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ABSTRACT  1 

Bacteria and fungi produce a wide array of volatile organic compounds (VOCs), and these can act 2 

as infochemicals or as competitive tools. Recent work has shown that the VOC trimethylamine 3 

(TMA) can promote a new form of Streptomyces growth, termed ‘exploration’. Here, we report 4 

that TMA also serves to alter nutrient availability in the area surrounding exploring cultures: TMA 5 

dramatically increases the environmental pH, and in doing so, reduces iron availability. This, in 6 

turn, compromised the growth of other soil bacteria and fungi. In contrast, Streptomyces thrives 7 

in these iron-depleted niches by secreting a suite of differentially modified siderophores, and by 8 

upregulating genes associated with siderophore uptake. Further reducing iron levels by siderophore 9 

piracy, limiting siderophore uptake, or growing cultures in the presence of iron chelators, 10 

unexpectedly enhanced exploration. Our work reveals a new role for VOCs in modulating iron levels 11 

in the environment, and implies a critical role for VOCs in modulating the behaviour of microbes and 12 

the makeup of their communities.  13 

 14 
  15 
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INTRODUCTION 16 

Bacteria and fungi frequently live in densely populated multispecies communities. These 17 

microbes produce a vast array of molecules capable of modulating community dynamics, 18 

including specialized metabolites and volatile organic compounds (VOCs) ( 1 ) .  Soil environments 19 

are particularly complex: not only are they home to multitudes of microbes, but they are also 20 

heterogeneous systems, containing solid microenvironments and nutrient gradients connected 21 

by networks of water- and air-filled pores ( 2 ) .  To date, the majority of studies on interspecies 22 

competition in microbial communities have focused on the effects of specialized metabolites. 23 

These compounds effectively mediate microbial communication and competition, but their 24 

effects are limited to interactions occurring in close proximity, due to their limited diffusion 25 

capabilities. In contrast, VOCs are low-molecular-weight compounds that are capable of rapidly 26 

diffusing across water channels and air pockets, and consequently, can act as longer-range signals 27 

(3). The biological roles of VOCs are only now starting to be dissected, and initial studies are 28 

showing that they can have broad effects on both their producing organisms and their 29 

neighbours. Indeed, VOCs can alter the antibiotic resistance profiles of bacteria, act as antifungal 30 

or antibiotic compounds, promote group behaviours such as motility and biofilm formation, 31 

and induce widespread changes in the gene expression of nearby microbes (4). 32 

One group of prolific volatile producers are the Streptomyces bacteria (5–7). In the soil, 33 

these bacteria are best known for their ability to produce a vast array of specialized metabolites, 34 

and for their complex, filamentous life cycle (8, 9). Recent work has, however, revealed that 35 

Streptomyces species also use volatile compounds to promote an alternative growth strategy 36 

known as ‘exploration’ ( 1 0 ,  1 1 ) . In the model species Streptomyces venezuelae, exploration is 37 

initiated in response to the production of the VOC trimethylamine (TMA), which promotes the 38 

rapid and unrelenting spreading of explorer cells across surfaces. TMA production dramatically 39 

alters the surrounding environment, raising the pH to levels approaching 9.5, and further serves 40 

as a Streptomyces communication signal, inducing exploration in physically separated 41 

streptomycete colonies. TMA-mediated induction of exploration appears to be a function of its 42 

alkalinity, as other alkaline VOCs (e.g. ammonia) can induce exploration in a similar manner. TMA 43 

is also effective as a weapon against non-streptomycetes: both exploring Streptomyces colonies 44 

and TMA solutions reduce the survival of other soil bacteria, including Bacillus subtilis and 45 

Micrococcus luteus (11). 46 
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The effects of TMA on environmental alkalinization, Streptomyces exploration, and the 47 

growth of other microbes suggest far-reaching effects for this VOC. How TMA affects microbial 48 

community dynamics and impacts the growth of other microbes is, however, not clear. Here, 49 

we demonstrate that TMA emitted by Streptomyces explorer cells reduces the survival of other 50 

soil bacteria and fungi by starving them of iron – a micronutrient that is critical for microbial 51 

growth and viability. Within these self-induced iron-depleted environments, Streptomyces thrive 52 

by secreting siderophores and rewiring gene expression to maximize siderophore uptake. We 53 

show that iron depletion by other microbes, or by iron chelators, can enhance Streptomyces 54 

exploration, revealing that low iron is a driver of exploratory growth. Taken together, our results 55 

reveal a new way in which Streptomyces can alter the availability of environmental iron, and in 56 

turn influence the growth and behavior of themselves and other members of the surrounding 57 

microbial communities. Our findings further suggest that iron depletion can activate a positive 58 

feedback loop that contributes to the relentless expansion of exploring cultures.  59 

 60 

MATERIALS AND METHODS 61 

Strains, plasmids, media and culture conditions 62 

Strains, plasmids and primers used in this study are listed in Table 2. S. venezuelae 63 

ATCC 10712 was grown on MYM (maltose, yeast extract, malt extract) agar for spore stock 64 

generation, and for examining the behavior of classically developing cultures. Exploration was 65 

investigated on YP (yeast extract, peptone) agar or in association with yeast on YP agar 66 

supplemented with dextrose/glucose (YPD). Non-exploring controls were grown by themselves on 67 

YPD agar. For iron experiments, plates were supplemented with the indicated concentration of 68 

2,2′-dipyridyl (0-360 µM) or FeCl3 (0-10 mM). All strains were grown at 30oC, except those 69 

experiments involving TMA, which were conducted at room temperature in a fume hood. Prior 70 

to growing on plates, S. venezuelae was grown in liquid MYM at 30˚C, and 5 µL were spotted to 71 

agar plates. Amycolatopsis strains were also grown in liquid MYM at 30˚C, and 5  µL of the 72 

overnight culture was spotted alone or directly beside S. venezuelae on the surface of YP agar 73 

medium, or S. coelicolor M145 on the surface of R2YE agar medium. S. coelicolor was spotted 74 

directly from a spore stock. All plates were incubated for up to 14 days. Colony surface areas 75 

were measured using ImageJ (12). E. coli strains were grown in or on LB (Lysogeny Broth) 76 

medium or in SOB (super optimal broth) medium. DH5α and ET12567/pUZ8002 strains were 77 
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grown at 37°C, and BW25113/pIJ790 was grown at 30°C or 37°C.  78 

For iron growth assays, B. subtilis and M. luteus were grown in LB medium, while S. 79 

cerevisiae was grown in YPD medium. Each strain was grown in 10 mL liquid media shaking 80 

overnight at 30˚C. To quantify strain survival in response to iron chelation on solid medium, each 81 

strain was subcultured and grown to an OD600 of 0.8, before being diluted 1/5000, with 100 82 

µL being spread on agar medium containing 0-360 μM 2,2’ dipyridyl (hereafter referred to as 83 

dipyridyl).  Colony numbers were quantified after 2 days. To quantify the survival of each strain 84 

in response to iron chelation in liquid medium, varying amounts of overnight cultures of 85 

each strain were added to 1.5 mL fresh media to give an OD600 of 0.1 in 48-well plates. Plates 86 

were shaken at 30˚C in a plate reader and OD600 readings were taken every 30 min for 8 hours. 87 

 88 

Identification and analysis of desferrioxamines 89 

To analyze metabolite production by explorer cultures, agar from each culture plate 90 

(alongside a medium control) was diced, placed in a 50 mL falcon tube, and frozen at -80°C. 91 

The cultures/agar were then dried by lyophilization.  Extraction  of  metabolites  was  92 

performed  by  adding  45  mL  of  50:50  n-butanol/ethyl acetate to each falcon tube and 93 

rotating overnight at room temperature. The extracts were filtered, and the solvent removed 94 

under vacuum at room temperature (Genevac EZ-2 Series Personal Evaporator, method low + 95 

medium BP, lamp off). 96 

All mass spectrometry experiments were conducted using UPLC-ESI-QTOF MS 97 

instrumentation (Agilent, 6540), as described previously (13, 14). Each extract was dissolved in 98 

400 µL of 50:50 H2O/acetonitrile (Fisher, LC-MS grade), of which 2 µL were injected onto a C18 99 

column (Agilent, Zorbax, 2.1 x 50 mm, 1.8 µm). Compounds were separated using a constant flow 100 

of 0.4 mL/min and the following gradient: 0-3 min at 0% B (A, 95:5:0.1%, 101 

H2O/acetonitrile(ACN)/formic acid and B, 95:5:0.1% ACN/H2O/formic acid), 3-17 min at 0-100% 102 

B, and 17-20 min at 100% B. Accurate mass data were acquired in triplicate in both profile and 103 

centroid mode with source/fragmentor voltage of 100 V, positive mode ion detection between 104 

100–1,700 m/z, gas temperature of 325°C, and capillary voltage of 3,500 V. Fragmentation data 105 

were acquired with a fixed collision energy of 35 V with positive mode product ion detection 106 

between 50-1,650 m/z. Data were processed using Agilent Masshunter Qualitative Analysis and 107 

Origin. 108 
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 109 

Construction of deletion strains and mutant complementation 110 

In-frame deletions of sven_4759 (bldK homolog) and sven_2570-73 (desA-D) were 111 

generated using ReDirect technology (Gust et al., 2003). For each of sven_4759 and desA-112 

D,  the coding sequence (from start to stop codon) was replaced with an oriT- containing 113 

apramycin resistance cassette. For mutation of sven_5151 (a second bldK homolog), the gene 114 

was disrupted in the chromosome. A 1,406-bp region of the gene was amplified and cloned into 115 

the TOPO vector (Invitrogen). Mutant cosmids/disruption plasmids were introduced into the non-116 

methylating E. coli strain ET12567/pUZ8002 prior to conjugation into wild type S. venezuelae. 117 

For creating the ∆sven_4759∆sven_5151 double mutant strain, the ET12567/pUZ8002  strain  118 

carrying  the  sven_5151  TOPO  construct  was  introduced  into  the ∆sven_4759:apramycin 119 

strain. Resulting exconjugants were screened for double-crossover recombinants (in the case 120 

sven_4759 bldK and sven_2570-73) or single-crossover integration (in the case of sven_5151 and 121 

∆sven_4759∆sven_5151). Correct replacement of sven_4759 or sven_2570-73, or disruption of 122 

the sven_5151 coding sequence was confirmed using diagnostic PCR combinations (see Table 3). 123 

The ∆sven_4759∆sven_5151 double mutant phenotype was complemented using a cosmid 124 

carrying the wild type sven_4759 sequence, along with the downstream cluster to account for 125 

any polar effects. To enable effective selection for cosmid integration in the S. venezuelae 126 

chromosome, the ampicillin resistance gene on the cosmid backbone was replaced with an oriT-127 

containing viomycin resistance cassette, using the ReDirect protocol (15). 128 

 129 

RNA isolation and RT-PCR analysis 130 

RNA was isolated as described previously from two replicates from each of wild type 131 

and ∆sven_4759∆sven_5151 S. venezuelae exploring colonies grown for 8 days on YP agar plates 132 

(we were unable to isolate high quality RNA from exploring S. venezuelae at later time points). For 133 

all replicates, contaminating DNA was removed using Turbo DNase (Life Technologies), and was 134 

confirmed to be DNA-free by PCR. RNA quality and purity were assessed using a Nanodrop 135 

spectrophotometer. RNA integrity was further analyzed by agarose gel electrophoresis prior to 136 

reverse transcription-PCR (RT-PCR) analysis.  137 

One microgram of RNA was used as template for reverse transcription using gene-138 

specific primers (see Table 3) and Superscript III polymerase (Invitrogen), according to the 139 
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manufacturer’s instructions. The resulting cDNA then served as template for PCR amplification 140 

using Taq DNA polymerase and the gene-specific primers listed in Table 3. The number of 141 

cycles was optimized to ensure products were detected in the linear range of amplification. 142 

Negative controls containing nuclease-free water instead of reverse transcriptase were 143 

included to ensure RNA samples and other reagents did not contain residual contaminating 144 

DNA (‘no RT’ control). cDNA corresponding to the gene encoding the vegetative sigma factor 145 

hrdB was amplified as a positive control for RNA levels and RNA integrity. Ten microliters of 146 

each PCR were separated on a 1.5% agarose gel and visualized by staining with ethidium 147 

bromide. All reactions were conducted in triplicate, using two independently isolated RNA samples. 148 

 149 

Assays for volatile-mediated phenotypes 150 

To quantify how S. venezuelae VOCs affected the survival of other bacteria or fungi, S. 151 

venezuelae was grown in a small petri dish containing YP or YPD agar. The small dish was placed 152 

inside a larger dish containing agar or agar supplemented with 1 mM FeCl3. LB agar was used 153 

for the growth of B. subtilis and M. luteus, while YPD agar was used for S. cerevisiae. S. 154 

venezuelae-inoculated plates were grown for 10 days, after which the indicator organisms were 155 

spread on the surrounding plates. B. subtilis, M. luteus, or S. cerevisiae were subcultured and 156 

grown to OD600 of 0.8 in liquid LB/YPD, after which the cultures were diluted 1/10,000 and 50 µL 157 

were then spread on the agar. Colony numbers on the outer plate were then quantified after 48 158 

hours. 159 

Measuring how iron supplementation affected the responses of microbes to TMA 160 

involved adding either 1.5 mL of commercially available TMA solutions (Sigma) diluted to 0.9 161 

w/v, or water (negative control) to sterile plastic containers. These were then placed in a 162 

petri dish containing 50 mL LB or YPD agar, with or without 1 mM FeCl3 supplementation. B. 163 

subtilis, M. luteus, or S. cerevisiae were subcultured and grown to an OD600 of 0.8 in liquid 164 

LB/YPD before 100 μL of the subculture were spread on each plate.  Plates were incubated at 165 

room temperature for 48 hours, before cells were scraped into tubes containing 2 mL liquid LB or 166 

YPD and vigorously mixed. Dilution series’ were used to measure the OD600 of the resulting 167 

cell suspensions. A minimum of four biological replicates were assessed, alongside two 168 

technical replicates in each instance. 169 

 170 
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 171 

RESULTS 172 

Environmental iron availability impacts the survival of bacteria and fungi 173 

Iron is an essential nutrient for most organisms; however, its acquisition is a major 174 

challenge. Cells use ferrous iron (Fe2+), however, iron in the environment exists predominantly in 175 

its poorly soluble ferric form (Fe3+). To facilitate iron acquisition, bacteria release iron-chelating 176 

siderophores (16). These small molecules bind ferric iron, and the resulting siderophore-iron 177 

complexes are taken back up into cells through dedicated membrane transporters, after which 178 

iron is released in its ferrous form. In alkaline environments, iron solubility drops by ~1000 fold 179 

with each unit rise in pH, due to ferric iron forming stable complexes with hydroxide ions. This 180 

further lowers iron solubility and reduces iron binding by siderophores (17–19).  181 

S. venezuelae exploration requires an alkaline environment, which they create by releasing 182 

the volatile compound TMA (Fig. S1). TMA emission also results in dramatically decreased 183 

survival of other soil-dwelling bacteria (11). Consequently, we wondered whether low iron 184 

availability could explain the reduced survival observed for other microbes exposed to 185 

exploration-associated VOCs. To address this possibility, we first tested the extent to which low 186 

iron affected the growth of the soil bacteria B. subtilis and M. luteus, as well as the fungus 187 

Saccharomyces cerevisiae.  188 

We first compared the growth of these strains on solid medium, relative to medium 189 

supplemented with the iron-specific chelator 2,2′-dipyridyl (hereafter referred to as dipyridyl) (160 190 

or 320 µM). For M. luteus, colony numbers were equivalent on LB and on LB with 160 µM 191 

dipyridyl, although colonies were smaller when growing on dipyridyl, suggesting that low iron 192 

slowed the growth of these organisms. With 320 µM dipyridyl, however, no M. luteus colonies 193 

survived (Fig. 1A). In contrast, for B. subtilis we observed a linear growth decrease on LB 194 

medium containing dipyridyl compared with LB medium alone: on 160 µM dipyridyl, colony 195 

numbers were reduced by ~30%, and they dropped a further 30% on 320 µM dipyridyl (Fig. 1A). 196 

Finally, in the case of S. cerevisiae, colony numbers decreased by an average of ~40% on YPD 197 

with 160 µM dipyridyl; on plates containing 320 µM dipyridyl, colonies failed to grow altogether 198 

(Fig. 1A). 199 

We also tested the effect of dipyridyl on the liquid culture growth of each of these 200 

organisms. Each microbe was grown in liquid medium (LB for B. subtilis and M. luteus; YPD for S. 201 
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cerevisiae), and growth was compared with that in medium supplemented with 160 µM or 320 202 

µM dipyridyl. As we saw for the solid-grown cultures, the growth rate for each strain decreased 203 

as dipyridyl concentrations increased (Fig. 1B). Collectively, these experiments verified that iron 204 

was important for the growth of these microorganisms. 205 

 206 

Iron supplementation rescues microbial growth in the presence of explorer cells 207 

Having demonstrated that sufficient iron was essential for robust growth by B. 208 

subtilis, M. luteus and S. cerevisiae, we sought to test our hypothesis that the volatile compounds 209 

produced by exploring S. venezuelae reduced the survival of other microbes by creating an 210 

alkaline, iron-deficient environment. We set up a small petri dish of YPD agar (non-exploring 211 

medium) or YP agar (exploring medium) inside a larger dish of solid media, either alone or 212 

supplemented with additional iron. The small petri plates were inoculated with S. venezuelae and 213 

incubated for 10 days, after which B. subtilis, M. luteus or S. cerevisiae were spread on the 214 

larger, surrounding agar plates (Fig. 2A). Growth of each indicator microbe was assessed after 2 215 

days. When grown adjacent to either YP plates without Streptomyces inoculum or to non-216 

exploring S. venezuelae cultures on YPD medium, colony numbers for each microbe were 217 

similar on all plates, irrespective of iron supplementation (Fig. 2B). As extra iron did not enhance 218 

growth, it suggested that iron was unlikely to be limiting for the growth of these organisms under 219 

these conditions.  220 

In contrast, when these microbes were grown next to exploring S. venezuelae on YP 221 

medium, colony numbers on the surrounding agar plates differed drastically depending on the 222 

iron supplementation status. Growing B. subtilis, M. luteus and S. cerevisiae adjacent to 223 

exploring S. venezuelae on medium without added iron led to a reduction in colony numbers by an 224 

average of 32%, 63%, and 100%, respectively, relative to controls (those grown on plates 225 

adjacent to blank YP or non-exploring S. venezuelae on YPD) (Fig. 2B).  In each case, growth was 226 

partially (M. luteus and S. cerevisiae) or fully (B. subtilis) restored by iron supplementation (Fig. 227 

2B). These data suggest that the alkaline environments created by exploring S. venezuelae 228 

reduced the viability of other soil microbes, at least in part by starving them of iron. 229 

To determine whether this was a TMA-dependent phenomenon, or whether it was due to 230 

other volatiles produced by exploring Streptomyces, we set up equivalent assays where S. 231 

venezuelae colonies were replaced with water or TMA (11) (Fig. 2C). Around these water/TMA-232 
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containing wells were spread the three indicator organisms on agar medium, with or without iron 233 

supplementation. We quantified their growth after 2 days. For each microbe, the addition of 234 

iron had little impact on cell survival when cultures were grown next to water-containing 235 

wells (Fig. 2C): B. subtilis growth was unaffected, while there was a slight increase in growth 236 

observed for M. luteus and a slight decrease for S. cerevisiae. 237 

 In contrast, iron supplementation had a significant effect on survival and growth when cells 238 

were plated adjacent to TMA-containing wells.  Exposure of B. subtilis, M. luteus and S. cerevisiae 239 

to TMA during growth on plates without iron supplementation led to reduced growth/survival of 240 

these strains by 42%, 21%, and 35% respectively (on average), compared with those grown on 241 

plates adjacent to water wells (Fig. 2C). As seen for the exploring culture experiments above, iron 242 

supplementation restored the growth of TMA-exposed cultures to levels equivalent to those 243 

around the water wells (Fig. 2C). This indicated that TMA emission by exploring S. venezuelae 244 

functioned to inhibit the growth of other microbes by limiting iron availability. It appears, 245 

however, that either exploring S. venezuelae produce more TMA than we were using in these 246 

assays, or additional volatile compounds also influence the growth of yeast, and to a lesser extent 247 

M. luteus, as the growth of these organisms was more strongly impacted by exploring S. 248 

venezuelae, than by TMA exposure.  249 

 250 

Desferrioxamines are produced during exploration 251 

As iron supplementation could restore the growth of other microbes in the presence of 252 

TMA/Streptomyces volatile compounds, this suggested that these volatile compounds were 253 

responsible for creating a low-iron environment. This then raised the question of how exploring S. 254 

venezuelae dealt with these low iron conditions. To begin addressing this point, we examined the 255 

metabolic output of exploring cultures. Using liquid chromatography coupled with mass 256 

spectrometry (LC-MS), we compared the metabolites produced by exploring cultures (both S. 257 

venezuelae grown alone on YP medium and beside S. cerevisiae on YPD medium) versus non-258 

exploring colonies (S. venezuelae grown alone on YPD or MYM medium) (Fig. 3A-D). We found 259 

that all exploring cultures produced analogs of the desferrioxamine or ferrioxamine (iron-260 

complexed desferrioxamine) siderophore, including ferrioxamine B, D, and an aryl-functionalized 261 

ferrioxamine (Fig. 3A-C). Colonies exploring beside S. cerevisiae on YPD also produced the unusual 262 

ferrioxamine B+CH2, reported previously by Cruz-Morales et al. (36) (Fig. 3D). Importantly, 263 
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ferrioxamines were not detected in non-exploring cultures, nor were they produced by S. 264 

cerevisiae, suggesting that siderophore production was specific to exploring S. venezuelae cultures 265 

under these growth conditions. 266 

In parallel, we revisited our previously generated RNA-seq data (11), to determine whether 267 

exploring cultures were generally exhibiting a transcriptional profile consistent with iron 268 

starvation. While the regulation of iron homeostasis has not been studied in S. venezuelae, 269 

investigations in the closely related Streptomyces coelicolor have revealed that the 270 

desferrixoamine biosynthetic gene cluster (desABCD) is controlled by the iron-responsive regulator 271 

DesR/DmdR (20). DesR/DmdR binds to a site overlapping the -10 promoter region upstream of 272 

desA, repressing the expression of the des genes when iron is abundant.  In iron-deficient 273 

conditions, transcription repression is alleviated, and transcription of the des operon increases as a 274 

result (20). It appears that a similar situation exists in S. venezuelae, which encodes a DesR/DmdR 275 

homologue (SVEN_4209) sharing 92% sequence identity (96% sequence similarity) with the S. 276 

coelicolor protein, and has a similar ‘iron box’ overlapping the promoter of the des operon (Fig. S2).  277 

Unexpectedly, we found that desABCD (sven_2570-73) transcript levels were not 278 

upregulated in exploring cultures relative to static cultures (Fig. 3E). This suggested that 279 

exploring cultures were not exhibiting a traditional iron-starvation response. Furthermore, it 280 

implied that there must be some, as yet unknown, post-transcriptional regulatory mechanism 281 

functioning to enhance desferrioxamine production. It is worth noting that transcript levels for 282 

the genes flanking the des operon were significantly increased under exploring conditions (Fig. 283 

3E), although it is not clear what role these gene products play in desferrioxamine synthesis. 284 

 285 

Oligopeptide transporters influence exploration and culture response to iron 286 

Upon further analysis of our RNA-seq data, we observed that two of the most highly 287 

upregulated gene clusters in exploring cultures (sven_5150-53 and sven_4759-63) encoded ATP-288 

binding cassette (ABC) transporter systems (Fig. 4A). The closest characterized homologues to 289 

these genes in the model S. coelicolor system were in the bldK locus (sco5112-16). Recent work 290 

has suggested that BldK transporters function in ferrioxamine siderophore uptake (21). 291 

Increased expression for these two bldK-like transporter gene clusters in S. venezuelae implied 292 

that exploring cultures may adapt to alkaline, low-iron environments by coupling increased 293 

desferrioxamine production with enhanced ferrioxamine uptake.  294 
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We searched for other genes in S. venezuelae that were homologous to the S. coelicolor 295 

bldK locus, and found S. venezuelae encoded seven additional bldK-like clusters (Fig. 4A). Of 296 

these, three were not expressed in exploring cultures or static cultures (sven_7098-02, 297 

sven_7135-39, sven_7154-58); three were expressed at low levels in both exploring and static 298 

cultures (sven_4765-69, sven_4820-23, sven_5369-73); and one was expressed at intermediate 299 

levels in exploring cultures, but was only modestly (~1.7 fold) upregulated in exploring versus 300 

static cultures and is predicted to function in nickel transport (sven_6981-85) (22) (Fig. 4A). Thus, 301 

we focused our attention on the two highly expressed sven_5150-53 and sven_4759-63 clusters, in 302 

assessing their contributions to exploration and low iron adaptation. 303 

To test whether the activity of these transporters affected exploration, we constructed 304 

mutations in key genes within each of the two upregulated bldK-like gene clusters (sven_4759 and 305 

sven_5151). To account for the possibility of functional redundancy shared by these two 306 

transporters, we also created a double (sven_4759/sven_5151) mutant strain. We found that the 307 

single mutant strains each behaved like wild type on YP (exploration-promoting) medium (Fig. 308 

S3). However, the surface area of the double mutant was significantly larger (approximately three 309 

times greater) compared with wild type (Fig. 5A,B). This suggested that sven_4759 and sven_5151 310 

were functionally redundant, and that their collective activity profoundly influenced exploration. 311 

The enhanced exploration capabilities observed for the double mutant could be reduced to 312 

wild type levels by complementing with a cosmid carrying an intact sven_4759-63 operon (Fig. 313 

S4). 314 

These transporters were predicted to function in the uptake of iron-complexed 315 

siderophores, and their loss enhanced exploration.  This led us to test whether low iron levels could 316 

generally enhance exploration. We grew wild type S. venezuelae on YP medium supplemented 317 

with increasing concentrations of the dipyridyl iron-chelator. On medium containing 160 µM 318 

dipyridyl, the surface area of exploring S. venezuelae was 2.7 times larger on average than that of 319 

colonies grown without chelator (Fig. 5A,B). This was consistent with the effect that we observed 320 

for the transporter mutants (on YP without dipyridyl), supporting our proposal that these 321 

transporters were involved in iron acquisition. Doubling the chelator concentration, however, 322 

resulted in wild type explorer colony sizes that were slightly smaller than seen in the absence of 323 

chelator, suggesting that there was a threshold level of iron required to promote robust 324 

exploration.  325 
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These observations prompted us to create a desferrioxamine mutant strain (ΔdesABCD). We 326 

expected to see increased exploration for this mutant, as we had for the transporter mutant.  327 

Instead, we observed reduced exploration for the des mutant relative to wild type (Fig. 5A,B), 328 

suggesting that iron uptake by this strain may fall below the threshold needed for efficient 329 

exploration. 330 

 In an effort to reconcile the conflicting phenotypic observations for the transporter and 331 

desABCD mutant strains, we wanted to determine whether the expression of other siderophore 332 

clusters or transporters were altered in these strains, relative to each other and to wild type. We 333 

isolated RNA from each strain after 8 days of exploration, and analyzed the expression profiles of 334 

genes predicted to direct siderophore production and uptake in these strains using semi-335 

quantitative RT-PCR. S. venezuelae encodes five predicted siderophore biosynthetic clusters (as 336 

predicted by antiSMASH, see Table 1) (23). Transcript levels associated with genes in the 337 

desferrioxamine biosynthetic cluster (sven_2568 and sven_2470/desA) were higher in the double 338 

transporter mutant compared to wild type (Fig. 5C), consistent with what has been observed 339 

previously for bldK mutants in S. coelicolor (21). In contrast, genes in the other four siderophore-340 

encoding biosynthetic clusters were unaltered in wild type and transporter mutant strains (Fig. 341 

S5). Interestingly, the desABCD mutant exhibited reduced expression of several other transporter 342 

genes and siderophore biosynthetic clusters when compared with wild type and the transporter 343 

mutant strains (Fig. 5C). This altered expression may serve to further magnify the iron uptake 344 

defects of this strain, and explain its reduced capacity to explore.  345 

We also examined the expression of the other bldK-like genes in the double transporter 346 

mutant strain, to determine whether any of these might be upregulated, such that their products 347 

could compensate for the loss of the two transporters.  We found that transcription of genes in 348 

most clusters was undetectable, with the exception of the sven_6981-containing cluster, which 349 

was unchanged between wild type and mutant, and the sven_5373-containing cluster, whose 350 

expression was upregulated in the double mutant background (Fig. 5D). We speculate that the 351 

transporter encoded by this cluster may facilitate low-level ferrioxamine-uptake in the absence of 352 

the two primary transporters, ensuring sufficient intracellular iron levels for robust exploration to 353 

occur.  354 

Finally, we sought to understand more about the mechanism underlying the increased 355 

exploration colony size observed for the siderophore transporter mutant and the wild type strain 356 
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growing under low iron conditions. We reasoned that the larger surface area observed for these 357 

strains, relative to wild type grown without chelator, could be due to enhanced exploration, or it 358 

could be a result of increased growth. To differentiate between these possibilities, we grew 359 

wild type S. venezuelae for 15 hours in YP liquid medium, with or without the dipyridyl chelator. 360 

We found that chelator supplementation led to generally reduced S. venezuelae growth (Fig. 361 

5E). This suggested that the enhanced exploration observed for the wild type strain growing on 362 

160 µM dipyridyl, as well as the transporter mutant strain, was most likely the result of increased 363 

colony expansion, and not more rapid growth. 364 

 365 

Low iron environments can be created by interspecies interactions 366 

Streptomyces live alongside many other bacteria and fungi in the soil where there is 367 

intense competition for key nutrients, including iron. Given that low iron both reduced the 368 

survival of other microbes and enhanced exploration, we wondered how microbial competition 369 

for iron would impact S. venezuelae exploration. We focused our attention on interactions 370 

between Streptomyces and Amycolatopsis bacteria.  These bacteria have been isolated from the 371 

same soil samples, suggesting that they may well interact in the environment (24). 372 

Furthermore, previous work has demonstrated that Amycolatopsis sp. AA4 can pirate 373 

desferrioxamine E from S. coelicolor in low iron environments, with this iron sequestration also 374 

inhibiting the aerial development of S. coelicolor (24, 25). We recapitulated this experiment using 375 

Amycolatopsis orientalis sp. lurida and observed the same defect in aerial development for S. 376 

coelicolor, suggesting that this species can also sequester Streptomyces siderophores (Fig. S6).  377 

We next tested whether such siderophore piracy could affect S. venezuelae exploration. We 378 

grew S. venezuelae beside A. orientalis, as described above for S. coelicolor, on either YP agar or 379 

YP supplemented with dipyridyl. Following a 7 day incubation, we found the surface area of S. 380 

venezuelae had increased by >100% when grown beside A. orientalis on YP agar without chelator 381 

(Fig. 6). This was analogous to the growth of S. venezuelae alone on YP medium supplemented 382 

with moderate concentrations (160 µM) of chelator (Fig. 6). Interestingly, combining proximal 383 

A. orientalis with further iron sequestration (through the addition of 160 or 320 µM dipyridyl) 384 

led to a decrease (14% and 76%, respectively) in the surface area of exploring S. venezuelae, 385 

suggesting that iron levels under these conditions were below the threshold required for optimal 386 

exploration. 387 
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Our results suggested that A. orientalis promoted increased S. venezuelae exploration in 388 

the same way as low iron growth conditions.  To test this hypothesis, we inoculated S. venezuelae 389 

beside A. orientalis on YP medium supplemented with increasing concentrations of FeCl3 for 7 days 390 

(Fig. 6). For the different FeCl3 concentrations tested, the surface area of S. venezuelae was nearly 391 

identical when grown alone or beside A. orientalis. This indicated that the exploration-promoting 392 

effects of A. orientalis could be suppressed by excess iron, implying that iron sequestration by A. 393 

orientalis was responsible for enhancing S. venezuelae exploration.  394 

 395 

Glucose trumps iron in the hierarchy of nutrients affecting exploration 396 

Our results to this point suggested that low iron levels, irrespective of whether this was due 397 

to VOC-mediated alkalinization, iron uptake defects, or siderophore sequestration, resulted in 398 

enhanced exploration. This led us to question whether low iron could overcome the exploration-399 

inhibitory effects observed for other nutrients. Previous work revealed that exploration was 400 

glucose-repressible (11), and thus we wanted to determine whether low iron conditions could 401 

alleviate the need for a low-glucose environment. We grew S. venezuelae and the 402 

∆sven_4759∆sven_5151 double mutant strain on YP plus glucose (YPD) plates supplemented with 403 

160 µM or 320 µM of the dipyridyl iron chelator for 10 days. We found that S. venezuelae failed 404 

to explore under these conditions (Fig. S7). This indicated that the presence of glucose was 405 

sufficient to override the effects of iron deficiency, with respect to exploration promotion. 406 

We also tested whether additional iron could inhibit exploration. We grew wild type S. 407 

venezuelae on YP medium (exploration-promoting medium) and MYM medium (classic 408 

development-promoting medium) with increasing concentrations of iron (Fig. 7). S. 409 

venezuelae explored on YP with iron levels ranging from 0-10 mM, although the surface area 410 

was reduced slightly at the highest iron levels when compared to strains grown without added 411 

iron. Notably, S. venezuelae failed to grow on MYM medium when iron levels exceeded 2.5 mM, 412 

but exploring cultures remained viable when growing on concentrations at least four times that. 413 

This raised the interesting possibility that exploration could also protect S. venezuelae from 414 

otherwise toxic levels of iron in their environment by reducing the amount of bioavailable iron 415 

through environmental alkalinization. 416 

 417 

DISCUSSION 418 
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Our work here reveals a new role for bacterial VOCs in modulating nutrient availability 419 

and microbial community behaviour, and expands the repertoire of interspecies interactions that 420 

can impact exploration. We show the release of TMA by Streptomyces explorer cells dramatically 421 

alters the pH of their surrounding environment, and in doing so, reduces the survival of nearby 422 

soil microbes by starving them of iron. Within these iron-depleted niches, exploration is 423 

enhanced and Streptomyces ensure maximal iron uptake by secreting siderophores, and 424 

upregulating genes encoding putative desferrioxamine transport systems. Collectively, our 425 

results reveal exploration to be not only an effective mechanism for dealing with competition 426 

for iron and iron toxicity, but also a potent mediator of nutrient availability in the environment. 427 

 428 

Volatile compounds impact microbial community dynamics by controlling nutrient availability 429 

Streptomyces exploration is coordinated by the volatile molecule TMA, whose release 430 

raises the pH of the surrounding environment (11). Remarkably, TMA functions as both a 431 

communication signal, inducing other Streptomyces to explore, and as a competitive weapon, 432 

reducing the survival of other microbes. The antibacterial and antifungal properties of TMA 433 

appear to be tied to its nutrient modulatory effects. Alkaline conditions create an 434 

inhospitable environment for many microbes by reducing the levels of bioavailable iron (1 7 ,  435 

1 8 ,  2 6 ) .  We show that iron supplementation can restore the growth of otherwise susceptible 436 

bacteria and fungi in the presence of TMA, suggesting that iron starvation is at the heart of the 437 

TMA antimicrobial effects. 438 

 Microbes can modify their environment through nutrient depletion, or metabolite 439 

excretion, and in doing so, can impact the growth and dynamics of their surrounding community 440 

members.  Increasingly, volatile compounds are being recognized as important contributors to soil 441 

nutrient status. For example, microbial volatiles can generally impact carbon dynamics in the soil 442 

(27). Species-specific volatiles have also been shown to enhance the availability of reduced sulfur, 443 

which in turn promotes the growth of sulfur-deficient plants (28). We can now add volatile-444 

induced iron starvation through increased environmental pH to the effects ascribed to microbial 445 

volatiles.  446 

 447 

Promoting exploration in iron-depleted environments 448 

Streptomyces exploration is enhanced during growth in low iron environments, although 449 
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below a certain level, exploration stimulation ceases. Iron is limited in the soil (2 4 ,  2 9 ) .  450 

Exploratory growth in iron-limited environments could allow Streptomyces to access nutrients 451 

in more distant locations. We have determined that exploration is both rapid and remarkably 452 

processive; explorer cells spread over surfaces at a rate that is ~12 times faster than has been 453 

seen previously for Streptomyces colonies (11), and it is not y e t  known how exploration is 454 

stopped. Our data suggest the relentless nature of exploration could be explained by a 455 

positive feedback loop, with iron acting as a central player: explorer cells produce TMA, TMA 456 

emission leads to increased pH and reduced iron availability, explorer cells spread more to get 457 

more iron, TMA continues to be produced, and the cycle continues (Fig. 8). Indeed, a recent 458 

study modeling the effects of pH on bacterial growth demonstrated that when environmental 459 

modification is beneficial for a bacterium, there is a positive feedback on their growth: the 460 

more they change the environmental pH, the more cells grow, and the more they can continue 461 

to alter pH (26).  462 

Within the exploration feedback cycle, several additional factors could account for the 463 

increase in exploration surface area in low iron environments. The classic Streptomyces life cycle 464 

involves a transition from vegetative hyphal growth to raising reproductive aerial structures. 465 

For S. coelicolor, the addition of iron chelators to the growth medium prevents colonies from 466 

raising aerial hyphae or sporulating, and instead locks cells in the vegetative growth phase (24). 467 

Explorer cells share many properties with vegetative hyphae ( 1 1 ) ,  and it is possible that 468 

reduced iron availability helps to inhibit aerial development, thereby enhancing the rate of 469 

exploration by preventing entry into the classical reproductive differentiation phase.  470 

We also noted that colonies growing on YP supplemented with the dipyridyl chelator, or 471 

in association with A. orientalis, were much flatter and less structured than colonies growing 472 

alone on YP. Other bacteria (e.g. P. aeruginosa), require iron for biofilm assembly: low iron 473 

triggers increased surfactant production and motility, which in turn reduces biofilm structure 474 

(30,  31) . Similar connections between iron availability and motility have been made in other 475 

microbes (32–35). Streptomyces exploration is phenotypically similar to sliding motility – a form 476 

of passive motility driven by growth and facilitated by the release of a surfactant. It is possible 477 

that low iron enhances surfactant production by explorer cells. This in turn could alter colony 478 

architecture and promote greater motility, while at the same time increase the colony’s ability to 479 

scavenge for iron. 480 
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How Streptomyces sense low iron levels during exploration remains unexplained.  It does 481 

not appear to be mediated by the major iron repressor DesR/DmdR, as expression of the des 482 

cluster, a known regulon member in other streptomycetes, is unaltered during exploration.  It is 483 

also not clear what controls the expression of the two transporter-encoding clusters, as these do 484 

not have an ‘iron box’ present in their promoter regions.  It will be interesting to determine 485 

whether this response is coupled with pH-sensing, given the profound effect of high pH on iron 486 

availability. 487 

 488 

Interspecies effects on Streptomyces metabolism and exploration 489 

 Streptomyces exploration was initially discovered as a response to co-incubation with the 490 

yeast S. cerevisiae.  Specifically, S. cerevisiae served to deplete glucose from the medium, and it was 491 

this change in carbon source availability that promoted the onset of exploration. We show here that 492 

other organisms capable of ‘stealing’ siderophores, such as Amycolatopsis, can also influence the 493 

rate of exploration. Intriguingly, S. venezuelae secretes a suite of differentially modified 494 

siderophores during exploration, including unusual molecules for which there is only one report in 495 

the literature (36). It will be interesting to determine whether some of these molecules are more 496 

amenable for uptake by S. venezuelae than by other organisms, and whether these modified 497 

compounds provide resistance against siderophore cheaters. Alternatively, the high pH 498 

environment may promote differential siderophore tailoring, as has been noted for marine 499 

microbes that produce more amphiphilic ferrioxamines (37). In exploring S. venezuelae, this maybe 500 

the result of increased expression of the genes flanking the core desABCD operon, and/or the effect 501 

of modulating the availability of different precursors.  502 

 503 

Collectively, our work reveals that exploring Streptomyces colonies can alter nutrient availability 504 

thorough volatile compound emission, and that this activates a positive feedback cycle that 505 

promotes continued exploration. This nutrient modulation further drives changes in the dynamics 506 

and composition of the local microbial community.  507 

 508 
 509 
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TABLES 618 
 619 
Table 1. S. venezuelae siderophore production and uptake genes 620 
 621 
Genes  
Synthesis clusters Predicted siderophore 
sven_0503-17 Thiazostatin 
sven_2566-77 Desferrioxamine 
sven_5413-26 Unknown siderophore 
sven_5472-82 Rhizobactin-like cyptic siderophore 
sven_7032-80 Coelichelin 
  
Uptake systems Annotation 
bldK homologs  
sven_4759-63  
sven_5150-54  
sven_4765-69  
sven_4820-23  
sven_5369-73  
sven_6981-85  
sven_7098-02  
sven_7135-39  
sven_7154-58  
other  
sven_0776-78 Salmycin transporter CdtABC 
sven_0164-66 Putative siderophore transporter system 
sven_1997 Putative iron-siderophore uptake system 
sven_1954-57 Ferrous iron transport system EfeUOB 

 622 
Table 2. Bacterial strains and plasmids 623 
 624 
Strain Genotype, description, or use Reference or source 
Streptomyces   
Streptomyces venezuelae 
ATTC 10712 

 Gift from M. 
Buttner 

E329 ATTC 10712 ∆SVEN_4759::[aac(3)IV-oriT] This work 
E330 ATTC 10712 ∆SVEN_5151::TOPO 2.1 This work 

E330 ATTC  10712  ∆SVEN_4759::[aac(3)IV-oriT] 
+ ∆SVEN_5151::TOPO 2.1 

This work 

E331  ATTC 10712 ∆SVEN_2570-73::[aac(3)IV-oriT] This work 
Streptomyces coelicolor 
M145  (38) 

   
Amycolatopsis   
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Amycolatopsis   orientalis 
sp. lurida  Gift from G. Wright 

   
E. coli   

DH5α Plasmid construction and general 
subcloning Invitrogen 

ET12567/pUZ8002 Generation of  methylation-free  plasmid 
DNA and conjugation into Streptomyces 

(39, 40) 

BW25113/pIJ790 Mutations in cosmid DNA (15) 
   
Plasmids or cosmids   

3D02 S. venezuelae cosmid carrying SVEN_4759 Gift  from  M.  Bibb 
and M. Buttner 

5-E05 S. venezuelae cosmid carrying SVEN_2570-73 Gift  from  M.  Bibb 
and M. Buttner 

TOPO 2.1 Plasmid used for disruption of SVEN_5151 Invitrogen 
pIJ790 Temperature-sensitive plasmid carrying λ- 

RED genes 
(15) 

pIJ773 Plasmid carrying the apramycin knockout 
cassette 

(15) 

pIJ10701 Plasmid carrying the hyg-oriT cassette (15) 
pIJ780 Plasmid carrying the vio-oriT cassette (15) 

 625 
 626 
Table 3. Oligonucleotides used in this study 627 
 628 
Name Sequence (5ʹ to 3ʹ) Use 
SVEN4759 
Fwd 

CTTGTAGTGACAAAGTGGACTCATGAGGAG 
GAACCCATGATTCCGGGGATCCGTCGACC 

Creating and confirming the 
Δ4759 mutation 

SVEN4759 
Rev 

TCAGCCCCGCATCGCAGGCGGACTACGCTTG 
GGTGATTATGTAGGCTGGAGCTGCTTC 

Creating and confirming the 
Δ4759 mutation 

SVEN4759 
Up TCCGGTACGTGTGTTAACGG Confirming the ∆4759 mutation 

SVEN4759 
Down GGGATCATCTGGAGCAGTCG Confirming the ∆4759 mutation 

SVEN4759 In CGGCGTTGATCATCTCCAGC Confirming the ∆4759 mutation 
SVEN2570-73  
Fwd 

TCCCTCACCCCTCTCTGCTGTCCGGAGGCCCCC
CACATGATTCCGGGGATCCGTCGACC 

Creating and confirming the 
∆2570-73 (des) mutation 

   
 

SVEN2570-73  
Rev 

CGTACTCCGGCGGGGCTCGCATCGGTCTCGGG
GGGGTTATGTAGGCTGGAGCTGCTTC 

Creating and confirming the 
∆2570-73 (des) mutation 

SVEN2570-73 
Up 

ATATTCTAGAGACGAGACGCAGGAAGACGC Confirming the ∆2570-73 (des) 
mutation 

SVEN2570-73  
Down 

GTTCGACGCCCTGGACATCG Confirming the ∆2570-73 (des) 
mutation 

SVEN2570-73 
In 

ATATTCTAGACACACCGGTGAACGGTCCTC Confirming the ∆2570-73 (des) 
mutation 
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SVEN5151 
Up ATATGGTACCACTTCGCCCGCTACTACACG Creating and confirming the 

Δ5151 mutation 
SVEN 
5151 Down ATATTCTAGAGGTGAAGGGCAGGTAGACCG Creating and confirming the 

∆5151 mutation 
SVEN5151 
CheckF CAACGCCTCCGACAAGAAGG Confirming the ∆5151 mutation 

SVEN5151 
CheckR CTGCTTGCCGACGAACATCG Confirming the ∆5151 mutation 

blaF CCCTGATAAATGCTTCAATAATATTGAAAAA 
GGAAGAGTA 

Amplifying the hyg-oriT and vio-
oriT cassettes; cosmid-based 
complementation of the 
∆4759∆5151 mutant strain 

blaR AATCAATCTAAAGTATATATGAGTAAACTTG 
GTCTGACAG 

Amplifying the hyg-oriT and vio-
oriT cassette; cosmid-based 
complementation of the 
∆4759∆5151 mutant strain 

HrdBF CCGTTTCCATCGTTCCGAGA Semi-quantitative RT-PCR 
HrdBR ATCTGCCCATCAGCCTTTCC Semi-quantitative RT-PCR 
0164F GTGTCGTTCTCCTGGCCGG Semi-quantitative RT-PCR 
0164R GTTGTCCGCGACGACGGTG Semi-quantitative RT-PCR 
0512F TGATGACCCTCGTCAATCGG Semi-quantitative RT-PCR 
0512R CAACAATGCCTCCCAGGACC Semi-quantitative RT-PCR 
0517F CTGCACGCGGAGGAGTACG Semi-quantitative RT-PCR 
0517R GAGCAGATAGGCCGCCTGC Semi-quantitative RT-PCR 
0777F GTCGTCGAGCACCTCATCG Semi-quantitative RT-PCR 
0777R CCTTGGGCTCGTTCTTCAGC Semi-quantitative RT-PCR 
1955F TGCACCGAGAAGAGCGACG Semi-quantitative RT-PCR 
1955R CGGCGAGGTTCACGTGACC Semi-quantitative RT-PCR 
1997F GAGGAGGCGACGGAGGATCC Semi-quantitative RT-PCR 
1997R GCGTCGCCGAAGTCCTTGC Semi-quantitative RT-PCR 
2568F GAGATCGTCCGCGAGATGG Semi-quantitative RT-PCR 
2568R GAGATCGTCCGCGAGATGG Semi-quantitative RT-PCR 
2570F CCGTTCACCGGTGTGACCC Semi-quantitative RT-PCR 
2570R GGAGGTAGACGCTCTCCAGC Semi-quantitative RT-PCR 
4765F CATCGTGAGTTCCTCGTGGG 

 
Semi-quantitative RT-PCR 

4765R GTCGTACTGCTTGAGACCCC 
 

Semi-quantitative RT-PCR 
4820F GCTGACCGTCCTCAACACCG Semi-quantitative RT-PCR 
4820R TGAGCGTACGGAAGACGAGG Semi-quantitative RT-PCR 
5373F TGGCCTACGAGTACCTCACC Semi-quantitative RT-PCR 
5373R GTCCACGTCAGCTTGTCCG Semi-quantitative RT-PCR 
5419F ACCGAGTCCCGACGGATCC Semi-quantitative RT-PCR 
5419R CCTCCCGTCCACAGCTCGG Semi-quantitative RT-PCR 
5424F AGGTGATCTCCACCGGATCG Semi-quantitative RT-PCR 
5424R CGTCAGGGTCGTCTTACCG Semi-quantitative RT-PCR 
0164F GTGTCGTTCTCCTGGCCGG Semi-quantitative RT-PCR 
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0164R GTTGTCCGCGACGACGGTG Semi-quantitative RT-PCR 
5475F CAGCCGGGTACCACCGTCC Semi-quantitative RT-PCR 
5475R GTACTGCGGGCCGGATAGG Semi-quantitative RT-PCR 
5479F CGCCATGAATGACGCAAGC Semi-quantitative RT-PCR 
5479R GGTGAGACCGGAGCTGTCG Semi-quantitative RT-PCR 
6981F AAGGATTCCGCGGTCGTCG 

 
 

6981R GCTTGAGCTTCATGTCGGCG 
 

 
7057F GTCACCGCCCACTTCTTCG Semi-quantitative RT-PCR 
7057R CCTTGAGGAAGGACACCTGC Semi-quantitative RT-PCR 
7058F CGGCGGGACCGAGAAGTCC Semi-quantitative RT-PCR 
7058R CCGTACTTGTGCTCGACGG Semi-quantitative RT-PCR 
7063F TCGTTGTCCGTCGAATCCCG Semi-quantitative RT-PCR 
7063R CAGGCCTAAGCCCCGGTACG Semi-quantitative RT-PCR 
7098F GCTCGTACCAGCTCTCCGC 

 
Semi-quantitative RT-PCR 

7098R GGATCGTGTTCTGCGGGTAG 
 

Semi-quantitative RT-PCR 
7139F CGCCCGGAACGGAAAGAACC 

 
Semi-quantitative RT-PCR 

7139R AGTCCTGGTTGGACAGGACG 
 

Semi-quantitative RT-PCR 
7154F CTTCACCTGGTCGCTGTACG 

 
 

Semi-quantitative RT-PCR 
7154R TTCGATCCTCAGGTCGGGGG 

 
Semi-quantitative RT-PCR 

 629 
  630 
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Figure captions 631 

 632 

Fig. 1. Iron availability impacts the growth and survival of bacteria and fungi. A. Quantification of 633 

colony forming units (CFU) for B. subtilis and M. luteus on LB agar medium and S. cerevisiae 634 

on YPD agar medium, supplemented with 0, 160 or 320 µM 2,2′-dipyridyl. Plates were 635 

incubated for 48 h. All values represent the mean ± standard error for three or four biological 636 

replicates. Asterisks indicate statistically significant differences (*:  p-values of 0.05 to 0.01; **:  637 

p-values o f  0.01 to 0.005; ***:  p-values below 0.005, NS:  no significant difference) as 638 

determined by a student’s t-test. Note that M. luteus and S. cerevisiae did not grow at 320 µM 639 

2,2′-dipyridyl. B. Growth curves of B. subtilis and M. luteus in liquid LB medium and S. cerevisiae 640 

in liquid YPD medium, supplemented with 0, 160 or 320 µM 2,2′-dipyridyl and grown for 8 h. 641 

Values represent the mean ± standard error for three biological replicates. 642 

 643 

Fig. 2. Iron supplementation restores the growth of microbes exposed to VOCs. A. Schematic of 644 

the experiment performed in B: Plates comprising uninoculated (blank) YP, S. venezuelae 645 

exploring on YP, or non-exploring S. venezuelae on YPD, were incubated in smaller dishes for 10 646 

days. After 10 days, an indicator strain (B. subtilis, M. luteus, or S. cerevisiae) was spread on 647 

medium (+/- 1 mM FeCl3 supplementation) in the outside dish. B. Quantification of B. subtilis, M. 648 

luteus, or S. cerevisiae colonies on medium with or without FeCl3 supplementation, following 649 

growth adjacent to exploring S. venezuelae, non-exploring S. venezuelae, or uninoculated 650 

medium C. Experiment conducted as in A and B, only with H2O or TMA solutions replacing YP/YPD 651 

inoculated with S. venezuelae. Plates were incubated at room temperature for 2 days. B. subtilis, 652 

M. luteus, or S. cerevisiae colonies were quantified following growth on medium with or without 653 

FeCl3 supplementation, adjacent to H2O or TMA solutions.  For B and C: Values represent the 654 

mean ± standard error for three or four replicates, and statistical significance was determined 655 

using one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test. 656 

Asterisks (*) indicate p-values (**: p-value of 0.01 to 0.005; ***: p-value below 0.005).  657 

 658 

Fig. 3. Explorer cells produce desferrioxamines. A-D show accurate mass fragmentation (MS2) 659 

data and molecular structures of associated ferrioxamine (iron-complexed desferrioxamine) 660 

compounds. No (des)ferrioxamines could be detected from non-exploring cultures (S. venezuelae 661 
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spread on YPD). A. Aryl-ferrioxamine, from S. venezuelae exploring on YP and S. venezuelae 662 

exploring beside S. cerevisiae on YPD. B. Ferrioxamine D1, from S. venezuelae exploring on YP and 663 

S. venezuelae exploring beside S. cerevisiae on YPD. C. Ferrioxamine B, from S. venezuelae 664 

exploring on YP and S. venezuelae exploring beside S. cerevisiae on YPD. D. Ferrioxamine B + CH2 665 

(where the CH2 is depicted as an ethyl group, as the methylene addition is on the right-hand 666 

side of the molecule and is most likely located in the acyl tail) from S. venezuelae exploring 667 

beside S. cerevisiae on YPD. E. Normalized transcript levels for genes in the S. venezuelae 668 

desferrioxamine biosynthetic cluster (as defined by antiSMASH (23)) in explorer cells, divided by 669 

those for non-exploring cells.  The associated gene names or sven gene numbers are shown 670 

below each gene.  671 

 672 

Fig. 4. Upregulation of two gene clusters associated with siderophore transport in explorer 673 

cells. A. Normalized transcript levels for S. venezuelae clusters homologous to the S. coelicolor 674 

bldKABCDE locus, where normalized transcript levels in S. venezuelae explorer cells were 675 

divided by those in non-exploring cells. The associated sven gene numbers are shown below each 676 

cluster, and asterisks beside gene numbers indicate that there are genes in the cluster that are 677 

significantly differentially expressed in exploring versus non-exploring cultures, based on 678 

calculated q-values. B. Organization of the S. coelicolor bldK locus and the two S. venezuelae 679 

bldK-like clusters that are significantly and highly differentially expressed in exploring versus non-680 

exploring cultures. 681 

 682 

Fig. 5. Iron uptake capabilities impact exploration. A. Wild type S. venezuelae exploring on YP 683 

with 0, 160 or 320 µM dipyridyl, alongside the desABCD mutant and the ∆sven_4759∆sven_5151 684 

double mutant growing on YP agar medium. Plates were incubated for 10 days. Images are 685 

representative of three replicates per strain and dipyridyl concentration (where appropriate) B. 686 

Quantification of colony expansion by wild type S. venezuelae, the desABCD mutant, and the 687 

∆sven_4759∆sven_5151 double mutant on YP agar, with 0-320 µM dipyridyl for wild type. Values 688 

represent the mean ± standard error for three replicates. C and D. Semi-quantitative RT-PCR 689 

using RNA isolated from wild type, ΔdesABCD and ∆sven_4759∆sven_5151 double mutant strains 690 

grown for 8 days on YP medium. The vegetative sigma factor hrdB served as a positive control 691 

for RNA loading and RNA integrity, and no-RT reactions (using RNA as template with hrdB-specific 692 
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primers) were included as negative controls to ensure a lack of DNA contamination of RNA samples 693 

and all PCR reagents. The number of PCR amplification cycles was optimized to ensure products 694 

were in the linear amplification range, and that no products were observed in the negative control 695 

for each reaction. For C, 30 cycles were conducted for all reactions apart from hrdB, where 27 696 

cycles were used. Cycle numbers are shown to the left in panel D. Representative results are shown 697 

for experiments conducted in biological duplicate and technical triplicate. E. Growth curves of wild 698 

type S. venezuelae grown in liquid YP medium with 0-320 µM dipyridyl over 15 h. Values 699 

represent the mean ± standard error for three replicates. 700 

 701 

Fig. 6. New interspecies interactions alter exploration by creating low iron environments. A. S. 702 

venezuelae grown alone (top row) or beside A. orientalis sp. lurida on YP supplemented with 703 

FeCl3 or dipyridyl. Plates were incubated for 7 days, and all images are representative of three 704 

replicates per condition. B. Quantification of S. venezuelae grown alone or beside A. orientalis 705 

on YP agar with decreasing levels of available iron (left to right). All values represent the mean ± 706 

standard error for three or four replicates. Asterisks indicate statistically significant differences (*: 707 

p-value 0.05 to 0.01; ***:  p-values below 0.005, NS:  no significant difference) as determined 708 

by a student’s t-test. 709 

 710 

Fig. 7. S. venezuelae growth on medium supplemented with iron. Wild type S. venezuelae grown 711 

on YP medium (top row; exploration-promoting) or MYM medium (bottom row; classic growth 712 

medium) supplemented with 0-10,000 µM FeCl3. Images are representative of three replicates per 713 

media type, per iron concentration. 714 

 715 

Fig. 8 S. venezuelae explorer cells thrive and kill other microbes in alkaline, low-iron 716 

environments. 1. S. venezuelae exploration is triggered by a combination of low glucose and 717 

high amino acid concentrations. 2. Explorer cells release the VOC TMA into the surrounding 718 

environment. 3. TMA raises the pH of the environment, concomitantly reducing the solubility 719 

and bioavailability of iron. 4. To cope with low iron conditions, S. venezuelae explorer cells 720 

release desferrioxamines. These siderophores return solubilized iron to the cells. At the same 721 

time, S. venezuelae exploration is enhanced, perhaps as a mechanism to reach more iron-rich 722 

environments. This enhancement of exploration leads to increased TMA production, creating a 723 
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positive feedback loop (orange arrow): TMA depletes iron, explorer cells spread to get more 724 

iron, TMA production continues, and the cycle repeats. Within these alkaline, iron-depleted 725 

environments, the growth of other bacteria and fungi is reduced. 726 

 727 

Supplementary Figure Captions 728 

 729 

Fig. S1. Exploring S. venezuelae creates an alkaline environment through the release of 730 

volatile compounds. A smaller dish containing YP medium (left) or YP inoculated with S. 731 

venezuelae (right) was incubated within a larger dish containing LB medium. After 10 days, 732 

when Streptomyces venezuelae exploration was well-underway, bromothymol blue pH indicator 733 

dye was spread on the larger agar. Blue indicates VOC-induced alkalinity. 734 

 735 

Fig. S2. Organization of the desferrioxamine biosynthetic cluster and its control by DesR/DmdR. 736 

A. The desferrioxamine biosynthetic clusters, with gene names and associated sven numbers 737 

shown below each gene. Promoter locations are shown as black arrows. , and colours indicate 738 

predicted gene function. Promoter locations are shown as black arrows. Promoter region upstream 739 

of desA is indicated with a box in the cluster diagram, and the sequence is shown below with the 740 

predicted DesR/DmdR binding site highlighted in grey. B. Alignment of the promoter regions for 741 

desA in S. coelicolor (top) and S. venezuelae (bottom). C. Alignment of the DesR/DmdR regulators 742 

from S. coelicolor (SCO4394) and S. venezuelae (SVEN_4209). 743 

 744 

Fig. S3. Mutations within individual bldK-like gene clusters do not impact exploration. Wild type 745 

S. venezuelae, ∆sven_4759 and ∆sven_5151 grown on YP medium. Plates were incubated for 10 746 

days. Images are representative of three replicates per strain per condition. 747 

 748 

Fig. S4. Complementation of the double bldK mutant. Wild type S. venezuelae, the double bldK 749 

mutant, and the double bldK mutant complemented with a cosmid carrying the wild type sequence 750 

of sven_4759 were grown on YP medium for 10 days. 751 

 752 

Fig. S5. Expression profiles of genes involved in siderophore synthesis and iron uptake. Semi-753 

quantitative RT-PCR using RNA isolated from wild type, desABCD mutant, and 754 
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∆sven_4759∆sven_5151 double mutant strains grown for 8 days on YP medium. The vegetative 755 

sigma factor hrdB served as a positive control for RNA loading and RNA integrity, and no-RT 756 

reactions (using RNA as template with hrdB-specific primers) were included as negative controls to 757 

ensure a lack of DNA contamination of RNA samples and all PCR reagents. Representative results 758 

are shown for experiments conducted in biological duplicate and technical triplicate. 759 

 760 

Fig. S6. Amycolatopsis inhibits aerial hyphae formation by S. coelicolor. Left: S. coelicolor 761 

grown alone. White colony areas are aerial hyphae. Right: S. coelicolor grown beside 762 

Amycolatopsis orientalis sp. lurida. Shown are two replicates per plate, with both plates 763 

having been incubated for 14 days. 764 

 765 

Fig. S7. Glucose represses exploration, even in the presence of low iron. Wild type S. 766 

venezuelae and the ∆sven_5759∆sven_5151 mutant strain grown on 0 or 160 µM 2,2′-dipyridyl. Two 767 

replicates of each strain were spotted on each plate, and strains were incubated for 10 days. 768 

 769 
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