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Bcrl Functions Downstream of Ssd1 To Mediate Antimicrobial
Peptide Resistance in Candida albicans
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In order to colonize the host and cause disease, Candida albicans must avoid being killed by host defense peptides. Previously,
we determined that the regulatory protein Ssd1 governs antimicrobial peptide resistance in C. albicans. Here, we sought to iden-
tify additional genes whose products govern susceptibility to antimicrobial peptides. We discovered that a bcr1 A/A mutant, like
the ssd1A/A mutant, had increased susceptibility to the antimicrobial peptides, protamine, RP-1, and human {3 defensin-2. Ho-
mozygous deletion of BCR1 in the ssd1A/A mutant did not result in a further increase in antimicrobial peptide susceptibility.
Exposure of the ber1A/A and ssd1A/A mutants to RP-1 induced greater loss of mitochondrial membrane potential and increased
plasma membrane permeability than with the control strains. Therefore, Bcrl and Ssd1 govern antimicrobial peptide suscepti-
bility and likely function in the same pathway. Furthermore, BCRI mRNA expression was downregulated in the ssd1A/A mu-
tant, and the forced expression of BCRI in the ssd1A/A mutant partially restored antimicrobial peptide resistance. These results
suggest that Bcrl functions downstream of Ssd1. Interestingly, overexpression of 11 known Bcrl target genes in the ber1A/A
mutant failed to restore antimicrobial peptide resistance, suggesting that other Bcrl target genes are likely responsible for anti-
microbial peptide resistance. Collectively, these results demonstrate that Bcrl functions downstream of Ssd1 to govern antimi-

crobial peptide resistance by maintaining mitochondrial energetics and reducing membrane permeabilization.

he fungus Candida albicans colonizes the skin and mucosal

surfaces of healthy individuals, and colonization is necessary
for the organism to cause both superficial and invasive disease. In
order to successfully colonize the host and cause disease, C. albi-
cans must resist killing by antimicrobial peptides produced by
epithelial cells, leukocytes and platelets. In humans, these antimi-
crobial peptides include defensins, histatins, cathelicidins, kinoci-
dins, and lactoferrin and transferrin family peptides (1).

Several mechanisms that enable C. albicans to resist the in-
jurious effects of antimicrobial peptides have been identified.
These mechanisms include inactivation of antimicrobial pep-
tides via either cleavage by secreted aspartyl proteases (2) or
binding by secreted fragments of Msb2 (3). In addition, stress
response pathways within the fungus are important for resis-
tance to antimicrobial peptides. For example, an intact Hogl
mitogen-activated protein kinase pathway is required for resis-
tance to multiple antimicrobial peptides (4, 5). Previously, we
determined that the regulatory factor Ssd1 plays a key role in
antimicrobial peptide resistance in C. albicans (6). A strain in
which SSDI was deleted was hypersusceptible to certain anti-
microbial peptides, whereas strains that overexpressed SSDI
were resistant to these peptides. In addition, in a murine model
of disseminated candidiasis, an ssd]A/A null mutant had atten-
uated virulence, suggesting that Ssd1-mediated antimicrobial
peptide resistance may contribute to virulence of C. albicans.
However, the mechanism(s) through which SSDI contributes
to antimicrobial peptide resistance in C. albicans was un-
known.

The goal of the current study was to identify additional genes
whose products mediate peptide resistance in C. albicans. Using a
candidate gene approach, we discovered that the BCRI gene prod-
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uct, a transcription factor, functions downstream of SSD1 to me-
diate resistance to some antimicrobial peptides.

MATERIALS AND METHODS

Strains and growth conditions. The C. albicans mutant strains used in
this study are summarized in Table 1. The 93 clinical strains of C. albicans
that were screened were blood isolates obtained from a multicenter sur-
veillance study of candidemia in South Korea (7) All strains were main-
tained on YPD agar (1% yeast extract [Difco], 2% peptone [Difco], and
2% glucose plus 2% Bacto agar). C. albicans transformants were selected
on synthetic complete medium (2% dextrose and 0.67% yeast nitrogen
base [YNB] with ammonium sulfate, and auxotrophic supplements). For
use in the experiments, the strains were grown in YPD broth in a shaking
incubator at 30°C overnight. The resulting yeasts were harvested by cen-
trifugation and enumerated with a hemacytometer as previously de-
scribed (8).

Strain construction. All C. albicans mutant strains constructed for
this study were derived from strain BWP17 (9). Deletion of the entire
protein-coding regions of both alleles of RTA2 was accomplished by suc-
cessive transformation with ARG4 and HISI deletion cassettes that were
generated by PCR using the primers RTA2-5DR and RTA2-3DR (see Ta-
ble S1 in the supplemental material). The resulting strain was subse-
quently transformed with a URA3-IROI fragment, which was released
from pBSK-URA3 by NotlI/Pstl digestion, to reintegrate URA3 at its native
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TABLE 1 Strains of C. albicans used in this study

Strain Genotype Reference
CA024 Wild type (bloodstream isolate)

CA080 Wild type (bloodstream isolate)

DAY185 ura3:Nimm434/ura3:Nimm434 hisI:hisG:pHIS1/his1::hisG arg4::hisG::ARG4-URA3/arg4::hisG 9

CW195 ura3:Nimm434/ura3:Nimm434 his1::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 This study
CW193 ura3:Nimm434/ura3:Nimm434 his1::hisG:pHIS1-BCR1/his1::hisG arg4::hisG/arg4::hisG This study

berl::ARG4/berl::URA3
rta2 A/A ura3:Nimm434/ura3::Nimm434::URA3 his1::hisG/his1::hisG argd::hisG/arg4::hisG rta2::HIS1/rta2::ARG4 This study

APRA-1 (ssd1A/A-T)
APRA-1comp (ssd1A/A-1:SSD1)
ssd1::HIS1/ssd1::ARG4::SSD1

ura3:Nimm434/ura3:Nimm434::URA3 his1::hisG/his1::hisG arg4::hisG/arg4::hisG ssd1::HIS1/ssd1::ARG4 6
ura3:Nimm434/ura3:Nimm434::URA3 his1::hisG/his1::hisG argd::hisG/arg4::hisG 6

ssd1A/A-ber1A/A-T and ssd1A::HIS1/ssd1A::ARG4 ber1A::URA3/ber1 A::NAT1 ura3A:Nimm434/ura3A:Nimm434 arg4::hisG/ This study
ssdIA/A-ber1 A/A-T1 arg4::hisG hisI::hisG/his1::hisG
ssd1A/A+BCR1-OE-I and ura3:Nimm434/ura3::Nimm434::URA3 his1::hisG/his1::hisG argd::hisG/arg4::hisG ssd1::HIS1/ssd1::ARG4 This study
ssd1A/A+BCR1-OE-II BCRI:pAgTEFI-NATI1-AgTEF1IUTR-TDH3-BCR1/BCRI
ber1A/A+SSD1-OE-I and ura3:Nimm434/ura3:Nimm434 hisl::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/berl::URA3 This study
ber1A/A+SSD1-OE-II SSD1:pAgTEF1-NATI1-AgTEFIUTR-TDH3-SSD1/SSD1
CJN1144 ura3:Nimm434/ura3:Nimm434 hisl::hisG:pHIS1/his1::hisG argd::hisG/arg4::hisG berl::ARG4/bcerl::URA3 19
TEF1-ALS1:NATI1/ALS1
CJN1153 ura3:Nimm434/ura3:Nimm434 his1::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 19
TEF1-ALS3::NAT1/ALS3
CJN1222 ura3:Nimm434/ura3:Nimm434 hisl::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 19
TEF1-HWPI1:NAT1/HWP1
CJN1259 ura3:Nimm434/ura3:Nimm434 hisl::hisG:pHIS1/his1::hisG argd::hisG/arg4::hisG berl::ARG4/bcerl::URA3 19
TEF1-HYRI:NATI1/HYRI
CJN1276 ura3:Nimm434/ura3:Nimm434 his1::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 19
TEF1-RBT5:NATI/RBT5
CJN1281 ura3:Nimm434/ura3:Nimm434 hisl::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/berl::URA3 19
TEF1-CHT2:NATI1/CHT2
CJN1288 ura3:Nimm434/ura3:Nimm434 hisl::hisG:pHIS1/his1::hisG argd::hisG/arg4::hisG ber1::ARG4/bcerl::URA3 19
TEF1-ECEI:NATI/ECEI
JF11 ura3:Nimm434/ura3:Nimm434 his1::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 This study
PGA10::pAgTEF1-NATI1-AgTEFIUTR-TDH3-PGA10/PGA10
JE25 ura3:Nimm434/ura3:Nimm434 hisl::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/berl::URA3 This study
CSA1:pAgTEF1-NATI1-AgTEFIUTR-TDH3-CSA1/CSA1
ber1A/A+MAL31-OE ura3:Nimm434/ura3:Nimm434 his1::hisG:pHIS1/his1::hisG argd::hisG/arg4::hisG berl::ARG4/bcerl::URA3 This study
MAL31::pAgTEF1-NATI1-AgTEFIUTR-TDH3-MAL31/MAL31
berIA/A+RTA1-OE ura3:Nimm434/ura3:Nimm434 his1::hisG::pHIS1/his1::hisG arg4::hisG/arg4::hisG bcrl::ARG4/bcrl::URA3 This study

RTA1:pAgTEFI-NATI1-AgTEFIUTR-TDH3-RTAI/RTA1

locus (8). Proper integration of the URA3-IROI fragment was confirmed
by PCR using the primers URA3-F and URA3-R (see Table S2 in the
supplemental material).

To delete the entire protein-coding region of BCRI in the ssd1A/A
mutant, deletion cassettes containing BCRI flanking regions and the
URA3 or NATI selection marker were amplified by PCR with primers
BCR1-5DR and BCR1-3DR (see Table S1 in the supplemental material),
using pGEM-URA3 (9) and pJK795 (10) as templates, respectively. These
PCR products were then used to successively transform a Ura™ ssalA/A
strain.

To construct gene overexpression strains, a DNA fragment containing
the NATI nourseothricin resistance gene and the TDH3 promoter was
integrated upstream and adjacent to the protein-coding region of the gene
to be overexpressed (11). The TDH3-BCRI overexpression strains were
constructed by transforming C. albicans with a DNA fragment generated
by PCR using plasmid pCJN542 (11) as the template and the primers
BCRI1OE-5" and BCR1OE-3’ (see Table S1 in the supplemental material).
Following a similar approach, primers SSD10E-5" and SSD1OE-3" (see
Table S1 in the supplemental material) were used for overexpression of
SSD1, primers MAL310E-5" and MAL310E-3’ were used for overexpres-
sion of MAL31, and primers RTA1OE-5" and RTA10E-3’" were used for
overexpression of RTAI.
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Radial diffusion assays. The susceptibilities of the different C. albicans
strains to the various antimicrobial peptides (Table 2) were determined
using a radial diffusion assay (12). Organisms were mixed with 1,4-
piperazinediethanesulfonic acid (PIPES) (10 mM, pH 7.5)-buffered aga-
rose at a final concentration of 10° CFU/ml and then added to petri dishes.
Next, cylindrical wells were cut into the agar, and 10-jg amounts of the
antimicrobial peptides human neutrophil defensin 1 (HNP-1), human
B-defensin 2 (hBD-2), LL-37, and RP-1 were added to the wells. After 3 h
of incubation at 30°C, the plate was overlaid with YNB agar and incubated
at 30°C for 24 h, and then the zone of inhibition were measured. Each
experiment was performed at least twice.

Susceptibility to protamine sulfate and nonpeptide stressors. The
susceptibilities of the various C. albicans strains to protamine and
nonpeptide stressors were tested using spot dilution assays. Serial 10-
fold dilutions of C. albicans ranging from 10° to 10' CFU were plated in
5-ul volumes on YPD agar containing protamine sulfate (Sigma-Al-
drich), SDS, or Congo red and incubated at 30°C. The growth was
recorded every 24 h.

The susceptibilities of selected clinical isolates of C. albicans to ampho-
tericin B, fluconazole, voriconazole, caspofungin, and micafungin were
determined by the Clinical and Laboratory Standards Institute M27-A3
method (13).
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Bcr1 and Antimicrobial Peptide Resistance

Real-time PCR. C. albicans expression of BCR1, RTA2, and SSD1 was
determined by real-time PCR. Total RNA was extracted from logarith-
mic-phase C. albicans cells using the hot-phenol method. In some exper-
iments, the C. albicans strains (10" CFU/ml) were grown in the presence
and absence of sublethal concentrations of RP-1 in PIPES (10 mM, pH
7.5) at serial time points prior to RNA extraction. Quantitative real-time
PCR was carried out using the SYBR green PCR kit (Applied Biosystems)
and an ABI 7000 real-time PCR system (Applied Biosystems) following
the manufacturer’s protocol. The primers used in these experiments are
listed in Table S1 in the supplemental material. The results were analyzed
by the AAC; method, using the transcript level of the C. albicans ACT1
gene as the endogenous control. The mRNA levels for each gene were
determined in at least three biological replicates, and the results were
combined.

Flow cytometry. Multicolor flow cytometry was used to assess the
effects of the antimicrobial peptides on C. albicans. The fluorophores used
were as follows: membrane permeabilization, propidium iodide (PI)
(Sigma-Aldrich); transmembrane potential, 3,3-dipentyloxacarbocya-
nine (DiOC;) (Invitrogen); and phosphatidylserine accessibility, annexin
V (allophycocyanin conjugate; Invitrogen) (14). In these experiments, 10°
C. albicans cells were incubated with RP-1 (5 wg/ml) in 100 wl PIPES (pH
7.5) for 1 h with shaking at 30°C. The cells were stained for 10 min at room
temperature by adding 900 .l stain buffer (P, 5.0 pg/ml; DiOCg, 0.5 pM;
and annexin V, 2.5 uM in 50 mM K*MEM). Flow cytometry was per-
formed using a FACSCalibur instrument (Becton Dickinson). The fluo-
rescence of at least 5 X 10? cells was analyzed.

Statistical analysis. Differences in C. albicans gene expression and
susceptibility to antimicrobial peptides were compared by analysis of vari-
ance. P values of =0.05 were considered to be significant.

RESULTS

Antimicrobial peptide resistance in clinical C. albicans blood-
stream isolates is distinct from antifungal resistance. To identify
naturally occurring C. albicans strains with altered susceptibility
to antimicrobial peptides, a panel of 93 bloodstream isolates was
screened for susceptibility to protamine, a helical cationic poly-
peptide that is frequently used to screen for antimicrobial peptide
susceptibility (15, 16). Strains with markedly increased or de-
creased susceptibility to protamine were subsequently tested for
susceptibility to other antimicrobial peptides, including RP-1,
hBD-2, HNP-1, and LL-37. From this collection of strains, we
selected strain CA024 (Amp®), which was more susceptible than
the DAY185 reference strain to hBD-2, LL-37, and RP-1 (Fig. 1A).
We also selected strain CA080 (Amp"), was which less susceptible
than strain DAY185 to all peptides tested. Of note, all of these
strains had similar susceptibility to amphotericin B, fluconazole,
voriconazole, caspofungin, and micafungin (see Table S2 in the
supplemental material), suggesting that susceptibility to antimi-
crobial peptides is unrelated to susceptibility to conventional an-
tifungal agents.

Expression profiling of candidate genes indicates that RTA2
and BCRI are differentially expressed in the Amp® and Amp*
strains. To assess the genes whose products mediate antimicrobial
peptide resistance in C. albicans, the Amp® and Amp" strains were
exposed for various times to a sublethal concentration of RP-1 at
which 90% of the organisms survived after a 1-h exposure (2.5 g/ml
for the Amp® strain, 100 pg/ml for the Amp" strain, and 5 p.g/ml for
DAY185). Next, we used real-time PCR to compare the transcript
levels of 9 candidate resistance genes in these strains. The products of
the candidate genes were representative of targets or signaling path-
way components known or hypothesized to contribute to microbial
resistance to host defense peptides. These candidate genes included
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FIG 1 Comparative antimicrobial peptide susceptibilities and time
courses of RTA2 and BCRI mRNA levels in two C. albicans bloodstream
isolates (CA024 [Amp°®] and CA080 [Amp’]) with differing levels of anti-
microbial peptide susceptibility and in the DAY185 reference strain. (A)
Susceptibilities of the three C. albicans strains to the indicated antimicro-
bial peptides were determined by a radial diffusion assay at pH 7.5. Anti-
microbial susceptibility was measured as the zone of inhibition (ZOI) after
incubation at 30°C for 24 h. Results are means * standard deviations (SD)
from three independent experiments. (B and C) RTA2 (B) and BCRI (C)
transcript levels in the Amp®, Amp", and DAY185 strains after incubation
for the indicated time in the presence of a sublethal concentration of RP-1
(2.5 pg/ml for Amp®, 100 pg/ml for Amp", and 5 pg/ml for DAY185).
Transcript levels were measured by real-time PCR using ACT1 as the en-
dogenous control gene and normalized to organisms incubated for 60 min
in medium without RP-1 (untreated). Results are means *= SD for three
biological replicates, each measured in duplicate. *, P < 0.05 compared to
cells grown in the absence of RP-1. HNP-1, human neutrophil peptide 1;
hBD-2, human B-defensin 2.
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FIG 2 Influence of RTA2 and BCRI on C. albicans antimicrobial peptide
susceptibility. The susceptibilities of the indicated strains of C. albicans to RP-1
(A and C) and hBD-2 (B and D) were determined by a radial diffusion assay
after incubation at 30°C for 24 h. Results are the means = SD from two inde-
pendent experiments. *, P < 0.05 compared to the wild-type strain (WT).

ones involved in cell wall integrity (GSLI), cell membrane integrity
(RTA2), mitochondrial integrity (MDM]10), transcriptional regula-
tion (ADA2, ACE2, BCR1I), stress response (HOG1, PBS2), and pro-
tein trafficking (VPS51).

We found that among these genes, only RTA2 and BCRI were
differentially expressed between the Amp® and Amp" strains in
response to the antimicrobial peptide RP-1. RTA2 mRNA levels
increased significantly in both isolates after exposure to RP-1 for
30 min (Fig. 1B). However, upon further exposure to RP-1, RTA2
transcript levels progressively decreased in the Amp® isolate but
not in the Amp" isolate. In strain DAY185, there was a trend to-
ward increased RTA2 transcript levels after 30 min of RP-1 expo-
sure, but this difference did not achieve statistical significance
(P = 0.09). The pattern of BCRI mRNA expression also varied
between the Amp® and Amp" strains. Upon exposure to RP-1,
BCRI transcript levels progressively increased in the Amp® strains
but remained at below basal levels in the Amp" strain (Fig. 1C).
Although BCRI mRNA levels in strain DAY 185 increased slightly
after 120 min of exposure to RP-1, this trend was not statistically
significant (P = 0.09). These findings suggested that RTA2 and
BCRI may govern or influence resistance to certain peptides such
as RP-1.

Contributions of RTA2 and BCR1 to intrinsic antimicrobial
peptide resistance. To determine the relationship of RTA2 and
BCRI to antimicrobial peptide resistance, we used a radial diffu-
sion assay to assess the susceptibilities of rta2A/A and berlA/A
mutants to antimicrobial peptides with different structure-activ-
ity relationships. The rta2A/A mutant had wild-type susceptibility
to RP-1and hBD-2 (Fig. 2A and B), possibly due to the presence of
other members of the RTA gene family (RTA1, RTA3, and RTA4).
On the other hand, the berl1A/A mutant was more susceptible to
both peptides than the wild-type strain (Fig. 2C and D). Thus,
BCRI is necessary for C. albicans to resist RP-1 and hBD-2,
whereas RTA2 is not.

ssd1A/A and ber1 A/A mutants have increased susceptibility
to both antimicrobial peptide and membrane stressors. Previ-

Eukaryotic Cell


http://ec.asm.org

ber1a/a:BCR1[ X} @ g

Protamine

Bcr1 and Antimicrobial Peptide Resistance

Congo red

FIG 3 Susceptibilities of the ssd1A/A and ber1A/A mutants to protamine and nonpeptide stressors. Images of serial 10-fold dilutions of the indicated strains that
were plated onto YPD agar containing 2 mg/ml protamine sulfate, 0.1% SDS, or 300 wg/ml Congo red and incubated at 30°C for 2 days are shown.

ously, we found that SSDI was required for C. albicans to resist
multiple antimicrobial peptides (6). Therefore, we compared the
susceptibility to protamine and nonpeptide stressors of an
ssd1A/A mutant with that of the bcr1A/A mutant. We found that
the ssdIA/A mutant was hypersusceptibile to protamine, the cell
membrane stressor SDS, and the cell wall stressor Congo red
(Fig. 3). The ber1A/A mutant also had increased susceptibility to
protamine and SDS, but it had near-wild-type susceptibility to
Congo red. As expected, the susceptibility of the ssd1A/A::SSD1
and ber1A/A::BCRI complemented strains to all stressors was sim-
ilar to that of the wild-type strain. Collectively, these data indicate
that both SSDI and BCRI are required for wild-type resistance to
both protamine and SDS.

BCRI functions downstream of SSD1. Next, we investigated
the genetic relationship between SSDI and BCRI in governing
antimicrobial peptide resistance in C. albicans.

To determine if SSD1 and BCRI function in either a common
pathway or parallel pathways, we constructed and analyzed a mu-
tant that lacked both SSD1 and BCRI. The ssd1A/A ber1A/A dou-
ble mutant had same susceptibility to protamine as the berlA/A
single mutant (Fig. 4A), indicating that SSD1 and BCRI likely
function in the same pathway.

To determine whether BCRI was upstream or downstream of
SSD1, we used real-time PCR to measure BCRI mRNA expression
in the ssdIA/A mutant and SSDI mRNA expression in the
ber1A/A mutant. We found that BCRI transcript levels were re-
duced in the ssd1A/A mutant compared to the wild-type strain,
whereas SSDI mRNA levels were unchanged in the berIA/A mu-
tant. These findings suggest that BCRI is downstream of SSDI
(Fig. 4B).

To verify that BCRI acts downstream of SSDI, we overex-
pressed BCRI in the ssd1A/A mutant and overexpressed SSDI in
the berIA/A mutant by placing a copy of each of these genes under
the control of the strong TDH3 promoter. The forced expression
of BCRI in the ssdIAA mutant partially restored resistance to
protamine (Fig. 4C). On the other hand, overexpression of SSD1
in the berIA/A mutant had no effect on resistance to protamine
(Fig. 4D). Taken together, these findings suggest that BCRI gov-
erns antimicrobial peptide resistance at least in part by function-
ing downstream of SSD1I.

SSD1and BCR1 have differing effects on susceptibility to dif-
ferent antimicrobial peptides. Because different antimicrobial
peptides have different structures and modes of action (17), it is
likely that resistance to different antimicrobial peptides is gov-
erned by distinct signaling pathways. To investigate this possibil-
ity, we compared the susceptibilities of the ssdIA/A and ber1A/A
single mutants, the ssd1A/A P ;-BCRI overexpression strain,

March 2013 Volume 12 Number 3

and the ssd1A/A ber1A/A double mutant to four different antimi-
crobial peptides (Table 2; Fig. 5). Both the ssdIA/A and berIA/A
single mutants had increased susceptibility to the a-helix peptide
RP-1 and to the B-hairpin peptide hBD-2. Also, overexpression of
BCRI in the ssd1A/A mutant partially reversed its hypersuscepti-
bility to these peptides. Interestingly, deletion of BCRI in the
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D

FIG 4 Epistasis analysis of BCRI and SSDI. (A) Susceptibilities of indepen-
dent ssd1A/A ber1A/A double deletion mutants to protamine (1.8 mg/ml). (B)
Effects of deletion of SSDI and BCRI on BCRI and SSDI mRNA expression.
Total RNA was isolated from the indicated strains grown in YPD at 30°C to
early log phase, after which expression of BCRI and SSDI was determined by
real-time PCR and normalized ACT1. Results are means = SD for three bio-
logical replicates, each measured in duplicate. ¥, P < 0.05 compared to the wild
type (DAY185). (C and D) Effects of overexpression of BCRI in the ssd1A/A
mutant (C) and overexpression of SSDI in the berlA/A mutant (D) on sus-
ceptibility to protamine (2 mg/ml).
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ssd1A/A  ssd1A/A

WT ssd1A/A  ber1A/A Ppys-BCR1 - ber1A/A
RP-1
hBD-2
HNP-1
LL-37

FIG 5 Effects of SSDI and BCRI deletion or overexpression on susceptibility
of C. albicans to diverse antimicrobial peptides. The susceptibilities of the
indicated strains of C. albicans to HNP-1, hBD-2, LL-37, and RP-1 were mea-
sured using a radial diffusion assay. The zones of growth inhibition were im-
aged after incubation at 30°C for 24 h.

ssd1A/A mutant resulted in even greater susceptibility to RP-1 but
did not further increase susceptibility to hBD-2. These results sug-
gest that both SSDI and BCRI mediate C. albicans resistance to
RP-1 and hBD-2, and they are consistent with the hypothesis that
BCRI functions downstream of SSD1.

In contrast, SSDI was necessary for resistance to the 3-hairpin
peptide HNP-1 and the linear peptide LL-37, whereas BCRI was
not. Only the ssdIA/A mutant, and not the berlA/A mutant, had
increased susceptibility to these peptides (Fig. 5). In addition, nei-
ther overexpression of BCRI nor deletion of BCRI influenced the
susceptibility of the ssd1A/A mutant to these peptides. Collec-
tively, these results indicate that while SSD1 governs resistance to
multiple antimicrobial peptides, BCRI mediates resistance to only
a subset of them.

Both SSD1 and BCRI are required for resistance to mem-
brane permeabilization and maintenance of mitochondrial
membrane potential upon exposure to RP-1. Next, using flow
cytometric assays of plasma membrane permeability and mito-
chondrial membrane potential, we investigated the effects of RP-1
on the different C. albicans strains. Treatment of the Amp® strain
with RP-1 at 5 pg/ml caused a substantial increase in propidium
iodide fluorescence, indicating an increase in membrane perme-
ability (Fig. 6A). Interestingly, the baseline propidium iodide flu-
orescence of the Amp" strain was lower than that of the Amp®
strain, and it did not increase after exposure to RP-1. In addition,
at the concentration of RP-1 that was used, there was no change
DiOC; fluorescence in either strain, indicating that there was no
detectable change in mitochondrial membrane energetics
(Fig. 6B). As predicted by the susceptibility data, the response of
DAY 185 to RP-1 was intermediate to those of the Amp® and Amp"
strains. Although the baseline propidium iodide membrane per-
meability of DAY185 was similar to that of the Amp® strain, expo-
sure of DAY185 to 5 g RP-1 per ml resulted in only a modest
increase in permeability (Fig. 6C). However, exposure of DAY185
to increasing concentrations of RP-1 resulted in a progressive in-
crease in permeability but had only a modest effect on mitochon-
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FIG 6 Effects of RP-1 on C. albicans plasma membrane permeability and
mitochondrial membrane potential. The indicated strains of C. albicans were
exposed to RP-1at pH 7.5 for 1 h and then analyzed by flow cytometry. (A and
C) Histograms of propidium iodide fluorescence, a measure of membrane
permeabilization, of the Amp® and Amp" strains exposed to 5 pg/ml RP-1 (A)
and of strain DAY 185 exposed to 5 to 20 pg/ml RP-1 (C). The fluorescence of
untreated control cells is indicated by the black lines, and the fluorescence of
cells exposed to RP-1 is indicated by the red lines. (B and D) Histogram
of DiOC; fluorescence, a measure of mitochondrial membrane potential, of
the Amp® and Amp" strains exposed to 5 pg/ml RP-1 (B) and of strain DAY185
exposed to 5 to 20 pug/ml RP-1 (D). The fluorescence of untreated control cells
is indicated by the black lines, and the fluorescence of cells exposed to RP-1 is
indicated by the green lines.

drial energetics (Fig. 6D). These data indicate that under the con-
ditions tested, the main effect of RP-1 on susceptible strains of C.
albicans is to increase membrane permeability and that any signif-
icant effect of RP-1 on mitochondrial energetics must occur after
1 h. The data also suggest that the Amp" strain has an altered
plasma membrane, which results in decreased permeability even
in the absence of RP-1.

Next, we investigated the mechanisms by which the ssd1A/A
and bcrlA/A mutants became hypersusceptible to RP-1. Treat-
ment of both of these mutants with RP-1 caused greater mem-
brane permeabilization than in the DAY185 control strain
(Fig. 7A). Furthermore, RP-1 exposure resulted in a reduction in
mitochondrial membrane potential in the ssd1A/A and ber1A/A
mutants (Fig. 7B). Importantly, complementation of the ssd1A/A
and ber1A/A mutants largely restored the wild-type phenotype in
these assays. Of note, RP-1 did not lead to increased surface expo-
sure of phosphatidylserine in either the ssd1A/A or berl1A/A mu-
tant under the assay conditions used (data not shown), indicating
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FIG 7 Effects of RP-1 on plasma membrane permeability and mitochondrial membrane potential of the ssd1A/A and berIA/A mutants. The indicated strains of
C. albicans were exposed to 5 ug/ml RP-1 at pH 7.5 for 1 h and then analyzed by flow cytometry. (A) Histogram of propidium iodide fluorescence, a measure of
membrane permeabilization. The fluorescence of untreated control cells is indicated by the black lines, and the fluorescence of cells exposed to RP-1 is indicated
by the red lines. (B) Histogram of DiOC; fluorescence, a measure of mitochondrial membrane potential. The fluorescence of untreated control cells is indicated
by the black lines, and the fluorescence of cells exposed to RP-1 is indicated by the green lines.

that these mutants did not have greater susceptibility to RP-1-
induced programmed cell death within the 1-h time period tested.
Therefore, these findings suggest that SSDI and BCRI mediate
early resistance to RP-1 by maintaining homeostatic membrane
integrity and mitochondrial energetics.

The antimicrobial peptide susceptibility of the bcr1A/A mu-
tant cannot be rescued by previously known BCR1 target genes.
Prior studies have shown that Bcrl governs the expression of
genes that specify cell surface proteins involved in adherence and
biofilm formation, both in vitro and in vivo (18-20). We used an
overexpression-rescue approach in an attempt to identify Berl
target genes that govern antimicrobial peptide resistance. The sus-
ceptibility to protamine was determined for bcr1A/A strains that
overexpressed ALSI, ALS3, CHT2, CSAI, ECEl, HYRI, HWPI,
PGA10, RBT5, MAL31, and RTA1. However, none of these strains
had restoration of protamine resistance, indicating that other Berl
target genes mediate antimicrobial peptide resistance.

DISCUSSION

The current data support the model that Ber1l mediates resistance
to some antimicrobial peptides by functioning downstream of
Ssd1. In support of this model, we found that homozygous dele-
tion of either SSDI or BCRI rendered C. albicans hypersusceptible
to similar stressors, including protamine, RP-1, hBD-2, and SDS.
In addition, deletion of either gene resulted in a similar response
to RP-1, namely, loss of mitochondrial membrane potential and
increased membrane permeabilization. Finally, deletion of BCR1
in the ssd1A/A mutant did not result in increased susceptibility to
protamine and hBD-2. Thus, Berl and Ssd1 appear to function in
the same pathway. However, Ssd1 appears to govern resistance to
a broader spectrum of antimicrobial peptides, and Berl contrib-
utes to resistance to a subset of these peptides (Fig. 8).

Ssd1 is an RNA-binding protein and a component of the reg-
ulation of Ace2 and morphogenesis (RAM) pathway (21). In C.
albicans, this pathway governs multiple processes, including fila-
mentation and cell wall integrity (22, 23). Consistent with our
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results, others have found that deletion of SSDI in C. albicans
results in increased susceptibility to Congo red (23). In Saccharo-
myces cerevisiae, Bckl phosphorylates Ssd1, thereby governing its
activity (24). Ssd1 is almost certainly a substrate of Bckl in C.
albicans as well (22). Although the transcription factor Berl was
initially found to regulate adherence and biofilm formation, a re-
cent study found that Berl and Ace2 share multiple common tar-
get genes, suggesting that Bcrl may function in the RAM pathway
(25). Most importantly, Bckl was discovered to phosphorylate
Berl and regulate its transcriptional activity (26). Thus, Berl and
Ssd1 are targets of the same kinase, and this commonality is con-
sistent with the model that Berl and Ssd1 act in the same response
pathway to govern susceptibility to certain antimicrobial peptides
and SDS.

We also found that BCRI mRNA expression was reduced in the
ssd1A/A mutant and that overexpression of BCRI in the ssd1A/A
mutant partially restored resistance to protamine, RP-1, and
hBD-2. Conversely, SSD1 transcript levels were not reduced in the
ber1A/A mutant, and overexpression of SSD1I in this strain failed
to restore antimicrobial peptide resistance. Collectively, these re-
sults indicate that Berl functions downstream of Ssd1. Whether

f”—
/,,
/
l/ Bcr1 ?
]
1
‘ A 4 A 4
Resistance to: Resistance to:
Protamine HNP-1
RP-1 LL-37
hBD-2

FIG 8 Proposed model of the interactions of Ssd1 and Berl in the regulation
of C. albicans susceptibility to different antimicrobial peptides.
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Ssd1 governs BCRI mRNA expression directly or indirectly is not
yet known. However, in S. cerevisiae, Ssdl binds to specific
mRNAs, governing their localization within the cell and inhibiting
their translation (24). If Ssd1 functions similarly in C. albicans, we
would predict that it influences BCRI mRNA levels by an indirect
mechanism.

Although Berl and Ssd1 function in the same pathway, our
data indicate that Ssd1 governs resistance to a wider range of stres-
sors than Berl. For example, the ssd1A/A mutant was highly sus-
ceptible to Congo red, HNP-1, and LL-37, whereas the bcrIA/A
mutant was not. These results indicate that Ssd1 governs resis-
tance to these stressors independently of Berl and suggest that
there must be incomplete overlap among Bcrl and Ssdl target
genes.

Interestingly, although Ace2 and Bcr1 are both members of the
RAM pathway and both govern biofilm formation, we found that
an ace2A/A mutant had wild-type susceptibility to protamine and
RP-1 (S. Jung and S. Filler, unpublished data). Therefore, either
Ace2 target genes are not involved in resistance to the study anti-
microbial peptides under the conditions tested or the compensa-
tory changes in the cell wall induced by deletion of ACE2 mask any
increase in susceptibility to these peptides under these experimen-
tal conditions.

Even though the berlA/A mutant had increased susceptibility
to several antimicrobial peptides, it seemed paradoxical that BCRI
mRNA levels were upregulated in the Amp® clinical isolate. We
speculate that this upregulation of BCRI represents a compensa-
tory response and that the Amp°® strain is hypersusceptible to an-
timicrobial peptides by another mechanism.

Although the mechanisms by which antimicrobial peptides kill
bacteria have been studied extensively, less is known about how
they antagonize fungi. Under the specific time and conditions
tested, we found that the major effect of RP-1 on the Amp® and
DAY185 strains was to cause an increase in membrane permeabil-
ity. At the concentration tested, RP-1 did not increase membrane
permeability in the Amp" strain, which was highly resistant to the
growth-inhibitory effects of RP-1. The finding that the capacity of
RP-1 to induce membrane permeabilization directly correlated
with its capacity to inhibit growth supports the model that induc-
tion of membrane permeabilization is a key component of the
antifungal activity of this peptide.

RP-1 had different effects on mitochondrial energetics in dif-
ferent strains. Under the conditions tested, RP-1 had minimal
effects on the mitochondrial energetics of any of the wild-type
strains. However, it markedly reduced the mitochondrial energet-
ics of both the ssdIA/A and berIA/A mutants. These results sug-
gest that Ssdl and Berl are required for C. albicans to sustain
mitochondrial membrane potential when exposed to RP-1. Fur-
thermore, it is possible that the upregulation of BCRI that oc-
curred when the Amp® strain was exposed to RP-1 prevented this
strain from losing mitochondrial membrane potential, even
though it was still killed. In prior studies, we have shown that
certain antimicrobial peptides can induce programmed cell
death-like effects (e.g., phosphatidylserine accessibility) in C. al-
bicans, particularly after 2 hours or more of exposure (14). How-
ever, in the current study, which focused on the early (1-h) re-
sponse profile, no such effects were observed. Future studies will
investigate the roles of Berl and Ssdl in early versus late mecha-
nisms of resistance to antimicrobial peptides.

It is notable that the signaling pathways that govern biofilm
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formation in the bacterium Pseudomonas aeruginosa also regulate
susceptibility to antimicrobial peptides. For example, a P. aerugi-
nosa mutant that lacks the transcriptional regulator PsrA is defec-
tive in biofilm formation and has increased susceptibility to the
bovine neutrophil antimicrobial peptide indolicidin (27). More-
over, PhoQ, which is a member of a two-component regulatory
system, governs both biofilm formation and antimicrobial pep-
tide resistance in P. aeruginosa and Salmonella enterica serovar
Typhimurium (28-30). Based on the link between biofilm forma-
tion and antimicrobial peptide resistance in organisms from two
different phyla, it seems probable that both processes depend on
factors that influence the cell wall and cell surface.

We attempted to identify Berl target genes that mediate anti-
microbial peptide resistance using an overexpression-rescue ap-
proach that was focused on genes involved in biofilm formation
and cell wall structure. However, none of the overexpressed genes
reversed the antimicrobial peptide susceptibility of the berlA/A
mutant. Thus, it is likely that other Bcrl target genes are respon-
sible for resistance to antimicrobial peptides. Alternatively, Berl-
mediated resistance may require the simultaneous action of mul-
tiple downstream genes. Future work to identify the Bcrl target
genes that mediate resistance to antimicrobial peptides holds
promise to provide new insights into the mechanisms by which C.
albicans resists this key host defense mechanism. In turn, identifi-
cation of such resistance genes and proteins may reveal novel an-
tifungal targets for improved prevention or therapy of fungal in-
fections.
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