using a Galleria mellonella infection model. As shown in Fig. 6B and S7B, C.
albicans opaque cells are more virulent than white cells, and the order of virulence
observed in C. haemulonii from highest to lowest was white cells . pink cells . fila-
ment cells. Taken together, these results imply that distinct cell types of fungal patho-
gens often have differential virulence characteristics during host tissue colonization
and systemic infection.

DISCUSSION

Phenotypic plasticity is a striking feature of pathogenic Candida species. In this
study, we report two phenotypic switching systems in the fungal pathogen C. haemu-
lonii: white-pink switching and pink-filament switching. The two switching systems
involve three distinct phenotypes, including white, pink, and filament cells. White and
pink cells are two yeast form phenotypes, which differ in terms of the color of colonies
formed on phloxine B-containing media, their gene expression profiles, SAP activity,
and virulence. The bistable switch between the white and pink cell types is similar to
the white-opaque switch in C. albicans (22). Since a subset of C. haemulonii clinical
strains were discovered to undergo the white-pink switching, this phenotypic transi-
tion may be a general feature of C. haemulonii in nature. An additional pink-filament
cell switch system is triggered by the presence of glycerol and modulated by tempera-
ture fluctuation. The environmentally dependent pink-filament switch is nonheritable
and is similar to the FC-filament transition in C. auris (27).

Pink and filament cells, but not white cells, can be stained pink on phloxine B-con-
taining agar, which suggests differences in the composition or integrity of the cell wall
(54). Furthermore, when cells of the three phenotypes were grown on CuSO4-contain-
ing agar, they exhibited opposite color intensities. White cells formed dark brown colo-
nies on CuSO4, while pink and filament cells formed light brown colonies. This is con-
sistent with previously reported findings in C. glabrata (55). The coloration hierarchy
on CuSO4-containing agar is associated with the amount of CuS produced by CuSO4

reduction (MTII), and therefore represents the Cu resistance capabilities of distinct cell
types. These results imply that white cells might have higher Cu resistance than pink
and filament cells. Consistent with this, the subsequent CuSO4 inhibitory assay con-
firmed that the order of resistance to CuSO4 from highest to lowest is white cells .

pink cells . filament cells. Compared with C. auris, which could not grow in the pres-
ence of 5 mM CuSO4, the distinct phenotypes of C. haemulonii could all tolerate a
higher concentration of CuSO4 (15). Distinct cell wall features and Cu resistance could
benefit specific cell types in terms of their survival and persistence within diverse host
niches.

Global transcriptomic analysis revealed that a range of Krebs cycle-associated genes
that were upregulated in C. albicans opaque cells (e.g., KGD2, IDP2 and MDH1-1) exhib-
ited higher expression levels in C. haemulonii pink cells (30). Genes encoding glucose
transporter (HGT7, HGT17, HGT18 and HGT19) that were enriched in C. albicans white
cells were upregulated in C. haemulonii white cells (31). Moreover, a range of white-
opaque associated genes (SAP3, SAP9, OFI1, PHO84, PHO89, AGA1) in C. albicans were
differentially expressed between the white and pink cell types of C. haemulonii (18, 32–
36). These results suggest that white-pink switch of C. haemulonii may share similar
features with white-opaque transition of C. albicans in terms of metabolism and phe-
notypic regulation processes.

A subset of filamentation-specific genes, filamentation regulator-encoding genes,
and cell wall-associated genes were differentially expressed between the white and
pink cells of C. haemulonii. HGC1, encoding a G1 cyclin-related protein, UME6, and
three GPI-anchored protein-encoding genes, ALS4, PGA31 and PGA54, were upregu-
lated in pink cells of C. haemulonii (33, 37, 40, 43). This was similar to filament cells of C.
albicans and C. auris, indicating that the pink phenotype has the capacity to develop
filament cells. In addition, white and pink cells exhibited highly differential expression
of cell wall synthesis-related genes (e.g., CHS2, CHS3, CHS4, PMT4, CRH11, and XOG1)
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(47–47). Cell wall variation might be an important strategy used by C. haemulonii to
adhere to the host cell surface, adapt to the host environment, and escape the host
immune response. Consistently, SAP activity and G. mellonella infection assays indi-
cated that white, pink, and filament cells have differential virulence characteristics dur-
ing host tissue colonization and systemic infection.

Increased expression of a number of ergosterol biosynthesis genes (ERG1, ERG2,
ERG7, ERG26, PDR16, and RCT1) were also observed in pink cells of C. haemulonii, sug-
gesting that pink cells might have higher levels of multidrug resistance than white cells
(48, 49). Further investigation needs to be performed to evaluate the multidrug resist-
ance of the distinct cell types. Although both white-pink switching in C. haemulonii
and the white-opaque transition in C. albicans are heritable and contribute to environ-
mental adaptation and infection virulence, there are still distinct features between the
two phenotypic switching systems. First, the colony and cellular morphologies of C.
albicans opaque cells and C. haemulonii pink cells was distinguishable. C. albicans opa-
que cells were elongated and formed rougher colonies on Lee’s glucose agar medium,
while C. haemulonii pink cells were round and formed smooth colonies. Second, C. albi-
cans white cells can undergo robust filamentous growth under many laboratory condi-
tions, such as elevated CO2 levels, neutral pH, physiological temperature (37°C), and N-
acetylglucosamine exposure (20). Conversely, white cells of C. haemulonii were not
observed to form filaments under these conditions, while pink cells undergo filamen-
tous growth when cultured in glycerol-containing medium. Third, although many genes
encoding the homologs of the C. albicans mating regulators were upregulated in C. hae-
mulonii pink and filament cells, no mating phenotype or behavior was observed. Taken to-
gether, the possible mechanism and physiological significance underlying morphological
switching in C. haemulonii need to be investigated further.

The switch between pink and filament cells in C. haemulonii is similar to the transi-
tion between the FC yeast and filamentous form in C. auris in terms of their nonherit-
able property (27), temperature dependence, and filament morphology. However,
there are some differences between the two cell types. Low temperatures promote the
FC yeast to filamentous form transition in C. auris. In C. haemulonii, the presence of
glycerol induces robust filamentous growth. There are two possible explanations for
how glycerol drives filament development. One explanation is associated with the
well-established role of glycerol in osmotic and oxidative pressure (56, 57). Global
gene expression analysis indicated that a subset of oxidative stress response genes
(e.g., TSA1, GZF3) and aerobic metabolism-related genes (e.g., IDH2, ACO2, IDP2, KGD2)
were enriched in the pink cells, consistent with this explanation. The second hypothe-
sis is that internal glycerol is required for GPI anchor synthesis, which is necessary for
the cross-linking of mannoproteins and adhesins to the cell surface. Cell surface depo-
sition has been demonstrated to contribute to the capability of cells for undergoing fil-
amentation (58). This notion might be supported by the identification of significantly
enriched GPI-anchored proteins in C. haemulonii pink cells via global gene expression
analysis.

Since its original clinical characterization from human blood in 1984, no filamentous
phenotype has been discovered in any isolates of C. haemulonii. Sipiczki et al. (2016)
found C. vulturna, a novel species related to C. haemulonii, could produce invasive bun-
dles of pseudohyphae (intrusions into the medium) beneath the colonies (59).
However, no filament cells were observed in samples taken from colonies on the me-
dium plate. In this study, we discovered a typical filamentous “filament cell” phenotype
in C. haemulonii colonies grown on YPG medium plates. The filament cells exhibit sev-
eral characteristics of the pink cell phenotype, including a pink color on phloxine B-con-
taining agar, a very light brown color on CuSO4-containing agar, and defective growth at
37°C. Moreover, elevated temperatures promote the morphological transition from the fil-
ament cell type to the pink cell type. Taken together, we propose a novel yeast-filament
switching system in C. haemulonii. Unlike most Candida species, C. haemulonii is better at
superficial infections than systemic infections (10–13). Low temperatures induced
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filamentation and SAP accumulation in C. haemulonii, thereby facilitating its commensal
lifestyle on host skin.

MATERIALS ANDMETHODS
Strains and culture conditions. C. haemulonii, C. auris, and C. albicans strains were routinely cul-

tured in YPD medium (20 g/liter peptone, 10 g/liter yeast extract, 20 g/liter glucose). YPG (20 g/liter pep-
tone, 10 g/liter yeast extract, 20 ml/liter glycerol), YPD1 1 mM CuSO4, and modified Lee’s glucose media
(25) were used for the morphological assays. Solid media were supplemented with 2% Bacto-Agar and
5 mg/ml phloxine B dye. Yeast extract was purchased from the Angel Company (Hubei, China). Peptone
was from Oxoid Ltd. Company (Hants, UK). Glucose and glycerol were purchased from Beijing Chemical
Works (Beijing, China), and phloxine B was from Sigma-Aldrich (St. Louis, MO). For plating experiments,
cells were diluted into double-distilled water at a concentration of 1,000 CFU/ml. Then, 0.1 ml of the sus-
pension was spread on the different solid media and cultured at 25, 30, or 37°C for 5–9 days. For the
CuSO4 inhibition assays, YPD and YPD agar containing serial concentrations of CuSO4 was used. YCB
agar medium containing 0.2% BSA as the sole nitrogen source was used for the SAP activity assays. All
strains used in this study are listed in Table S1 in the supplemental material.

Morphological switching assays. For the phenotypic switching assays, cells of the white or pink
phenotypes were plated onto YPD1phloxine B medium and incubated at 25°C for 6 days. The switching
frequency was defined as the number of colonies with an alternative phenotype divided by the number
of total colonies. Data were presented as the switching frequency percentage 6 standard deviation.

Phylogenetic analysis. The ITS sequences of C. haemulonii CH001 and previously reported isolates
were aligned using MEGA, Version 6.0. Minimum evolution phylogenetic trees were constructed with
the neighbor-joining method, bootstrapped with 1,000 replicates. C. auris strain CBS 10913T was used as
an outgroup, whereas C. haemulonii CBS 5149T, Candida pseudohaemulonii CBS 10004T, Candida duo-
bushaemulonii CBS 7798T, Candida vulturna CBS 14366T, and Candida haemulonii var. vulnera served as
comparators. The ITS sequences of the reported strains were acquired from the GenBank (https://www
.ncbi.nlm.nih.gov/) or CGD (http://www.candidagenome.org/) databases directly or extracted from the
genome sequences.

DAPI and Calcofluor White staining assays. Filament cells of C. haemulonii were grown in liquid
YPG medium at 25°C for 48 h, collected by centrifugation, washed, and resuspended in double-distilled
water. For the induction of filaments, C. albicans or C. auris cells were inoculated in liquid YPD 1 10% fe-
tal bovine serum (FBS) or YPD agar media for 24 h (37°C) or 5 days (25°C) of growth. Differential interfer-
ence contrast optics were used for standard cellular morphology assays. The cells were fixed and stained
with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Inc., Beijing, China) to visualize the nucleus,
and stained with Calcofluor White (Sigma-Aldrich, Inc.) to visualize septa/chitin. The images were taken
by Zeiss-LSM880 with Airy scan (original magnification, �630).

RNA-seq analysis and quantitative real-time PCR. RNA-seq analysis was performed as described
previously (60). Briefly, a single colony of white or pink cells was inoculated in liquid YPD medium for 36
h of growth with shaking at 25°C. Total RNA was extracted using GeneJET RNA Purification kits according
to the manufacturer’s instructions. RNA-seq was conducted by Berry Genomics Co., (Beijing, China) on
the Illumina NovaSeq platform. Approximately 6 million (M) reads were obtained by sequencing each
library. The clean reads were aligned to the reference sequence (C. haemulonii genomic sequence data
from the NCBI database, GCA_002926055.1) via the software HiSat2 v2.0.5 with default parameters (61).
Differentially expressed genes were analyzed with the DESeq2 R package (62). Three biological repeats
were performed. The RNA-seq data set has been deposited into the NCBI Gene Expression Omnibus
(GEO) portal. The GO enrichment analysis was performed with Gene Ontology Consortium (http://www
.geneontology.org/). The heatmap and GOplot packages for R were used to visualize clustering (63).

For the quantitative real-time PCR (qRT-PCR) analysis, 1 mg of total RNA per sample was used to syn-
thesize cDNA with RevertAid Reverse Transcriptase (Thermo Scientific, Inc.) following the manufacturer’s
recommendations. The primers used for qRT-PCR are listed in Table S2 in the supplemental material.
Quantification of the transcripts was performed in a Bio-Rad CFX96 real-time PCR detection system using
SYBR green. C. haemulonii ACT1 served as a housekeeping gene. The expression levels of each experi-
mental sample were normalized to that of ACT1.

Galleria mellonella infection assays. G. mellonella in the final instar larval stage were purchased
from Tianjin Huiyu Biological Technology Co. (Tianjin, China). Larvae of a similar size (0.3–0.4 g) were
used for infection assays. C. haemulonii white and pink cells, or C. albicans white and opaque cells were
cultured on YPD medium at 25°C for 5 days. C. haemulonii filament cells were grown on YPG medium at
25°C for 5 days. Cells of each phenotype (5 � 105 for C. haemulonii or 1 � 106 for C. albicans) in 10 ml
1 � PBS were injected into each larva using a syringe as described previously (52). After injection, the lar-
vae were placed in plastic culture dishes and incubated at 25°C in the dark.

Accession Number. The RNA-seq data set has been deposited into the NCBI Gene Expression
Omnibus (GEO) portal (accession number GSE185568).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.8 MB.
SUPPLEMENTAL FILE 2, PDF file, 0.7 MB.
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