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Abstract20

21

Microbial predators obtain energy from killing other living cells. In this study, we present compelling22

evidence demonstrating that widely distributed Streptomyces soil bacteria, typically not considered as23

predators, possess the ability to detect and prey on Saccharomyces cerevisiae. Using fluorescence24

microscopy, we observed that predation is initiated by physical contact between Streptomyces lavendulae25

YAKB-15 and yeast cells. Comparative transcriptomics data indicated that the interaction triggered the26

production of numerous lytic enzymes to digest all major components of the yeast cell wall. The production27

of various glucanases, mannosidases and chitinases was confirmed by proteomics and enzymatic activity28

measurements. In order to destabilise the yeast cell membrane and assimilate yeast, Streptomyces lavendulae29

YAKB-15 induced production of cell-associated antifungal polyenes, namely pentamycin and filipin III, and30

cholesterol oxidase ChoD. In response, yeast downregulated protein synthesis and attempted to enter a31

quiescence-like state. We show that yeast predation is a common phenomenon in Streptomyces, including32

well-characterized strains such as Streptomyces peucetius ATCC 27952, where the interaction led to33

production of 14-hydroxyisochainin. Finally, gene inactivation studies lead us to propose a multidirectional34

assault model harbouring numerous redundancies that are not dependant on any single individual factor. Our35

results provide insights into the ecological role of Streptomyces and highlight the utilization of predation as a36

mechanism to elicit the production of bioactive natural products for drug discovery.37

38

Significance Statement39

Soil is a rich environment for microbes, where they compete for space and resources. Streptomyces bacteria40

are well-known for their ability to synthesize natural products, particularly antibiotics, that are used in41

chemical defense against competing microbes. Here we show that Streptomyces are, in fact, predatory42

bacteria. Upon encountering yeast cells, Streptomyces initiate the production of numerous enzymes that43

digest the cell wall of yeast. In addition, the interaction triggers the production of natural products that44

destabilize the yeast cell membrane. Collectively these actions lead to the death of yeast cells and release of45
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cellular building blocks that Streptomyces can use as nutrients. The work fundamentally shifts the paradigm46

of how Streptomyces are perceived within the soil microbiome ecosystem.47

48
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Main text49

Introduction50

Decades of in-depth research on soil-dwelling Streptomyces bacteria have proven that they are a rich source51

of clinically utilised antimicrobials, anticancer agents, and immunosuppressants1. These Gram-positive,52

multicellular, and non-motile bacteria have a complex life-cycle; germination of spores results in formation of53

branching vegetative mycelium that, upon nutrient depletion, develop into aerial hyphae and ultimately to54

spores. Classically, antibiotic production is associated with the onset of sporulation, with bioactive compounds55

being secreted to defend against competing organisms2. The natural products of Streptomyces are often56

associated with amensalistic killing during morphological differentiation, where one organism harms another57

without cost or benefit.58

59

Soil is a relatively nutrient scarce environment where carbon is trapped in complex polysaccharides and60

minerals, such as iron, are limited3. Degradation of natural polysaccharides typically requires an array of61

Carbohydrate-Active enZYmes (CAZymes) with different substrate specificities to break down complex62

mixtures of biopolymers4. Streptomyces are intimately integrated into the global carbon cycle and produce63

various hydrolytic enzymes to catabolise plant biomass constituents including cellulose, hemicellulose, and64

lignin5,6. Another abundant biopolymer is chitin, which originates from exoskeletons of insects and65

crustaceans, and cell walls of fungi. Efficient production of CAZymes has made Streptomyces a major source66

for industrial manufacturing in biofuel production, food and cosmetic industries, and many other fields7.67

68

Despite these nutritional challenges, the soil microbiome is the most biologically diverse community in the69

biosphere3. Streptomyces, one of the most prevalent species of Actinobacteria that populate soils, coexist with70

other bacteria, fungi, and plants while competing for space and resources8. Streptomyces use a multitude of71

extracellular mechanisms to detect and respond to the presence of competing microbes6. Streptomyces72

genomes harbour a high number of diverse biosynthetic gene clusters (BGCs), which are responsible for73

production of secondary metabolites. However, most BGCs are silent under axenic laboratory cultures9 and74

encode cryptic metabolites that require specific environmental signal(s) for activation, either by small75
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signalling molecules or direct physical cell-cell interactions. Activation of cryptic BGCs is a promising source76

of new bioactive natural products10 and while the medicinal value of these compounds is clear, there is growing77

interest in exploring the ecological role of these metabolites11.78

79

Close physical contact and environmental signals between microorganisms in the soil microbiome have been80

shown to initiate cascades of reactions that elicit the production of secondary metabolites11,12. Indeed, direct81

physical contact between various Streptomyces species and several microorganisms stimulates Streptomyces82

to produce undecylprodigiosins13,14. Gamma-butyrolactones and even select antibiotics are important chemical83

signals for intraspecies communication and regulation of gene expression in Streptomyces6. In other cases,84

Streptomyces secondary metabolites are used for inter-kingdom communication with volatile terpenes85

functioning as attractants of the arthropod Folsomia candida and the fruit fly Drosophila melanogaster15,16 and86

as a warning signal to deter the predatory nematode Caenorhabditis elegans17. Fungal interactions trigger the87

production of volatile organic compounds and exploration, an atypical growth mode, in many Streptomyces88

species18. Notably, Streptomyces interactions with fungal partners such as Aspergillus nidulans can trigger89

production of secondary metabolites in both parties 12,19.90

91

An extension of antagonistic microbe-microbe interactions is predation, where predatory bacteria not only kill92

their prey, but also consume their macromolecules as nutrients20. Predatory bacteria are found in different93

phyla and have evolved diverse strategies to kill bacteria, including epibiotic and endobiotic mechanisms,94

where the prey cells are lysed either from the outside or inside, respectively. The predatory behaviours of the95

Gram-negative soil-dwelling myxobacteria have been well characterised, including gliding motility to find96

prey and secretion of antibiotics and bacteriolytic enzymes to assimilate target microbes21,22. Yet, discourse97

whether Streptomyces antibiotic-mediated interactions are amensalistic or predatory has been controversial23.98

Streptomyces are not generally appreciated as predatory bacteria, particularly because they are non-motile and99

due to challenges in distinguishing between non-obligatory predation and amensalism. However, recent reports100

have shown that Streptomyces isolates can grow on live cells of other bacteria23 and cyanobacteria24, when no101
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other sources of nutrients are available. Regardless, the molecular mechanisms of the Streptomyces predator-102

prey relationships have not been elucidated in detail.103

104

Our previous studies revealed that Streptomyces lavendulae YAKB-15 produces the cell-associated cholesterol105

oxidase ChoD strictly under co-culture conditions with whole yeast cells25. In this study, we noted severe106

perturbation of Saccharomyces cerevisiae cell morphology and the ultimate disappearance of yeast cells in co-107

cultivations with several strains of Streptomyces. We applied a combination of confocal fluorescence108

microscopy, transcriptomics and proteomics, natural product discovery, enzymatic assays, and gene knock-109

out studies to demonstrate that physical contact elicits the production of antifungal agents and hydrolytic110

exoenzymes to target the cell membrane and all major components of the yeast cell wall. We further argue that111

Streptomyces is a predator and envision that intimate physical interaction could be utilised to discover novel112

drug leads.113

114

Results115

Physical contact with S. lavendulae YAKB-15 induces morphological defects and disappearance of116

yeast cells. We were interested in examining S. lavendulae and Sacc. cerevisiae interactions during co-117

culture dependent production of ChoD. Microscopic evaluation revealed that yeast cells adhered to S.118

lavendulae mycelium in liquid cultures by day 1, followed by disturbances in yeast cell morphology by day 7119

and ultimate disappearance of yeast cells during prolonged 20 d cultures (Fig. 1a). We turned to time-lapse120

confocal microscopy (Supplementary Video 1) to examine co-cultures of S. lavendulae YAKB-121

15/pS_GK_ChoD, which harbours a choD promoter probe plasmid for expression of green fluorescent122

protein (GFP), and Sacc. cerevisiae BY2561026, where red fluorescent protein (RFP) is constitutionally123

expressed. Still captures of a one-day movie recording revealed two yeast cell populations of approximately124

equivalent size at 10 min that initially duplicate at an equal rate until 300 min (Fig. 1b, L and R insets). S.125

lavendulae mycelium was observed growing into one of the clusters of yeast cells (Fig. 1b, R inset) and a126

significant disturbance in yeast cell growth is visible at 650 min in comparison to yeast cells that are not in127
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physical contact with S. lavendulae (Fig. 1b, L inset). Contact with S. lavendulae led to a drastic decrease in128

the RFP signal from yeast cells and the appearance of a GFP signal, indicating activation of ChoD129

production, only from S. lavendulae in physical contact with yeast at 1000 min (Fig. 1b, L and R insets). The130

disappearance of yeast cells and the extension of the GFP signal to the entire mycelium network is evident at131

1490 min (Fig. 1b). The changes in yeast cell morphology and loss of red fluorescence are more clearly132

visible at higher digital magnifications (Supplementary Video 2). Analysis of fluorescence signal intensities133

of interacting and non-interacting cell populations from the same microscopy images demonstrate significant134

changes with a 2.3-fold increase in GFP and a 2.3-fold decrease in RFP fluorescence in interacting135

populations at 1100 min (Fig. 1c).136

137

In order to demonstrate predation, we grew S. lavendulae on water-agar plates, without any nutrients, both138

alone and on a plate with a lawn of yeast cells (Fig. 1d). Colony growth could be observed in axenic cultures139

(Fig. 1d, top) indicating that S. lavendulae can utilise agar as a carbon source, like has been reported for S.140

coelicolor A3(2)27, but colony size was dramatically increased under co-culture conditions (Fig. 1d,141

bottom). Equivalent results were obtained when we cultivated S. lavendulae on rich agar plates ideal for142

yeast growth (Fig. 1e). Inoculation of S. lavendulae on top of yeast cells led to Streptomyces consuming143

yeast cells. Importantly, no zone of inhibition was observed in either experiment, a characteristic of144

amensalism, where competitors are killed over long distances by diffusible antibiotics, (Fig. 1d,e),145

suggesting that physical contact was the mediator of predation.146

147

S. lavendulae YAKB-15 produces polyene antifungal agents upon contact with yeast. To investigate the148

molecular basis for the events occurring during Streptomyces-yeast interactions, we examined S. lavendulae149

cultures for the presence of secondary metabolites in yeast co-cultures. Comparative metabolic profiling of150

culture extracts revealed the appearance of two co-culture exclusive natural products, which were revealed as151

the known polyenes pentamycin (1, Fig. 2) and filipin III (2, Fig. 2) by 1D NMR (1H and 13C NMR) and 2D152

NMR (1H, 1H-COSY, HSQC, and HMBC) (Supplementary Tables 1,2 and Figs. 1-13). Interestingly, these153
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polyenes were associated with the cell mass. Polyene antibiotics are effective antifungal agents, which154

mediate their mechanism of action via interactions with sterols embedded in the cell membranes that lead to155

destabilisation, pore formation, and cell death28. Of the two polyenes, 1 is used in the treatment of vaginal156

candidiasis, but 2 is unsuited for clinical use due to a high affinity to both fungal ergosterol and mammalian157

cholesterol.158

159

A type I polyketide synthase BGC with domain architecture suitable for production of 1 and 2 (Fig. 2a) was160

readily identified from the genome of S. lavendulae due to the high (90.6 %) average nucleotide sequence161

identity to a pentamycin BGC from Streptomyces sp. S81629. The pen BGC consisted of five structural genes162

penS1-penS5 that contained 13 type I polyketide modules with ketosynthase (KS), acyl transferase (AT), and163

acyl carrier protein (ACP) domains necessary for chain elongation. In addition, seven modules harboured164

ketoreductase (KR) domains for formation of hydroxy groups, while six modules contained a combination of165

KR and dehydratase domains (DH) responsible for the formation of the canonical conjugated polyene166

structure. Sequence analysis indicated that the DH domain in penS3 is likely to be inactive30, which is also167

consistent with the structural analysis of pentamycin. Three genes, penC, penD and penJ, which encode168

cytochrome P450 mono-oxygenases, complete pentamycin biosynthesis by addition of hydroxy groups at169

aliphatic carbons C26, C1′31,32 and C1429, respectively. It is noteworthy that no cluster-situated regulatory170

genes or putative transporters, which is in agreement with co-localization of polyenes with the cell mass,171

were found to reside within the BGC.172

173

S. lavendulae YAKB-15 harbours an extensive predatome of catabolic enzymes and natural products174

to assault yeast cells. To gain more insight into the interactions, we acquired transcriptomics data from175

Streptomyces. We proceeded to carry out RNA-Seq from axenic and co-culture samples of S. lavendulae176

with whole autoclaved yeast cells at four timepoints. Comparative transcriptomics profiling of the177

predatome33 revealed extensive changes in gene expression patterns of hundreds of CAZyme genes178

(Extended Data Fig. 1) that encode enzymes capable of lysing and digesting the polysaccharide-rich yeast179
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cell wall34. We observed upregulation of different subfamilies of five α-mannosidases, four β-glucanases and180

seven chitinases (Fig. 3a). Temporal control of CAZyme gene expression correlated well with enzymatic181

activities required for digestion of yeast cell wall with time-course analysis indicating an initial mean 16.1-182

fold upregulation of secreted exo-acting α-mannosidases of the GH92 family at 12 h, followed by subsequent183

upregulation of intracellular GH38 family α-mannosidases at 24 h (Fig. 3a). The transcriptomics data184

revealed upregulation of the pentamycin BGC at 24 h and late-stage activation of the cholesterol oxidase185

choD expression at 48 h (Fig. 3a). In the biosynthetic pathway of the polyene pimaricin, the BGC embedded186

cholesterol oxidase pimE was shown to act as a signalling enzyme that triggers pimaricin production35.187

However, late-stage production of ChoD suggests that the function of the cholesterol oxidases may differ in188

these two strains and S. lavendulae may utilize ChoD exclusively in a catabolic role. In addition to the189

pentamycin BGC, transcriptomics data revealed large changes in the biosynthesis of unknown cryptic190

secondary metabolites (Fig. 3b). Five metabolic pathways were putatively activated, most notably, BGCs191

related to diisonitrile chalcophore SF2768-type antifungal agent, foxicin-type siderophore and stenothricin-192

type antibiotic, while six BGCs were putatively silenced.193

194

We confirmed the transcriptomics data by analysis of the extracellular proteome of S. lavendulae by SDS-195

page and mass spectrometric identification of proteins. Nine out of 16 CAZymes and the cholesterol oxidase196

ChoD were detected from Streptomyces-yeast co-cultures (Fig. 3a). We proceeded to detect enzymatic197

activities against yeast cell wall components by analysing the reducing sugar content from the secretome of198

S. lavendulae cultured axenically and as a co-culture (Fig. 2c). Whole autoclaved yeast cells were used as a199

substrate to probe total hydrolytic activity, while the storage glucan laminarin, colloidal chitin, and mannan200

were utilised to measure specific activities. Co-cultures showed a 4.4-fold increase in total hydrolytic activity201

compared to axenic cultures, a high glucanase activity, and low chitinase and mannosidase activities (Fig.202

2c). We selected the putative chitinase YeeC3 (WP_148025216.1), the glucanase YeeB3203

(WP_148024776.1), and the mannosidase YeeA3 (WP_148025494.1) for heterologous protein production in204

Escherichia coli and carried out activity assays with purified proteins (Fig. 2d). Degradation of laminarin205

and chitin biopolymers into monomer components could be demonstrated with YeeB3 and YeeC3,206

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 15, 2023. ; https://doi.org/10.1101/2023.06.15.545052doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.15.545052
http://creativecommons.org/licenses/by-nc-nd/4.0/


respectively, but no activity was detected for the mannosidase YeeA3 in congruence with experiments with207

cell-free extracts. Collectively, our findings indicate that S. lavendulae harbours an extensive predatome that208

can degrade components of the yeast cell wall and influence cell membrane stability.209

210

Yeast responds by downregulating protein synthesis to enter a quiescence-like state. In contrast,211

transcriptome analysis of S. lavendulae co-cultured with live yeast indicated that yeast could not effectively212

defend against the attack by S. lavendulae and gene downregulation was the dominant response (Fig. 3c).213

The largest group of genes downregulated were related to cell wall biosynthesis, various stress responses214

(e.g., oxidative, formate, and pH), and strong 97-fold downregulation of ribosomal rRNA and snoRNA215

synthesis. The general pattern of metabolic suppression under hostile conditions suggested yeast cells have216

entered a quiescence-like state, reminiscent to the response of yeast to rapamycin36. Visually, yeast cells217

appear to arrest as unbudded cells with a thickened cell wall, which are characteristics of yeast quiescence36218

(Fig. 1a,b, Fig. 4a, Fig. 5a,b,c). Only four genes were upregulated in yeast, where the most interesting219

observation was upregulation of a polyamine transporter (Fig. 3c). Polyamines play a key role in the yeast220

stress response37, and depletion leads to alterations of the yeast cell wall, which thickens, becomes more221

heterogenous and irregular in shape38. Membrane destabilisation by polyenes may have resulted in the loss of222

intracellular polyamines, which would explain the microscopic observations and changes in yeast cell223

morphology (Supplementary Video 2).224

225

Genome mining reveals common yeast predatory behaviour in Streptomyces. We wished to interrogate if226

yeast predation was common in Streptomyces and selected eight strains with sequenced genomes for co-227

culture experiments (Fig. 4a and Fig. 5a). Yeast cells disappeared in seven cases and only S. lividans TK24228

appeared to be unable to digest yeast even after 20 days (Fig. 4a). The kinetics of predation varied, and yeast229

cells were assimilated in two to seven days, depending on the strain. Hydrolytic enzyme activity from culture230

supernatants was notably increased in six of the strains by 3.3 to 9.3-fold under co-culture conditions, while231

in the case of S. platensis NRRL8035 the activity was reduced by 37% (Fig. 4b). Genome mining indicated232
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that five of the strains harboured polyene-type BGCs, while no canonical antifungal BGCs could be clearly233

detected from predatory S. showdoensis ATCC 15127 and S. galilaeus ATCC 31615 strains (Fig. 4c). The234

genomic diversity was also apparent by the lack of cholesterol oxidase genes in two strains, S. albus J1074235

and S. platensis NRRL 8035 (Fig. 4d), indicating that the mechanisms of predation may differ in different236

strains of Streptomyces. CAZyme activity was not observed in the culture supernatant of S. lividans TK24237

and genome mining did not reveal any apparent polyene BGC or choD genes, which was consistent with the238

inability of the strain to consume yeast.239

240

Predatory behaviour is not dependent on a single factor in S. peucetius ATCC 27952. One of the strains241

investigated was Streptomyces peucetius ATCC 27952, which has been used in the manufacturing of the242

anticancer agent doxorubicin for nearly 50 years39. Analysis of co-culture extracts revealed yeast-dependent243

production of a metabolite (Fig. 5a) with the characteristic UV/Vis spectrum of polyenes with strong244

absorbance at 339 nm and 357 nm. Structure elucidation by 1D NMR (1H and 13C NMR) and 2D NMR (1H,245

1H-COSY, HSQC, and HMBC) (Supplementary Table 3 and Figs. 14-21) revealed the compound as 14-246

hydroxyisochainin (3, Fig. 2a), which differs from 1 in a shorter fatty acid extension unit and lack of247

hydroxy group at C1′. The putative iso BGC was highly similar to the pen BGC with identical type I PKS248

domain organisation, but lacked a gene homologous to penD, which encodes the cytochrome P450 enzyme249

responsible for the instalment of the C1′-hydroxy group31,32. It is noteworthy that no obvious difference could250

be observed in the sequence of the final extender unit AT domain that would explain differences in fatty251

acid-CoA selection and it may be that the choice of the starter unit is determined by intracellular252

concentrations similar to the biosynthesis of the lipopeptide daptomycin. No polyene transporters were253

detected from the BGC, but, in contrast to S. lavendulae, the gene cluster harboured a cholesterol oxidase254

isoG (Fig. 2a). Importantly, S. peucetius has not been previously described as a producer of polyenes, despite255

being a well-characterised strain.256

257
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Since S. lavendulae was not genetically tractable, we shifted our focus to S. peucetius to further study258

Streptomyces-yeast interactions. We showed yeast-triggered production of cholesterol oxidase, polyene,259

chitinase, mannosidase, and glucanase via enzymatic activities in S. peucetius (Fig. 5a, Extended Data Fig.260

2). In effect, the mannosidase activity of S. peucetius supernatant of was nearly 10-fold higher than in S.261

lavendulae (Fig. 2c). To investigate whether polyenes or cholesterol oxidases are essential for Streptomyces262

predatory behaviour, we inactivated isoG and isoS1 polyketide synthase gene individually in S. peucetius263

(ΔisoG and ΔisoS1). As expected, ΔisoG lost cholesterol oxidase activity in yeast co-cultures, and the gene264

inactivation did not lead to cessation of 3 production (Fig. 5b), which is in agreement with the delayed265

expression of choD in S. lavendulae. In addition, ΔisoG continued to produce CAZymes at levels similar to266

the wild-type strain. In concordance, 3 could not be detected from cultures of ΔisoS1, but cholesterol267

oxidase, chitinase, glucanase and mannosidase activities could be detected from co-cultures (Fig. 5c).268

Surprisingly, both mutant strains were still able to assimilate yeast cells in prolonged cultures, despite their269

genomic deficiencies (Fig. 5). Together, these results suggested a redundant multipronged assault on yeast,270

akin to that of bacterial pathogens40. Bacterial pathogens, such as Legionella pneumophila, employ redundant271

virulence mechanisms with seemingly unrelated proteins and disruption of individual effector genes does not272

result in impaired pathogenesis.273

274

Discussion275

Microbial predation has been known to exist for several decades and Gram-negative δ-Proteobacteria such276

as Bdellovibrio, Bradymonas, and Myxococcus have shown diverse strategies for predation41. Although277

Streptomyces are well known producers of bioactive antibiotics and hydrolytic exoenzymes, they have not278

been classically considered as predatory bacteria. Streptomyces were long considered to be non-motile,279

which precludes the wolf-pack hunting strategies enabled by the gliding motility of Myxococcus xanthus22.280

However, fungal interactions and volatile signalling molecules have recently been shown to trigger281

exploratory mobility in Streptomyces18, which occurs at similar velocities as gliding motility in M. xanthus42.282

The importance of mobility for predation in the soil environment can also be argued since re-wetting events283
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can promote microbe-microbe contact43. Moreover, the non-motile fungus Arthrobotrys oligospora has been284

shown to trap and prey on nematodes by looped structural features of its mycelium44.285

286

Here, we show that several species of Streptomyces can assimilate yeast cells under co-cultures. Our model287

suggests that physical interactions, possibly between Streptomyces mycelium and components of the yeast288

cell wall, trigger substantial changes in the transcriptome of both predator and prey. Streptomyces produce289

CAZymes capable of digesting the yeast cell wall, and cholesterol oxidase and polyenes capable of attacking290

the yeast cell membrane (Fig. 6). Similarly, the predatosome of M. xanthus has been shown to trigger the291

production of hydrolytic enzymes and natural products45. Moreover, our physical contact-dependent292

predation model provides evidence to distinguish amensalism from predation. Here, Streptomyces produce293

cell-associated cholesterol oxidase and polyenes to create spatial structuring46 (Fig. 6a,b), which limits the294

diffusion of the nutrients they create from killing yeast, which thus confers a direct benefit to the predator. It295

is noteworthy that CAZymes predicted to encode intracellular catabolic enzymes are also upregulated under296

co-culture conditions (Fig. 3a). Our multiomics and gene inactivation data suggest that neither polyenes nor297

ChoD are solely responsible for the predatory capabilities of Streptomyces, rather a redundant multipronged298

attack is used that is akin to bacterial pathogens40.299

300

It is noteworthy that the physical Streptomyces-yeast interactions triggered the production of polyenes, which301

are known antifungal metabolites.28 Our hypothesis is that physical interactions with target microbes may elicit302

the production of natural products specifically against the prey organism. While little is known about the303

molecular mechanisms of microbial predation, even in the model microbial predator M. xanthus, it is known304

that extracellular bacteriolytic enzymes and natural products play a crucial role21,47,48. Some predatory natural305

products even play a prey-dependent role49,50. Here, we observed the activation of five BGCs, which seem to306

specifically activate upon contact with yeast. The upregulation of these pathways occurred during the307

vegetative stage of the Streptomyces life cycle, which is in contrast to secreted secondary metabolites308

associated with amensalistic killing that are typically tightly coordinated with morphological differentiation2.309

This raises the question of whether Streptomyces would react similarly to other microbes such as Gram-310
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negative and Gram-positive bacteria? Co-culture dependent elicitation of cryptic BGCs for production of311

natural products has been widely used9, but the ability of Streptomyces to specifically detect the type of prey312

organism species may have been underappreciated. Our model of physical contact-dependent predation may313

provide a new framework for drug discovery and eliciting the production of natural products.314
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Online Methods315

Microbial strains, plasmids, and culture conditions. Strains and plasmids used in this study are described316

in Supplementary Table 4. Streptomyces cultures were generally grown at 30 ˚C, shaking at 250-300 rpm.317

Strains of Streptomyces were cultivated in Y medium25 (autoclaved yeast), in SC medium51 (live yeast), and318

TSB52 medium as described previously. The solid media used were water agar (agar 16 g l-1 in reverse319

osmosis water), YPD51 and MS52 as previously described.320

321

Microscopy. Confocal fluorescence microscopy was performed using a Nikon Eclipse Ti2-E microscope322

with a NikonDS-Fi3 CMOS camera and a Hamamatsu sCMOS Orca Flash 4 camera attached and a323

Lumencor Spectra X LED light source in a temperature-controlled incubation chamber. Images were324

acquired using a Nikon CFI S Plan Fluor EWLD 20x/0.45 DIC N1 objective with mCherry325

excitation/emission bandwidths of 555 nm/632 nm and GFP excitation/emission bandwidths of 488 nm/515326

nm. Images were collected using NIS-Elements AR (Nikon) and analysed using Fiji53.327

328

For time-lapse imaging of S. lavendulae/pS_GK_ChoD54 (cholesterol oxidase promoter probe) and Sacc.329

cerevisiae constitutively expressing mCherry26, strains were first grown in SC for 48 h. The co-cultures were330

initiated by mixing 100 µl of Streptomyces with 10 µl of yeast in 1 ml of SC in a six well plate. Each strain331

was also grown axenically using the same respective conditions. Experiments were performed at 30 ˚C and332

images were taken every 10 min for 24 h.333

334

Standard microscopy images were captured using a Nikon Eclipse Ci-L upright microscope with a Canon335

EOS RP camera attached by a TUST38C LM Direct Image C-Mount Port (Micro Tech Lab, Graz, Austria)336

and a DSLRCRFTC_Pro LM Digital SLR Universal Adapter (Micro Tech Lab, Graz, Austria). Solid state337

cultures were imaged using a WILD M3Z (Heerbrugg, Switzerland) stereomicroscope.338

339
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For plate culture imaging of S. lavendulae and Sacc. cerevisiae, strains were grown in SC for 48 h. On water340

agar plates, 100 µl of yeast was spread as a lawn and Streptomyces was spotted on top twice with 10 µl and341

20 µl. Streptomyces was also spotted in the same way on a separate water agar plate without yeast. Water342

agar plates were grown at room temperature for 30 days. On YPD plates, 20 µl of yeast was spotted and343

allowed to dry, then 10 µl of Streptomyces was spotted in the middle. The same volume of Streptomyces was344

also plated on YPD without yeast. YPD plates were grown for 6 days at 30 ˚C.345

346

Chemical analysis. Compounds were extracted with methanol from the cell mass. Methanol extract was347

evaporated using a rotary evaporator and compounds were resuspended in H2O. Polyenes were extracted348

from aqueous phase with ethyl acetate, and ethyl acetate phase was dried using a rotary evaporator. Polyenes349

were further purified using first silica chromatography followed by semi-preparative HPLC. Fractions350

containing pure compounds were extracted with ethyl acetate, dried using rotary evaporator and desiccator,351

and resuspended in deuterated solvents (Eurisotop) for NMR measurements.352

353

NMR spectra were recorded with 600 MHz Bruker AVANCE-III system with liquid nitrogen cooled Prodigy354

TCI cryoprobe or 500 MHz Bruker AVANCE-III system with liquid nitrogen cooled Prodigy BBO355

cryoprobe. All NMR spectra were processed in Bruker TopSpin 4.1.3 version and the signals were internally356

referenced to the solvent signals or tetramethylsilane. High resolution electrospray ionization mass spectra357

were recorded on Bruker Daltonics micrOTOF system.358

359

HPLC-UV analyses were carried out using a SCL-10Avp/SpdM10Avp system with a diode array detector360

(Shimadzu) and a C18 column (2.6 μm, 100 Å, 4.6 × 100 mm Kinetex column (Phenomenex). HPLC-UV361

method: solvent A: 0.1 % formic acid, 15 % CH3CN, 85 % H2O; solvent B: 100 % CH3CN; flow rate: 0.5362

mL/min; 0-2 min, 0 % B; 2-20 min, 0-60 % B; 20-24 min, 100 % B; 24-29 min, 0 % B. HPLC-MS analyses363

were carried out using an Agilent 6120 Quadrupole LCMS system linked to an Agilent Technologies 1260364

infinity HPLC system using identical columns, gradients, and buffers as for HPLC-UV analyses.365
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366

Semi-preparative HPLC were carried out using a LC-20AP/CBM-20A system with a diode array detector367

(Shimadzu) and EVO C18, 5 μm, 100 Å, 250 x 21.2 mm Kinetex column (Phenomenex). Semi-preparative368

HPLC method: solvent A: 50 % 60 mM ammonium acetate – acetic acid pH 3.6, 15 % CH3CN, 35 % H2O;369

solvent B: CH3CN; flowrate: 20 mL/min; 0-2 min, 0 % B; 2-20 min, 0-60 % B; 20-24 min, 100 % B; 24-29370

min, 0 % B. Silica chromatography was performed using high-purity grade silica (pore size 60 Å, 230-400371

mesh particle size) and a gradient elution from 100:0 CHCl3/MeOH to 0:100 CHCl3/MeOH. All reagents372

were purchased from Sigma-Aldrich unless stated otherwise.373

374

Bioinformatics. The accession number of the S. lavendulae YAKB-15 genome is GCA_008016805.1, for375

the S. peucetius ATCC 27952 genome the accession number is GCA_002777535.1, and for the Sacc.376

cerevisiae genome the accession number is GCA_000146045.2. BGCs were identified using antiSMASH377

v6.1.155. PKS genes were analysed using SeMPI 2.056. CAZymes were functionally annotated using378

dbCAN257. The average nucleotide identity was calculated using OrthoANIu58.379

380

Transcriptomics. Cultures for time-resolved transcriptomal profiling were performed in biological381

quadruplets at 30 °C and 300 rpm. For the live yeast cultures SC was used and samples were taken on days382

one, three, five, and seven. For the dead yeast cultures Y medium was used and samples were taken at six,383

12, 24, and 48 hours. Axenic cultures were grown in the same respective medium without yeast.384

385

RNA extraction was performed by pooling 1 ml of four independent cultures and adding 444 µl of cold386

STOP solution (5% phenol in ethanol). The samples were pelleted by centrifugation (5000 x g, 10 min, 4 °C)387

flash-frozen and kept at -80 °C (maximum 2 months). The cells were lysed with a mortar and pestle under388

liquid nitrogen and then RNA was isolated using a RNeasy Mini Kit (Qiagen) with DNase treatment. Total389

RNA was sent to Novogene (Cambridge, UK) for quality control (Agilent 2100), rRNA depletion (Ribo-390
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Zero kit), library preparation (Illumina), and sequencing with NovaSeq 6000 (Illumina) to produce 2 x 150391

bp reads.392

393

All analyses were performed using the Chipster59 platform. The reads were manually checked using394

FASTQC60 and trimming was performed using TRIMMOMATIC61. The trimmed reads were aligned to the395

genome using BowTie262 and counted using HTSeq63. Differential expression was performed using edgeR64.396

Active BGCs were determined as previously described65, with an average transcripts per million (TPM)397

value of 90 as established by the detection of pentamycin.398

399

Proteomics. Proteomics analysis was performed on cut pieces of SDS-PAGE gel (55 kDa) from the400

supernatant of S. lavendulae cultured with (Y medium) and without (SC medium) autoclaved yeast for 1 day.401

In-gel digestion was performed at the Turku Proteomics Facility (Turku, Finland) according to standard402

protocol. The samples were analysed by LC-ESI-MS/MS using a nanoflow HPLC (Thermo Fisher) coupled403

to a Q Exactive HF mass spectrometer (Thermo Fisher) equipped with a nano-electrospray ionization source.404

Peptides were resolved on a trapping column and subsequently separated inline on a 15 cm C18 column (75405

μm x 15 cm, ReproSil-Pur 3 μm 120 Å C18-AQ, Dr. Maisch HPLC GmbH, Ammerbuch-Entringen,406

Germany). Peptides were eluted with a 20 min gradient of 6-39%, followed by a 10 min wash stage with407

100% at acetonitrile/water (80:20 (v/v)) with 0.1% formic acid.408

409

MS data was acquired using Thermo Xcalibur v4.1 (Thermo Fisher). An information dependent acquisition410

method consisted of an Orbitrap MS survey scan of mass range 350–1750 m/z followed by HCD411

fragmentation for 10 most intense peptide ions. Protein identification searches were performed using412

Proteome Discoverer v2.5 (Thermo Fisher) connected to an in-house server running Mascot v2.7.0 (Matrix413

Science). Data was searched against a Swissprot Streptomyces database (downloaded 18.10.2021). The414

database search parameters were trypsin for the enzyme and 2 missed cleavages were allowed. Cysteine415
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carbamidomethylation was set as static modification, and methionine oxidation and protein N-terminal416

acetylation were set as variable modifications. The peptide mass tolerance was ± 10 ppm and the fragment417

mass tolerance was ± 0.02 Da.418

419

Protein production. YeeC3, YeeB3 and YeeA3 were heterologously produced in Escherichia coli TOP10420

strain transformed with pBADHisBΔ-yeeC3, pBADHisBΔ-yeeB3, pBADHisBΔ-yeeA3, respectively. The421

pre-culture was grown overnight in LB medium with 100 µg/ml of ampicillin and inoculated (1%) in 4 ×422

500 ml of 2xTY medium with 100 µg/ml of ampicillin. After incubation (30 °C, 4 hours, 250 rpm) to an423

OD600 of 0.6, cells were induced with 0.02% (w/v) ʟ-arabinose and incubated further overnight at room424

temperature at 180 rpm. Cultures were centrifuged (12,000 × g, 25 min, 4 °C) and cells pellet was425

resuspended in 3 volumes of wash buffer (K2HPO4 50 mM, imidazole 5 mM, NaCl 50 mM, 10% glycerol,426

1% Triton X) and subsequently sonicated (Soniprep 150, MSE). Samples were centrifuged (18,000 × g,427

30 min, 4 °C), the supernatant was collected and mixed with TALON Superflow affinity resin (GE428

Healthcare). After incubation for 1 hour at 4 °C, the resin was washed with wash buffer and protein was429

eluted with 2.5 mL elution buffer (K2HPO4 50 mM, imidazole 250 mM, NaCl 50 mM, 10% glycerol). Then430

the sample was buffer exchanged to the storage buffer (K2HPO4 50 mM, NaCl 50 mM, 10% glycerol) using a431

PD-10-column (GE Healthcare). The purified enzymes were analysed by SDS-PAGE and reducing sugars432

assay. E. coli TOP10 transformed with an empty pBADHisBΔ66 vector was used as a negative control for433

recombinant enzymes production and enzymatic assays.434

435

Enzymatic assays. To prepare culture supernatant for enzymatic assay, Streptomyces strains were cultured436

with autoclaved yeast (Y medium) and without (TSB medium) for 3 days. The supernatants were collected437

from centrifuged cultures (4000 × g, 10 min, 4 °C) and filtered through 0.45-μm syringe filters, followed by438

concentration (5-fold) in Amicon® Ultra-15 centrifugal filters (Millipore,10,000 MWCO). Concentrated439

supernatants were stored at 4 °C.440

441
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DNS (3,5-dinitrosalicylic acid) assay67 was performed to measure enzymatic activities of purified enzymes442

and concentrated supernatants with laminarin, colloidal chitin, mannan and 25% (w/v) yeasts cells solution443

as substrates. The assay was performed as follows: 50 µl of chitinase (15 μM) or glucanase (23 μM) or444

mannosidase (7 μM) or culture supernatant was mixed with 450 µl of the substrate (10 mg/ml in 50 mM445

phosphate buffer, pH 7) and incubated at 37 °C overnight. The reaction was stopped by adding 750 µl of446

DNS reagent and incubating samples at 95 °C for 10 min. Samples were centrifuged (12,000 × g, 10 min)447

and subjected to absorbance reading at 540 nm. Substrate sample without enzyme was used as a reaction448

control. Concentration (mg/ml) of reducing sugars in sample was calculated based on glucose standard449

curve.450

451

ChoD assay was performed as described previously25 using a coupling reaction for monitoring H2O2452

formation during the oxidation reaction of cholesterol. ChoD enzyme was extracted from cells with buffer453

(0.15% Tween 80 in 50 mM phosphate buffer solution) and was subjected to assay as follows: 120 μl Triton454

X-100 (0.05% in 50 mM phosphate buffer, pH 7), 10 μl ABTS (9.1 mM in MQ H2O), 2.5 μl cholesterol in455

ethanol (1 mg/ml), 1.5 μl horseradish peroxidase solution (150 U ml/ml) mixed with 20 μl of supernatant.456

ChoD assay was performed in a 96-well plate; one unit of enzyme was defined as the amount of enzyme that457

forms 1 μmol of H2O2 per minute at pH 7.0 and 27˚C.458

459

Construction of S. peucetius mutants. The disruption of the isoG and isoS1 genes was carried out via460

homologous recombination using the unstable multicopy pWHM3-based vector68, pWHM3-oriT (provided461

by Prof. Gilles van Wezel, Leiden University, The Netherlands). First, 1 kb of flanking regions upstream and462

downstream of the target genes were synthesized, followed by cloning of the apramycin resistance gene463

aac(3)IV in between flanks with SpeI and BclI. Then, each disruption cassette was cloned into HindIII and464

XbaI sites of pWHM3-oriT vector. Gene disruptions were generated by transferring the disruption construct465

to E. coli ET12567/pUZ8002 strain and conjugation with S. peucetius ATCC27952 strain. Double-crossover466

mutants were obtained after several passages of exconjugants under non-selective conditions on MS plates467
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and further screening based on apramycin resistance and loss of thiostrepton resistance. PCR experiments468

were performed to confirm the deletion of the targeted genes (Supplementary Tables 5 and Fig. 22).469

470
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Display items471

472

473

474

Fig. 1 | Microscopic observations of Streptomyces-yeast interactions. a, Initial observation of whole autoclaved yeast cells
disappearing from a S. lavendulae YAKB-15 culture after 20 days. b, Time course confocal fluorescence microscopy of S.
lavendulae with a choD-GFP promoter probe and Sacc. cerevisiae BY25610 constitutively expressing mCherry (RFP) from co-
culture (top) and axenic cultures (middle, bottom). Two populations of yeast cells are highlighted in white boxes. The left population
(L) was untouched by S. lavendulae and the intensity of RFP increased (c), while the right population (R) was interacting with S.
lavendulae and the intensity of RFP remained low (c). c, Intensity of fluorescence measurements of the two populations over a 24-
hour period. d,e, S. lavendulae cultured on nutrient-less and nutrient-rich agar, respectively, with and without live yeast. Notably,
cultures lacked a zone of inhibition and S. lavendulae colonies grew larger when live yeast was present. Images are representative of
triplicates.
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475

476

477

Fig. 2 | Molecular insights of the predation phenomenon. a, Biosynthetic gene clusters and concomitant biosynthesis of polyene
antifungals (1: pentamycin, 2: filipin III, 3: 14-hydroxyisochainin) from S. peucetius ATCC 27952 (iso genes) and S. lavendulae
YAKB-15 (pen genes). b, Chromatograms of detected polyene compounds from S. lavendulae cultured in different media; I: TSB
medium, II: Y medium. c, Enzymatic activity of the Streptomyces secretome from cultures with whole autoclaved yeast cells (Y-S)
and yeast-free (TSB-S) media, using whole autoclaved yeast cells and individual yeast cell wall components as substrates. d,
Activities of specific yeast eating enzymes (yee, Fig. 3a) against whole autoclaved yeast cells and individual yeast cell wall
components. Error bars indicate the standard deviation of three technical replicates.
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478

479

480

Fig. 3 | Bioinformatics, transcriptomics, and proteomics of the predation phenomenon. a, Comparative transcriptomics profiling
reveals differential expression of enzymes targeting yeast cell wall components, as well as the choD and mean polyene BGC that
target the yeast cell membrane, between axenic S. lavendulae cultures and S. lavendulae co-cultured with autoclaved whole yeast
cells. Expression confirmed by proteomics at 24 h are marked with an *, heterologously expressed proteins are in bold (Fig. 2d), and
numbers are log2 FC. b, Active S. lavendulae BGCs at 24 h (mean BGC TPM count above 90); identified compound shown with
shading. c,d, Transcriptome analysis of S. lavendulae co-cultured with live yeast cells reveals differentially expressed yeast genes
across all time points.
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482

483

484

Fig. 4 | Streptomyces predation of yeast is widespread. a, Microscopic observations of seven Streptomyces strains during extended
cultivations. b, Enzymatic activity against yeast cells of the Streptomyces secretome from cultures with whole autoclaved yeast cells
(Y-S) and yeast-free (TSB-S) media, of respective strains (a). Error bars indicate the standard deviation of technical triplicates. c,d,
Presence of polyene-type BGCs and choD genes in different Streptomyces strains (a), respectively. Numbers indicate
coverage/identity percentages.
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486

487

488

489

490

Fig. 5 | The role of the cholesterol oxidase IsoG, polyenes, and CAZymes in relation to the predation phenomenon. a,b,c, S.
peucetius ATCC 27952 WT, ∆isoG, and ∆isoS1, respectively, showing (from left to right) the consumption of yeast, polyene
production chromatogram,  enzymatic activity of the Streptomyces secretome: cholesterol oxidase activity from cells grown in yeast
medium (Y-S) and yeast eating enzyme activity from cultures grown in yeast (Y-S) and yeast-free (TSB-S) media. Error bars
indicate the standard deviation of three technical replicates. Notably, the mutants were still able to assimilate yeast, indicating
predation is not dependent on IsoG or polyenes alone.

Fig. 6 | The multipronged attack model on yeast by Streptomyces. a, The attack is initiated by Streptomyces making physical
contact with yeast, while yeast not in physical contact remain intact (Fig. 1). b, ChoD and the polyenes are associated with the
mycelia of Streptomyces and are likely weapons used in the initial attack against yeast, while the CAZymes are secreted and digest
the yeast cell wall (Fig. 2,3,4,5). c, The target of ChoD and the polyenes is the ergosterol found in the cell membrane of yeast. The
target of the CAZymes are the constituents of the yeast cell wall, which Streptomyces is able to consume (Fig. 1).
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Extended data (1/10)491

492

Extended Data Fig. 1 Percentage of CAZymes up or downregulated and number of CAZymes. S.493

lavendulae YAKB-15 CAZymes differentially expressed between axenic and co-cultures at several494

timepoint. The majority of the CAZymes are upregulated after 12 h.495

496

Extended Data Fig. 2 Yeast-triggered production of cholesterol oxidase and polyene in S. peucetius497

ATCC 27952. a, cholesterol oxidase activity from cells grown in yeast (Y-S) and yeast-free (TSB-S) media.498

Error bars indicate the standard deviation of three technical replicates. b, chromatograms of detected polyene499

(3: 14-hydroxyisochainin) from S. peucetius ATCC 27952 cultured in different media; I: TSB medium, II: Y500

medium.501

502

Data availability503
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The RNA-Seq data has been deposited in GEO (GSE228628). The pentamycin/filipin III BGC of S.504

lavendulae YAKB-15 and the 14-hydroxyisochainin BGC of S. peucetius ATCC 27952 have been deposited505

to the MIBiG database under the accession numbers BGC0002789 and BGC0002788, respectively.506
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