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Abstract 

Plant impacts on nutrient use profiles among rhizosphere microbes are poorly 

understood. We examined the effects of plant host and plant species richness on 

nutrient use profiles of Streptomyces isolated from the rhizosphere of the prairie 

plants Andropogon gerardii (Ag) and Lespedeza capitata (Lc) growing in 

communities of 1 (monoculture) or 16 (polyculture) plant species. Growth on 95 

carbon sources was assessed over time.  Mean niche width and mean growth were 

significantly greater for isolates from polyculture vs. monoculture plots, and for 

Streptomyces from Lc vs. Ag.  Isolates from high-carbon (polyculture) or high-

nitrogen (Lc) soils had larger niche widths than isolates from low-C (monocultures) or 

low-N (Ag) soils. Isolates from polycultures were significantly more niche (nutrient) 

differentiated than isolates from monocultures.  

We also characterized antagonistic phenotypes and nutrient use among 

sympatric Streptomyces and Fusarium. Streptomyces from monocultures were more 

antagonistic against sympatric Fusarium populations than isolates from polycultures. 

In contrast, Fusarium isolates from polycultures were more inhibitory against 

sympatric Streptomyces than isolates from monocultures. Fusarium isolates from 

monocultures had greater niche overlap with Streptomyces than those from 

polycultures, suggesting greater potential for Fusarium to compete with Streptomyces 

in monoculture plant communities. In contrast, Streptomyces from polycultures had 

greater niche overlap with sympatric Fusarium than those from monocultures, 

suggesting that Fusarium experience greater competition from Streptomyces in 

polyculture than monoculture. These patterns are consistent with selection for 

Fusarium-antagonistic Streptomyces populations in the presence of strong Fusarium 
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competition in monocultures, and selection for Streptomyces-inhibitory Fusarium 

populations in the presence of Streptomyces resource competition in polycultures. 

Finally, we found evidence for local adaptation between Fusarium and 

Streptomyces populations as evidenced by the presence of significantly greater 

inhibition among sympatric than allopatric populations in prairie soil.  Additionally, 

for both taxa, there was a significant positive correlation between the strength of 

inhibition against each taxon and the intensity of resource competition from that 

taxon, supporting the hypothesis that antibiotics act as weapons in soil communities.   

Collectively, these results suggest that coevolutionary antagonistic interactions 

between Fusarium and Streptomyces in soil are driven by resource competition.  

Key words: Fusarium, Streptomyces, resource competition, antagonism, coevolution 
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Background 

Soil is a complex ecosystem that sustains life on earth by supporting plant 

production, serving as a carbon sink, and playing a primary role in global nutrient 

cycling. These ―services‖ are functional outputs of biological processes carried out by 

the myriad of microorganisms that live in soil (Kibblewhite et al., 2008). The 

significance of soil microbial communities to soil processes and functions has 

prompted extensive research on factors that impact microbes in soil. However, the 

immense diversity among microbes and the complexity of interacting factors that 

influence community structure and function; such as soil physical and chemical 

characteristics, plant community characteristics, and plant and microbe species 

interactions; has constrained full characterization of soil communities. Further studies 

are warranted to disentangle mechanisms by which microbial communities are 

modulated in soil. 

Plants have been traditionally recognized to exert significant control over 

growth conditions experienced by microbes in soil. Specifically, plants are capable of 

modulating microbial density (Miethling et al., 2000), species identity and abundance 

(Bergsma-Vlami et al., 2005), and community structure and functions (Berg et 

al.,2002; Briones et al., 2002; Bardgett and Walker, 2004; Berg et al., 2006; Bremer et 

al., 2009). Plant effects on microbial communities are perceived to occur primarily in 

the rhizosphere (Barea et al., 2005; Prithiviraj et al., 2007), though a number of 

studies found plant-driven effects reaching bulk soil microbial communities (Carney 

and Matson, 2006; Bremer et al., 2009). Regardless of their scale, plant-derived 

effects on soil microbes have been attributed to root exudates (Bais et al., 2006). 

Secretion of root exudates varies chemically and quantitatively among different plant 

species (Rovira, 1969; Dormaar et al., 2006), and even among genotypes of the same 

http://journal.frontiersin.org/article/10.3389/fenvs.2014.00007/full#B103
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species (Micallef et al., 2009). Consequently, plant community characteristics,, by 

means of root exudates may define in important ways the quantity and diversity of 

nutrients available to soil microbes. The variety of plant-derived resources may offer 

a selective advantage to microorganisms possessing enzymatic arsenals allowing them 

to access and use those substrates as a source of energy for growth. Unfortunately, 

despite the broad consensus around plant effects on microbial community feature and 

traits, the relationships between plant community characteristics, especially species 

identity and richness, and corresponding changes in microbial community structure 

and function are not completely elucidated 

Streptomycetes comprise a large and diverse genus of filamentous, Gram (+) 

bacteria, belonging to the phylum Actinobacteria, class Actinobacteria, order 

Actinomycetales (Anderson and Wellington, 2001). Streptomyces have complex 

lifestyles and are found ubiquitously in diverse sea and freshwater habitats, soil, and 

in association with plant above- and below-ground parts (Seipke et al., 2011; Kinkel 

et al., 2012). In soil, Streptomyces isolates exist most of the time in the form of hardy, 

hydrophobic spores (Lloyd, 1969b; Mayfield et al., 1972; Williams et al., 1984) that 

can be disseminated via arthropods, rain-splash, water movement, or windborne soil 

particles (Lloyd, 1969a; Ensign, 1978). Spores can remain viable in soil for many 

decades. Upon germination of spores, following the encounter of favorable growth 

conditions and appropriate resources, Streptomyces form a substrate mycelium similar 

to that formed by fungi (Lloyd, 1969b). Subsequently, nutrient depletion triggers the 

formation of aerial mycelium (Hopwood, 2006). To complete their life cycle, aerial 

hyphae differentiate into chains of spores, which is frequently coincident with 

antibiotic production. Programmed cell death of substrate mycelium provides energy 

and resources to support these processes (Horinouchi, 2007). 
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The Streptomycetes genome consists typically of one large linear chromosome 

and smaller linear or circular plasmids (Kieser et al., 2000). The Streptomycetes are 

known for the complexity and tight regulation of their genomes. For example, the 

genome of the well-studied Streptomyces coelicolor is approximately 9 megabases 

(Blattner, 1997), almost twice as long that of Escherichia coli, and 13% of all genes 

were reported to be putative transcriptional factors (Hopwood, 2006).  The 

Streptomyces genome is made of a highly conserved core, governing essential 

functions, and chromosomal arms that harbor conditionally beneficial genes that 

appear to undergo frequent and extensive changes (Hopwood, 2006). This endows the 

Streptomycetes with substantial genomic plasticity and tremendous variation in 

metabolic and functional capacities. Indeed, the sequencing of multiple genomes from 

diverse Streptomyces strains has revealed their considerable metabolic potential and 

significant capacity to produce various secondary metabolites including antibiotics, 

siderophores and pigments (Omura et al., 2001; Bentley et al., 2002). 

Naturally-occurring clinical antibiotics are one of the most important 

secondary metabolites produced by Streptomyces (Tanka and Omura, 1990). 

Streptomyces  use antibiotics both as weapons to inhibit (Williams and Vickers, 1986; 

Hibbing et al., 2010; Kinkel et al., 2014), and as signals to communicate (Vaz Jauri et 

al., 2013; Goh et al., 2002; Yim et al., 2007; Romero et al., 2011) within complex soil, 

freshwater and ocean communities. Antibiotic production is credited to be a 

mechanism by which Streptomyces suppress a wide variety of fungal (Weller et al., 

2002; Hjort et al., 2010; Mendes et al., 2011), bacterial (Lorang et al., 1989; Meng et 

al., 2012), and nematode (Zuckerman et al., 1989) plant pathogens. For this reason, 

many Streptomyces species have been utilized as inoculant biocontrol agents to 

manage diverse plant pathogens and enhance plant fitness in agricultural settings 
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(Otto-Hanson et al., 2013; Evangelista, 2013). Additionally, subinhibitory 

concentrations of antibiotics are believed to act as transduction signals that alter 

bacterial gene expression (Goh et al., 2002; Mesak and Davies, 2009). Recently, low 

concentrations of antibiotics have been reported to alter nutrient utilization and 

competitive species interactions among Streptomyces populations in soil (Vaz Jauri et 

al., 2013). However, despite the importance of antibiotic production in Streptomyces 

ecology, our understanding of the factors that influence antibiotic-mediated 

Streptomyces interactions with soil microbial communities or the consequences of 

these interactions on the evolutionary biology of Streptomyces is limited. 

The genus Fusarium is also ubiquitous in the environment and commonly 

found in soil (Burgess, 1982; Balmas et al., 2010). There are at least 17 to 20 species-

complexes, with each species-complex comprised of 2 to 60 phylogenetically distinct 

species within Fusarium (Ma et al., 2013; O'Donnell et al., 2013). Fusarium species-

complexes have been well studied as soilborne plant pathogens in natural and 

agricultural systems. Diseases caused by pathogenic Fusarium include damping-offs, 

root rots, crown rots, and vascular wilts (Liu et al., 2012; Burgess et al., 2001; Elmer, 

2001; Moore et al., 2001).  While in general emphasis on Fusarium species has 

focused on their role as plant pathogens, the majority of Fusarium are non-pathogenic 

and live in soil as saprophytes or in association with plants as exophytic or endophytic 

symbionts (Moretti, 2009). In association with plants, Fusarium can have significant 

impacts on plants and on co-associated microbes. For instance, resource competition 

between pathogenic and non-pathogenic Fusarium in soil has been shown to 

contribute to suppression of Fusarium plant wilts in disease suppressive soils 

(Alabouvette, 1986; Larkin et al, 1993). In addition, the association between non-

pathogenic Fusarium and plants was linked to the induction of plant immune 
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responses (Larkin et al., 1996). Antimicrobial properties of many substances produced 

by diverse non-pathogenic Fusarium have been long reported (Tirunarayan and Sirsi, 

1961; Liu et al, 2012) and may underlie essential functions in disease suppression in 

the soil and in plants. Despite the ubiquity and diverse functional roles of Fusarium 

populations in the soil and in association with plants, there are limited data on the 

roles of microbe-microbe or plant-microbe interactions on their ecology and 

evolutionary biology.       

A notable characteristic shared between Streptomyces and Fusarium is their 

capability of degrading multiple labile and complex organic substrates (Antai and 

Crawford, 1981, Li et al., 2008; King et al, 2011; Zhao et al., 2013). In this way, 

Streptomyces and Fusarium are able to colonize diverse niches and contribute actively 

in bio-geochemical nutrient cycling processes (McCarthy and Williamson, 1992). 

These abilities rest upon their capacity to produce a vast array of degradative enzymes 

that enable them to use these substrates as source of carbon and energy in oligotrophic 

soil environments (Chater et al., 2010; Schrempf et al., 2011).  

Despite their similar nutrient niches, intimate associations with plants, and 

important capacities to produce antimicrobial compounds, there is a lack of data on 

the potential for interactions between Fusarium and Streptomyces and also on the 

impacts of plant community characteristics on their evolutionary biology. In 

particular, although resource availability and diversity in the rhizosphere is 

hypothesized to be influenced by host and plant community richness and believed to 

determine microbial community assembly, diversity and function (Tilman, 1982); we 

have limited knowledge of how resource use phenotypes and potential antagonistic 

interactions between Fusarium and Streptomyces respond to plant species and 
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richness and determine their potential coevolutionary trajectories. This thesis 

comprises 3 chapters that explore these aspects:   

Chapter 1 of this thesis describes a detailed study of the resource use niche of 

Streptomyces. Specifically, a focus on the diversity of resource use phenotypes among 

Streptomyces and how they are distributed among communities associated with two 

plant species growing in monoculture and polyculture plant communities. 

Chapter 2 explores the effects of plant identity and plant community richness 

on competitive and antagonistic interactions between Fusarium and Streptomyces. 

The distribution of inhibitory phenotypes and the level of resource competition among 

Fusarium and Streptomyces communities in the rhizospheres of two plant species in 

monoculture and polyculture plant communities was investigated. 

Chapter 3 investigates antibiotic inhibitory interactions among Fusarium and 

Streptomyces from the same and different locations in soil to assess coevolution as a 

driver of antibiotic inhibition among Fusarium and Streptomyces. In particular, 

resource competition (niche overlap) was explored among coexisting and distant 

Fusarium and Streptomyces as a predictor of inhibition among interacting Fusarium 

and Streptomyces.  
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Chapter I: Nutrient use preferences among soil Streptomyces 

suggest greater resource competition in monoculture than 

polyculture plant communities  

 

1.1 Introduction 

Bulk soil in natural and agricultural systems is often resource-limited and can 

impose major constraints to the growth of heterotrophic microbes (Hibbing et al., 

2009). On the other hand, the rhizosphere is a biologically and chemically highly 

diverse environment where complex and dynamic interactions occur among plant 

roots, microbes and the soil (Hartmann et al., 2008). Within this habitat, plants and 

microbes have evolved intimate relationships that enable them to coexist (Hartman et 

al. 2008). Specifically, plants provide nutrient resources to the rhizosphere that 

support microbial activities. In turn, microbes have strong effects on plants via 

pathogenicity, pathogen suppression, plant growth promotion, and nitrogen fixation 

(Nihorimbere et al., 2011). There is compelling evidence that, through the quantity 

and diversity of root exudates, plants influence the growth conditions experienced by 

soil microbial communities, with potential consequences for microbial functional 

activities (Dini-Andreote and van Elsas, 2013). Though plant-driven selection on 

microbes has been the focus of a substantial number of studies on plant-microbe 

interactions (Broeckling et al., 2007; Thonart et al., 2011; Lamb et al., 2010), the 

specific mechanisms by which plant host and plant species richness mediate 

functional changes in rhizosphere communities remain poorly understood. 

Streptomyces are Gram-positive bacteria that live in close association with 

plants in natural and agricultural habitats (Seipke et al., 2012). Members of the genus 
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Streptomyces are well-known for their prolific production of antibiotics (Omura et al., 

2001), and possess particularly potent and diverse antagonistic effects against plant 

pathogens (Doumbou et al., 2001; Wiggins and Kinkel, 2005a, 2005b). Recent work 

suggests that competition for nutrients and nutrient use overlap among coexisting 

Streptomyces are correlated with antibiotic production and pathogen inhibitory 

capacity of soil Streptomyces populations (Kinkel et al., 2014; Schlatter and Kinkel, 

2014). Because the genus Streptomyces is frequently a major component of the 

complex biota that live in plant rhizospheres, and resources available to Streptomyces 

in the rhizosphere are predominantly of plant origin, there is a strong potential for 

plant host and community richness to shape Streptomyces community nutrient use 

profiles and dynamics. In particular, plant species and plant community characteristics 

are likely to influence nutrient use among Streptomyces by means of variation in the 

amount and chemical diversity of rhizosphere carbon inputs into the soil. Since the 

quantity and quality of root exudates are determined in part by plant species (Badri 

and Vivanco, 2009) one would expect the composition of root exudates to be less 

diverse in the surroundings of the roots of plants growing in monoculture than 

polyculture. Such variation in the nutritional environment has been hypothesized to 

have implications for Streptomyces community structure and functions (Kinkel et al.; 

2011, 2012). Specifically, it has been hypothesized that polyculture, by increasing 

resource diversity, will foster niche differentiation among Streptomyces. That is, with 

chemically diverse nutrients in the rhizosphere of plants in high plant species richness 

communities, different Streptomyces isolates may prefer distinct substrates as a 

mechanism of avoiding potentially intense competition for nutrients. In contrast, 

increased inhibitory capacity in monocultures is hypothesized to reflect intense 

competition among sympatric Streptomyces for limited and low diversity resources, 
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resulting in a co-evolutionary arms race and the accumulation of antagonistic 

phenotypes. That is, as nutrient composition in the soil is likely more homogeneous in 

monoculture than polyculture, plants in monoculture will likely select for 

Streptomyces with similar nutrient preferences. Thus, isolate nutrient preferences are 

expected to be more similar among isolates from plants growing in monoculture than 

in polyculture. However, despite the significant potential for plant identity and 

richness to modulate microbial functional traits, we have limited knowledge of how 

plant host or plant community richness may influence the dynamics of nutrient use 

among soil-borne Streptomyces. 

This study examines the effects of plant host and plant species richness on 

nutrient use by Streptomyces populations from the rhizosphere of Andropogon 

gerardii (Ag) and Lespedeza capitata (Lc), each growing in communities of one 

(monoculture) or 16 (polyculture) plant species. The specific objectives of this work 

were to (1) characterize resource use phenotypes and nutrient preferences of 

Streptomyces from the rhizospheres of Ag and Lc in monoculture and polyculture; (2) 

assess the impact of plant host and species richness on the potential for nutrient 

competition among sympatric populations; and (3) explore variation in temporal 

dynamics of resource use and niche differentiation among Streptomyces from 

monoculture and polyculture. This study contributes significant insights into the 

effects of plant species and plant species richness on Streptomyces nutrient use 

dynamics, and expands our understanding of the potential for nutrient competition to 

influence coevolutionary dynamics among soil microbes. 
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1.2 Materials and methods  

1.2.1 Soil sampling  

Soil samples were collected from the Cedar Creek Ecosystem Science Reserve 

(CCESR; part of the National Science Foundation Long-Term Ecological Research 

network) in July of 2012, from plots in a long-term plant richness manipulation 

experiment (Tilman, 2001). These plots were established in 1994 with defined levels 

of plant richness. Soil samples were collected from as close as possible to the center 

of the base of Ag and Lc plants growing in communities of monoculture or 

polyculture plant species. Plants to be sampled were selected randomly from 

individual plots at a distance of at least 20 cm from plot margins to avoid border 

effects. For each plant, (x, y) coordinates were determined using a random number 

table, and the closest plant of the targeted species to the coordinates was sampled.  

Each soil sample consisted of two bulked cores collected with a 2.5 cm-diameter corer 

to a depth of 10 cm; cores from the same plant were homogenized in plastic sample 

bags. For each plant species in each plant richness treatment, samples were taken 

from 3 plants, each growing in a different plot. Thus we had a total of 12 soil samples 

(2 plant hosts x 2 plant community diversity levels x 3 plot-level replicates). The soil 

samples were stored at -20°C prior to processing. 

1.2.2 Streptomyces Isolates 

Streptomyces isolates were randomly selected from each composite soil 

sample following dilution plating onto a dual-layer water agar-Starch Casein agar 

medium (SCA; 10 g starch, 0.3 g casein, 0.02 g CaCO3, 2.0 g KNO3, 2.0 g NaCl, 2.0 g 

K2HPO4, 0.05 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 0.001 g ZnCl2, and 15 g Agar per 

liter of deionized H2O) (Becker and Kinkel 1999). For each sample, a single 5g sub-
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sample was dried overnight under sterile cheesecloth as the first enrichment for 

Streptomyces, which are tolerant of desiccation. Dried soil samples were dispersed in 

50 mL of sterile deionized water on a reciprocal shaker (175 rpm, 60 min, 4°C). Soil 

suspensions were serially diluted to 10
-5

, a dilution previously determined to provide 

40-70 isolates per plate in this soil. Single 100 µl-aliquots of the diluents were spread 

onto plates of 15 ml of water agar (WA) and subsequently covered with 5 mL of 

cooled, molten starch-casein agar (SCA). This method suppresses the growth of many 

unicellular bacteria, while allowing filamentous Streptomyces to grow up through the 

SCA (Wiggins and Kinkel, 2005b). After three days of incubation (28 °C), 10-15 

colonies were randomly chosen, using a random sampling grid, from each of the 12 

soil samples based on characteristic Streptomyces morphology, with a goal of 120 

purified isolates. 

1.2.3 Edaphic soil properties 

Subsamples of each of the 12 soil samples were submitted to the University of 

Minnesota Soil Testing Laboratory for determination of soil characteristics (pH, NO3
-

-N, Bray-P, K and total C; (http://ral.cfans.umn.edu). 

1.2.4 Streptomyces resource use characterization 

 Utilization of carbon sources by every individual Streptomyces isolate (n = 

120) was determined using Biolog SF-P2 plates (Biolog, Inc. Hayward, CA). Biolog 

SF-P2 microplates measure the growth of an isolate on a single source of carbon by 

comparing the turbidity of each well to a water control. Spore suspensions of each 

isolate were made by swabbing spores from a pure culture grown on SCA for 10 days 

into 1.5 ml of 0.2% carrageenan. Suspensions were adjusted to an optical density of 

0.20–0.24 at 590 nm, and then diluted in 13.5 ml of 0.2% carrageenan. One hundred 

http://ral.cfans.umn.edu/
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microliters of the new suspension were pipetted into each well of the Biolog plate. 

Plates were incubated at 28 °C. Utilization of each of the 95 sole carbon compounds 

on the Biolog SF-P2 plate was assessed over time by recording the absorbance of each 

well at 590 nm at 3 time points (24, 72 and 120 h) post-inoculation. The absorbance 

of the well containing only water was subtracted from the absorbance of every other 

well to standardize absorbance values. 

1.2.5 Analyses 

1.2.5.1 Streptomyces Nutrient use 

Used nutrients were defined as those on which a Streptomyces isolate grew to 

an absorbance value greater than 0.005 (Vaz-Jauri et al., 2013). Using this definition, 

total growth and niche width were determined for each isolate at each time point. 

Total growth was defined as the mean absorbance value over all used nutrients, and 

niche width as the number of used nutrients for an isolate. Mean growth and mean 

niche width of sympatric isolates were determined for each community; and mean 

growth overall used nutrients and mean niche width among isolates were determined 

for every treatment at each time point. Finally, growth rate per hour within early (0-24 

h), middle (24-72 h), and late (72 - 120 h) time periods were determined for every 

treatment   

In addition to overall nutrient use, we considered nutrient use based on carbon 

substrate characteristics. Specifically, the 95 carbon substrates in the SF-P2 panel 

belong to 11 carbon groups: alcohols, amides, amines, amino acids, aromatic 

compounds, carbohydrates, carboxylic acids, esters, phosphorylated compounds and 

polymers (http://www.biolog.com/pdf/milit/00A_008rA_SFN2_SFP2.pdf). For each 

community, mean growth per carbon group was calculated across all used substrates 
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(OD>0.005) in that carbon group, and mean growth among isolates on each carbon 

group for each time period was determined for every treatment.  

To index the potential for resource competition within communities, pairwise 

niche overlap (PNO) and pairwise niche escape (PNE) (Figure 1.1) were determined 

for every pairwise of isolate combinations within each communities using the 

formulas: 

PNO = [(

                           
  

                                                
                        

  
                                               

 + 

                           
  

                                                 
                        

   
                                              

)/2] x 100 

PNE = [(Niche width of isolate1 x Total growth of isolate1 – Number of shared nutrients x Total growth of isolate1 on the shared 

nutrients) + (Niche width of isolate2 x Total growth of isolate2 – Number of shared nutrients x Total growth of isolate2 on the 

shared nutrients)]/2  

Community niche overlap and community niche escape were computed for sympatric 

isolates by averaging pairwise niche overlap and niche escape values among all 

isolate pairs within each community, and mean niche overlap and mean niche escape 

were also determined for every treatment.  

1.2.5.2 Streptomyces Preferred nutrients 

As the differences in treatment effects on Streptomyces were more pronounced 

at 72 h than any other time point, which is consistent with previous work (Schlatter et 

al., 2013), analyses on preferred nutrients considered only data from 72 h time point. 

We defined preferred nutrients for each isolate as the five carbon sources on 

which that isolate grew most (largest absorbance values). For each individual 

community, the total number of distinct preferred nutrients across isolates within that 

community was determined, resulting in a community-wide preferred niche width. 

For each treatment, mean community-wide preferred niche width and the total number 

of nutrients preferred by at least one Streptomyces isolate from every individual plant 
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were also determined. Finally the mean proportions of isolates using each of the 

preferred nutrients were determined for each treatment (preferred use frequency).  

1.2.5.3 Statistical analysis 

All statistical analyses were performed using R statistical software version 

3.1.1 (http://cran.r-project.org/bin/windows/base/old/3.1.1/). Analysis of variance and 

Turkey’s HSD tests with p<0.05 as the significance level were carried out to 

determine the significance of effects of plant host and diversity on mean growth, 

niche width, niche overlap, niche escape, and community-wide preferred niche width 

at 72 h growth. In addition, simple linear regression was applied to determine the 

relationships among soil edaphic characteristics, and between each of the soil edaphic 

parameters and Streptomyces nutrient use characteristics at 72 h growth. Finally, 

stepwise multiple regression was conducted to determine significant predictors of 

Streptomyces growth efficiency and niche width among soil parameters. 

1.3 Results  

1.3.1 Streptomyces nutrient use 

Soil-borne Streptomyces grew on a broad range of carbon sources. Each 

individual nutrient was used by at least 28 of the 120 isolates, with a core set of 10 

substrates used by all isolates. These core substrates belong to five carbon groups and 

include glycerol (alcohols); L-glutamic acid (amino acid); D-gluconic acid 

(carboxylic acid); N-acetyl-D-glucosamine, D-cellobiose, α-D-glucose, and 

maltotriose (carbohydrates); and dextrin, glycogen, and Tween 40 (polymers). Other 

nutrients such as tween 80 (polymer), D-arabitol, and D-fructose (carbohydrates) were 

used by more than 95% of isolates. However, the most frequently used nutrients were 

not necessarily those on which most growth occurred. At 120 h, the greatest growth 
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on average was recorded on D-mannose, maltotriose, tween 40, and tween 80. 

Overall, isolates used all 11 carbon groups, ranging from labile carbon substrates such 

as carbohydrates, amino acids, and amines to recalcitrant carbon sources including 

esters, phosphorylated compounds, and polymers (Supplemental Table 1.1), 

illustrating the diverse metabolic capacities among Streptomyces  populations. 

 Niche widths among individual Streptomyces isolates varied substantially and 

ranged from 33 to 95 carbon substrates (average of 81 per isolate). This suggests that 

Streptomyces isolates are often generalists (Figure 1.2). Despite their large niche 

widths, specific resource use profiles varied considerably among individual isolates. 

Indeed, there were 96 unique patterns of resource utilization among the 120 isolates. 

These findings indicate a rich array of nutrient use profiles among Streptomyces and 

highlight their potential capacities to adapt to diverse soil trophic conditions.        

1.3.2 Streptomyces mean growth, niche width, and growth rates  

1.3.2.1 Mean growth and niche width 

Streptomyces mean growth over all nutrients varied significantly among 

isolates from different plant hosts and richness treatments at all incubation times 

(Figure 1.3). Specifically, mean growth of Streptomyces from Lc in polyculture was at 

least 30% higher, at all times, than that of isolates from the other plant communities. 

Similarly, there were significant differences among treatments in Streptomyces niche 

widths (Figure 1.4). Mean niche width for communities from Lc in polyculture was 

also significantly higher than that used by Streptomyces from the other communities. 

On average, Streptomyces from Lc polyculture used 93 nutrients whereas the mean 

number of carbon sources used by Streptomyces from the other treatments varied 

between 75 and 78.  Thus, Streptomyces from Lc in polyculture plots had an average 
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19% or greater increase in niche width compared with other plant host and richness 

treatments.   

The effects of plant richness on nutrient use among Streptomyces varied 

between plant species and over time. Isolates from Lc in polyculture had significantly 

greater mean growth per nutrient than those from Lc in monoculture at all time points 

(t-test, p<0.001). Similarly, mean growth per nutrient among Streptomyces from Ag in 

polyculture was significantly greater than in monoculture at 72 h (t-test, t=2.2, 

p=0.046), though differences were not significant at the end of the incubation period 

(120 h). In contrast, mean growth of Streptomyces from Ag in monoculture was 

significantly greater than that of isolates from Ag in polyculture at 24 hours post-

inoculation, (t-test, t=2.5, p=0.03).  

At the end of the incubation period (120 h), Streptomyces from Lc had greater 

mean growth than those from Ag in both plant richness treatments. In monoculture, 

isolates from Lc had grown 47% more than isolates from Ag (t-test, t=2.2, p=0.046); 

and in polyculture, Streptomyces  from Lc had an average 71% increase in their mean 

growth per nutrient relative to Streptomyces  from Ag (t-test, t=4.5, p=0.005). 

Collectively, these findings show that plant host and species richness are 

significant determinants of Streptomyces nutrient use phenotypes and important 

selective factors in structuring Streptomyces community functional diversity. 

1.3.2.2 Streptomyces growth rate  

Streptomyces communities used carbon sources at different rates (OD/h) over 

time. Isolate mean growth rate varied significantly among treatments within early 

(ANOVA, F=7.32, p=0.03), middle (ANOVA, F=7.12, p=0.03) and late (ANOVA, 

F=6.1, p=0.04) intervals of the incubation period (Figure 1.5). Early growth rates of 
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isolates from Lc in polyculture were significantly higher than those of Streptomyces 

from all other treatments. Similarly, Streptomyces from Lc and Ag in polyculture grew 

significantly faster than their counterparts in low plant diversity in the middle phase 

of growth. However, Streptomyces from Lc in monoculture had significantly higher 

growth rates than Streptomyces from any other treatment in late growth phase. Thus, 

plant identity and species richness may have a significant effect on the growth 

dynamics of Streptomyces in natural systems.   

Considering the temporal dynamics of nutrient use among different resource 

types sheds further light on the selective effects of plant host on Streptomyces nutrient 

use profiles. Indeed, though there were no significant differences in early growth rates 

between communities from Ag in monoculture and in polyculture, the breakdown of 

growth rate by carbon substrate group revealed significant differences between 

communities from the two treatments in their early use of carbohydrates and esters. 

Specifically, Streptomyces from Ag in monoculture access both labile and recalcitrant 

carbon sources more in early growth phase than isolates from polyculture 

(Supplemental Table 1.2). However, as time passed Streptomyces from Ag in 

polyculture grew relatively more rapidly on almost all carbon sources. Similarly, in 

monoculture, early and mid-phase growth rates of Streptomyces from Ag were greater 

than those of Streptomyces from Lc on carbon sources with amine functional group 

(NH2), amines and amino acids, but the difference was significant only in mid-phase 

growth rate. As amines and amino acids can be used by Streptomyces as source of 

nitrogen as well as carbon, and given the potential for nitrogen enrichment in the 

rhizosphere of the legume Lc plants, these data illustrate the prospect that plant 

functional group, through the modification of soil nutrient characteristics, might play 
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an important role in the selection of Streptomyces with varying capacities to 

metabolize diverse nitrogen sources.   

Regardless of host, the patterns of Streptomyces resource use dynamics over 

time varied between monoculture and polyculture (Figure 1.5). For both plant 

diversities the rate of carbon utilization was high early in the incubation period and 

dropped significantly during the middle phase of growth. This significant decrease in 

mid-phase growth rate was more dramatic among Streptomyces in monoculture that in 

polyculture. Indeed, mid-phase growth rates of Streptomyces from Ag and Lc in 

monoculture were 75% and 84%, respectively, lower than their early growth rates. In 

contrast, the declines in growth rate between the early and the middle phase of growth 

for Streptomyces from Ag and Lc in polyculture were only 53% and 57%, 

respectively. Moreover, while Streptomyces in polyculture continued to use carbon 

substrates in the late phase of growth at an equal or slightly lower rate than the middle 

phase, the late growth rate of isolates from monoculture increased significantly with a 

dramatic spike of 480% in growth rate among Streptomyces from Lc relative to mid-

phase growth rate. Differences in temporal nutrient use dynamics among isolates from 

monoculture and polyculture may reflect differential effects of plant species richness 

on Streptomyces resource allocation over time, and specifically shifts in investments 

in growth versus secondary metabolic pathways.   

1.3.3 Niche overlap and niche escape among sympatric Streptomyces   

There were significant differences in niche overlap among Streptomyces 

isolates within communities from different plant host-species richness treatments 

(Figure 1.6). Not surprisingly, communities from Lc in polyculture, which had the 

largest niche widths and mean growth per nutrient, had the largest mean sympatric 

niche overlap at all time points. Niche overlap among sympatric Streptomyces from 
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Ag was significantly higher in monoculture than in polyculture at 24 h (t-test, t=2.92, 

p=0.02) and 72 h (t-test, t=4.45, p=0.0006) post-inoculation, but differences were not 

significant at any later time points. There were no significant differences in niche 

overlap among isolates from Ag and Lc growing in monoculture at any time.  

Niche escape (competition-free growth for sympatric isolates) was greatest 

among sympatric isolates from Ag in polyculture at all times, followed by that of 

Streptomyces from Lc and Ag in monoculture (Figure 1.7). Niche escape for 

communities from Lc in polyculture was significantly lower than for the other 

treatments at all times. Thus, Streptomyces isolates have significantly greater total 

growth on nutrients for which they need not compete with other isolates when in the 

rhizosphere of Ag in polyculture plots, suggesting that resource competition is less 

important to Streptomyces fitness in these plots. However, when only the 5 preferred 

nutrients for each isolate were considered, niche escape for sympatric isolates from 

Ag and Lc in polyculture was significantly greater than that for isolates from 

monoculture at 72 h (t-test; Ag: t=2.9, p=0.02, Lc: t=2.2, p=0.046) and 120 h (t-test; 

Ag: t=3.1, p=0.02, Lc: t=2.3, p=0.04). Thus, high plant richness appears to enhance 

niche differentiation among sympatric Streptomyces, and this effect is more 

pronounced on Streptomyces most-preferred nutrients.  

1.3.4 Plant impacts on Streptomyces preferred nutrients 

Mean community-wide preferred niche width, representing the mean number 

of distinct nutrients preferred for growth (top five for growth for each isolate) among 

replicate communities of the same treatment, varied significantly among treatments 

(Figure 1.8; ANOVA, F=32.44, p<0.001). Within plant richness treatments, 

communities from Lc had significantly greater mean-community-wide preferred niche 

widths than communities from Ag. For both plant hosts, polyculture Streptomyces 
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communities preferred significantly greater numbers of nutrients than monoculture 

communities. These findings demonstrate that Streptomyces  isolates from Lc and 

high plant richness plots utilize a greater diversity of nutrients for maximum growth, 

and are consistent with the observation that the isolates from plots are more niche-

differentiated than isolates from Ag and low plant richness, respectively. 

Preferred nutrients varied substantially among plant hosts and richness 

(Supplemental table 1.3). For each treatment, nutrients that were used by at least one 

isolate from every individual plant are shown in Figure 1.9. The mean proportion of 

isolates using each of these nutrients varied within and among treatments. For both 

plant hosts, the number of nutrients that were used by 50% or more of isolates was 

greater for monoculture than polyculture. Specifically, there were 4 and 3 carbon 

substrates preferred by 50% or more of the Streptomyces isolates in monoculture for 

Ag and Lc, respectively, versus only 1 and 2 carbon substrates for the same hosts in 

polyculture. This further suggests that plants growing in monoculture have more 

consistent impacts on Streptomyces nutrient preferences than the same plant hosts 

growing in polyculture plant communities.          

1.3.5 Streptomyces resource use and soil properties 

Soil edaphic characteristics were generally significantly correlated among 

plots (Table 1). There were no significant differences in soil pH, NO3
-
-N, P, K, or 

total C among plant host and richness treatments (Supplemental Table 1.4). However, 

total organic carbon was 80% greater in polyculture than in monoculture regardless of 

host (t-test; t= 2.66, p=0.01), and soil nitrogen was 77% greater in the rhizosphere of 

Lc than in Ag (t-test; t= 2.01; p=0.04).  
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Both isolate total growth and niche width of Streptomyces were significantly 

correlated with soil N, K and total C of the soil (Table 2). Nitrate N was more 

strongly positively correlated with growth than with niche width, while both growth 

and niche width were negatively correlated with K. Finally, growth but not niche 

width was positively correlated with total C. Thus, soil edaphics are significantly 

related to Streptomyces growth potential and niche width in the soil.         

Further analyses considered multiple linear regression models of soil 

characteristics and their interactions as a means of differentiating the significance of 

distinct factors in predicting Streptomyces growth or niche width (Table 2). The best 

model explained 72% of the variation in Streptomyces growth; this model included K, 

N, the interaction between K and N, and the interaction between N and total C as 

significant terms. Slightly better than single factor models, the best multi-factor model 

that explains the greatest variation (40%) in Streptomyces  niche width  included P, 

the interaction between N and K; and the interaction between N and total C as 

significant variables. Collectively these findings illustrate that mineral and organic 

components of the soil, and perhaps most importantly their interactions, may 

influence selection for distinct nutrient use profiles among Streptomyces.   

1.4 Discussion 

The rhizosphere is a biologically and chemically diverse environment in which 

complex and dynamic interactions occur among plant roots, microbes, and the soil 

physicochemical environment (Hartmann et al., 2008). Enormous strides have been 

made over the past years toward understanding these interactions (Hirsch et al., 

2003), and the fields of plant biology and microbial ecology have recognized the 

critical role of plant driven-selection, through root exudates and direct plant-microbe 
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interactions, in determining the structure and function of soil microbial communities 

(Broeckling et al., 2007; Bremer et al., 2009). However, despite advances in our 

understanding of soil microbes achieved through high-throughput sequencing 

techniques, comprehensive surveys of the phenotypic characteristics of soil microbes 

remain rare. Such phenotypic data are critical for identifying the selective forces that 

determine microbial growth strategies and ecosystem diversity and function. Here, we 

surveyed nutrient use phenotypes of a collection of Streptomyces isolated randomly 

from two different plant hosts growing in monoculture and polyculture plots in a 

long-term plant richness manipulation experiment, and showed significant effects of 

plant species richness and identity on the nutrient preferences and dynamics of 

resource use among soil-borne Streptomyces communities. 

Streptomyces grew on a wide array of carbon sources ranging from simple 

molecules to complex biopolymers. The ability to degrade diverse carbon molecules 

with different levels of chemical complexity reflects significant metabolic capacities 

among Streptomyces (Kontchou and Blondeau, 1992), and corresponds to their active 

role in biogeochemical nutrient-cycling processes. The highly diverse resource use 

patterns among Streptomyces isolates may be due to ecological phenotype screening 

in response to rhizosphere conditions (Langenheder and Székely, 2011) created by 

different plant host species in disparate plant richness environments. Streptomyces 

possess large genomes (Kontchou and Blondeau, 1992) rich in transposable and 

horizontally-transferred elements (Chen et al., 2002) allowing for widespread 

exchange of genes. This offers flexibility in fine-tuning of metabolic machinery, and 

is likely to foster Streptomyces adaptation to local conditions in the soil created by 

variation in plant community richness and plant host.  
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In this work, plant species richness was a significant experimental factor 

influencing Streptomyces nutrient use. Specifically, isolates from polycultures had 

greater mean growth than those from monocultures. This may reflect effects of greater 

total carbon inputs in the rhizosphere of host plants growing in polyculture, and 

specifically selection for more growth-efficient Streptomyces at the high population 

densities associated with greater soil carbon. Plant mixtures have increased 

rhizodeposition of organic carbon (Xu et al., 2014) and polyculture plots in this study 

have significantly more soil carbon than monoculture plots (Supplemental Table 1.4). 

Conversely, low carbon conditions in the rhizosphere of plants in monoculture may 

select for Streptomyces that balance their resource allocation among multiple life 

history traits to maximize fitness. For instance, antibiotic production to mediate 

microbial antagonistic competition, accumulation of resistance to secondary 

metabolites produced by competitors, and spore production to enhance survival or 

dissemination have all been reported to occur to the disadvantage of microbial growth 

in low-nutrient environments (Czàràn et al., 2002; Tilman, 2000). These data offer  

insight into how plant diversity, through changes in the abundance of nutrients 

released into the soil, may have considerable impacts on Streptomyces life history 

strategies, and on the functional characteristics, species interactions, and, 

consequently, coevolutionary dynamics of Streptomyces communities in  soil. 

These results indicate that plant community richness also influenced 

Streptomyces niche widths beyond the effects of the individual plant host. 

Streptomyces from the rhizosphere of plants growing in polyculture communities 

possess greater niche widths than those growing in the rhizosphere of the same plant 

hosts in monoculture.  We hypothesize that increasing plant richness will correspond 

to increased resource diversity in soil which, in turn, will select for populations with 
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the capacity to use a broad array of available resources. Further support for the idea of 

nutrient diversity enrichment in polyculture and possible consequences for 

rhizosphere microbial community structure lies in the findings of Micallef et al. 

(2009) who showed strong evidence of differences in exudate profiles among 

Arabidopsis thaliana accessions, and variation in bacterial communities associated 

with different accessions. These findings provide ecological insight into the potential 

mechanistic bases of plant community effects on soil microbial community functional 

characteristics beyond the influences of individual plant hosts. The potential for 

neighboring plants to modulate interactions of a given host species with associated 

soil microbes has been reported by many authors but the mechanisms underlying such 

influences remain speculative (Leblanc et al., 2014; Bakker et al., 2013; Wardle et al., 

1999). The prospect that plant community richness impacts Streptomyces niche 

widths through changes in the diversity of carbon substrates released into the soil 

suggests the significance of understanding not only plant host but also plant 

community effects on soil microbial community composition, structure, and function.   

Variation in growth rates among Streptomyces in response to plant diversity 

sheds further light on the ways in which plant communities may influence microbial 

strategies for managing resource competition. Specifically, these data suggest 

tradeoffs in resource allocation among primary and secondary metabolic functions 

among Streptomyces populations from plant communities varying in plant richness 

(Schlatter and Kinkel, 2015). In this work, following quite similar early growth rates, 

Streptomyces from monoculture underwent a more accentuated decrease in their mid-

phase growth rate than isolates from polyculture. Faster growth among isolates from 

polyculture may reflect selection for isolates that maximize resource allocation to 

microbial biomass accumulation. In contrast, slower growth of monoculture 
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Streptomyces may be due to investment of resources among alternative traits, 

including secondary metabolites (antibiotics) to facilitate antagonistic interactions. 

Our data are in line with findings from recent work showing that Streptomyces with 

very high inhibition capacities had less efficient growth and utilized a smaller number 

of resources for growth than those with low inhibition capacities (Schlatter and 

Kinkel, 2015). Consistent with this claim, monocultures have been shown to produce 

more antagonistic soil Streptomyces communities than polycultures (Bakker et al., 

2013). Globally, our data lend support to the concept that the presence of multiple 

distinct nutrients, as hypothesized in polyculture habitats, offers opportunities for 

coevolutionary niche differentiation among Streptomyces as an alternative to direct 

antagonistic interactions more likely to prevail in monoculture habitats (Schlatter et 

al., 2008; Kinkel et al., 2011). Plant richness, by means of changes in the quantity and 

diversity of nutrients, may thus play a critical role in determining Streptomyces 

coevolutionary trajectories towards either an antagonistic arms race in monoculture or 

niche differentiation in polyculture.     

As a rebuttal to this conjecture, it might be argued that greater niche widths in 

polyculture will increase the likelihood of niche overlap among Streptomyces, which 

we indeed observed among isolates from Lc. In this case, antagonistic interactions 

may be expected to be more intense among Streptomyces with large niche widths in 

polyculture. However, a closer look at the isolates from polyculture communities, 

having larger average niche widths, shows these isolates are also more differentiated 

in their preferred nutrients than isolates from monocultures possessing more narrow 

niche widths. Overall, this yields communities with more complex nutritional 

capacities in polyculture than in monoculture. Therefore, for a Streptomyces isolate in 

the rhizosphere of a plant in polyculture, access to a broad spectrum of substrates 
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offers more opportunities to specialize on a subset of nutrients for which competition 

is minimized to support maximum growth and avoid costly direct antagonistic 

competition. These results provide further support for the hypothesis  that plant 

polyculture offers more favorable trophic conditions for Streptomyces  to become 

differentiated from one another in their nutrient use capacities than does monoculture.       

   Plant host also influenced Streptomyces mean growth, as isolates from Lc 

consistently exhibited more growth than isolates from Ag. Higher nitrogen content in 

the rhizosphere of the legume Lc (Supplemental Table 1.4), which establishes 

mutualistic symbioses with nitrogen-fixing Rhizobium spp. (Becker and Crockett, 

1976), may underlie the effects of plant host species on soil-borne Streptomyces 

growth in this work. This view is consistent with the finding that increased soil 

nitrogen content following legume planting has positive effects on microbial growth 

in rhizosphere soil (Li et al. 2012). In contrast, competition for limited nitrogen in the 

rhizosphere of Ag may impose selection for Streptomyces populations that invest 

more in nitrogen acquisition at the price of efficient growth. In addition to mean 

growth, Streptomyces from Lc plants growing in polyculture had greater niche widths 

than did those from Ag plants in polyculture. Efficient nourishment on several carbon 

sources could be a characteristic of successful Streptomyces but requires advanced 

capacities to produce a high quantity and diversity of hydrolytic enzymes. Because of 

high nitrogen requirements for enzyme production (Allison, 2005), we hypothesize 

that greater soil nitrogen content in the rhizosphere of Lc coupled with increases in the 

amount and diversity of carbon sources in polyculture were significant drivers for the 

selection of Streptomyces  having greater competence to use a wider range of carbon 

nutrients with greater efficiency. 
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Accumulating evidence suggests that plant host and plant species richness are 

both critical determinants of the ecological niches for microbes in the rhizosphere. 

Consistent with previous work (Schlatter and Kinkel, 2014), the data generated from 

the research presented here provide evidence that Streptomyces possess diverse 

metabolic capacities, suggesting key roles in organic matter decomposition and 

nutrient cycling. Additionally, our data show that niche width and mean growth are 

greater among Streptomyces populations in the rhizosphere of the same plant hosts 

growing in polyculture than in monoculture, and in Lc than Ag, suggesting the 

significant roles of both plant host and plant community richness in imposing 

selection on soil populations. Moreover, Streptomyces from different plant species 

richness displayed distinct temporal growth dynamics, suggesting differences in 

resource allocation to distinct primary and secondary metabolic functions among 

Streptomyces from monoculture vs. polyculture. Finally, Streptomyces from high-

richness plant communities were more niche-differentiated than those from low-

richness communities, and this differentiation was more pronounced for Streptomyces 

growth on preferred nutrients. This implies more intense competition among 

Streptomyces for preferred resources in monoculture than polyculture plant 

communities. Overall, these findings suggest that Streptomyces populations respond 

in diverse ways to selection imposed by both individual plant hosts and by plant 

community characteristics (richness) (Figure 1.10), and support the view that nutrient 

competition among Streptomyces in carbon-limited monocultures versus carbon-rich 

polycultures may result in distinct coevolutionary dynamics among soil populations, 

with significant consequences for community functional characteristics. Further work 

on the dynamics of nutrient use and competitive characteristics among sympatric 
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Streptomyces and their implications for microbial fitness and ecosystem functioning is 

needed.  

Table 1.1 Matrix of Pearson (upper triangle) and Spearman (lower triangle) 

correlations among soil edaphic characteristics 

Treatment NO3
-
-N (ppm) K (ppm) P (ppm) Total C (%) 

NO3
-
-N (ppm) 

K 

P 

Total C 

1 

-0.05 

0.19* 

0.58*** 

-0.13 

1 

0.55*** 

0.23* 

0.09 

0.49*** 

1 

0.48*** 

0.33*** 

-0.13 

0.33*** 

1 

* p < 0.05,  ** p < 0.01,  ***p<0.001 

Table 1.2 Simple and multiple linear regression correlation coefficients (r) and 

weights from regression analysis for the relationship between Streptomyces isolate 

total growth  and niche width at 72 h, and soil edaphic parameters. 

 

 
Simple linear regression 

correlation coefficients 
Multiple linear regression weights 

Variables 
Isolate total 

growth 

Isolate niche 

width 

Isolate total growth; 

Multiple r
2
 = 0.72*** 

Isolate niche width; 

Multiple r
2
 = 0.4*** 

NO3
-
-N  

K 

P 

Total C 

NO3
-
-N * K 

NO3
-
-N -N*P 

NO3
-
-N *Total C 

K*P 

K*Total C 

P*Total C 

0.57*** 

-0.2** 

0.002 

0.3*** 

- 

- 

- 

- 

- 

- 

0.22** 

-0.2* 

0.02 

0.007 

- 

- 

- 

- 

- 

- 

0.1 

0.04*** 

-0.05*** 

-0.2 

0.0001 

-0.003 

0.05** 

-0.0007*** 

-0.0007 

- 

20.86 

0.07 

2.84* 

-69.64 

0.37*** 

-0.96 

9.9* 

-0.02 

- 

-0.02 

* p< 0.05,  ** p< .01,  ***p<0.001  
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              Isolate 1                                                 Isolate 2 

 

 

 

 

 

 

 

  

Niche escape 

Niche overlap 

Figure 1.1 Niche overlap and niche escape illustrated for a pair of competing 

Streptomyces. The niche of each isolate is denoted by a shaded circle, representing the 

total growth of that isolate on all its used nutrients. Niche overlap is the area of 

intersection between the two circles and quantifies the total growth of each isolate on 

all of the nutrients shared by the two isolates. Niche escape is the non-intersecting area 

of each circle and measures the fraction of the total growth for which an isolate does 

not compete with the paired isolate 
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Niche width category                                                              Niche width category 

Figure 1.2 Frequency distribution of Streptomyces niche widths among isolates (n=30 

per panel) for populations collected from Ag and Lc in monoculture or polyculture 

(n=16 plant species) plots at 120 h growth. Niche width is defined as the total number 

of used nutrients (OD>0.005) for an isolate. 
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Figure 1.3 Mean growth on used substrates of Streptomyces from Ag and Lc in 

monoculture and polyculture. Within each time point, different letters above bars 

indicate significant differences among treatments (ANOVA and HSD tests, p<0.05). 

Error bars represent standard errors. 

 

Figure 1.4 Mean niche width of Streptomyces from Ag and Lc in monoculture and 

polyculture. Within each time point, different letters above bars indicate significant 

differences among treatments (ANOVA and HSD tests, p<0.05). Error bars represent 

standard errors. 
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Figure 1.5 Growth rate of Streptomyces from Ag and Lc in monoculture and 

polyculture during early (0-24 h), middle (24-72 h), and late-phase (72-120 h) growth 

periods. Within each time interval, differences in lowercase letters above bars indicate 

significant differences among treatments (HSD, p<0.05); within each plant richness, 

differences in uppercase letters above bars indicate significant differences among time 

intervals (ANOVA and HSD tests, p<0.05). Error bars represent standard errors. 
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Figure 1.6 Mean niche overlap among all possible pairwise sympatric Streptomyces 

isolate combinations from Ag and Lc in monoculture and polyculture. At each time 

point, different letters above bars indicate significant differences among treatments 

(ANOVA and HSD tests, p<0.05). Error bars represent standard errors.  

 

Figure 1.7 Mean niche escape among all possible pairwise sympatric Streptomyces 

isolate combinations from Ag and Lc in monoculture and polyculture. At each time 

point, different letters above bars indicate significant differences among treatments 

(ANOVA and HSD tests, p<0.05). Error bars represent standard errors. 
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Figure 1.8 Mean numbers of nutrients that rank within the top five for growth among 

all isolates for Streptomyces communities from Ag or Lc growing in monoculture or 

polyculture (mean community-wide preferred niche width). Different letters above 

bars indicate significant differences among treatments (ANOVA and HSD tests, 

p<0.05). Error bars represent standard errors.  
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     Nutrients      Nutrients 

Figure 1.9 Proportions of isolates using the preferred nutrients that were utilized by at 

least one Streptomyces isolate from every individual plant for each treatment. Host-

specific preferred nutrients preferred only by Streptomyces  communities on that plant 

host are indicated by #, and treatment-specific preferred nutrients preferred by only 

Streptomyces  communities on that plant host in that plant richness treatment are 

indicated by *. 
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Figure 1.10 Non metric multidimensional scaling (NMDS) based on nutrient use 

profiles for Streptomyces from Lc and Ag in monoculture (mono) and polyculture 

(poly) at the end of the incubation period (time point 120h). Ellipses connect and 

define the centroids of communities from different plant host regardless of plant 

community richness (unshaded ellipses) or different plant community richness 

regardless of plant host (shaded ellipses). Ellipses were constructed using the function 

―ordiellipse‖ in R vegan package.  
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Chapter II: Plant community richness mediates inhibitory 

interactions and resource competition between Streptomyces and 

Fusarium populations in the rhizosphere  

 

2.1 Introduction 

The battle for resources is a key challenge that faces microorganisms in natural 

habitats (Smith, 2002; West et al., 2007). Soil microorganisms in particular are 

perceived as active competitors that have evolved diverse strategies to facilitate 

resource acquisition (Hibbing et al., 2010). Activities including motility, coordinated 

behavior, and antibiotic production can tip the competitive balance, resulting in 

numerical dominance or local extinction of competing populations. Functional 

consequences of microbial social behaviors have been studied extensively (West et 

al., 2007, Hibbing et al., 2010), and demonstrate the importance of factors such as 

relatedness, kin discrimination, enforcement of cooperation, and competition among 

relatives to microbial survival and fitness in the environment.  However, most 

investigations have focused on interactions among closely-related taxa, often among 

species or genera (Koskella and Vos, 2015; Komarova, 2014; O’Brien et al., 2013).   

Yet, in natural environments, coexistence of individuals from diverse microbial phyla 

and kingdoms is common. In particular, bacteria and fungi commonly coexist in soil, 

but there has been relatively little study of the role of species interactions in mediating 

the dynamics of specific bacterial and fungal populations in soil. Moreover, we have 

little understanding of the extent to which the ecological context, and specifically 

plant host or plant community diversity, may influence bacterial-fungal interactions in 
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soil.  Such studies are needed to begin to establish a more complete understanding of 

the ecological and coevolutionary dynamics of soil microbial populations.    

Streptomyces are Gram-positive filamentous bacteria in the phylum 

Actinobacteria. Members of the genus Streptomyces have been credited for their 

significant capacity to produce an extraordinary quantity (Challis and Hopwood, 

2003) and diversity (Watve et al., 2001) of antibiotics. This feature has important 

therapeutic applications in human medicine (Cragg et al., 2009; Weibel et al., 1987; 

Kim and Park, 2008) and is of paramount interest for disease suppression in 

agricultural systems (Wiggins and Kinkel, 2005a; Wiggins and Kinkel, 2005b). 

Additionally, Streptomyces possess diverse metabolic capacities that allow them to 

occupy wide-ranging ecological niches in nature as symbionts with animals, fungi and 

plants in terrestrial, marine, and freshwater habitats (Kinkel et al., 2012; Seipke et al., 

2011). Streptomyces are especially abundant in the soil and the plant rhizosphere. 

Because the rhizosphere is a biologically and chemically complex environment that 

supports diverse microbial communities (Hartmann et al., 2008), there is great 

potential for resource competition and antagonistic interactions between Streptomyces 

and other microbial taxa, with significant implications for microbial population and 

community composition and functional characteristics.  

Plant host and plant community richness have been shown to significantly 

influence Streptomyces competitive phenotypes (Essarioui et al., 2014). Streptomyces 

in monoculture were less niche-differentiated than Streptomyces in polyculture. 

Additionally, plant monocultures have more antagonistic Streptomyces than 

polycultures (Bakker et al., 2013). Together, these findings are consistent with the 

hypotheses that polyculture plant communities, producing a greater diversity of soil 

nutrients, select for niche-differentiated populations, while monoculture plant 
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communities induce a coevolutionary antagonistic arms race, resulting in highly 

antagonistic soil populations (Kinkel et al., 2011, 2012). Although this framework 

provides a conceptual foundation for predicting the effects of resource competition 

among Streptomyces on their competitive phenotypes, and specifically how plant 

community richness may alter selective trajectories among competing populations, 

existing data do not address the potential for other microbial taxa to play significant 

roles in the selection for diverse resource use and inhibitory phenotypes in complex 

microbial communities.  Here we consider the roles of plant host and plant species 

diversity in determining the resource competitive and antagonistic phenotypes 

between Streptomyces and coexisting Fusarium populations in soil.   

The genus Fusarium  (teleomorph Gibberella) comprises a large number of 

species that are cosmopolitan, widely distributed in the soil as saprophytes, and found 

commonly in association with belowground and aerial plant parts as both endophytic 

and exophytic symbionts (Moretti, 2009; Bacon and Yates, 2006; Booth, 1971; 

Burgess, 1981). The economic importance of many Fusarium species as plant 

pathogens has been demonstrated on a wide range of agricultural, horticultural and 

silvicultural crops worldwide. Among their most notable features is their capacity to 

produce diverse bioactive secondary metabolites or toxins with inhibitory activities 

against many higher organisms as well as fungi and bacteria (Joshi et al., 2012, 

Tirunarayan and Sirsi, 1961). Given their ubiquity, diverse life history strategies, and 

capacity to produce antimicrobial compounds, Fusarium species are hypothesized to 

play important roles in nutrient cycling and in structuring soil microbial communities. 

Despite their potential significance, interactions of Fusarium with coexisting soil 

microbes have been little explored. Studying competitive interactions and their 
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outcomes among Fusarium and other microbial taxa will shed light on forces that 

shape the structure and function of soil microbial communities.  

Although Fusarium and Streptomyces are common symbionts of plants, little 

attention has been given to studying Fusarium-Streptomyces antagonistic and 

competitive interactions in relation to plant host or plant community characteristics. 

Here we explored the effects of plant community richness and plant species on the 

inhibitory interactions and nutrient niche overlap between Fusarium  and 

Streptomyces populations from the rhizosphere of Andropogon gerardii (Ag) and 

Lespedeza capitata (Lc) plants, each growing in communities of 1 (monoculture) or 

16 (polyculture) plant species. The specific objectives of this work were to (1) 

characterize inhibitory interactions between Fusarium and Streptomyces isolates from 

the rhizosphere of Ag and Lc in monoculture and polyculture; and (2) determine the 

effects of plant host and plant community richness on the potential for nutrient 

competition between Fusarium and Streptomyces. This investigation provides 

valuable insight into variation in resource use among Streptomyces and Fusarium and 

sheds light on the effects of plant community characteristics, as determinants of soil 

nutrient characteristics on the potential for nutrient competition and antagonistic 

interactions between these two common soil microbial taxa. 

2.2 Materials and methods  

2.2.1 Soil sampling  

Soil samples were collected from the Cedar Creek Ecosystem Science Reserve 

(CCESR; part of the National Science Foundation Long-Term Ecological Research 

network) in July of 2012, from plots in a long-term plant richness manipulation 

experiment (Tilman et al., 2001). These plots were established in 1994 with defined 
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levels of plant richness. Soil samples were collected from as close as possible to the 

center of the base of individual Ag and Lc plants growing in communities of 

monoculture or polyculture plant species. Plants to be sampled were selected 

randomly from individual plots at a distance of at least 20 cm from plot margins to 

avoid border effects. For each plant, (x, y) coordinates were determined using a 

random number table, and the closest plant of the targeted species to the coordinates 

was sampled.  Each soil sample consisted of two bulked cores collected with a 2.5 

cm-diameter corer to a depth of 10 cm; cores from the same plant were homogenized 

in plastic sample bags. For each plant species in each plant richness treatment, 

samples were taken from 3 plants, each growing in a different plot. Thus we had a 

total of 12 soil samples (2 plant hosts x 2 plant community diversity levels x 3 plot-

level replicates). The soil samples were stored at -20°C prior to processing. 

2.2.2 Streptomyces and Fusarium isolates 

Streptomyces isolates were randomly selected from each composite soil 

sample following dilution plating onto a dual-layer water agar-Starch Casein agar 

medium (SCA; 10 g starch, 0.3 g casein, 0.02 g CaCO3, 2.0 g KNO3, 2.0 g NaCl, 2.0 

g K2HPO4, 0.05 g MgSO4·7H2O, 0.01 g FeSO4·7H2O, 0.001 g ZnCl2, and 15 g 

Agar per liter of deionized H2O) (Becker and Kinkel 1999). Briefly, for each sample, 

a single 5g sub-sample was dried overnight under sterile cheesecloth as the first 

enrichment for Streptomyces, which are tolerant of desiccation. Dried soil samples 

were dispersed in 50 mL of sterile deionized water on a reciprocal shaker (175 rpm, 

60 min, 4°C). Soil suspensions were serially diluted to 10
-5

, a dilution previously 

determined to provide 40-70 isolates per plate from this soil. Single 100 µl-aliquots of 

the diluents were spread onto plates of 15 ml of water agar (WA) and subsequently 

covered with 5 mL of cooled, molten starch-casein agar (SCA). This method 
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suppresses the growth of many unicellular bacteria, while allowing filamentous 

Streptomyces to grow up through the SCA (Wiggins and Kinkel, 2005b). After 3 days 

of incubation (28 °C), 10-15 colonies were randomly chosen, using a random 

sampling grid, from each of the 12 soil samples based on characteristic Streptomyces 

morphology, with a goal of 120 purified isolates.  

The 10
-3

 soil diluents of each soil sample were also used to isolate Fusarium 

spp. using peptone pentachloronitrobenzene (PCNB) agar medium (PPA; peptone 

15g, KH2PO4 1g, MgSO4.7H2O 0.5 g, PCNB (75%) 750mg, agar 20g, H2O 1L), a 

medium that is highly inhibitory to most other fungi and bacteria but allows slow 

growth of Fusarium  (Nelson et al., 1983). Following autoclaving, streptomycin and 

neomycin were added to the cooled medium to inhibit the growth of Gram-negative 

and Gram-positive bacteria, respectively, and the pH was adjusted to 5.5-6.5. The 

streptomycin stock solution was 5 g of streptomycin in 100 ml distilled H2O, and was 

used at the rate of 20 ml/L of medium. The neomycin stock solution was 1 g of 

neomycin sulfate in 100 ml distilled H2O, and was used at the rate of 12 ml/L. For 

each soil suspension, individual aliquots of 100 µl were spread onto 15 ml plates of 

PPA and incubated at 28°C for 3-4 days. Subsequently, 10 to 15 randomly chosen 

single fungal colonies from each plate were transferred to plates containing 15 ml of 

potato dextrose agar medium (PDA) and allowed to grow for 3 days, and Fusarium  

isolates were identified based on the morphology and pigmentation of the colonies 

and the shape of macroconidia (Leslie and Summerel, 2006). The numbers of 

Fusarium isolated from each of the 12 soil samples are presented in Table 2.1. 

2.2.3 Inhibitory activity of Streptomyces against Fusarium   

Streptomyces inhibitory activity against Fusarium isolates was studied using a 

modification of a method described by Herr (1959) (Wiggins and Kinkel, 2005a, 
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2005b). Soil samples were dilution-plated as described above. After 5 days growth, 

individual cultures of a single Fusarium isolate were grown on PDA for 7 days and 

were subsequently cut into approximately 1-cm2 pieces with a sterile knife. The 

resulting pieces were blended with 50 ml sterile water in a sterile flask three times for 

5 s each, and once for 10 s. Four ml of this suspension was added to 100 ml of molten 

potato dextrose water agar (PDWA; 2.4g potato dextrose broth, 10g agar, and 1L 

deionized water), mixed thoroughly, and 10 ml of the resulting suspension for each 

isolate was overlaid separately onto the top of 3 plates containing Streptomyces (40-

70 CFU each) from the soil sample of origin of that isolate. For each soil sample, the 

proportions of Streptomyces that exhibit antagonistic activities against each sympatric 

Fusarium isolate was calculated by dividing the density of antagonistic Streptomyces 

by their total density, and the size of the inhibition zone caused by every inhibitory 

Streptomyces in each plate was determined as the average diameter of the inhibition 

zone measured at 2 right angles. For each replicate plant (soil sample) the proportions 

of inhibitory Streptomyces and the average size of the inhibition zones caused by 

these were averaged across all sympatric Fusarium isolates. Finally, the mean 

proportion of inhibitory Streptomyces and the mean size of inhibition zone were 

determined for each treatment. 

2.2.4 Inhibitory activity of Fusarium against Streptomyces  

The agar-disc method was used to evaluate the inhibitory activity of Fusarium 

against Streptomyces in all possible sympatric Fusarium-Streptomyces isolate 

pairwise combinations. Briefly, for each Fusarium isolate, 1-cm diameter discs of 

mycelium, collected from the outer actively growing mycelium from a 7 to 10 days 

old PDA culture, were transferred onto SCA plates with 3 replicate discs of a single 

Fusarium isolate on each plate. Plates had been previously inoculated with 100 µl of a 
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high concentration spore suspension of a single Streptomyces isolate. Plates were kept 

at 4-5°C overnight to allow for Fusarium antimicrobial compounds to diffuse. Plates 

were then incubated for 3-4 days at 28°C. For each soil sample, the proportion of 

Fusarium isolates that were inhibitory against each sympatric Streptomyces isolate 

was determined by dividing the number of inhibitory Fusarium by their total number, 

and the size of the inhibition zone caused by every antagonistic Fusarium against 

each Streptomyces isolate was defined as the mean radius of the inhibition zone 

around the mycelium-agar-disc measured at 2 right angles were determined. For each 

replicate plant (soil sample), the average proportion of inhibitory Fusarium and the 

average intensity of their inhibition were averaged across all sympatric Streptomyces 

isolates. Finally the mean proportion of inhibitors and the mean intensity of inhibition 

were determined for each treatment. 

2.2.5 Streptomyces and Fusarium resource use characterization 

 Utilization of carbon sources by every individual Streptomyces (n = 120) and 

Fusarium (n=83) isolate was determined using Biolog SF-P2 plates (Biolog, Inc. 

Hayward, CA). A portion of these results have been reported in previous work 

(Essarioui et al., 2014, Essarioui, 2016; LeBlanc et al., 2014). Biolog SF-P2 

microplates measure the growth of an isolate on 95 individual sources of carbon by 

comparing the turbidity of each well to a water control. The 95 carbon substrates in 

the SF-P2 panel belong to 11 carbon groups (the numbers of substrates for each group 

are indicated between parentheses): alcohols (3), amides (3), amines (1), amino acids 

(9), aromatic compounds (4), carbohydrates (41), carboxylic acids (15), esters (3), 

phosphorylated compounds (8) and polymers (8) 

(http://www.biolog.com/pdf/milit/00A_008rA_SFN2_SFP2.pdf). Microbial 

suspensions were made by swabbing spores/mycelium from 10 days old pure cultures 

http://www.biolog.com/pdf/milit/00A_008rA_SFN2_SFP2.pdf
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of Streptomyces (grown on SCA) or Fusarium (grown on PDA) into 1.5 ml of 0.2% 

carrageenan. Suspensions were adjusted to an optical density of 0.20–0.24 at 590 nm, 

and then diluted in 13.5 ml of 0.2% carrageenan. One hundred microliters of the 

resulting microbial suspensions were pipetted into each well of a Biolog plate. Plates 

were incubated at 28 °C for 3d.  Utilization of each of the 95 carbon compounds on 

the Biolog SF-P2 plate was assessed by recording the absorbance of each well at 590 

nm. The absorbance of the well containing only water was subtracted from the 

absorbance of every other well to standardize absorbance values; resulting negative 

values were transformed to zeros. For each Streptomyces and Fusarium isolate, the 

absorbance in each well within every plate was transformed to a percentage of the 

maximum OD in that plate to standardize relative growth on distinct nutrients among 

Streptomyces and Fusarium in subsequent analyses. 

 ―Used nutrients‖ were defined to be those on which an individual 

Streptomyces or Fusarium isolate grew to more than 50% of its growth potential 

(maximum growth capacity). Using this definition, total growth, average growth, and 

niche width were determined for each isolate. Total and average growth were defined 

as the total and average percentage growth over all used nutrients, respectively; and 

niche width as the number of used nutrients for an isolate. For both Streptomyces and 

Fusarium, mean total growth, mean growth, and mean niche width of sympatric 

isolates were determined for each community, and mean growth and mean niche 

width were determined for every treatment by averaging community mean growth and 

mean niche width among replicate communities.  

For each treatment, the potential for resource competition between sympatric 

Streptomyces and Fusarium was indexed. As the significance of the shared niche to 

each taxon’s growth might differ between Streptomyces and Fusarium, asymmetrical 
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pairwise niche overlap values were determined for each Streptomyces isolate and each 

Fusarium isolate in every pairwise Streptomyces-Fusarium combination. Pairwise 

niche overlap of Streptomyces with Fusarium was defined as:                                                                                                     

PNOS->F = (

                                                             
  

                                                        
                                 

  
                                                       

) x 100,                         

and pairwise niche overlap of Fusarium with Streptomyces as:                                                                                     

PNOF->S = (

                                                             
 

                                                             
                                    

   
                                                           

) x 100.                  

Finally mean sympatric niche overlap was determined for each treatment by 

averaging mean sympatric pairwise niche overlaps among replicate communities. 

2.2.6 Statistical analysis 

All statistical analyses were performed using R statistical software version 

3.1.1 (http://cran.r-project.org/bin/windows/base/old/3.1.1/). Analysis of variance 

(ANOVA) and least significant difference tests (LSD) with p<0.05 as the significance 

level were carried out to determine the significance of plant host and richness effects 

on mutual inhibitory activity between sympatric Streptomyces  and Fusarium; and on 

Streptomyces  and Fusarium  mean total growth, mean growth, mean niche width, and 

sympatric niche overlap. In addition, non-metric multidimensional scaling (NMDS) 

analysis was performed using the vegan package (version 2.2-1) (Oksanen, 2015) to 

explore variation among Streptomyces and Fusarium communities based on their 

nutrient use profiles. 
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2.3 Results 

2.3.1 Effects of plant host and community richness on the inhibitory 

interactions between Streptomyces and Fusarium  

Plant community richness, but not host, had significant effects on the 

inhibitory interactions among Streptomyces and Fusarium isolates (2-way ANOVA). 

Specifically, significantly greater proportions of inhibitory Streptomyces were present 

in soil from monoculture than from polyculture (Figure 2.1A; 2-way ANOVA, 

p<0.001). However, there were no significant differences in the proportion of 

inhibitory Streptomyces between Ag and Lc. Additionally, the intensities of 

Streptomyces inhibition against Fusarium were significantly higher in monoculture 

than polyculture (Figure 2.1C; 2-way ANOVA, p<0.001), while no significant 

differences were found between the two plant species in inhibition intensity. Thus, 

plant monocultures have Streptomyces communities with greater antagonistic 

activities against Fusarium than do the same plant hosts grown in polycultures. 

In contrast, the proportions of Fusarium antagonistic against Streptomyces 

were significantly greater in polyculture than in monoculture (Figure 2.1B; 2-way 

ANOVA, p= 0.012). In a parallel manner, Fusarium isolates associated with plants in 

polyculture had higher inhibition intensities against Streptomyces than those from 

monoculture (Figure 2.1D; 2-way ANOVA, p=0.007), and no significant differences 

were observed between plant hosts. Therefore, plant polycultures produce Fusarium 

populations that are more antagonistic against sympatric Streptomyces than do 

monocultures. 

The increase in Streptomyces antagonistic capacity in monoculture versus 

polyculture plant communities was greater than increases in Fusarium inhibition in 
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polyculture versus monoculture. Indeed, the proportions of antagonistic Streptomyces 

from monoculture were 685.8% higher than those from polyculture; whereas the 

proportions of inhibitory Fusarium from polyculture were only 53.2% greater than 

those from monoculture. Likewise, inhibition intensities of Streptomyces from 

monoculture exceeded by 667.5% those from polyculture, while the intensities of 

inhibition by Fusarium from polyculture were only 41.6% greater than those from 

monoculture. Hence, in terms of inhibitory capacity, Streptomyces were more 

responsive than Fusarium to change in plant richness.         

Collectively these findings demonstrate that plant community richness, but not 

plant host, has significant and differential impacts on Streptomyces-Fusarium 

antagonistic interactions in the soil. 

2.3.2 Fusarium and Streptomyces resource use 

  2.3.2.1 Nutrient use profiles of Fusarium and Streptomyces  

Fusarium isolates were more similar to each other overall and less responsive 

to plant host or plant richness treatments in terms of nutrient use profiles than 

Streptomyces isolates (Figure 2.2). Eighty-one of eighty-three (97.5%) Fusarium 

isolates had unique carbon use patterns, as compared with 109 of 120 (90.8%) of 

Streptomyces isolates. However, though individual Fusarium isolates were more 

likely to be unique in the specific nutrients they could utilize for growth, Streptomyces 

had greater variability in nutrient use in the number and variety of nutrients used for 

growth. Indeed, the total number of nutrients that were used by at least one isolate 

was 75 for Streptomyces versus only 61 for Fusarium. Additionally, Streptomyces 

isolates used substrates from all carbon groups, whereas none of the Fusarium isolates 

used nutrients from either the 8 aromatic or the 4 phosphorylated compounds 

(Supplemental Table 2.1). Moreover, the number of nutrients used uniquely by 
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Streptomyces isolates was 16 versus only 2 for Fusarium isolates. Two of the 

substrates solely utilized by Streptomyces, α-cyclodextrin (polymer) and p-

hydroxyphenylacetic acid (carboxylic acid), were used by 22 and 17 Streptomyces 

isolates respectively. The other Streptomyces unique substrates were used by 1 to 8 

isolates. In contrast, 1 of the 2 substrates utilized exclusively by Fusarium, α-methyl-

D-glucoside (carbohydrate), was used by 42 isolates, whereas the second carbon 

source, Lactamide (amide), was used only by 1 isolate. These results suggest that the 

core pool of nutrients utilized by Streptomyces is more diverse than that for Fusarium, 

and that Streptomyces possess greater flexibility in accessing distinct carbon 

substrates, critical to adaptation to wide-ranging trophic conditions. 

2.3.2.2 Niche width, mean growth and total growth of Fusarium 

and Streptomyces 

The effects of isolate identity (Streptomyces or Fusarium), plant host (Ag or 

Lc) and plant community richness (monoculture or polyculture) and their interactions 

on isolate niche width, mean growth and total growth were investigated using 3-way 

ANOVA. Isolate taxonomy had significant effects on isolate growth characteristics, 

but no plant host or plant community richness effect was found. Indeed, Fusarium 

mean niche width was significantly broader than Streptomyces niche width (Figure 

2.3A; 3-way-ANOVA, p<0.001). However mean growth per used nutrient among 

Streptomyces was modestly, but significantly, greater than that of Fusarium (Figure 

2.3B, 3way-ANOVA, p=0.002) suggesting positive tradeoffs between niche width 

and growth efficiency for Streptomyces isolates. As a result of their greater niche 

widths, Fusarium isolates had significantly greater total growth than Streptomyces 

isolates (Figure 2.3C, 3way-ANOVA, p=0.001) regardless of plant host and plant 

community richness. Thus, Fusarium and Streptomyces have comparable resource use 
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efficiency, but Fusarium isolates use larger numbers of carbon sources, suggesting the 

potential for greater total growth than Streptomyces.  

2.3.2.3 Niche overlap between Fusarium and Streptomyces       

Niche overlap between Fusarium and Streptomyces was asymmetrical. 

Specifically, Fusarium isolates had greater average niche overlap with Streptomyces 

than Streptomyces had with Fusarium (1-way ANOVA, p<0.001). Over all isolates 

from each plant host and richness treatments, niche overlap of Fusarium with 

Streptomyces (NOF->S) was 75%, whereas niche overlap of Streptomyces with 

Fusarium (NOS->F) was only 57%. Thus, Fusarium have larger competition-free niche 

space than Streptomyces, with considerable potential implications for their species 

interactions. 

Niche overlap between the two taxa varied significantly with plant richness 

and plant host (2-way ANOVA). There was an interaction effect between plant host 

and plant community richness. Specifically, niche overlap of Streptomyces with 

Fusarium (NOS->F) was greater in polyculture than monoculture for both Ag and Lc 

(Figure 2.4A; 2-way-ANOVA, p=0.04), while niche overlap of Fusarium with 

Streptomyces (NOF->S) was smaller in polyculture than monoculture (Figure 2.4B; 2-

way ANOVA, p=0.04).These results indicate that, in terms of nutrient acquisition, 

Fusarium impose greater resource competition on Streptomyces in monoculture than 

polyculture, whereas Streptomyces challenge Fusarium more in polyculture than 

monoculture. 

In addition, average NOF->S was significantly greater in Lc than Ag (2-way 

ANOVA, p=0.004). Moreover, mean niche overlap between Fusarium and 

Streptomyces (average of NOF->S and NOS->F among isolate pairs) in Lc exceeded 
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significantly that in Ag regardless of plant community richness (t-test, p=0.007). 

Specifically, mean niche overlap between all pairwise Fusarium-Streptomyces 

combinations from Lc plants was 59%, but only 52% among Fusarium-Streptomyces 

combinations from Ag plants. This suggests that resource competition between the 

two taxa is likely to be greater in the rhizosphere of Lc than Ag. 

2.4 Discussion 

Microbes have coevolved to engage in complex networks of interactions with 

coexisting kin and non-kin individuals in the soil and in association with plants. 

Microbial antagonism and resource competition within complex communities have 

been the focus of many studies  that have explored the effects of diverse factors on the 

ecological outcomes of these interactions (Kostrzynska and Bachand, 2006; Whipps, 

2001; Gall, 1970; Deacon, 1994; Whipps, 1997). However, the concurrent impacts on 

these processes of plant species richness and plant host, which jointly structure the 

environment within which rhizosphere microbes interact, have received far less 

attention. This is despite the fact that both plant community richness and plant species 

have been shown to impact microbial community composition (Leblanc et al., 2014) 

and function (Essarioui et al., 2016; Bakker et al., 2013; Wardle et al., 1999) in 

rhizosphere soil, with potential implications for microbial interactions and pathogen 

suppression in natural and agricultural habitats. In the present study, we investigated 

the consequences of long-term differences in plant community richness and plant host 

to nutrient use and inhibitory phenotypes of rhizosphere soil populations of the fungus 

Fusarium and the bacterium Streptomyces. Plant community richness, but not plant 

host, impacted Fusarium and Streptomyces resource niche overlap and inhibitory 

capacity in different ways. Fusarium had greater niche overlap with Streptomyces in 

monoculture than in polyculture, which we suggest is a significant factor in 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kostrzynska%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17215892
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bachand%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17215892
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generating highly antagonistic Streptomyces communities in monoculture. 

Conversely, Streptomyces had greater niche overlap with Fusarium in polyculture 

than in monoculture, which we hypothesize results in selection for more inhibitory 

Fusarium populations in polyculture. 

  We showed significant effects of plant community richness on the inhibitory 

effects of Streptomyces communities against Fusarium populations. Streptomyces 

populations from monoculture were more frequently inhibitory against, and were 

stronger inhibitors of coexisting Fusarium than Streptomyces from polycultures. The 

greater potential for monocultures than polyculture plant communities to produce 

more antagonistic Streptomyces against pathogenic and non-pathogenic Streptomyces 

isolates has been reported previously (Bakker et al., 2013). However, this is the first 

report of enhanced sympatric inhibition against another taxon (Streptomyces against 

Fusarium). In addition, prior work suggests that nutrient competition among 

Streptomyces is likely to select for highly inhibitory phenotypes (Schlatter et al., 

2008; Kinkel et al., 2011).  However, previous work considered only the effects of 

single nutrient additions on inhibitory phenotypes. The present work hypothesizes that 

a high diversity of carbon substrates, for example in the rhizosphere of polyculture 

plant communities, offers the potential for niche differentiation as an alternative to a 

coevolutionary arms race. This premise is supported by recent work (Essarioui et al., 

2014, Essarioui et al., 2016) showing that Streptomyces populations are more niche-

differentiated in monoculture than in polyculture plant communities. Along the same 

lines, we hypothesize here that competition for nutrients in the rhizosphere of 

monoculture plant hosts imposes significant selection for Streptomyces that are 

antagonistic against Fusarium, while polyculture plant communities are more likely to 
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select for Streptomyces that are relatively more niche-differentiated from sympatric 

Fusarium populations.   

Our data provide evidence in support of these hypotheses. Indeed, niche 

overlap of Fusarium with Streptomyces was greater in monoculture than in 

polyculture, and Streptomyces isolates from monoculture are more inhibitory against 

sympatric Fusarium populations than are Streptomyces from polyculture. In contrast, 

Fusarium resource competition with Streptomyces was relatively greater in 

monoculture than in polyculture. This is correlated with reduced investment in 

inhibition of Fusarium among Streptomyces in high richness plant communities. 

Thus, variation in Streptomyces antagonistic and resource use phenotypes between 

monoculture and polyculture plant communities suggests that selection for 

Streptomyces inhibitory activities toward Fusarium may be mediated by competition 

for resources. 

If resource competition were explicitly reciprocal, it would be logical to 

predict that Fusarium antagonistic phenotypes against Streptomyces would be 

similarly most frequent or of greater intensity among Fusarium populations in 

monoculture than polyculture plant communities. However, Fusarium isolates from 

monoculture were less potent in their inhibitory activities towards Streptomyces than 

Fusarium isolates from polyculture. Antibacterial properties of chemically diverse 

compounds from members of the genus Fusarium have been long reported (Liu et al., 

2012; Shu et al., 2004; Tirunarayan and Sirsi, 1961), but, to our knowledge, the 

ecological forces influencing the production of such biologically active substances 

have not been addressed. Our results suggest that plant diversity fundamentally alters 

the selective trajectories for antagonistic and nutrient use phenotypes for Fusarium 

and Streptomyces populations, but in distinct ways.  Thus, though the niche overlap of 
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Fusarium with Streptomyces was greater in monoculture than polyculture, the niche 

overlap of Streptomyces with Fusarium was greater in polyculture than monoculture.  

This suggests stronger potential for Streptomyces to compete with Fusarium for 

nutrients in polyculture than in monoculture, which we suggest results in the greater 

antagonistic potential among Fusarium against Streptomyces in high vs. low plant 

richness. Potential effects of plant communities (Bartelt-Ryser et al., 2005) and litter 

chemistry (Broz et al., 2010) on resulting microbial functional diversity have been 

reported previously, and competition amongst microbes for space and nutrients in the 

soil has been suggested to lead to the evolution of distinct competitive strategies 

among microbes (Guiot, 1982; Burgess et al., 1999). Our results suggest that soil 

carbon resources, which are a function of plant community richness (Wei-Zhou et al., 

2014; Micallef et al., 2009), are a focal point of competition between Fusarium and 

Streptomyces and are central to mediating selection for inhibitory phenotypes among 

both Fusarium and Streptomyces populations in soil. 

A long-term goal for agricultural development is the ability to effectively 

manage microbial communities to control soil-dwelling plant pathogens without 

pesticides (Mazolla, 2004). Our findings may have direct implications for sustainable 

and environmentally-friendly management of soilborne Fusarium plant pathogens. 

Specifically, and contrary to standard management recommendations, the practice of 

monoculture-based production systems (avoiding intercropping, fostering weeding, 

etc.) in agricultural settings has the potential to improve Streptomyces antagonistic 

activities against Fusarium and other plant pathogens. Monoculture cropping systems 

may also facilitate selection for saprophytic Fusarium populations that are highly 

competitive for soil carbon resources, which may offer an additional pathway to 

pathogen suppression (Alabouvette, 1986). Further research is needed to uncover 
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those plant hosts, plant community, and soil nutrient characteristics that govern 

complex microbial interactions in the soil to provide insights into better management 

of microbial communities and pathogen suppression in agricultural systems. 

Table 2. 1 Number of Streptomyces and Fusarium isolates per soil sample 

Sample 

number 

Plant 

species 

Diversity Number of 

Streptomyces 

isolates 

Number of 

Fusarium 

isolates 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Lc 

Lc 

Lc 

Lc 

Lc 

Lc 

Ag 

Ag 

Ag 

Ag 

Ag 

Ag 

 

Monoculture 

Monoculture 

Monoculture 

Polyculture 

Polyculture 

Polyculture 

Monoculture 

Monoculture 

Monoculture 

Polyculture 

Polyculture 

Polyculture 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

7 

9 

10 

10 

10 

3 

4 

4 

4 

2 

10 

Total isolate number 120 83 

*Lc, Lespedeza capitate; Ag, Andopogon geradii 
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Figure 2.1 Frequency (panels A and B) and intensity (panels C and D) of inhibitory 

interactions between sympatric Streptomyces and Fusarium from Ag and Lc in 

monoculture and polyculture. Plant richness, but not host, had significant effects on 

the frequency and intensity of inhibitory interactions among Streptomyces and 

Fusarium isolates (2-way ANOVA, p<0.05). Each bar represents the mean of 6 

replicate plants from each plant richness treatment regardless of host. For each plant; 

the proportions of Streptomyces isolates that were inhibitory to each sympatric 

Fusarium isolate (panel A) or the mean sizes of inhibition zones (panel C) were 

averaged; and the proportion of Fusarium isolates that were inhibitory to each 

sympatric Streptomyces isolate (panel B) or the mean sizes of inhibition zones (panel 

D) were averaged. Within each panel, different letters above bars indicate significant 

differences between plant richness treatments. Error bars represent standard errors. 
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Figure 2.2 Non metric multidimensional scaling (NMDS) based on isolate nutrient 

profiles for Fusarium (F) and Streptomyces (S) from Lc and Ag in monoculture 

(mono) and polyculture (poly). Ellipses connect and define the centroid of each 

community from different plant host/diversity treatments. Ellipses were constructed 

using the function ―ordiellipse‖ in R vegan package. 
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Figure 2.3 Mean niche width (panel A), mean growth (panel B) and mean total 

growth (panel C) of Fusarium and Streptomyces from Ag and Lc in monoculture and 

polyculture. Isolate taxonomy, but not plant host or plant species, had significant 
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effects on isolate growth characteristics (3-way ANOVA, p<0.05). Each bar 

represents the mean of 12 replicate plants regardless of plant richness and host. For 

each plant; the average number of nutrients used (niche width) by each Fusarium or 

Streptomyces isolate for growth and their average growth on those nutrients were 

determined; and the average total growth for each Fusarium or Streptomyces isolate 

was calculated by multiplying their average niche width and average growth. Within 

each panel, different letters above bars indicate significant differences among isolates. 

Error bars represent standard errors.  
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Figure 2.4 Niche overlap (NO) between sympatric Fusarium and Streptomyces from 

Ag and Lc in monoculture and polyculture. NO was asymmetrical. Panel A shows the 

niche overlap of Streptomyces with Fusarium (NOS->F); there was an interaction effect 

of plant host and plant community richness on (NOS->F). Panel B shows the niche 

overlap of Fusarium with Streptomyces (NOF->S); plant richness, but not host, had a 

significant effect on NOF->S. Each bar represents the mean of 3 (panel A) or 6 (panel 

B) replicate plants. For each plant, NOS->F and NOF->S were determined for each 

Streptomyces isolate and each Streptomyces isolate in every pairwise Fusarium-
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Streptomyces combination; NO was averaged across Fusarium or Streptomyces 

isolates. Within each panel, different letters above bars indicate significant differences 

among treatments in niche overlap between Fusarium and Streptomyces (2-way 

ANOVA and LSD tests). Error bars represent standard errors.
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Chapter III: Patterns in sympatric versus allopatric inhibitory and 

nutrient use phenotypes suggest cross-kingdom coevolution among 

Fusarium and Streptomyces soil communities  

 

3.1 Introduction 

The effects of plants on the composition and functional characteristics of soil 

microbial communities are well-studied (Berg et al., 2006; 2005; 2002). In return, soil 

microbes have significant influences on plant communities as pathogens, and in their 

capacities to antagonize plant pathogens, aid plant nutrient acquisition, and enhance 

plant growth (Kawaguchi, 2010; Liu et al, 2012). However, the consequences of 

interspecies microbial interactions for the phenotypic and functional characteristics of 

soil microbial communities remain poorly understood. Yet, microbial species in soil 

engage in a complex array of species interactions mediated by diverse phenotypes 

(O’Brien et al., 2013). Microbial population and community characteristics are not 

shaped only by the plant host, but can be significantly altered by microbial 

interactions in soil (Forde et al., 2004; Thompson and Cunningham, 2002). Therefore, 

systematic study of the dynamics and significance of microbial species interactions 

are needed to improve our understanding of factors shaping phenotypic and 

compositional characteristics of soil populations. 

Microbial species within a community comprise a complex ecosystem of 

microorganisms each with the potential to interact with and influence other members 

of the community (O’Brien et al., 2013). Interactions that are important to fitness can 

be mutualistic, commensal, amensal, or antagonistic. Microbial antagonistic 

interactions in natural habitats are frequently mediated by the production of 
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antimicrobial compounds. Antibiotics can play roles in both signaling and 

antagonistic species interactions, and can confer a fitness benefit to producers in 

competitive habitats (Williams et al., 1989; Riley and Gordon, 1999; Martinez et al., 

2009). However, most of our current knowledge on the functions of antibiotics as 

weapons in microbial interactions comes from studies in the bacterial kingdom. For 

example, numerous bacteria within the genera Bacillus, Pseudomonas, and 

Streptomyces are known for their prolific antibiotic production (Raaijmakers and 

Mazzola, 2012).  In addition, recent work suggests that antibiotics production among 

soil Streptomyces is under significant local selection and mediates nutrient 

competition in local soil communities (Kinkel et al., 2014). However, our current 

knowledge on the role of antibiotics in mediating cross-kingdom nutrient competition 

and coevolutionary antagonistic interactions remains limited. Here we focus on 

adaptive antagonistic interactions between specific bacterial and fungal populations to 

begin to construct a more comprehensive knowledge of the role of antibiotics in 

mediating microbial interactions and structuring functional characteristics of 

microbial populations.  

 Members of the fungal genus Fusarium and the bacterial genus Streptomyces 

are notable for their capacities to produce a diverse array of antimicrobial compounds 

(Joshi et al., 2012; Challis and Hopwood, 2003). Recently, members of these genera 

were shown to possess significant inhibitory activities against one other, and plant 

community richness was suggested to play a central role in mediating these 

antagonistic interactions through the alteration of the dynamics of nutrient 

competition across the landscape (Essarioui et al.,   2016). While Fusarium-

Streptomyces inhibitory interactions suggest significant potential for antibiotics to 

mediate competitive dynamics between these populations, and for antagonistic 
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coevolution between these genera, there are little empirical data to support these 

hypotheses for indigenous soil populations. Specifically, if the production of 

antimicrobial compounds that are effective against sympatric competitors confers a 

specific fitness benefit to the producer, then it should be expected that the frequency 

and/or the intensity of inhibitory interactions will be greater among sympatric than 

allopatric Fusarium and Streptomyces isolate pairs. Additionally, if antibiotic 

inhibitory phenotypes mediate nutrient competition between coexisting competitors, 

inhibition should be stronger against sympatric isolates that have greater nutrient use 

similarity than against isolates with distinct nutrient preferences. Moreover, if such 

interactions are significant to fitness among Streptomyces and Fusarium, a 

relationship between nutrient competition and inhibition should be observed among 

sympatric or locally co-occurring, but not distant, Fusarium and Streptomyces 

populations. Here, among sympatric and allopatric Fusarium-Streptomyces 

populations from prairie soils, we explore two major questions for each genus: i) Are 

inhibitory phenotypes locally-adapted? Evidence that inhibitory phenotypes are 

locally-adapted, or that populations of each genus are better at inhibiting sympatric vs. 

allopatric members of the other genus, supports the hypothesis of coevolution 

between Fusarium and Streptomyces. ii) Are antibiotics important to mediating 

nutrient competition between Fusarium and Streptomyces? Overall, this work 

contributes to bridge the gap in our understanding of the roles of antibiotics in 

mediating cross-kingdom species interactions within complex soil microbial 

communities. 
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3.2 Methods  

3.2.1 Soil sample collection 

Soil samples were collected from as close as possible to the center of the base 

of individual Ag and Lc plants growing in communities of monoculture (mono) or 

polyculture (poly) prairie plant species at the Cedar Creek Ecosystem Science 

Reserve (CCESR). Plants to be sampled were selected randomly from individual plots 

at a distance of at least 20 cm from prairie plot margins to avoid border effects. Each 

soil sample consisted of two cores collected with a 2.5 cm-diameter corer to a depth 

of 10 cm; cores from the same plant were homogenized in plastic sample bags. For 

each plant species in each plant richness treatment, samples were taken from 3 plants. 

Thus, we had a total of 3 samples from every plant species in each plant community 

richness; Ag in monoculture, Ag in polyculture, Lc in monoculture, and Lc in 

polyculture; for a total of 12 soil samples. The soil samples were stored at -20°C prior 

to processing. Soil from each sample was placed under two layers of sterile 

cheesecloth to dry overnight and 5 g subsamples from each plant were subsequently 

dispersed in 50 mL of sterile deionized water on a reciprocal shaker (175 rpm, 60 

min, 4°C). Resulting soil suspensions were dilution plated onto water-agar (15 ml) 

and covered with molten starch-casein agar (5 ml) as previously described (Wiggins 

and Kinkel, 2005b). Plates were incubated at 28 °C for 3 days. Colonies exhibiting 

characteristic Streptomyces morphology were randomly selected, purified and spore 

suspensions of each isolate were maintained in 20% glycerol at -20°C. Ten 

Streptomyces isolate from each soil sample were selected for further study (Table 1, 

Chapter II). Soil diluents were also used to isolate Fusarium spp. For each soil 

suspension, individual aliquots of 100 µl were spread onto 15 ml plates of peptone 

pentachloronitrobenzene (PCNB) agar medium and incubated at 28°C for 3-4 days 
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(Nelson et al., 1983). Subsequently, 10 to 15 randomly chosen single fungal colonies 

from each plate were transferred to plates containing 15 ml of potato dextrose agar 

medium (PDA) and allowed to grow for 3 days, and Fusarium isolates were identified 

based on the morphology and pigmentation of the colonies and the shape of 

macroconidia (Leslie and Summerel, 2006). Fusarium isolates (n = 2 - 10) were 

selected from each soil sample for further study (Table 1, Chapter II). Agar cores (1-

cm diameter) from 7-10 days old cultures of each isolate were maintained in 20% 

glycerol at -20°C. 

3.2.2 Assaying Streptomyces-Fusarium inhibitory interactions 

Inhibitory activity of Streptomyces populations from each soil sample was 

evaluated against every single sympatric (from the same soil sample) and allopatric 

(from different samples taken from the same plant species and plant community 

richness). To test for Streptomyces inhibition of a Fusarium isolate, a method 

described by Herr (1959) was modified for use (Wiggins and Kinkel, 2005a, 2005b). 

Soil samples were dilution-plated as described above. After 5 days growth, plates 

were overlaid with target Fusarium isolate. Briefly, individual cultures of a single 

Fusarium isolate were grown on PDA for 7 days and were subsequently cut into 

approximately 1-cm
2
 pieces with a sterile knife. The resulting pieces were blended 

with 50 ml sterile water in a sterile flask. Four ml of this suspension was added to 100 

ml of molten potato dextrose water agar (PDWA), mixed thoroughly, and 10 ml of the 

resulting suspension was overlaid onto the top of the plates containing Streptomyces. 

Plates were incubated at 28°C for 3 days. For each soil sample, the proportion of 

Streptomyces that exhibit antagonistic activities against each sympatric or allopatric 

Fusarium isolate was calculated, and the size of the inhibition zone surrounding every 

inhibitory Streptomyces was determined as the average diameter of the inhibition zone 
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measured at 2 right angles.; the proportions of inhibitory Streptomyces and the 

average size of the inhibition zones were averaged across all sympatric or allopatric 

Fusarium isolates. Finally, total inhibition of each Fusarium isolate by a sympatric or 

allopatric Streptomyces community was determined by multiplying the proportion of 

inhibitory Streptomyces against that isolate by the mean size of the inhibition zones. 

Fusarium inhibition of Streptomyces was evaluated for all possible sympatric 

and allopatric Fusarium-Streptomyces isolate pairwise combinations using the agar-

disc method (Essarioui et al., submitted) as described in chapter II. Briefly, 1-cm 

diameter discs of Fusarium mycelium, collected from the outer actively growing 

mycelium from a 7 - 10 days old PDA culture, were transferred onto the surface of 

SCA plates with 3 replicate discs of a single Fusarium isolate on each plate. Plates 

had been previously inoculated with 100 µl of a high concentration spore suspension 

of a single Streptomyces isolate. Plates were kept at 4-5°C overnight to allow for 

Fusarium antimicrobial compounds to diffuse. Plates were subsequently incubated for 

3-4 days at 28°C. The size of any zone of growth inhibition of the Streptomyces 

isolate surrounding any Fusarium agar-disc was measured in mm from the edge of the 

disc to the edge of the cleared zone; each inhibition zone was measured in 2 locations, 

at right angles to one another. For each soil sample, the proportion of Fusarium that 

were inhibitory against each sympatric or allopatric Streptomyces isolate, and the size 

of the inhibition zone surrounding every inhibitory Fusarium  were determined; the 

proportions of inhibitory Fusarium and the average size of the inhibition zones were 

averaged across all sympatric or allopatric Fusarium-Streptomyces isolate pairs. 

Finally, total inhibition of each Streptomyces isolate by sympatric or allopatric 

Fusarium was determined as the proportion of sympatric or allopatric Fusarium 
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isolates that were inhibitory to that Streptomyces isolate multiplied by the mean size 

of the inhibition zones.  

3.2.3 Characterizing nutrient utilization 

 Nutrient use profiles were evaluated for each Streptomyces (n = 120) and 

Fusarium (n=83) isolate for 95 single carbon sources using Biolog SF-P2 plates 

(Biolog, Inc. Hayward, CA) as described previously (Essarioui et al., 2016). Briefly, 

microbial suspensions (OD590 = 0.22) were used to inoculate Biolog plates following 

the manufacturer’s instructions. Plates were incubated at 28 °C for 3d and the growth 

on each carbon source was evaluated by measuring the absorbance of each well at 590 

nm using a microplate reader. The absorbance of the water control was subtracted 

from the absorbance of every other well. The absorbance in each well within every 

plate was then transformed to a percentage of the maximum OD in that plate to 

standardize relative growth on distinct nutrients among Fusarium and Streptomyces in 

subsequent analyses. Used nutrients were defined to be those on which an individual 

Fusarium or Streptomyces isolate grew to more than 50% of its growth potential 

(maximum growth among all wells). Using this definition, total growth (total 

percentage growth among used nutrients), average growth (average percentage growth 

among used nutrients), and niche width (the number of used nutrients) were 

determined for each isolate. Fusarium and Streptomyces mean total growth, mean 

growth, and mean niche width were determined for each soil sample. The potential for 

resource competition between individual sympatric and allopatric Fusarium and 

Streptomyces pairs was determined based on nutrient use profiles. As the significance 

of niche overlap to each isolate’s growth might differ for paired Fusarium and 

Streptomyces isolates, asymmetrical pairwise niche overlap values were determined 

for each Fusarium isolate and each Streptomyces isolate in every pairwise Fusarium-
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Streptomyces combination. Pairwise niche overlap of Streptomyces with Fusarium 

(PNOS->F) was defined as: 

PNOS->F = (

                                                             
  

                                                        
                                 

  
                                                       

) x 100; and 

pairwise niche overlap of Fusarium with Streptomyces (PNOF->S) as:                                                                                     

PNOF->S = (

                                                             
 

                                                             
                                    

   
                                                           

) x 100.  Finally 

mean sympatric or allopatric niche overlap was determined for each soil sample by 

averaging mean sympatric or allopatric pairwise niche overlap among all possible 

sympatric or allopatric isolate pairs. 

3.2.4 Analyses 

Paired t-tests with p<0.05 as the significance level were carried out to test for 

differences in the intensity and frequency of sympatric vs allopatric reciprocal 

inhibitory interactions between Fusarium and Streptomyces. Linear regression 

analyses were performed to examine relationships between niche overlap and total 

inhibition for sympatric-allopatric populations. All statistical analyses were performed 

using R statistical software version 3.1.1 (http://cran.r-

project.org/bin/windows/base/old/3.1.1/).  

3.3 Results 

3.3.1 Inhibitory interactions and reciprocal adaptation among 

Streptomyces and Fusarium populations 

 The frequencies of reciprocal inhibitory activity were determined for 

sympatric Streptomyces and Streptomyces isolates. Fusarium were significantly more 

http://cran.r-project.org/bin/windows/base/old/3.1.1/
http://cran.r-project.org/bin/windows/base/old/3.1.1/
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inhibitory against Streptomyces (F-S) than were Streptomyces against Fusarium (S-F). 

The mean proportion of sympatric F-S inhibitory interactions (0.58) was significantly 

greater than mean proportion of sympatric S-F inhibition (0.11) (paired t-test; 

p<0.001). The consistent occurrence of antagonistic phenotypes between Fusarium 

and Streptomyces in the rhizosphere suggests significant potential for selection 

imposed by each taxon on the other.  

 Sympatric and allopatric inhibitory interactions between Fusarium and 

Streptomyces communities were compared to determine whether there is evidence for 

local selection of inhibitory phenotypes for either taxon. We found that Streptomyces 

were better at inhibiting Fusarium isolates from the same than different locations 

(Figure 3.1). Specifically, the mean proportions of inhibitory Streptomyces were 

significantly higher for sympatric than allopatric Fusarium. Moreover, the intensities 

of Fusarium inhibition by Streptomyces differed significantly for sympatric vs. 

allopatric Fusarium: mean inhibition zones were significantly greater against 

sympatric than allopatric Fusarium isolates (Figure 3.1). These results suggest that 

both Streptomyces and Fusarium populations vary in their inhibitory and resistance 

phenotypes among samples, and that Streptomyces populations have evolved to 

preferentially inhibit locally-coexisting Fusarium populations.  

 In contrast to Streptomyces adaptive inhibition of Fusarium, there was a 

smaller effect of Streptomyces sympatry on Fusarium inhibitory activity (Figure 3.2). 

Specifically, comparing the frequency and intensity of Fusarium inhibition of 

Streptomyces, there was no significant difference in the frequency of inhibition 

between the sympatric and allopatric isolate pairs. However, there was a small 

statistically significant difference in the intensity of Fusarium antagonistic activity 
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against Streptomyces from the same location when compared with those from 

different locations (Figure 3.2).  

3.3.2 Niche overlap and inhibition among Fusarium-Streptomyces 

sympatric and allopatric isolates 

 Antimicrobial compound production is hypothesized to confer fitness benefits 

to the producer through the inhibition of resource competitors (Williams and Vickers, 

1986; Kinkel et al., 2014). We characterized the relationships between niche (nutrient 

use) overlap and inhibition among sympatric and allopatric Fusarium-Streptomyces 

isolate pairs. Streptomyces isolates were more susceptible to inhibitory sympatric 

Fusarium isolates with which they had larger niche overlap than with individuals with 

which they exhibited little niche overlap (Figure 3.3). Specifically, among Fusarium 

isolates that were susceptible to inhibition by Streptomyces (total inhibition>0.1), 

there was a significant positive correlation between Fusarium total inhibition and 

Fusarium niche overlap with Streptomyces from sympatric but not allopatric locations 

(Figure 3.3). Therefore, among inhibitory isolates, Streptomyces isolates were best at 

inhibiting Fusarium isolates that were the strongest challengers for resources while 

inhibition of allopatric Fusarium was independent of nutrient use.  In a similar 

fashion, among Streptomyces isolates that were inhibited by Fusarium isolates (total 

inhibition>0.5), we found a significant positive correlation between Streptomyces 

niche overlap with Fusarium and Fusarium total inhibition of sympatric, but not 

allopatric, Streptomyces isolates (Figure 3.4). Thus, Fusarium inhibition is directed 

more towards coexisting Streptomyces with similar nutrient use profiles. These results 

suggest an important role for antibiotic inhibitory interactions in mediating local 

resource competition between Streptomyces and Fusarium.  
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 Notably, Fusarium inhibition of sympatric Streptomyces increased more 

steeply with niche overlap than did Streptomyces inhibition of sympatric Fusarium 

(Table 3.1). This may suggests that Fusarium isolates are more responsive to resource 

competition than Streptomyces. Moreover, we found a stronger positive correlation 

between Fusarium isolate total growth and mean Fusarium niche overlap with 

allopatric (R = 0.83; p<0.0001) versus sympatric (R = 0.67; p<0.0001) Streptomyces 

isolates. In contrast, no evidence for Streptomyces niche differentiation from 

Fusarium was found regardless of whether Fusarium isolates were sympatric (R = 

0.86; p<0.0001) or allopatric (R = 0.86; p<0.0001). These results suggest a greater 

tendency among Fusarium populations in soil to avoid competitive encounter with 

locally-adapted sympatric Streptomyces communities  

 Overall, these data provide compelling evidence that local selection for 

inhibitory phenotypes among Fusarium and Streptomyces communities is 

significantly related to niche overlap and likely to the intensity of resource 

competition among individuals from the same location and are consistent with our 

predictions that antimicrobial compound production mediates nutrient competition 

among sympatric populations. 

3.4 Discussion 

Local intra- and inter-species interactions within a community are believed to 

create a spatial variability that is likely to perpetuate coevolution and functional 

diversity (Forde et al., 2004; Thompson and Cunningham, 2002). Antagonistic 

interactions among locally co-occurring populations lead to diversifying evolution 

through a coevolutionary arms race whereby populations follow distinct trajectories 

(Whitaker, 2009). Although it is known now that microbes respond and adapt to 

members of their communities, much of our current knowledge on microbe-microbe 
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local adaptation and coevolutionary dynamics comes particularly from studies across 

multiple bacteria-phage systems, (Koskella and Parr, 2015; Koskella, 2014; Scanlan 

et al., 2011; Middelboe et al., 2009). However, adaptive interactions between bacteria 

and other members of microbial communities such as fungi remain poorly explored. 

In this study, we explored potential for antagonistic interactions and local adaptation, 

and the relationship between inhibition and resource competition between the fungal 

Fusarium and the bacterial Streptomyces. Our findings provide support for the 

hypothesis of ongoing coevolution between populations of these major genera in 

prairie soils, and show that antibiotics mediate their resource competition. 

 A greater frequency of Fusarium isolates were more inhibitory against 

Streptomyces isolates than were Streptomyces isolates against Fusarium isolates. 

Since the size of Fusarium haploid genomes are virtually five times those of 

Streptomyces, ~35-50 Mb (King et al., 2015) versus ~9 Mb (Laserson et al., 2005) 

respectively, there is great potential that a larger portion of the Fusarium genome may 

be devoted to boost the biosynthesis of microbiologically active compounds compared 

to Streptomyces populations. In contrast, constrained by their relatively smaller 

genome sizes, locally-adapted Streptomyces may have less capacity to retain 

antibiotic biosynthetic pathways in their genome. The differences in antagonistic 

capacity between Fusarium and Streptomyces may also be due to key differences in 

the growth forms of Fusarium and Streptomyces. The fungus Fusarium typically 

grows a much more extensive mycelium than that produced by the actinomycete 

Streptomyces. While the hyphal growth form of Fusarium may convey several 

advantages, chief of which is the translocation of nutrients and resources from 

microsites where they are abundant to sites where they are limiting (Hendrix et al., 

1986; Frey et al., 2003), this growth characteristic may bring with it the challenge of 
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competing with locally adapted Streptomyces, and potentially other microbes, as the 

mycelium of a Fusarium isolate trespasses into their niches. The increased likelihood 

of competitive and antagonistic encounters between the branch-like Fusarium 

growing hyphae and locally-adapted Streptomyces at multiple microsites may 

augment the need for antimicrobial substance production by Fusarium. Alternatively, 

Streptomyces populations may pursue a life history strategy based on enhanced 

sporulation capacity as a means of surviving intense antimicrobial activity. Finally, 

the smaller frequency of inhibitory phenotypes among Streptomyces when compared 

to Fusarium may reflect a significant role for Fusarium general resistance (for 

example efflux pumps) (Martinez et al., 2009) that confers protection against multiple 

distinct antibiotics produced by Streptomyces. Overall, our data suggest that Fusarium 

communities possess greater intrinsic inhibitory activity against Streptomyces than do 

Streptomyces communities against Fusarium. Still, further research based on 

inhibitory and resistance interactions between pairs of Fusarium and Streptomyces 

isolates is needed to shed larger light on the significance of resistance versus 

inhibition to fitness among Fusarium and Streptomyces populations. 

 Streptomyces inhibition of Fusarium was higher in sympatric combinations 

than in allopatric combinations suggesting both that the Streptomyces/Fusarium 

populations differ across the landscape and that Streptomyces populations may have 

evolved adaptations that are specific to recognizing and inhibiting their local, but not 

distant, Fusarium populations. Recognition and subsequent inhibitory activities can 

be mediated by physical attachment or signaling as has been shown in several 

instances of bacterial-fungal interplays including antibiosis (Bianciotto et al., 2009; 

Grewal and Rainey, 1991; Nelson, 1986). The difference across space reported here in 

Streptomyces inhibitory activity may reflect an adaptation to identifying local 
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Fusarium hyphal molecular patterns and/or diffusible molecules that trigger the 

biosynthesis of antimicrobial compounds. Regardless of the specific mechanisms 

leading to greater accumulations of Streptomyces inhibitory phenotypes against 

sympatric than allopatric Fusarium communities, the data provide compelling 

evidence for stronger selection exerted by Streptomyces on Fusarium populations 

from the same than different locations.  

 In contrast, there was no clear effect of Streptomyces sympatry on Fusarium 

inhibitory activity. The apparent lack of locally adapted Fusarium to Streptomyces 

communities suggests a number of possibilities with respect to evolutionary dynamics 

of inhibitory phenotypes within Fusarium populations in response to soil 

Streptomyces communities. We can rule out the possibility that inhibition does not 

confer a fitness benefit given the high accumulation of inhibitory phenotypes among 

Fusarium isolates from all locations. Instead, the finding that Fusarium populations 

were apparently not locally adapted to Streptomyces may be a reflection of differences 

between Fusarium and Streptomyces in their coevolutionary dynamics. For example, 

as might be predicted based on their shorter generation times and potentially greater 

population sizes, the actinomycete Streptomyces are likely to be ahead in the 

coevolutionary battle such that each new Fusarium adaptation is rapidly offset by a 

Streptomyces counter-adaptation and, thus, the overall Fusarium inhibitory activity 

against Streptomyces remains unchanged across space. This may generate an 

unbalanced coevolutionary dynamic in which local adaptation of Streptomyces is 

stronger than local adaptation of Fusarium populations. Consequently, evidence for 

Fusarium local adaptations to Streptomyces may be difficult to uncover. 

Alternatively, the accumulation of low-cost or cost-free general mechanisms of 

inhibition (i.e. synthesis of multispectral antimicrobial compounds) may also 
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minimize the likelihood for locally adapted Fusarium populations. Even though such 

dynamics were not detected in this study because of experimental limitations, in 

particular the use of isolates from soil samples taken at a single time point, there still 

appears to be fundamental differences in the mode of coevolutionary changes and 

dynamics across the two taxa. 

 A more direct way to unravel ongoing coevolution between Fusarium and 

Streptomyces populations would be the measure of reciprocal adaptation across not 

only space, but also across time through the use of time-shift experiments whereby the 

outcome of antibiosis assays are compared across interacting isolates from the same 

point in time and those from either earlier or later in time. This approach has recently 

been used to reveal patterns of peak local adaptation from across multiple host-

parasite interaction systems (Koskella and Parr, 2015; Koskella, 2014; Blanquart and 

Gandon, 2013; Gaba and Ebert, 2009; Gandon et al., 2008). By testing local 

adaptation of one taxon’s populations against populations of the other taxon from the 

past (or the future), which should not yet have evolved counter-adaptations in 

response to selection, a signature of local adaptation could be uncovered even when 

local adaptation is not observed for contemporary combinations. Moreover, the use of 

multiple time points can offer valuable insight into the mode of coevolutionary 

change, for instance determining whether coevolutionary dynamics more closely 

resembles an arms race (increasing adaptation to inhibit antagonists  over time) or 

fluctuating selection (adaptation to inhibit more antagonists from the recent past than 

from further in the past). Here, the high prevalence of inhibitory phenotypes among 

Fusarium isolates, and their low frequencies among Streptomyces isolates are 

probably indicative of patterns of arms race among Fusarium populations and 

fluctuating selection among Streptomyces communities. Indeed, this potential 
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difference in coevolutionary patterns between the two taxa can be explained by the 

difference in their genome sizes. With larger genome sizes, Fusarium could stack 

genes underlying inhibitory activity without incurring much fitness cost. However, 

Streptomyces adaptation may be constrained by their relatively small genome sizes, 

such that counter-adaptation to newly developed resistance/inhibitory capacity among 

Fusarium populations may come at the cost of previous adaptations. Overall, the 

results provide indications for reciprocal adaptation among interacting Fusarium and 

Streptomyces communities and raise questions on the main driving forces underlying 

these coevolutionary patterns. 

 We found significant positive correlations between inhibitory interactions and 

niche overlap among sympatric, but not allopatric, Fusarium and Streptomyces isolate 

pairs. These data suggest that local selection for antibiotic inhibitory phenotypes 

among Fusarium and Streptomyces populations is mediated by nutrient competition in 

local soil communities. Additionally, the strength of the linear relationships between 

inhibition and niche overlap among Fusarium and Streptomyces isolates provide 

further insight into the level of their inhibitory responsiveness to nutrient competition. 

Indeed, Fusarium isolate inhibitory activity was more responsive to resource 

competition by Streptomyces than was Streptomyces isolate inhibitory activity with 

resource competition by Fusarium. This suggests that for Fusarium populations there 

is both selection for (at high resource competition) and against (at low resource 

competition) antibiotic inhibitory phenotypes. Moreover, the greater ability among 

Fusarium versus Streptomyces isolates to avoid competition with sympatric 

Streptomyces isolates suggests greater significance of competition to fitness among 

Fusarium populations and reflects their ability to escape resource contest, perhaps by 

directing their mycelial growth to explore low resource competition microsites in the 
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soil. In contrast, Streptomyces lower capacity to avoid competition with local 

Fusarium reflects presumably sedentary growth character among Streptomyces 

populations and, thus, limited capabilities of exploring greater volume of soil in 

search of nutrient competition cold spots.  

Taken together, our data suggest that antibiotic inhibitory phenotypes among 

Fusarium and Streptomyces populations are under significant local selection and 

mediate nutrient competition in local soil communities. The significant positive 

association of inhibition with nutrient overlap among locally co-occurring Fusarium 

and Streptomyces isolates suggests that antimicrobial compounds may serve as 

―weapons‖ against sympatric competitors in case of resource conflicts. Overall, this 

study appears to validate the central role of antimicrobial compounds in microbial 

interactions and coevolutionary dynamics among microbial communities. However, 

the focus on only inhibition instead of the combination inhibition/resistance in 

exploring reciprocal local adaptation between Fusarium and Streptomyces populations 

may limit our full understanding of their coevolutionary interaction outcomes. A 

coupling of inhibition and resistance in studying sparring microbes is likely to offer 

more insight on forms of coevolution mechanisms and shed more light on the 

outcomes of antibiotic driven antagonistic interactions (Kinkel et al., 2014). In 

addition, because this work emphasizes inhibition among cross-taxa isolate pairs, 

these results could overlook both the impacts of intraspecies coevolutionary dynamics 

and the complexity of cross-taxa multispecies antibiotic inhibitory and resistance 

interactions in natural communities (Chait et al., 2012). Further studies on the diverse 

roles of antimicrobial compounds in microbial interactions in soil, the role of 

antimicrobial compounds in natural habitats, and the factors that may dictate the 

potential for diverse coevolutionary outcomes are crucial to expand our understanding 
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of the long-term trajectories of antibiotics-producing microbes in soil (Kinkel et al., 

2014). Available data suggest significant impacts of soil edaphic characteristics, 

nutrient availability or nutrient diversity in soil, physical environmental stress, 

phylogeny and plant community richness on inhibitory activity and coevolutionary 

interactions in soil populations (Schlatter et al., 2008; Bakker et al., 2010; Kinkel et 

al., 2011; Bailey and Kassen, 2012; Otto-Hanson et al., 2013; Essarioui et al, 2016). 

Unraveling the precise roles of these, and potentially other, factors in driving 

antagonistic and coevolutionary microbial interactions will contribute significantly to 

managing antibiotic resistance in clinical settings and improvement of pathogen 

suppression in natural and agricultural habitats (Martinez et al., 2011; Kinkel et al., 

2011; Kinkel et al., 2012). 

Table 3.1 Statistics for linear regression of inhibition against resource competition 

(niche overlap) among Streptomyces (F) and Streptomyces (S) sympatric isolates 

Statistics S inhibition of F against 

 F niche overlap with S 

F inhibition of S against  

S niche overlap with F 

Coefficient of correlation (R) 0.52** 0.86*** 

Slope 1.46** 11.32*** 

Intercept 0.39 1.35 

** p< 0.01,  *** p<0.001 
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Figure 3.1 Frequency (mean proportion of inhibitors) and intensity (mean size of 

inhibition zone) of Streptomyces inhibition of Fusarium from the same (sympatric) 

and different (allopatric) soil samples. For each soil sample; the proportions of 

Streptomyces that were inhibitory against each sympatric and allopatric Fusarium 

isolate were determined and averaged across sympatric or allopatric Fusarium 

isolates; mean sizes of inhibition zones caused by individual inhibitory Streptomyces 

isolates to each sympatric and allopatric Fusarium isolate were measured and 

averaged across all sympatric or allopatric Fusarium isolates from each sample. The 

mean proportions of inhibitors and mean zone sizes were then averaged across soil 

samples. Both the frequency of Streptomyces inhibition of Fusarium, and the intensity 

of inhibition were significantly greater against sympatric versus allopatric Fusarium 

(p<0.01, paired t-test). Error bars represent standard errors. 
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Figure 3.2 Frequency (mean proportion of inhibitors) and intensity (mean size of 

inhibition zone) of Fusarium inhibition of Streptomyces from the same (sympatric) 

and different (allopatric) soil samples. For each soil sample; the proportions of 

Fusarium isolates that were inhibitory against each sympatric and allopatric 

Streptomyces isolate were determined and averaged across sympatric or allopatric 

Streptomyces isolates; mean sizes of inhibition zones caused by individual inhibitory 

Fusarium isolates to each sympatric and allopatric Streptomyces isolate were 

measured and averaged across all sympatric or allopatric Streptomyces isolates from 

each soil sample. The mean proportions of inhibitors and mean zone sizes were 

averaged across soil samples. The intensity, but not frequency, of Fusarium inhibition 

of Streptomyces was significantly greater against sympatric versus allopatric 

Fusarium (p=0.038, paired t-test). Error bars represent standard errors. 
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Figure 3.3 Linear relationships between mean niche overlap of Fusarium with 

Streptomyces and Streptomyces total inhibition of Fusarium among isolates from the 

same (sympatric interactions) and different (allopatric interactions) soil samples. Each 

dot or circle represents a Fusarium isolate with a total inhibition that is >0.1 by 

sympatric or allopatric Streptomyces isolates. Total inhibition of a Fusarium isolate 

by Streptomyces isolates was defined as the proportion of sympatric or allopatric 

Streptomyces isolates that were inhibitory to that Fusarium isolate multiplied by the 

mean size of inhibition zone. Niche overlap of a Fusarium isolate with Streptomyces 

isolates was defined as the average niche overlap of all possible pairwise 

combinations of that Fusarium isolate with sympatric or allopatric Streptomyces 

isolates. Streptomyces total inhibition of Fusarium was positively and significantly 

correlated with Fusarium niche overlap with sympatric, but not allopatric, 

Streptomyces (p=0.001). 
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Figure 3.4 Linear relationships between mean niche overlap of Streptomyces with 

Fusarium and Fusarium total inhibition of Streptomyces among isolates from the 

same (sympatric interactions) and different (allopatric interactions) soil samples. Each 

dot or circle represents a Streptomyces isolate with a total inhibition that is >0.5 by 

sympatric or allopatric Fusarium isolates. Total inhibition of a Streptomyces isolate 

by Fusarium isolates was defined as the proportion of sympatric or allopatric 

Fusarium isolates that were inhibitory to that Streptomyces isolate multiplied by the 

mean size of inhibition zone. Niche overlap of a Streptomyces isolate with Fusarium 

isolates was defined as the average niche overlap of all possible pairwise 

combinations of that Fusarium isolate with sympatric or allopatric Streptomyces 

isolates. Fusarium total inhibition of Streptomyces was positively and significantly 

correlated with Streptomyces niche overlap with sympatric, but not allopatric, 

Fusarium (p<0.0001). 
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Appendix : Supplemental material 

Supplemental Table 1.1 Number of Streptomyces isolates using each of the carbon 

sources in the SF-P2 microplates 

Carbon source 

Position in 

the SF-P2 

plate array 

Carbon group 
Number of 

Streptomyces 

Glycerol G12 Alcohols 120 

L-glutamic acid G6 Amino acids 120 

D-gluconic acid B10 Carboxylic acids 120 

N-acetyl-D-glucosamine A10 Carbohydrates 120 

D-cellobiose B4 Carbohydrates 120 

α-D-glucose B11 Carbohydrates 120 

Maltotriose C4 Carbohydrates 120 

Dextrin A4 Polymers 120 

Glycogen A5 Polymers 120 

Tween 40 A8 Polymers 120 

Tween 80 A9 Polymers 116 

L-asparagine G5 Amino acids 115 

D-arabitol B2 Carbohydrates 115 

D-fructose B5 Carbohydrates 115 

D-mannitol C5 Carbohydrates 115 

D-mannose C6 Carbohydrates 115 

D-trehalose E2 Carbohydrates 115 

Gentiobiose B9 Carbohydrates 114 

D-melibiose C8 Carbohydrates 114 

Turanose E3 Carbohydrates 114 

β-cyclodextrin A3 Polymers 114 

D-galactose B7 Carbohydrates 113 

α-D-lactose C1 Carbohydrates 113 

Putrescine G10 Amines 113 

L-alanyl-glycine G4 Amino acids 112 

L-arabinose B1 Carbohydrates 112 

D-melezitose C7 Carbohydrates 112 

β-methyl-D-glucoside D1 Carbohydrates 112 

D-raffinose D5 Carbohydrates 112 

Mannan A7 Polymers 112 

Inosine H3 Aromatic compounds 111 

Stachyose D11 Carbohydrates 110 

Sucrose D12 Carbohydrates 110 

D-xylose E5 Carbohydrates 110 

Arbutin B3 Carbohydrates 109 

Maltose C3 Carbohydrates 109 

Salicin D8 Carbohydrates 109 
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L-alanine G3 Amino acids 108 

L-malic acid F5 Carboxylic acids 108 

N-acetyl-β-D-mannosamine A11 Carbohydrates 108 

α-methyl-D-glucoside C9 Carbohydrates 108 

Palatinose D3 Carbohydrates 108 

L-rhamnose D6 Carbohydrates 108 

m-inositol B12 Alcohols 107 

α-cyclodextrin A2 Polymers 107 

Acetic acid E6 Carboxylic acids 105 

Adenisine H1 Aromatic compounds 105 

L-serine G9 Amino acids 104 

D-ribose D7 Carbohydrates 104 

D-sorbitol D10 Carbohydrates 104 

α-ketoglutaric acid E11 Carboxylic acids 103 

Lactulose C2 Carbohydrates 103 

D-tagatose E1 Carbohydrates 103 

Lactamide F1 Amides 103 

L-fructose B6 Carbohydrates 101 

β-methyl-D-galactoside C10 Carbohydrates 101 

α-methyl-D-mannoside D2 Carbohydrates 101 

α-hydrobutyric acid E7 Carboxylic acids 100 

α-methyl-D-glucoside C12 Carbohydrates 98 

Xylitol E4 Carbohydrates 98 

L-lactic acid F3 Carboxylic acids 97 

Amygdalin A12 Carbohydrates 97 

Propionic acid F8 Carboxylic acids 95 

D-psicose D4 Carbohydrates 93 

L-pyroglutamic acid G8 Amino acids 91 

L-alaninamide G1 Amides 91 

Succinamic acid F10 Amides 90 

N-acetyl-L-glutamic acid F12 Amino acids 89 

Pyruvic acid F9 Carboxylic acids 89 

Sedoheptulosan D9 Carbohydrates 89 

Inulin A6 Polymers 88 

Glycyl-L-glutamic acid G7 Amino acids 87 

Succinic acid F11 Carboxylic acids 83 

3-methyl-D-glucose C11 Carbohydrates 79 

2,3-butanediol G11 Alcohols 78 

D-galacturonic acid B8 Carboxylic acids 78 

β-hydroxybutyric acid E8 Carboxylic acids 73 

Thymidine H4 Aromatic compounds 71 

p-hydroxyphenylacetic acid E10 Carboxylic acids 70 

Uridine H5 Phosphorylated compounds 67 

2'-deoxyadenosine H2 Aromatic compounds 62 

Succinic acid mono-methyl 

ester 
F7 Esters 60 
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D-glucose-6-phosphate H11 Phosphorylated compounds 57 

D-alanine G2 Amino acids 50 

D-fructose-6-phosohate H9 Phosphorylated compounds 46 

γ-hydroxybutyric acid E9 Carboxylic acids 46 

Uridine-5'-monophosphate H8 Phosphorylated compounds 44 

α-D-glucose-1-phosphate H10 Phosphorylated compounds 43 

Pyruvic acid methyl ester F6 Esters 43 

D-malic acid F4 Carboxylic acids 41 

Thimidine-5'-

monophosphate 
H7 Phosphorylated compounds 38 

α-ketovaleric acid E12 Carboxylic acids 38 

D-L-α-glycerol phosphate H12 Phosphorylated compounds 35 

D-lactic acid methyl ester F2 Esters 34 

Adenosine-5'-

monophosphate 
H6 Phosphorylated compounds 28 
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Supplemental Table 1.2 Growth rate (OD/h) per carbon group of Streptomyces from Ag and Lc in monoculture and polyculture. Different 

letters in each line within time intervals indicate significant differences among treatments (HSD, p<0.05) 

 Early Middle late 

 Monoculture Polyculture Monoculture Polyculture Monoculture Polyculture 

Carbon source group Ag Lc Ag Lc Ag Lc Ag Lc Ag Lc Ag Lc 

Alcohols 0.08b 0.06b 0.07b 0.11a 0.04b 0.05b 0.06b 0.09a 0.03b 0.15a 0.04b 0.03b 

Amides 0.05b 0.08a 0.04b 0.05b 0.00b 0.00b 0.00b 0.05a 0.03 0.06 0.03 0.25 

Amines 0.05a 0.04a 0.03a 0.04a 0.18b 0.08c 0.15b 0.21a 0.13a 0.12a 0.14a 0.00b 

Amino acids 0.08b 0.07b 0.07b 0.13a 0.03b 0.00c 0.06a 0.06a 0.06c 0.12a 0.08b 0.04c 

Aromatic compounds 0.05b 0.07a 0.04b 0.07a 0.03b 0.00c 0.05b 0.10a 0.03b 0.06a 0.03b 0.00c 

Carbohydrates 0.11b 0.11b 0.09c 0.18a 0.02c 0.02c 0.06b 0.15a 0.07c 0.23a 0.10c 0.16bc 

Carboxylic acids 0.05b 0.06b 0.04b 0.14a 0.03bc 0.00c 0.05b 0.10a 0.02b 0.07a 0.03b 0.01b 

Esters 0.01b 0.03ab 0.00c 0.06a 0.02c 0.05bc 0.06b 0.08a 0.04b 0.11a 0.04b 0.08ab 

Phosphorylated compounds 0.03b 0.04ab 0.05a 0.05a 0.00b 0.00b 0.00b 0.04a 0.00c 0.03b 0.01b 0.07a 

Polymers 0.08b 0.06b 0.07b 0.11a 0.16a 0.12b 0.18a 0.18a 0.10b 0.17a 0.11b 0.11b 
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Supplemental Table 1.3  Number of isolates using Streptomyces preferred nutrients 

(largest absorbance values for each isolate). For each individual plant in each species 

richness treatment preferred nutrients are those that were utilized by at least one 

isolate in that individual plant. Treatment specific preferred nutrients are in bold 

(utilized only by isolates from the corresponding host-richness treatment), and host 

specific preferred nutrients are in Italic (utilized only by isolates from the 

corresponding plant host regardless of richness) 

Ag monoculture 

Plant1 Plant2 Plant3 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Dextrin 6 Dextrin 6 Dextrin 6 

Glycogen 4 Glycogen 3 Glycogen 2 

Tween40 6 Tween40 6 Tween40 5 

D-gluconic acid 5 D-gluconic acid 6 D-gluconic acid 5 

α-D-glucose 6 α-D-glucose 3 α-D-glucose 6 

D-cellobiose 3 D-cellobiose 3 D-cellobiose 3 

D-fructose 1 D-fructose 1 D-fructose 1 

Maltotriose 3 Maltotriose 6 Maltotriose 6 

D-ribose 1 D-ribose 1 D-ribose 1 

D-trehalose 5 D-trehalose 5 D-trehalose 2 

L-malic acid 4 L-malic acid 1 L-malic acid 4 

L-alanyl-glycine 1 L-alanyl-glycine 1 L-alanyl-

glycine 

1 

α-D-lactose 1 N-acetyl-D-

glucosamine 

2 Tween 80 2 

ylitol 1 Inulin 2 Gentiobiose 3 

D-xylose 1 D-galactose 1 D-melezitose 1 

Glycerol 1 Gentiobiose 1 D-malic acid 1 

L-glutamic acid 1 D-mannitol 1 Glycerol 1 

  D-raffinose 1   

Ag polyculture 

Plant1 Plant2 Plant3 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Dextrin 4 Dextrin 4 Dextrin 5 

Glycogen 3 Glycogen 1 Glycogen 1 

D-gluconic acid 5 D-gluconic acid 4 D-gluconic acid 4 

α-D-glucose 5 α-D-glucose 3 α-D-glucose 4 
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D-cellobiose 5 D-cellobiose 5 D-cellobiose 5 

Maltotriose 5 Maltotriose 4 Maltotriose 5 

D-trehalose 4 D-trehalose 5 D-trehalose 4 

L-malic acid 4 L-malic acid 4 

 

L-malic acid 4 

N-acetyl-D-

glucosamine 

1 β-cyclodextrin 2 N-acetyl-D-

glucosamine 

1 

Tween40 2 Tween40 2 α-cyclodextrin 1 

D-fructose 2 D-arabitol 1 β-cyclodextrin 2 

D-galactose 1 D-fructose 1 Inulin 1 

D-melibiose 1 Gentiobiose 1 Tween 80 1 

L-rhamnose 1 D-mannitol 3 Gentiobiose 2 

D-ribose 1 D-melibiose 1 Sucrose 1 

L-alanyl-glycine 1 Stachyose 1 Turanose 2 

α-cyclodextrin 2 Sucrose 2 D-malic acid 1 

L-glutamic acid 2 D-ribose 3 Glycerol 2 

2'-deoxyadenosine 1 Turanose 1 α-cyclodextrin 2 

  L-alanyl-glycine 1 L-glutamic acid 1 

  Glycerol 1 2'-

deoxyadenosine 

1 

Lc monoculture 

Plant1 Plant2 Plant3 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Tween40 5 Tween40 5 Tween40 6 

D-gluconic acid 4 D-gluconic acid 5 D-gluconic acid 6 

α-D-glucose 6 α-D-glucose 5 α-D-glucose 6 

D-cellobiose 5 D-cellobiose 4 D-cellobiose 3 

D-galactose 2 D-galactose 2 D-galactose 1 

Maltotriose 5 Maltotriose 2 Maltotriose 6 

D-mannose 1 D-mannose 1 D-mannose 1 

D-melezitose 2 D-melezitose 1 D-melezitose 2 

D-melibiose 2 D-melibiose 5 D-melibiose 2 

β-methyl-D-

glucoside 

2 β-methyl-D-

glucoside 

2 β-methyl-D-

glucoside 

1 

Sucrose 1 Sucrose 2 Sucrose 2 

D-trehalose 2 D-trehalose 2 D-trehalose 2 

Turanose 2 Turanose 2 Turanose 2 

L-malic acid 5 L-malic acid 3 L-malic acid 3 

Putrescine 1 Putrescine 2 Putrescine 1 

β-cyclodextrin 1 N-acetyl-D-

glucosamine 

1 N-acetyl-D-

glucosamine 

1 

Tween 80 1 α-cyclodextrin 1 α-cyclodextrin 1 

Gentiobiose 1 Dextrin 1 Dextrin 1 

D-mannitol 1 D-mannitol 1 Glycogen 1 

D-raffinose 1 Stachyose 2 Stachyose 2 

  Palatinose 1   
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Lc polyculture 

Plant1 Plant2 Plant3 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Nutrient Number 

of 

isolates 

Tween 80 3 Tween 80 5 Tween 80 6 

D-arabitol 5 D-arabitol 5 D-arabitol 6 

L-fructose 3 L-fructose 2 L-fructose 5 

Gentiobiose 4 Gentiobiose 4 Gentiobiose 4 

D-melibiose 3 D-melibiose 4 D-melibiose 1 

β-methyl-D-

glucoside0 

3 β-methyl-D-

glucoside0 

3 β-methyl-D-

glucoside0 

2 

Stachyose 4 Stachyose 2 Stachyose 2 

α-D-glucose-1-

phosphate 

3 α-D-glucose-1-

phosphate 

4 α-D-glucose-1-

phosphate 

2 

Turanose 3 Turanose 1 Turanose 1 

Xylitol 3 Xylitol 2 Xylitol 3 

D-xylose 5 D-xylose 5 D-xylose 6 

Maltose 1 N-acetyl-D-

glucosamine 

1 N-acetyl-D-

glucosamine 

1 

D-melezitose 1 Glycogen 1 D-galactose 1 

β-methyl-D-

glucoside 

1 L-arabinose 1 D-mannitol 1 

Sucrose 1 Arbutin 1 D-ribose 1 

Palatinose 1 D-galacturonic acid 1 D-trehalose 1 

D-raffinose 1 Palatinose 1 D-malic acid 1 

Salicin 1 D-ribose 1 L-malic acid 1 

D-malic acid 1 Salicin 1 Glycerol 1 

L-malic acid 1 D-trehalose 1 L-alanine 1 

α-cyclodextrin 1 Acetic acid 1 α-cyclodextrin 1 

2'-deoxyadenosine 1 L-lactic acid 1 L-glutamic acid 1 

  Glycerol 1 L-alanyl-

glycine 

1 

  L-glutamic acid 1  - 

Supplemental Table 1.4 Soil edaphic characteristics. There were no significant 

differences in soil parameters among treatments (ANOVA, p>0.05) 

Treatment 
1
NO3-N (ppm) K (ppm) P (ppm) 

2
Total C (%) 

Lc monoculture 

Ag monoclture 

Lc polyculture 

Ag polyculture 

3.5 

1.4 

4.1 

2.9 

65.3 

52.3 

51.0 

81.3 

49.7 

44.0 

57.0 

63.0 

1.1 

0.9 

1.7 

1.9 
1
Soil nitrogen was significantly greater in Lc than in Ag plots, regardless of plant richness (t-test; 

p=0.04) 

2
Total C was significantly greater in polyculture than in monoculture, regardless of host (t-test, p=0.01)  
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Supplemental Table 2.1 Number of Streptomyces and Fusarium isolates using each 

of the carbon sources in the SF-P2 microplates. Nutrients used by only one taxon are 

in bold. Nutrients used by none of the two taxa are italicized. 

Nutrient name 

Position in 

the SF-P2 

plate array 

Carbon group 

Number of 

Streptomyces 

isolates 

Number of 

Streptomyces 

isolates 

α-cyclodextrin A2 Polymers 0 22 

β-cyclodextrin A3 Polymers 5 34 

Dextrin A4 Polymers 61 76 

Glycogen A5 Polymers 24 54 

Inulin A6 Polymers 24 29 

Mannan A7 Polymers 0 5 

Tween 40 A8 Polymers 83 72 

Tween 80 A9 Polymers 83 59 

N-acetyl-D-glucosamine A10 Carbohydrates 76 67 

N-acetyl-β-D-

mannosamine 
A11 Carbohydrates 

0 1 

Amygdalin A12 Carbohydrates 10 1 

L-arabinose B1 Carbohydrates 45 13 

D-arabitol B2 Carbohydrates 55 57 

Arbutin B3 Carbohydrates 64 9 

D-cellobiose B4 Carbohydrates 74 65 

D-fructose B5 Carbohydrates 54 55 

L-fructose B6 Carbohydrates 4 18 

D-galactose B7 Carbohydrates 52 57 

D-galacturonic acid B8 Carboxylic acids 3 2 

Gentiobiose B9 Carbohydrates 71 59 

D-gluconic acid B10 Carboxylic acids 58 61 

α-D-glucose B11 Carbohydrates 77 82 

m-inositol B12 Alcohols 26 8 

α-D-lactose C1 Carbohydrates 28 9 

Lactulose C2 Carbohydrates 2 1 

Maltose C3 Carbohydrates 68 23 

Maltotriose C4 Carbohydrates 70 76 

D-mannitol C5 Carbohydrates 62 61 

D-mannose C6 Carbohydrates 79 42 

D-melezitose C7 Carbohydrates 79 35 

D-melibiose C8 Carbohydrates 72 54 

α-methyl-D-glucoside C9 Carbohydrates 42 0 

β-methyl-D-galactoside C10 Carbohydrates 11 1 

3-methyl-D-glucose C11 Carbohydrates 0 0 

α-methyl-D-glucoside C12 Carbohydrates 3 1 

β-methyl-D-glucoside D1 Carbohydrates 70 31 

α-methyl-D-mannoside D2 Carbohydrates 0 0 
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Palatinose D3 Carbohydrates 65 15 

D-psicose D4 Carbohydrates 0 1 

D-raffinose D5 Carbohydrates 74 42 

L-rhamnose D6 Carbohydrates 34 31 

D-ribose D7 Carbohydrates 50 46 

Salicin D8 Carbohydrates 61 22 

Sedoheptulosan D9 Carbohydrates 0 0 

D-sorbitol D10 Carbohydrates 7 15 

Stachyose D11 Carbohydrates 65 40 

Sucrose D12 Carbohydrates 62 51 

D-tagatose E1 Carbohydrates 0 4 

D-trehalose E2 Carbohydrates 69 58 

Turanose E3 Carbohydrates 82 36 

Xylitol E4 Carbohydrates 1 21 

D-xylose E5 Carbohydrates 53 34 

Acetic acid E6 Carboxylic acids 0 1 

α-hydrobutyric acid E7 Carboxylic acids 0 0 

β-hydroxybutyric acid E8 Carboxylic acids 0 5 

γ-hydroxybutyric acid E9 Carboxylic acids 0 1 

p-hydroxyphenylacetic 

acid 
E10 Carboxylic acids 

0 17 

α-ketoglutaric acid E11 Carboxylic acids 3 10 

α-ketovaleric acid E12 Carboxylic acids 0 0 

Lactamide F1 Amides 1 0 

D-lactic acid methyl ester F2 Esters 0 0 

L-lactic acid F3 Carboxylic acids 1 4 

D-malic acid F4 Carboxylic acids 48 25 

L-malic acid F5 Carboxylic acids 63 77 

Pyruvic acid methyl ester F6 Esters 21 1 

Succinic acid mono-

methyl ester 
F7 Esters 

3 3 

Propionic acid F8 Carboxylic acids 1 1 

Pyruvic acid F9 Carboxylic acids 3 6 

Succinamic acid F10 Amides 12 1 

Succinic acid F11 Carboxylic acids 1 16 

N-acetyl-L-glutamic acid F12 Amino acids 0 0 

L-alaninamide G1 Amides 0 0 

D-alanine G2 Amino acids 0 3 

L-alanine G3 Amino acids 19 16 

L-alanyl-glycine G4 Amino acids 0 8 

L-asparagine G5 Amino acids 15 24 

L-glutamic acid G6 Amino acids 13 48 

Glycyl-L-glutamic acid G7 Amino acids 0 0 

L-pyroglutamic acid G8 Amino acids 15 2 

L-serine G9 Amino acids 0 5 

Putrescine G10 Amines 11 23 

2,3-butanediol G11 Alcohols 0 0 
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Glycerol G12 Alcohols 7 43 

Adenisine H1 Aromatic compounds 0 6 

2'-deoxyadenosine H2 Aromatic compounds 0 0 

Inosine H3 Aromatic compounds 0 7 

Thymidine H4 Aromatic compounds 0 0 

Uridine H5 
Phosphorylated 

compounds 0 2 

Adenosine-5'-

monophosphate 
H6 

Phosphorylated 

compounds 0 0 

Thimidine-5'-

monophosphate 
H7 

Phosphorylated 

compounds 0 0 

Uridine-5'-monophosphate H8 
Phosphorylated 

compounds 0 0 

D-fructose-6-phosohate H9 
Phosphorylated 

compounds 0 1 

α-D-glucose-1-phosphate H10 
Phosphorylated 

compounds 0 0 

D-glucose-6-phosphate H11 
Phosphorylated 

compounds 0 0 

D-L-α-glycerol phosphate H12 
Phosphorylated 

compounds 0 0 

  


