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 249 

Fig. 4: Expression of copper and redox homeostasis genes. Expression of the CRP1 250 

(CPAR2_203720), CTR1 (CPAR2_602990), and PRX1 (CPAR2_805590) of C. parapsilosis was 251 

analyzed by qRT-PCR using total RNA isolated after exposure to P. aurantium (A, D), human 252 

monocyte-derived macrophages (MDMs, B, D), and in the presence of the copper ion chelator BCS or 253 

CuSO4 (C). All data show average expression levels relative to time point 0 based on three biological 254 

and three technical replicates. Error bars indicate the standard deviation.   255 

 256 

Intriguingly, four genes encoding superoxide dismutases (SODs) of the Cu/Zn type 257 

(CPAR2_500330, CPAR2_500390, CPAR2_213540, CPAR2_213080) and one Fe/Mn-SOD 258 

(CPAR2_109280) were strongly repressed in the presence of P. aurantium (Table 2). In 259 

contrast, genes involved in the thioredoxin antioxidant pathway were found to be highly 260 

upregulated, such as CPAR2_304080, CPAR2_500130, or CPAR2_805590. The latter being 261 

an orthologous gene to C.  albicans PRX1, a thioredoxin-linked peroxidase shown to be 262 

primarily involved in the reduction of cellular organic peroxides (37). More than a 5-fold 263 

increase in transcript level was observed in C. parapsilosis after 30 min of co-incubation with 264 

P.  aurantium. This upregulation further increased to 9-fold after another 30 min of co-265 

incubation with the predator, however, remained unaffected in response to primary 266 

macrophages (Fig. 4D).  267 

 268 
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Table 2: Expression of C. parapsilosis genes* involved in response to oxidative stress 269 

(GO:0006979) 270 

name log2FC 

30 min 

log2FC 

60 min 

description C. albicans orthologue 

CPAR2_805590 2.03 2.9 thioredoxin peroxidase activity and role in cell redox homeostasis, 

cellular response to oxidative stress, response to cadmium ion, sporocarp 

development involved in sexual reproduction 

C7_02810W_A/PRX1 

CPAR2_101390 2.16 2.84 NAD binding, nucleoside diphosphate kinase activity C5_02890W_A/YNK1 

CPAR2_802460 3.24 3.75 ribosomal large subunit binding, ribosomal small subunit binding activity 

and role in cellular response to oxidative stress, cytoplasmic translation 

CR_00860C_A/TMA19 

CPAR2_213080 -7.18 -Inf** Ortholog(s) have superoxide dismutase activity and role in cellular 

response to superoxide, evasion or tolerance by symbiont of host-

produced reactive oxygen species 

C2_00660C_A/SOD4 

CPAR2_803850 -6.74 -6.14 Has domain(s) with predicted catalase activity, heme binding activity and 

role in oxidation-reduction process, response to oxidative stress 

orf19.6229/CAT1 

CPAR2_806310 -6.47 -5.89 ATPase activity, GTPase activity C2_09220W_A/DDR48 

CPAR2_500330 -5 -6.92 superoxide dismutase activity orf19.2770.1/SOD1 

CPAR2_808660 -4.59 -4.53 alditol:NADP+ 1-oxidoreductase activity and role in D-xylose catabolic 

process, arabinose catabolic process, cellular response to oxidative stress 

C3_06860C_A 

CPAR2_406810 -4.42 -4.59 role in cellular response to oxidative stress, pathogenesis and plasma 

membrane localization 

C2_06870C_A/PST1 

CPAR2_101680 -3.97 -5.25 nitric oxide dioxygenase activity, nitric oxide reductase activity CR_07790C_A/YHB1 

CPAR2_101350 -3.67 -2.87 D-xylose:NADP reductase activity, NADPH binding, mRNA binding 

activity 

C5_02930C_A/GRE3 

CPAR2_204330 -3.52 -3.07 ADP binding, ATP binding, ATPase activity, coupled, chaperone 

binding, misfolded protein binding, unfolded protein binding activity 

CR_08250C_A/HSP104 

CPAR2_806210 -3.41 -4.03 role in NADH oxidation, positive regulation of apoptotic process, 

regulation of reactive oxygen species metabolic process, response to 

singlet oxygen and mitochondrion, nucleus localization 

C2_08100W_A 

CPAR2_804600 -3.36 -3.12 Ortholog(s) have glutamate decarboxylase activity and role in cellular 

response to oxidative stress, glutamate catabolic process 

C1_11660W_A/GAD1 

CPAR2_406510 -3.35 -4.7 DNA-binding transcription factor activity, RNA polymerase II-specific, 

RNA polymerase II proximal promoter sequence-specific DNA binding 

activity 

C2_07170C_A/AFT2 

CPAR2_208070 -3.26 -2.69 superoxide dismutase copper chaperone activity and role in cellular 

copper ion homeostasis, cellular response to metal ion, protein 

maturation by copper ion transfer, removal of superoxide radicals 

C1_07180W_A/CCS1 

CPAR2_103080 -2.63 -2.89 glyoxalase III activity and role in cellular response to nutrient levels, 

cellular response to oxidative stress, methylglyoxal catabolic process to 

D-lactate via S-lactoyl-glutathione 

C3_02610C_A/GLX3 

CPAR2_209930 -2.54 -3.54 DNA-binding transcription factor activity, RNA polymerase II-specific 

activity 

C2_05860C_A 

CPAR2_109280 -2.51 -3.01 manganese ion binding, superoxide dismutase activity C1_01520C_A/SOD2 

CPAR2_808750 -2.47 -2.08 alditol:NADP+ 1-oxidoreductase activity, glycerol dehydrogenase 

[NAD(P)+] activity, mRNA binding activity 

C3_07340W_A/GCY1 

CPAR2_601800 -2.4 -1.84 cytochrome-b5 reductase activity, acting on NAD(P)H activity and role 

in cellular response to oxidative stress, ergosterol biosynthetic process 

C6_02040W_A/MCR1 

CPAR2_704130 -2.39 -2.77 role in cellular response to drug, cellular response to oxidative stress and C7_03220C_A/ZCF29 
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filamentous growth of a population of unicellular organisms in response 

to biotic stimulus, more 

CPAR2_804070 -2.34 -3.4 DNA-binding transcription factor activity, RNA polymerase II-specific, 

RNA polymerase II regulatory region sequence-specific DNA binding 

activity 

CR_00630W_A 

CPAR2_105790 -2.28 -2.5 disulfide oxidoreductase activity, glutathione peroxidase activity, 

glutathione transferase activity and role in cellular response to oxidative 

stress, glutathione metabolic process, pathogenesis 

C1_00490C_A/TTR1 

CPAR2_200560 -2.04 -2.15 S-(hydroxymethyl)glutathione dehydrogenase activity, alcohol 

dehydrogenase (NAD) activity, hydroxymethylfurfural reductase 

(NADH) activity 

CR_10250C_A/FDH3 

CPAR2_301730 -1.88 -2.27 DNA-binding transcription factor activity, RNA polymerase II-specific, 

proximal promoter sequence-specific DNA binding activity 

C1_08940C_A/MSN4 

CPAR2_500390 -1.75 -1.73 superoxide dismutase activity C4_02320C_A/SOD1 

CPAR2_204160 -1.72 -2.44 role in cellular response to oxidative stress, chromatin silencing at silent 

mating-type cassette, pathogenesis 

CR_05390W_A/PST3 

CPAR2_600070 -1.59 -1.73 actin filament binding, protein binding, bridging activity C6_02730W_A/SAC6 

CPAR2_102830 -1.37 -1.72 Ortholog(s) have cytochrome-c peroxidase activity, role in cellular 

response to reactive oxygen species and mitochondrial intermembrane 

space, mitochondrial membrane localization 

C3_02480C_A/CCP1 

*only genes with p <0.01 according to EdgeR are displayed 271 
**-Inf, no reads detected  272 

 273 

 274 

C. parapsilosis is exposed to ROS during phagocytosis by P. aurantium  275 

The oxidative burst leading to production of ROS occurs frequently when phagocytes 276 

encounter microbial prey. The repression of catalases and superoxide dismutases, but 277 

concurrent induction of genes involved in redox homeostasis prompted us to analyze whether 278 

C. parapsilosis is exposed to ROS during interaction with the fungivorous predator. When co-279 

incubating C. parapsilosis with P.  aurantium in the presence of the superoxide (∙O2
-
) 280 

indicator dihydroethidium (DHE), an increase in red fluorescence of cultures was specific to 281 

the presence of amoebae and reached a maximum after 10 min of co-incubation (Fig. 5A). 282 

Fluorescence microscopy of single cells of P. aurantium using either DHE or the alternative 283 

ROS sensor CellROX
®
Deep Red further revealed that ROS production was locally specific to 284 

P. aurantium actively feeding on C. parapsilosis (Fig. 5B), suggesting that yeast cells are 285 

exposed to increased levels of ROS upon phagocytic processing in P. aurantium. 286 
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 287 

Fig. 5: ROS production by P. aurantium during phagocytosis of C. parapsilosis. (A) ROS were 288 

determined indirectly as the increase in DHE oxidation over 30 min in co-incubations of C. 289 

parapsilosis with P. aurantium. Data represent mean RFU (λex 522/ λem 605 nm) of three independent 290 

samples over 30 min. (B) ROS production was primarily localized to feeding cells of P. aurantium. 291 

Cells were co-incubated with C. parapsilosis in the presence of ROS sensitive probes DHE or 292 

CellROX® Deep Red and images were taken after 30 min. 293 

 294 
 295 
Copper and redox homeostasis contribute to the resistance against P. aurantium and 296 

macrophages  297 

The expression profile and its similarity to its orthologue in C. albicans suggested a role for 298 

Crp1 of C. parapsilosis in detoxification of high Cu levels. Deleting CpCRP1 (∆/∆crp1) 299 

displayed no apparent growth defect in SD medium at 30°C and the mutant strain tolerated 300 

even high concentrations of Cu above 1 mM. Its sensitivity towards this transition metal 301 

changed dramatically when cells were exposed to a more acidic pH on solid or in liquid media 302 

(Fig. 6). At a pH of 3, CpCRP1 proved to be important for growth at Cu concentrations 303 

between 500 and 1000 µM, indicating that the function of Crp1p could be crucial under the 304 

acidic conditions of the phagolysosome.  305 
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 306 

 307 

Fig. 6: Crp1p protects C. parapsilosis from high Cu levels at acidic pH. A. The Δ/Δcrp1 mutant 308 

strain showed a pH-dependent copper sensitivity in comparison to the wild type during growth at pH 309 

3. B. Increased sensitivity of the Δ/Δcrp1 mutant strain to high Cu concentrations in liquid malt extract 310 

(pH 3) compared to the wild type and complemented strain. Data represent the mean and standard 311 

deviation of three biological replicates with asterisks indicating statistical significance in an unpaired 312 

Student’s t-test between the values obtained for the Δ/Δcrp1 strain and the wild type (∗∗∗, p < 0.001). 313 

 314 

We also addressed the antioxidant function of PRX1 in C. parapsilosis, by subjecting a 315 

homozygous mutant (Δ/Δprx1) to oxidative stress delivered by hydrogen peroxide (H2O2) and 316 

tert-butyl hydroperoxide (t-bOOH). The sensitivity of the mutant towards H2O2 was nearly 317 

indistinguishable from the wild type and the organic peroxide had only a mild effect on the 318 

growth of Δ/Δprx1 on solid medium supplemented with adenine, uracil, and 9 amino acids 319 

(Fig. 7A). However, the impact of oxidative stress was more severe when these supplements 320 

were omitted from the medium. Under these conditions, growth in liquid medium was 321 

significantly reduced for Δ/Δprx1 even in the absence of an external stressor (Fig. 7B). When 322 

using 11 selective dropouts, each one lacking a singlecomponent, we found that a lack of 323 

methionine was responsible for the growth defect of Δ/Δprx1. The omission of methionine 324 

from the normal medium, in combination with the organic peroxide affected the wild type and 325 

the mutant strains to similar extents (Fig. 7C).  326 

 327 

 328 
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 329 

Fig. 7: The antioxidant role of PRX1 in C. parapsilosis. A. Growth of C. parapsilosis on solid SD 330 

media with or without drop-out supplement (DO) in the presence of tBOOH or H2O2 as oxidative 331 

stressors. B and C. Growth of the wild type (wt) and the Δ/Δprx1 mutant in liquid SD media, 332 

supplemented with drop-out solutions, selectively missing one essential component (B) and in the 333 

presence of tbOOH (C). Growth was measured as optical density at 600 nm. Data represent the mean 334 

and standard deviation of three biological replicates with asterisks indicating statistical significance in 335 

an unpaired Student’s t-test between the values obtained for the Δ/Δprx1 mutant in comparison to wt 336 

(∗p < 0.05, ∗∗ p < 0.01, ∗∗∗p < 0.001). 337 

 338 

Both CRP1 and PRX1 are widely conserved across the Candida clade, including several 339 

species without any record as commensals or pathogens (Fig. S3). To test whether these two 340 

genes contribute to the defense against an environmental predator, the deletion mutants for 341 

CRP1 and PRX1 were confronted with P. aurantium. Both mutants showed decreased 342 

survival in comparison to the wild type after 3 hours of co-incubation (Fig. 8A). As we 343 

hypothesized that both mechanisms for stress defence could also contribute to survival when 344 

encountering human innate immune cells, we performed another co-incubation assay with 345 

primary macrophages. Both Δ/Δcrp1 and Δ/Δprx1 displayed reduced survival when 346 

confronted with MDMs (Fig. 8B), indicating that these genes not only mediate resistance to 347 

copper and oxidative stress during predation by amoeba but could also play a role during 348 

immune evasion in a human host.  349 
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 350 

 351 

Fig. 8: Survival of C. parapsilosis strains during amoeba predation (A) and phagocytosis by 352 

primary macrophages (B). Strains of C. parapsilosis were incubated with P. aurantium for 3 h at a 353 

yeast-to-amoeba ratio of 10:1 (A) or with primary macrophages isolated from at least 6 different 354 

anonymous donors at a yeast-to-macrophage ratio of 1:1 (B). The number of survivors was determined 355 

by plating the cells on YPD media and counting the CFUs. The boxes signify the 25
th
 and 75

th
 356 

percentile. The median is represented by a short black line within the box for each strain. The whiskers 357 

indicate the highest and lowest values from three independent biological and six technical replicates. 358 

Asterisks show statistical significance in an unpaired Student’s t-test between the values obtained for 359 

the null mutants in comparison to the parental strain, wt (∗∗∗, p<0.001).  360 
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Discussion 361 

The arms race between phagocytic predators and their microbial prey is thought to have 362 

shaped virulence determinants of bacteria and fungi (21, 38). Amoebae are predominant 363 

environmental micro-predators, but only a few of them have been described to actively feed 364 

on fungi (39-41). Such a fungivorous lifestyle has been described for Protostelium 365 

mycophagum, the type species for the polyphyletic group of protosteloid amoebae that form 366 

microscopic, stalked fruiting bodies from single cells and are found on nearly all continents 367 

(42-45). We have recently isolated and characterized a strain of P. aurantium (formerly 368 

known as Planoprotostelium aurantium), which was found to selectively recognize, kill, and 369 

feed on a wide range of ascomycete and basidiomycete yeasts, including major human 370 

pathogens of the Candida clade (32). C. parapsilosis acted as a preferred food source, while 371 

C.  albicans was found to be protected from initial recognition by an extensive coat of 372 

mannoproteins, and C. glabrata showed delayed processing after ingestion. A similar survival 373 

strategy seems to rescue C. glabrata when encountering macrophages. Here, its ability to 374 

persist and even replicate inside the phagocyte has been well documented and characterized to 375 

the level of single genes (15, 16, 46). A functional genomic approach identified 23 genes in C. 376 

glabrata which were critically involved in the survival of macrophage phagocytosis (47). 377 

When comparing this set of 23 genes to all genes expressed during predation by P. aurantium, 378 

we found 7 genes to be highly upregulated (log2FC >1.5) at both time points. The three most 379 

upregulated genes with a log2FC of more than 2 were CgGNT1 (CAGL0I09922g), CgOST6 380 

(CAGL0G07040g), and CgPMT2 (CAGL0J08734g); all involved either in cell wall 381 

modification or protein glycosylation. 382 

All these genes share orthologues with the other two Candida species, but when confronted 383 

with P. aurantium, only PMT2 was upregulated in C. parapsilosis and even more so in 384 

C. albicans. In the latter, the gene encodes an essential protein, O-mannosyltransferase, which 385 

renders the cell more resistant to antifungals and cell wall perturbing agents (48, 49). The 386 

upregulation of mannan synthesis in C. albicans in the presence of the predator seems not to 387 

be limited to O-linked mannans, but was also observed for the N-linked type. MNN2 and 388 

MNN22 are two members of another well-characterized family of N-mannosyltranferses 389 

whose absence severely affects the mannoprotein coat of C. albicans (50, 51). Both genes 390 

showed induction levels comparable to PMT2. The pivotal role of the mannan coat of 391 

C. albicans during an interaction with phagocytes of the innate immunity is well studied, as 392 

defective O- and N-linked mannosylation led to an increased uptake and phagosomal 393 
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maturation, most likely through unmasking of β-glucans and enhanced recognition of C. 394 

albicans via the Dectin-1 receptor (52, 53). The fact that mannan biosynthesis was 395 

upregulated in C. albicans is in agreement with the previous finding that mannosidase-treated 396 

cells were internalized more frequently by P. aurantium (32).  397 

The different interaction patterns of the three yeasts were partially reflected throughout the 398 

transcriptome of their orthologous genes. Although, a large gene set was induced in C. 399 

glabrata, this showed relatively low variation over time, indicating that C. glabrata responds 400 

to the presence of the amoeba, but not to predation or killing. This may explain why the 401 

general response to the predator comprised only 79 orthologues. Of these, 48 were commonly 402 

induced, among them the orthologues of CDC54, CDC46, and MCM3, indicating that all three 403 

yeast species were metabolically active in the M/G1 phase of the cell cycle (54). Genes 404 

involved in fatty acid catabolism were generally induced while their biosynthesis was rather 405 

repressed. In contrast, amino acid biosynthesis was commonly upregulated, and as this was 406 

seen also for the non-internalized C. albicans, it presumably results rather from the response 407 

to the nutrient-deprived growth medium used during the confrontation than from direct 408 

interaction with the amoeba. 409 

 410 

Of over 1,500 orthologous genes that were differentially regulated in either C. albicans or 411 

C. parapsilosis, only 251 were common DEOs for both species. Within this gene set, the 412 

impact on Cu homeostatic genes was preeminent, especially for C. parapsilosis, and the null 413 

mutant for CRP1, the gene with the highest induction, which pointed towards a vital role of 414 

copper during predation by P. aurantium. Intoxication by copper is especially effective in 415 

highly acidic environments as occur during early maturation of the phagolysosome and has 416 

been shown as an effective strategy of macrophages to control the primary intracellular 417 

pathogen Mycobacterium tuberculosis (55). Of all three species, inhibition of phagolyosomal 418 

acidification has exclusively been reported for C. glabrata (16), which might explain why Cu 419 

resistance genes were not found to not respond in this yeast. Elevating copper and ROS within 420 

its acidic phagolysosome was also found for  the bacteriovorous amoeba Dictyostelium 421 

discoideum and has most likely contributed to the spread of copper resistance islands among 422 

bacterial pathogens (56). From this perspective, it cannot be surprising that highly tuned 423 

copper homeostatic systems were elucidated in the major environmentally acquired fungal 424 

pathogens Aspergillus fumigatus and Cryptococcus neoformans (57, 58). Both fungi also 425 

exploit similar escape strategies when confronted with amoebae or mammalian phagocytes 426 

(23, 25, 59). A recent screening approach identified Sur7 as a Cu-protective protein which 427 
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reduces membrane permeability to Cu in C. albicans (60). Although downregulation of 428 

CaSUR7 was observed at both time points after confrontation with the amoeba, its putative C. 429 

parapsilosis orthologue (CPAR2_602600) showed higher expression after one hour of co-430 

incubation with P. aurantium. Also, for C. glabrata which seems to lack a CRP1 orthologue, 431 

CgSUR7 (CAGL0L01551g) was highly induced at both time points. At least some of the toxic 432 

effects of Cu could well be inflicted via Fenton-type chemistry with ROS, which were 433 

actively produced in feeding P. aurantium. Their impact on the yeast would likely be further 434 

aggravated by the downregulation of nearly all SODs, as seen for C. parapsilosis, and, to a 435 

lesser degree, also for C. albicans during confrontation with the predator. At least for C. 436 

albicans it is well known that it can adapt the expression of its SOD genes according to the 437 

availability of the metal cofactors (61), thus high levels of copper and ROS, as seen here, 438 

should activate the expression of genes encoding the SOD of the Cu/Zn type. However, these 439 

genes in particular are severely repressed in C. albicans and C. parapsilosis (Table S3), 440 

suggesting that the predator could interfere with the normal response to ROS via a yet 441 

unknown mechanism.       442 

 443 

The one-cysteine peroxiredoxin PRX1 was among the very few oxidative stress genes which 444 

expression was increased in C. parapsilosis. Its orthologous gene was also upregulated during 445 

in C. albicans during co-incubation with macrophages (62). We found that an essential 446 

cellular function of PRX1 is tightly linked to a lack of methionine. Intriguingly, among the 447 

only 48 commonly upregulated genes in all three Candida species, 5 are involved in the 448 

metabolism of sulfur-containing amino acids (ECM17, MET15, MET16, MET3, SAM2). For 449 

all five genes, the induction was lowest for C. glabrata. Amino acid deprivation, and more 450 

specifically a limitation in methionine, also occurs in the phagolysosome of neutrophilic 451 

granulocytes (63, 64). Sensitivity to ROS is phenotypically well established for the 452 

methionine biosynthesis pathway in baker’s yeast, as mutants lacking either SOD1 or its 453 

chaperone CCS1 were unable to grow in normoxic environments due to a methionine 454 

auxotrophic phenotype (65, 66).  455 

 456 

In conclusion, our results indicate that the fungivorous feeding by the predator P. aurantium 457 

activates the fungal Cu and redox homeostasis which is essential to shield methionine 458 

biosynthesis from oxidative inactivation. After millions of years of coevolution of amoebae 459 

and fungi, it is well conceivable that such basic molecular tools for resistance against 460 
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environmental phagocytes proved to be valuable for survival in phagocytic cells of higher 461 

eukaryotes, like humans and mammals.     462 
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Material and Methods 463 

 464 

Strains and growth conditions  465 

Protostelium aurantium var. fungivorum has been isolated in Jena, Germany, as described 466 

previously (31). Isolated amoebae were further grown in standard-size Petri dishes 467 

(94x16 mm, Greiner Bio-One, Austria) in PBS (80 g l
-1

 NaCl, 2 g l
-1

 KCl, 26.8 g l
-1

 Na2HPO4 468 

x 7 H2O, 2.4 g l
-1

 KH2PO4, pH 6.6) with Rhodotorula mucilaginosa as a food source at 22°C, 469 

if not stated differently. All yeast strains are listed in Table S4. If not indicated otherwise, all 470 

fungi were grown in YPD medium (1 % yeast extract, 2 % peptone, 2 % glucose) at 30°C, 471 

supplemented with 1.5 % [w/v] agar for growth on solid media. Mutant strains of C. 472 

parapsilosis were grown on SD-agar (0.4 % [w/v] yeast nitrogen base with ammonium 473 

sulfate, 2 % [w/v] glucose, 1.5 % [w/v] agar), supplemented with 10 % [v/v] of a selective 474 

drop-out solution excluding leucine or histidine. Complemented strains were grown on YPD 475 

agar supplemented with 100 µg ml
-1

 nourseothricin (clonNAT, Werner BioAgents, Jena, 476 

Germany). 477 

 478 

Confrontation of Candida sp. with P. aurantium  479 

P. aurantium was pre-cultured in 20 x wMY medium at 22°C and cells were washed with 480 

fresh medium, scraped from the surface, harvested by centrifugation for 10 min at 800 x g and 481 

resuspended in 20 x wMY (40 mg l
− 1

 yeast extract, 40 mg l
− 1

 malt extract, 0.75 g l
− 1

 482 

K2HPO4). Candida sp. were grown overnight in YPD medium at 30°C, harvested, washed 483 

twice with cold 20 x wMY. Yeast cells were resuspended and adapted in fresh 20 x wMY at 484 

room temperature. Amoebae and yeast cells were counted in an automatic cell counter 485 

(Casy
®

TT Cell Counter, OLS Bio, Germany). Confrontations were carried out by spreading 486 

mixtures of both interaction partners at prey-predator ratios of 10:1 on 20 x wMY agar-plates 487 

(120 x 120 x 17 mm, Greiner Bio-One). At indicated time points cells were washed off the 488 

plate and centrifuged at 3000 rpm, 5 min. Pellets were immediately frozen in liquid N2 and 489 

used for the isolation of total RNA. Four independent amoeba and yeast cultures were used in 490 

this experiment. 491 

 492 

RNA isolations from yeast cells and co-cultures with P. aurantium 493 

Frozen cell pellets from yeast cultures or co-incubations with P. aurantium were resuspended 494 

in TES buffer (10 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.5% [w/v] SDS) and transferred 495 

into a chilled tube containing zirconia beads (ZYMO Research, Irvine, CA, USA). Primary 496 
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extractions of RNA were performed with acidic phenol:chloroform (5:1) shaking at 1,500 rpm 497 

at 65°C for 30 min in a thermoblock.  Afterwards, samples were frozen at -80°C for 30 min, 498 

centrifuged at 10,000 g for 15 min for phase separation. Samples underwent two more 499 

extractions using phenol:chloroform (5:1) and chloroform:isoamyl alcohol (24:1). Total RNA 500 

was equilibrated with 10% [w/v] of 3 M sodium acetate (pH 5.2) and precipitated in ice-cold 501 

ethanol. After centrifugation, precipitates were washed in 70 % [v/v] ethanol, air dried, and 502 

dissolved in nuclease-free water. RNA samples were stored at -80°C until use.   503 

 504 

RNA isolations from yeast cells after confrontation with monocyte-derived macrophages 505 

(MDMs) 506 

Adherent macrophages with attached and ingested yeast cells were washed and subsequently 507 

lysed by adding RLT lysis buffer containing β-mercaptoethanol (Qiagen, Hilden, Germany) 508 

and shock-freezing the plate in liquid nitrogen. Cells were detached by scraping and 509 

transferred into screw cap tubes, sedimented by centrifugation, and washed once with RLT 510 

buffer to remove most of the host RNA. Yeast pellets were shock-frozen again in liquid 511 

nitrogen and stored at -80°C. For RNA isolation, pellets were resuspended in 400 µl of AE 512 

buffer (50 mM sodium acetate pH 5.3 and 10 mM EDTA) and 40 µl of 10 % [w/v] SDS. 513 

After mixing for 30 sec, cells were extracted with phenol: chloroform: isoamyl alcohol 514 

[25:24:1] for 5 min at 65°C and then frozen at -80°C. Phase separations, precipitation, and 515 

resuspension of the purified RNA were performed as above.    516 

 517 

RNA sequencing and analysis of expression data 518 

The preparation of cDNA libraries from total RNA and the sequencing was performed at LGC 519 

Genomics GmbH (Berlin, Germany). Briefly, the quality of RNA samples was first controlled 520 

using a 2100 Bioanalyzer (Agilent, CA, USA). Next, samples were enriched for mRNA using 521 

oligo-dT binding and magnetic separation using the NEBNext Poly(A) Magnetic Isolation 522 

Module (New England Biolabs). Samples were reverse transcribed using the NEBNext RNA 523 

First and Second Strand Synthesis Modules (New England Biolabs) and purified. The Encore 524 

Rapid DR Multiplex system (Nugen) was used for preparation of cDNA-libraries which were 525 

amplified in a volume of 100 µl for 15 cycles using MyTaq (Bioline) and standard Illumina 526 

primers. From these libraries, 2 x 75 bp (C. parapsilosis) or 2 x 150 bp (C. albicans and C. 527 

glabrata) paired-end reads were sequenced on an Illumina MiSeq platform.  FastQC (67) and 528 

Trimmomatic v0.32 (68) were used for quality control and trimming of library adaptors. 529 

Mapping of reads was achieved with TopHat2 v2.1.0 (69) against the reference genomes of C. 530 
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parapsilosis, C. glabrata, and C. albicans in combination with the genome of P. aurantium. 531 

Differential gene expression between time points was analyzed with EdgeR (70). A list of all 532 

differentially expressed genes is provided as Dataset S1. All sequencing data is available from 533 

the GEO repository under the accession number GSE116535. The Venn diagram was 534 

computed using the package “VennDiagram” from the statistical programming language R. 535 

The genes in all areas of the Venn diagram are listed in Dataset S4. The PCA was conducted 536 

using the method “prcomp” from the “stats” package of R.  537 

 538 

Gene ontology analysis 539 

Gene ontology (GO) clustering analysis was performed on all differentially up- and 540 

downregulated genes of three Candida species using GO Slim (71) - Mapper tool available at 541 

the Candida Genome Database (http://www.candidagenome.org/cgi-bin/GO/goTermMapper) 542 

for biological process, molecular function, and cellular component. All data from the Gene 543 

Ontology analysis is provided as Dataset S2. 544 

 545 

Quantitative real-time reverse transcription-PCR (qRT-PCR) 546 

For all qRT-PCR reactions 1µg of total RNA was treated with DNase using RQ1 RNase-free 547 

DNase (Promega, USA) and transcribed into cDNA (RevertAid First Strand cDNA Synthesis 548 

Kit, Thermo Scientific). The cDNA was diluted 1:10 and used for qRT-PCR with SYBR 549 

Select Master Mix (Applied Biosystems) performed in a thermocycler (Step One Plus, 550 

Applied Biosystems). The experiments were done in three biological and three technical 551 

replicates. The expression rates reported here are relative to the expression values of the 552 

housekeeping gene ACT1 of C. parapsilosis. All primers are listed in Table S5.  553 

 554 

Detection of reactive oxygen species 555 

The production of reactive oxygen species (ROS) during amoeba predation was measured 556 

using dihydroethidium (DHE; Thermo Fisher, Dreieich, Germany) at a final concentration of 557 

10 µM. Amoebae and yeasts were seeded at an MOI of 10. Increased fluorescence, indicating 558 

ROS production, was measured using an Infinite M200 Pro fluorescence plate reader (Tecan, 559 

Männedorf, Switzerland) in intervals of 2 min over a 30 min period at λex 522 nm/λem 605 nm. 560 

ROS production was further visualized by using DHE staining as mentioned above or 561 

CellROX
®
Deep Red staining (Thermo Fisher) at a final concentration of 5 µM. Fluorescence 562 

images were captured using the Zeiss Axio Observer 7 Spinning Disk Confocal Microscope 563 

(Zeiss, Germany) at the λex 370 nm/λem 420 nm (for non-oxidized DHE), 564 
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λex 535 nm/λem 610 nm (for oxidized DHE), and at λex 640 nm/λem 665 nm CellROX
®
Deep 565 

Red.  566 

 567 

Construction of gene deletions and complementations in C. parapsilosis  568 

Target genes were deleted from the leucine and histidine auxotrophic parental strain 569 

CLIB2014 using a fusion PCR method described previously (72) and adapted to C. 570 

parapsilosis (73). All primer sequences and target genes are listed in Table S5. Briefly, 571 

approximately 500 bp of the upstream and downstream DNA loci of the coding sequence 572 

were amplified by PCR with the primer pairs P1/P3 and P4/P6, respectively. The selectable 573 

markers, C. dubliniensis HIS1 and C. maltosa LEU2 genes were amplified with the P2/P5 574 

primer pair from the plasmids pSN52 and pSN40, respectively. All PCR products were further 575 

purified using Gel/PCR DNA Fragments Extraction Kit (Geneaid Biotech, New Taipei City, 576 

Taiwan) and connected via PCR through overlapping sequences of the P2/P3 and P4/P5 577 

primer pairs. The entire deletion cassette was amplified using primers P1 and P6 and 578 

transformed into the recipient strain in two rounds of transformation. The first allele was 579 

replaced by the CmLEU2 marker and the second allele with the CdHIS1 marker. Site-specific 580 

integration of the selection marker was checked by PCR at both ends of the deletion 581 

constructs. Loss of expression was also confirmed by qRT-PCR targeting the respective ORF 582 

(Fig. S4A-D).  583 

To generate complemented strains, the neutral locus NEUT5L was targeted as described in 584 

(74). The promoter-OR-terminator regions were amplified from the CLIB214 parental strain 585 

using specific rec_F/R primers listed in Table S5.  The dominant nourseothricin resistance 586 

marker NAT1, and a modified sequence of C. parapsilosis NEUT5L locus, were amplified 587 

from plasmid pDEST_TDH3_NAT_CpNEUT5L_NheI using Clon_F/Clon_R primers. The 5’ 588 

tails of gene name_rec_F/gene name_rec_R primers contained flanking regions 589 

complementary to the sequence of Clon_F/Clon_R primers to allow fusion via circular 590 

polymerase extension cloning (CPEC cloning). The completely assembled plasmids (Fig. 591 

S4E) were directly used for transformation of E. coli DH5α without further purification. After 592 

purification from E. coli up to 3 µg of plasmid were enzymatically digested with StuI or HpaI 593 

and EcoRI to confirm their correct size. The modified sequence of C. parapsilosis NEUT5L 594 

locus contains a specific restriction site for StuI which linearised the plasmid and enables the 595 

integration of the vector into the NEUT5L locus of C. parapsilosis via duplication. Integration 596 

of the vector into the genome of the parental strain was confirmed by PCR. 597 

 598 
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Chemical transformation of C. parapsilosis 599 

Overnight cultures of C. parapsilosis leu2Δ/his1Δ were diluted to an OD600 of 0.2 in YPD 600 

media and grown at 30°C/180 rpm to an OD600 of 1. The culture was harvested by 601 

centrifugation at 4,000 g for 5 min and the pellet was suspended in 3 ml of ice-cold water. 602 

After collecting the cells, the pellet was resuspended in 1 ml of TE with LiAc (0.1 M lithium 603 

acetate, 10 mM Tris-HCl, 1 mM EDTA, pH 7.5), followed by centrifugation for 30 s at 604 

14,000 g. Cells were then suspended in 200 µl of the ice-cold TE-LiAc buffer. For 605 

transformation, 10 µl of boiled herring sperm DNA (2 mg/ml) and 20 µl of transforming 606 

DNA were added to 100 µl of competent cells. The mixture was incubated at 30°C without 607 

shaking for 30 min followed by the addition of 700 µl of PLATE solution (0.1 M lithium 608 

acetate, 10 mM Tris-HCl, 1 mM EDTA, pH 7.5 and 40 % PEG 3350). Afterwards, the 609 

samples were incubated overnight at 30 °C. The next day, samples were heat-shocked at 610 

44 °C for 15 min, centrifuged, and washed twice with YPD medium. Following incubation in 611 

100 µl of YPD for 2 hours (180 rpm, 30°C), samples were plated on SD agar plates, 612 

supplemented with essential amino acids, and either histidine or leucine to obtain 613 

heterozygous mutant strains. To select for homozygous mutant, histidine and leucine were 614 

omitted from the medium. Selective plates were incubated for two days at 30°C. To select for 615 

complemented strains, cells were plated on YPD agar with 100 µg ml
-1

 of nourseothricin.  616 

 617 

Sensitivity assays 618 

Yeasts were grown overnight in YPD at 30°C/180 rpm, harvested by centrifugation at 10,000 619 

g for 1 min, and washed twice with PBS. For droplet assays, cells were diluted to the 620 

concentration of 5x10
7
 ml

-1
 and 5 µl of serial 10-fold dilutions were dropped on agar plates. 621 

To determine the MIC50 of Cu, 2.5x10
4
 cells were seeded in a 96 well plate with malt extract 622 

broth buffered to pH 3 and CuSO4. For oxidative stress sensitivity assays, 11 selective drop-623 

out solutions, each missing one component, were added to liquid SD medium (0.4 % [w/v] 624 

yeast nitrogen base with ammonium sulfate, 2 % [w/v] glucose) with or without 2 mM of t-625 

BOOH (Luperox
®
 TBH70X, Sigma-Aldrich, USA) and approx. 3x10

2
 cells were seeded in 48 626 

well plates. All plates were incubated at 30°C for two days. Growth in well plates was 627 

evaluated by measuring the optical density (OD600) in a plate reader (Infinite M200 Pro, 628 

Tecan, Männedorf, Switzerland). Data represent the average of 3 biological replicates.  629 

 630 

Isolation of monocyte-derive macrophages (MDMs) 631 
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Human peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation. 632 

PBMCs from buffy coats donated by healthy volunteers were separated through Lymphocytes 633 

Separation Media (Capricorn Scientific, Germany) in Leucosep™ centrifuge tubes (Greiner 634 

Bio-One). Magnetically labelled CD14 positive monocytes were selected by automated cell 635 

sorting (autoMACs; Miltenyi Biotec, Germany). To differentiate monocytes into MDMs, 636 

1.7×10
7
 cells were seeded into 175 cm² cell culture flasks in RPMI 1640 media with L-637 

glutamine (Thermo Fisher Scientific) containing 10 % heat-inactivated fetal bovine serum 638 

(FBS; Bio&SELL, Germany) and 50 ng ml
-1

 recombinant human M-CSF (ImmunoTools, 639 

Germany) and incubated for five days at 37 °C and 5 % CO2 until the medium was 640 

exchanged. Stimulation with human M-CSF favours the differentiation to M2-type 641 

macrophages. After two additional days, adherent MDMs were detached with 50 mM EDTA 642 

in PBS and seeded in 6-well plates (for expression analysis) or in 96-well plates (for killing 643 

assay) to a final concentration of 1×10
6
 or 4×10

4
 MDMs/well, respectively in RPMI + 10 % 644 

FBS and 50 ng ml
-1

 M-CSF and incubated overnight.  645 

Ethics statement 646 

Blood donations for subsequent isolation of PBMCs were obtained from healthy donors after 647 

written, informed consent, in accordance with the Declaration of Helsinki. All protocols were 648 

approved by the Ethics Committee of the University Hospital Jena (permission number 2207-649 

01/08).   650 

 651 

P. aurantium and macrophage killing assays 652 

Yeast strains were grown overnight in YPD medium at 30 °C and180 rpm, harvested by 653 

centrifugation, and counted in a CASY® TT Cell Counter (OLS Bio, Bremen, Germany). 654 

Amoebae were grown to confluency in PB, harvested by scraping, and counted. Yeast cells 655 

were co-incubated with amoebae or macrophages in 96-well plates at MOIs of 10 and 1, 656 

respectively, and incubated at 22°C or 37°C/5% CO2, respectively, for 3 hours. Yeast cells 657 

surviving the amoeba predation were collected by vigorous pipetting and plated on YPD agar. 658 

For macrophage killing assays, yeast cells were added to macrophages in 96-well plates at an 659 

MOI of 1 (killing assays) or in 6-well plates at an MOI of 10 (isolation of total RNA) with 660 

RPMI medium containing L-glutamine. Media control wells for each time point were 661 

included, where the yeast cells were incubated in RPMI alone without macrophages. Plates 662 

were incubated at 37°C in an atmosphere with 5% CO2. Cells surviving the macrophage 663 

killing were first collected from the supernatant, then, intracellular survivors were obtained 664 

after lysis of macrophages with 0.5 % Triton™-X-100 for 15 min. The number of survived 665 
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yeast cells was calculated as a percentage of CFUs compared to the inoculum. Data are based 666 

on three biological and six technical replicates (P. aurantium) and six different anonymous 667 

donors with 6 technical replicates (macrophages), respectively. 668 
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