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The Als3 Cell Wall Adhesin Plays a Critical Role in Human
Serum Amyloid A1-Induced Cell Death and Aggregation in
Candida albicans

Jiao Gong,a,b Jian Bing,a Guobo Guan,b Clarissa J. Nobile,c Guanghua Huanga

aDepartment of Infectious Diseases, Huashan Hospital and State Key Laboratory of Genetic Engineering, School of Life Sciences, Fudan University, Shanghai, China
bState Key Laboratory of Mycology, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China
cDepartment of Molecular and Cell Biology, School of Natural Sciences, University of California, Merced, Merced, California, USA

ABSTRACT Antimicrobial peptides and proteins play critical roles in the host de-
fense against invading pathogens. We recently discovered that recombinantly ex-
pressed human and mouse serum amyloid A1 (rhSAA1 and rmSAA1, respectively)
proteins have potent antifungal activities against the major human fungal pathogen
Candida albicans. At high concentrations, rhSAA1 disrupts C. albicans membrane in-
tegrity and induces rapid fungal cell death. In the present study, we find that rh-
SAA1 promotes cell aggregation and targets the C. albicans cell wall adhesin Als3.
Inactivation of ALS3 in C. albicans leads to a striking decrease in cell aggregation
and cell death upon rhSAA1 treatment, suggesting that Als3 plays a critical role in
SAA1 sensing. We further demonstrate that deletion of the transcriptional regulators
controlling the expression of ALS3, such as AHR1, BCR1, and EFG1, in C. albicans re-
sults in similar effects to that of the als3/als3 mutant upon rhSAA1 treatment. Global
gene expression profiling indicates that rhSAA1 has a discernible impact on the ex-
pression of cell wall- and metabolism-related genes, suggesting that rhSAA1 treat-
ment could lead to a nutrient starvation effect on C. albicans cells.

KEYWORDS Candida albicans, SAA1, adhesins, Als3, antifungal activity, cell
aggregation, serum amyloid A

Candida albicans is a commensal of mucosal surfaces and is also the most prevalent
fungal pathogen of humans. It causes both superficial diseases such as oral thrush

and vaginitis and life-threatening disseminated infections (1). The interplay between
the host innate immune system and C. albicans represents a good example of an
evolutionary arms race (2). The host can produce a set of antimicrobial peptides and
proteins (AMPs) to clear invading pathogens, while pathogens devise strategies to
evade these host defenses. C. albicans, for example, has developed a variety of evasion
strategies, including morphological transitions, which it uses to rapidly adapt to the
host environment and to evade the host innate immune system.

Mammalian serum amyloid A (SAA) proteins are a conserved family of apolipopro-
teins associated with high-density lipoprotein (HDL) in plasma (3). In response to
inflammatory stimuli, some members of this family (e.g., SAA1) are induced in hepa-
tocytes. The protein level of SAA1 in plasma can increase �1,000-fold during an
acute-phase response (3). It has been reported that SAA1 has potent antibacterial
activity (3–5). Recombinant human SAA1 is able to form ion channels in planar lipid
bilayer membranes (4) and has also been found to target the outer membranes of
bacteria (6). Mouse intestinal epithelial and hepatic SAAs can act as modulators in the
control of bacterial growth (5). In a recent study, we demonstrated that recombinant
human and mouse SAA1 proteins (rhSAA1 and rmSAA1, respectively) exhibit potent
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antifungal activities against C. albicans (7). rhSAA1 targets the cell surface of C. albicans
cells and impairs the integrity of the fungal cell membrane. However, the molecular
mechanisms through which SAA1 exerts its effects on this fungus remain largely
unknown.

In the present study, we report that treatment with rhSAA1 leads to a global change
in gene expression and induces rapid cell aggregation in C. albicans. Mechanistic
investigation into the function of rhSAA1 suggests that rhSAA1 targets Als3 (agglutinin-
like sequence 3), a cell wall adhesin of C. albicans. Inactivation of C. albicans Als3 results
in a reduced susceptibility to rhSAA1-induced cell death and aggregation.

RESULTS
rhSAA1 induces cell aggregation in C. albicans. The ability to sense and rapidly

respond to attack by the host immune system is critical for fungal pathogens to survive
in the host. In our killing assays, we observed that C. albicans cells rapidly aggregated
upon treatment with rhSAA1 (7). To verify this phenomenon, we treated C. albicans cells
with rhSAA1 and performed cell aggregation assays in three different media: yeast
extract-peptone-dextrose (YPD), Lee’s glucose, and Lee’s GlcNAc. As shown in Fig.
1, C. albicans cells filamented and formed aggregates (or “flocs”) in Lee’s glucose
and Lee’s GlcNAc media. In YPD medium, C. albicans cells also aggregated, although
cells maintained the yeast form.

SAA proteins are able to undergo autoaggregation and form amyloid fibrils at
certain threshold concentrations (8). We predicted that rhSAA1 induces cell aggrega-
tion in C. albicans through two possible mechanisms. One possibility is that the
intercellular interaction and autoaggregation of rhSAA1 binding to the fungal cell
surface could by consequence induce C. albicans aggregation. The second possibility is
that rhSAA1 activates the endogenous signaling pathway that is responsible for fungal
cell aggregation. To determine the mechanism of C. albicans cell aggregation, we
treated both live and heat-killed C. albicans cells with rhSAA1. As shown in Fig. 2,
rhSAA1 treatment caused cell aggregation in live cells but not in heat-killed cells of C.
albicans. Since cell viability is essential for this response, these results suggest that the
aggregation of C. albicans cells is due to the activation of the fungal endogenous
signaling pathway upon rhSAA1 treatment.

FIG 1 rhSAA1 induces cell aggregation in C. albicans. C. albicans cells (SC5314) were cultured to
mid-exponential phase in liquid Lee’s glucose, Lee’s GlcNAc, and YPD media at 30°C with shaking. Fungal
cells (2 ml) were then treated with rhSAA1 (at a final concentration of 40 mg/liter) for 1 h at 30°C with
shaking at 200 rpm. The cultures were then gently shaken before being photographed. PBS treatment
served as a negative control. Bar, 10 �m.
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Global transcriptional effects of rhSAA1 on C. albicans. To further explore the
functional mechanism of rhSAA1-induced cell death and aggregation in C. albicans, we
performed RNA sequencing (RNA-Seq) to compare the transcriptional profiles of
rhSAA1-treated and phosphate-buffered saline (PBS)-treated (control) cells of C. albi-
cans. We found 491 differentially expressed genes (using a 2-fold change cutoff). Of
them, 162 genes were downregulated and 329 genes were upregulated in rhSAA1-
treated cells (Fig. 3a; see also Data Set S1 in the supplemental material). Upon rhSAA1
treatment, two striking features of gene expression were observed.

First, metabolism-associated genes, including those involved in glycolysis and mi-
tochondrial and energy metabolism, were upregulated. Moreover, genes involved in
ion metabolism exhibited a notable change when treated with rhSAA1. For example,
iron utilization-associated genes (FET34, FTR1, SFU1, and CFL2) were upregulated,
whereas FRE7 and FRE30 were downregulated upon rhSAA1 treatment. In addition,
several copper-related genes, such as CRP1, COX17, and SCO1 were also upregulated
upon rhSAA1 treatment. This induced starvation response indicates that the binding of
rhSAA1 to the fungal cell somehow functions as a signal for nutrient utilization.

Second, several cell wall-related genes, including cell wall protein-encoding genes
and cell wall maintenance regulators, were downregulated, while many genes involved
in cell membrane maintenance were upregulated (Fig. 3b and Data Set S1). For
example, cell wall structure-related genes, such as CHT4 (encoding a chitinase), SKN1
and KRE5 (required for �-1,6-glucan synthesis), ALG5 (encoding a glucosyltransferase),
and BMT1 and BMT3 (encoding �-mannosyltransferases) were significantly downregu-
lated after treatment with 40 mg/liter rhSAA1. Genes involved in cell wall regeneration
and cell wall integrity (PMT1, PMT2, and AMS1) were also downregulated after treat-
ment with rhSAA1. Ergosterol is an important component of the fungal cell membrane.
Enzymes of the ergosterol biosynthetic pathway are the most common targets of
clinically used antifungal drugs. We found that a number of genes involved in the
synthesis of ergosterol (ERG3, ERG11, ERG251, and UPC2) were upregulated upon
treatment with rhSAA1. Two sphingolipid metabolism-related genes, SLD1 and CRG1,
were also upregulated. To validate the RNA-Seq data, 22 representative differentially
expressed genes were selected and examined for relative expression levels in response
to treatment with rhSAA1. As shown in Fig. S1, the relative expression levels were
generally consistent with the results of the RNA-Seq data. Taken together, the altera-
tions in cell wall-related and membrane-related genes upon rhSAA1 treatment may
represent a stress response to the damaging effects of rhSAA1 on the cell membrane
of C. albicans. These results are consistent with the disruptive effects of SAA1 on fungal
cell membrane integrity (7).

FIG 2 rhSAA1 does not induce aggregation in heat-killed C. albicans cells. C. albicans cells (SC5314) were
cultured to mid-exponential phase in liquid Lee’s glucose at 30°C. To induce cell killing, C. albicans cells
were incubated at 100°C for 10 min. Live or heat-killed cells (2 ml) were then treated with rhSAA1 (at a
final concentration of 40 mg/liter) for 1 h at 30°C with shaking. The cultures were then gently shaken
before being photographed. PBS treatment served as a negative control. Bar, 10 �m.
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rhSAA1 targets the cell wall protein Als3 in C. albicans. Since rhSAA1 induces cell
aggregation and binds to the cell surface of C. albicans, we predicted that rhSAA1 could
target specific C. albicans cell wall proteins. To identify the rhSAA1 targets, we tested
the ability of a subset of C. albicans cell wall protein mutants from our collections and
the mutant library generated by the Noble lab (9) for cell aggregation in the presence
of rhSAA1. In this screen, we identified that the mutant of ALS3 but not ALS4 exhibited
a defect in cell aggregation upon rhSAA1 treatment (Fig. 4a). ALS3 and ALS4 encode
two glycosylphosphatidylinositol (GPI)-anchored proteins belonging to the Als family
(10). Als3 is a known cell wall adhesin that is required for epithelial adhesion and
endothelial invasion (10–12). As expected, cells of the wild-type (WT) and ALS3-
reconstituted strains had similar levels of aggregation when treated with rhSAA1.
Consistent with this result, cells of the als3/als3 mutant demonstrated a significantly
higher survival rate than those of the WT and ALS3-reconstituted strains in killing assays
(Fig. 4b), suggesting that Als3 is a potential target of rhSAA1 and plays a critical role in
rhSAA1-induced cell death and cell aggregation.

To determine whether there is a physical interaction between Als3 and rhSAA1, we
ectopically expressed C. albicans ALS3 in Saccharomyces cerevisiae whose genome lacks
ALS homologs. Immunofluorescence assays illustrated that rhSAA1 could bind to S.
cerevisiae cells expressing C. albicans ALS3 but not to control cells containing an empty

FIG 3 Effect of rhSAA1 treatment on the global transcriptional expression profile of C. albicans. (a) Gene
expression Venn diagram. A 2-fold difference cutoff, false discovery rates (FDRs) of less than 0.05, and
fragment per kilobase of transcript per million (FPKM) of at least one sample more than 20 were used
to define differentially expressed genes. (b) Heatmap of selected differentially expressed genes gener-
ated with R package software. Functional categories of genes are indicated. Log2(PBS/rhSAA1), Log2(read
count of PBS-treated sample/read count of rhSAA1-treated sample). A detailed analysis is presented in
Data Set S1 in the supplemental material.
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vector or cells expressing C. albicans ALS4 (Fig. 4c). We then collected the control cells
and S. cerevisiae cells expressing C. albicans ALS3 treated with rhSAA1 and performed
Western blot assays. Consistent with the results of the immunofluorescence assays, a
strong hybrid signal of rhSAA1 was detected in the sample of S. cerevisiae cells
expressing C. albicans ALS3 but was not in the control sample (Fig. 4d). Taken together,
these results suggest that rhSAA1 functions by directly binding to the C. albicans cell
wall protein Als3.

Ahr1, Bcr1, and Efg1 are required for rhSAA1-induced cell death and aggre-
gation in C. albicans. Ahr1, Bcr1, and Efg1 are important transcription factors involved
in the regulation of cell wall proteins and adhesion in C. albicans (13, 14). Inactivation

FIG 4 Distinct roles of Als3 and Als4 in rhSAA1-induced cell death and aggregation in C. albicans. (a) Cell
aggregation in the WT (SN152a), als3/als3, ALS3-reconstituted, and als4/als4 strains. C. albicans cells were
cultured to the mid-exponential phase in liquid Lee’s glucose medium at 30°C with shaking. Fungal cells
(2 ml) were then treated with rhSAA1 (at a final concentration of 40 mg/liter) for 1 h at 30°C with shaking
at 200 rpm. The cultures were then gently shaken before being photographed. PBS treatment served as
a negative control. Bar, 10 �m. (b) Susceptibility of the WT(SN152a), als3/als3, ALS3-reconstituted, and
als4/als4 strains to rhSAA1. C. albicans cells (2 � 105 cells/ml) of the WT, als3/als3, als4/als4, and
ALS3-reconstituted strains were treated with 40 mg/liter or 100 mg/liter rhSAA1 for 3 h in Lee’s glucose
at 30°C. PBS treatment served as a negative control. The ratio of viable cells was determined using plating
assays. The percentage of viable cells � (number of colonies of the rhSAA1-treated sample/average
number of colonies of the PBS-treated sample) � 100. Values are presented as means � standard
deviations (SDs) (n � 3). **, P � 0.01; NS, no significance (Student’s t test, two-tailed). (c) rhSAA1 binds
to the cell surface of CaALS3-heterologous expression cells of S. cerevisiae (BY4741). S. cerevisiae cells
heterologously expressing C. albicans ALS3 or ALS4 were cultured to the mid-exponential phase in liquid
YPD medium at 30°C, collected, and washed with PBS. Cells (5 � 106 cells/ml) were then treated with
200 mg/liter rhSAA1 or PBS for 2.5 h at room temperature (RT). Anti-hSAA1 antibody and Alexa Fluor
488-conjugated anti-mouse IgG were used for immunofluorescence staining assays. Control, BY4741 plus
vector. (d) Immunoblot assay; 1 � 107 cells of the control and CaALS3-heterologously expressing cells of
S. cerevisiae were treated with 200 mg/liter rhSAA1 for 2.5 h at RT. Cells were collected and eluted with
6 M urea. The binding of rhSAA1 to S. cerevisiae cells was then detected by Western blotting.
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of EFG1, BCR1, or AHR1 remarkably reduced the transcriptional expression of ALS3 in C.
albicans (Fig. 5a). Given the key role of Als3 in rhSAA1-mediated cell death in C. albicans,
we predicted that deletion of these transcriptional regulators would lead to similar
responses to rhSAA1 as deletion of ALS3. Indeed, killing and cell aggregation assays
demonstrated that cells of the ahr1/ahr1, bcr1/bcr1, and efg1/efg1 mutants exhibited
similar response patterns to the treatment of rhSAA1 to those of the als3/als3 mutant
(Fig. 5b and c). These findings confirm the key role of Als3 in rhSAA1-mediated cell
death and flocculation.

DISCUSSION

The interactions of C. albicans with the host are critical for its commensal and
pathogenic life styles. Fungal pathogens often express numerous adhesins, secreted
aspartyl proteinases, and even fungal toxins, such as candidalysin, to facilitate invasion
of the host. On the other hand, upon fungal infection, the host has a number of defense
strategies, including secreting AMPs, “nutritional immunity,” and producing antibodies
through adaptive immunity to clear invading fungal pathogens (15). Mammalian SAA1
is a major acute-phase protein that has antimicrobial activity against both bacteria and
fungi (5, 7). In the present study, we set out to investigate the antifungal mechanism
of human SAA1 against C. albicans. We demonstrate that rhSAA1 induces cell aggre-
gation in C. albicans and potentially targets the cell surface protein Als3. The Als3
adhesin is required for rhSAA1-induced cell death and aggregation in C. albicans.

We previously found that rhSAA1 binds to the cell surface of C. albicans and disrupts

FIG 5 Killing of C. albicans cells of transcription factor mutants by rhSAA1. (a) Relative expression level of ALS3 in the WT
(SN250A-), ahr1/ahr1, bcr1/bcr1, and efg1/efg1 mutants. Total RNA was extracted from C. albicans cells grown in liquid Lee’s
glucose medium at 30°C and used for quantitative RT-PCR assays. The relative expression level of ALS3 in WT was set as
“1.” Error bar, standard deviation. **, P � 0.01 (Student’s t test, two-tailed). (b) Effect of rhSAA1 treatment on cell
aggregation of the WT (SN250A-), ahr1/ahr1, bcr1/bcr1, and efg1/efg1 mutants. Two milliliters of C. albicans cells cultured
in liquid Lee’s glucose medium was treated with rhSAA1 (at a final concentration of 40 mg/liter) for 1 h at 30°C with shaking
at 200 rpm. The sample tubes were gently shaken before imaging. PBS treatment served as a negative control. (c) Killing
effect of rhSAA1 on the WT (SN250A-), ahr1/ahr1, bcr1/bcr1, and efg1/efg1 mutants; 2 � 105 cells/ml C. albicans cells were
incubated with 40 mg/liter or 100 mg/liter rhSAA1 for 3 h in Lee’s glucose at 30°C. PBS treatment served as a negative
control. Viable cells were determined using plating assays. The percentage of viable cells � (number of colonies of the
rhSAA1-treated sample/average number of colonies of the PBS-treated sample) � 100. Values are means � SDs (n � 3).
*, P � 0.05; **, P � 0.01 (Student’s t test, two-tailed).
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membrane integrity (7). Interestingly, unlike most membrane-disrupting AMPs, human
SAA1 is hydrophilic and negatively charged (16), and native SAA1 often exists as a
hexamer. These structural features may favor its conformational changes and ability to
bind to the fungal cell surface (8). Using genetic and biochemical assays, we identify C.
albicans Als3 as a potential target of rhSAA1. It is possible that the Als3 adhesin could
function as an anchor of host SAA1. After binding to Als3, SAA1 could form a hexamer
and disrupt the cell membrane of C. albicans. Moreover, Als3 is a crucial hypha-specific
cell wall adhesin of C. albicans and plays a critical role in host epithelial adhesion (17).
Als3 is a species-specific adhesin only found in C. albicans and its closely related species
Candida dubliniensis. Perhaps due to the lack of an ortholog of Als3 in Candida glabrata,
Candida parapsilosis, and S. cerevisiae, rhSAA1 exhibited no killing effect on cells of
these fungi (7). Interestingly, Als3 contains a conservative amyloid-forming region (AFR;
325 to 331 amino acids [aa]) that is required for the formation of amyloid fibers and its
aggregative function (11). It remains to be investigated whether this AFR region is
important for the Als3-rhSAA1 physical interaction and for host sensing of C. albicans.

From the pathogen perspective, SAA1-induced cell aggregation could be a C.
albicans adaptive behavior to increase its survival upon host immune molecular attacks.
Global transcriptional profiling demonstrated that rhSAA1 treatment led to a global
change of gene expression in C. albicans. Strikingly, cell wall-related genes were generally
downregulated, whereas cell membrane maintenance-related and metabolism-related
genes were upregulated upon rhSAA1 treatment. For example, the expression of a large
number of metabolism-related genes, including many oxidative metabolism- and tricar-
boxylic acid (TCA) cycle-related genes, were upregulated in rhSAA1-treated cells of C.
albicans (Fig. 3 and Data Set S1 in the supplemental material). This increased expression of
metabolism-related genes implies that the binding of rhSAA1 protein to the fungal surface
affects the intake of nutritional components and results in an induced starvation. These
changes in gene expression could facilitate the fungus to better survive in the host. Similar
to SAA1, mammalian interleukin 17A (IL-17A) also induces cellular aggregation in C. albicans
by targeting GPI-anchored cell wall proteins (18). Therefore, to adapt to the host environ-
ment and respond to host defense mechanisms, C. albicans has evolved elegant means to
sense and respond to the host.

The innate immune response to invading pathogenic Candida species is the first line
of host defense. Given the conserved characteristic of SAA1 in mammals, one would
expect that the rapid increase of SAA1 plasma levels upon acute-phase response to
infection would facilitate the rapid clearance of invading pathogens. During long-term
coevolution, C. albicans has also developed a repertoire of protective strategies to
survive host immune attacks. Our discovery of the potential target of human SAA1 in
C. albicans may be useful in the development of novel antifungal strategies.

MATERIALS AND METHODS
Strains and growth conditions. The strains used in this study are listed in Table S1 in the

supplemental material. YPD medium (2% glucose, 2% peptone, 1% yeast extract) was used for routine
growth of C. albicans and S. cerevisiae strains. Modified Lee’s glucose and Lee’s GlcNAc media (pH 6.8)
were used for cellular aggregation assays in C. albicans. LB medium (1% peptone, 1% NaCl, 0.5% yeast
extract) was used for bacterial growth.

The two alleles of ALS3 were deleted using a homologous recombination strategy with fusion PCR
products in C. albicans as described previously (19). Briefly, the two alleles of ALS3 were replaced with
ARG4 and HIS1 selectable markers that were generated by fusion PCR strategies. The ARG4 and HIS1
cassettes were amplified from plasmids pRS-ARG4ΔSpel and pGEM-HIS1, respectively (20). The als4/als4
mutant was generated using a similar strategy. Primers used for PCRs are listed in Table S2.

To construct the ALS3-reconstituted strain, fusion PCR products containing ALS3 and the CaSAT1
cassette (nourseothricin-resistant marker adapted for Candida species) were generated and transformed
into the als3/als3 mutant of C. albicans. The CaSAT1 cassette was amplified from plasmid pSF2A (21);
fragments of 3= untranslated region (UTR) of ALS3 and ALS3 open reading frame (ORF) plus 5= UTR were
amplified from genomic DNA of C. albicans SC5314. The CaSAT1 cassette, fragments of 3= UTR of ALS3,
and ALS3 ORF plus 5= UTR were used as the templates for fusion PCR. Primers used for PCRs are listed
in Table S2.

To heterologously express C. albicans ALS3 in S. cerevisiae, we first subcloned the ALS3 coding region
into plasmid pYES2 at the KpnI and XbaI sites under the control of the ADH1 promoter. The ALS3 coding
region fragments were amplified from genomic DNA of C. albicans SC5314 by PCR and digested with
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KpnI and XbaI enzymes. Plasmid pYES2-ALS3 was then transformed into S. cerevisiae strain (BY4741). The
S. cerevisiae strain transformed with plasmid pYES2 served as a control.

Recombinant expression and purification of human SAA1 in E. coli. The methods of recombinant
expression and purification of human SAA1 in Escherichia coli were performed as described previously (7).
Briefly, the expression plasmid pET28-hSAA1 was transformed into E. coli strain Rosetta (DE3). To induce
the expression of human SAA1 in E. coli, bacterial cells were cultured in LB medium containing
50 mg/liter kanamycin and induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG; Sangon Bio-
tech, Shanghai, China). After 3 h of incubation, bacterial cells were harvested and used for rhSAA1
purification using the His·Bind purification kit (Millipore, Uppsala, Sweden).

Cell aggregation assay. C. albicans cells were cultured to logarithmic phase in liquid Lee’s glucose,
Lee’s GlcNAc, or YPD medium at 30°C with shaking. The cell cultures (2 ml) were treated with rhSAA1
(at a final concentration of 40 mg/liter) for 1 h at 30°C with shaking (200 rpm). The culture samples
were then subjected to cell aggregation examination. The culture samples were gently shaken
before being photographed.

RNA-Seq and quantitative real-time PCR. C. albicans cells were grown to logarithmic phase in
liquid Lee’s glucose at 30°C. Cells were then treated with rhSAA1 (at a final concentration of 40 mg/liter)
for 1 h and harvested for RNA extraction using the RNA preparation kit (Thermo Scientific, Vilnius,
Lithuania).

RNA-Seq analysis was performed by Berry Genomics Co. (Beijing, China). Approximately 10 million (M)
reads were obtained by sequencing each library as described previously (22). Briefly, mRNA was purified
from total RNA using oligo(dT) magnetic beads and fragmented into small pieces (200 to 700 bp). The
cleaved RNA fragments were primed with random hexamers and used to synthesize the first-strand and
second-strand cDNAs. Adapters were ligated to the cDNA fragments to generate a library for sequencing
(Illumina HiSeq 2500 V4). Illumina software OLB_1.9.4 was used for base calling. The adapter sequences
and low-quality reads were removed from the raw data. Clean reads were mapped to the genome of C.
albicans SC5314 using TopHat v2.1.1 and Cufflinks (version 2.2.1) software (23). Relative gene expression
levels were calculated using the fragments per kilobase per million reads (FPKM) method. The GO
enrichment analysis was performed with Gene Ontology Consortium (http://www.geneontology.org/)
and carried out according to the online CGD GO Term Finder tool (http://www.candidagenome.org/cgi
-bin/GO/goTermFinder). The heatmap and GOplot packages for R were used to visualize clustering (24).
Differential expression analyses were conducted using the DESeq2 package from Bioconductor. Two
biological replicates were performed for each sample for RNA-Seq analysis.

qRT-PCR assays were performed as described previously (22). Briefly, mRNA was first reverse-
transcribed into cDNA with RevertAid H Minus reverse transcriptase (Thermo Scientific, Vilnius, Lithuania),
and the transcripts were then quantified using a Bio-Rad CFX96 real-time PCR detection system with
SYBR green (Toyobo, Osaka, Japan). The relative expression levels of each gene were normalized to that
of C. albicans ACT1. Primers used for PCR are listed in Table S2.

Killing assays of fungal cells. Antifungal activities of rhSAA1 against the WT and mutant strains of
C. albicans were determined using a CFU assay as described previously (7). Briefly, fungal cells from a
single colony were cultured in liquid YPD medium to logarithmic phase at 30°C with shaking. Cells were
collected, washed, and then diluted in Lee’s glucose medium to 2 � 105 cells/ml. Fungal cells were then
treated with equivoluminal rhSAA1. PBS treatment served as a negative control. Three biological
replicates were performed for each test.

rhSAA1 binding assays. Binding assays of rhSAA1 to cells of S. cerevisiae were performed according
to previous reports (6, 7). Fungal cells (5 � 106 cells/ml) were mixed with 200 mg/liter rhSAA1 at room
temperature for 2.5 h. Cells were then washed three times with PBS and incubated with mouse
anti-hSAA1 antibody (Abcam, Cambridge, UK) at 4°C overnight. After washing with PBS, Alexa Fluor
488-conjugated goat anti-mouse IgG (Life Technologies, Delhi, India) was then added to the cells for
fluorescence microscopy assays. rhSAA1 bound to S. cerevisiae cells (1 � 107) was eluted with 6 M urea
and detected using an anti-hSAA1 antibody (Abcam, Cambridge, UK).

Data availability. The raw RNA-Seq data have been deposited in the NCBI Gene Expression Omnibus
(GEO) portal (accession GSE128598).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.9 MB.
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